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Patrick Hoss, Ole Meyer, Uta Christine Wölfle, Annika Wülk, Theresa Meusburger,

Leon Meier, et al.

Detection of Periodontal Bone Loss on Periapical Radiographs—A Diagnostic Study Using
Different Convolutional Neural Networks
Reprinted from: J. Clin. Med. 2023, 12, 7189, doi:10.3390/jcm12227189 . . . . . . . . . . . . . . . . 112

Armina Rushiti, Chiara Castellani, Alessia Cerrato, Marny Fedrigo, Luca Sbricoli,

Eriberto Bressan, et al.

The Follow-Up Necessity in Human Papilloma Virus-Positive vs. Human Papilloma
Virus-Negative Oral Mucosal Lesions: A Retrospective Study
Reprinted from: J. Clin. Med. 2024, 13, 58, doi:10.3390/jcm13010058 . . . . . . . . . . . . . . . . . 123

v



Alexandra Gaál Kovalčı́ková, Bohuslav Novák, Oksana Roshko, Eva Kovaľová,
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The World Health Organization (WHO) considers oral heath to be a key indicator of
overall health, as it is linked to physical well-being and quality of life [1]. As the stomatog-
nathic system consists of teeth, jaw bones, tongue, oral mucosa lining the mouth (including
gingival tissues and lips), muscles involved in chewing and swallowing, salivary glands,
and temporomandibular joints, there is a wide range of conditions that may undermine
oral health: dental caries and periodontal (gum) disease leading to tooth loss, a wide range
of oral mucosal diseases and oral cancer, xerostomia due to hypofunction of salivary glands,
oro-facial pain, noma (necrotizing ulcerative stomatitis), and birth defects (such as cleft lip
and palate).

The most common malignant condition that affects the oral cavity is oral squamous
cell carcinoma (OSCC) [2], which arises from the mucosal lining of the oral cavity. On a
global scale, more than 350,000 new incident cases of OSCC have been estimated, resulting
in over 150,000 deaths in 2020 [3]. Despite clinical and therapeutic advances, the 5-year
overall survival rate of oral cancer remains at 60%; the survival of patients with initial
stages of OSCC stands at 80–90%, while it drops to under 50% for advanced-stage patients.
It is apparent that the overall survival is low since most cases are diagnosed at advanced
stages. Periodic surveillance and early detection by oral visual examination make up the
foundation for effectively downsizing disease burden and possibly reducing the incidence
of invasive cancer and related mortality [4]. In recent years, scientific literature also indicates
how low-cost imaging techniques may represent a key strategy for non-invasive screening
or the early detection of oral cancer [5–11].

Innovative therapeutic pathways which have proved themselves for cancers in other
anatomical sites show limited results for OSCC. The lack of effectiveness of novel ther-
apeutic approaches is partly due to the fact that the molecular biology of OSCC is not
fully understood [12,13]. There are gaps in our knowledge of the natural history of OSCC,
and not all oral potentially malignant disorders (OPMDs) undergo malignant transfor-
mation [14]; some remain stable, and some affected sites can revert back to health [15].
Moreover, OSCC can apparently develop from normal mucosa which may contain signif-
icant molecular aberrations that increase the likelihood of cancer [16–18]. Despite there
being no consequentiality between OPMDs and OSCC, as well as between different grades
of oral epithelial dysplasia, it has been reported that the risk of progression to oral cancer
may increase in proportion to the severity of the dysplasia grade [19,20].

Some of the chronic oral inflammatory conditions are potentially malignant disorders
too. Based on follow-up studies, there is now evidence of a low (1–2%) but significant risk
of oral lichen planus (OLP) turning malignant with time [21–23], while the risk of the ma-
lignant transformation of chronic hyperplastic candidosis is still largely being debated [14].
Recent literature highlights potentially ground-breaking novelties for the diagnosis and
follow-up of these chronic mucosal conditions, in terms of imaging and computer-assisted
algorithm analyses [10,24].

The impact of tooth loss on global health is heavily linked to the resulting poor quality
of life. The main cause of tooth loss in adults is periodontal disease. Periodontal disease is
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estimated to affect around one billion people worldwide (14% of the global adult popula-
tion) [1]. Periodontitis is an inflammatory disease induced by an imbalance among bacterial
virulence, microbiota dysbiosis, and a host defenses/inflammation [25]. Recently, scien-
tific literature highlights the contribution of chronic inflammation to noncommunicable
diseases, such as diabetes and obesity, as well as cardiovascular and neurological diseases.
The link between these diseases seems to be low-grade inflammation (LGI) induced by
pathogenic oral microbiota [26]; LGI causes a low-grade chronic systemic production of
cytokines. LGI is a recognized risk factor for cardiovascular, cerebrovascular, and neurode-
generative diseases and cancer. Limited evidence also suggests that LGI increases the risk
of insulin resistance and thus type 2 diabetes. LGI may be assessed through an evaluation
of hematological (e.g., CRP, ESR, fibrinogen) or cell biomarkers (e.g., WBC and platelet
counts), but this condition cannot be consistently defined or measured yet. Regarding the
link between periodontitis and LGI, the most accredited hypothesis is that periodontitis
may play a role in inducing/maintaining systemic LGI, and likewise LGI could promote
periodontitis as an independent risk factor. Furthermore, the concept of LGI could ex-
plain the proved correlation among periodontitis and cardiovascular conditions or even
degenerative neurologic conditions (e.g., Parkinson’s disease and Alzheimer’s disease).

As we briefly explored, despite their different origins, the pathologies of different
organs comprising the stomatognathic system share common characteristics, the most
important of which is that they may be heavily linked to common risk factors and general
health conditions [1].

The Global Burden of Disease Study 2019 showed that oral diseases cause distress to
around 3.5 billion people in total. Among these, the International Agency for Research on
Cancer (IARC) evaluates that OSCC causes over 150,000 deaths each year. Furthermore,
most oral conditions share risk factors with the main noncommunicable diseases (cardiovas-
cular diseases, cancer, chronic respiratory diseases, and diabetes) and the scientific literature
highlights the double link between periodontitis and conception/fertility [27]. The rela-
tionship between oral and general health is corroborated through shared risk factors such
as tobacco use, alcohol consumption, and unhealthy diets unbalanced in carbohydrates.
In addition to the aforementioned link between periodontitis and diabetes, the high con-
sumption of sugars is seen as a common risk factor for diabetes, obesity, and dental caries.
The WHO underlines how unhealthy lifestyles are alarmingly increasing at the global level.
Furthermore, burning mouth syndrome (BMS) may be a probable link between mental
health and oral health, and this peculiar oral condition is as a result of psychiatric distress
in some cases. The aetiopathogenesis of this disease is complex and may be multifactorial,
as local, systemic, and psychological factors are considered to be involved in generating
symptoms. A recent publication points to the idea that enhanced pain perception in BMS
could be linked to a higher frequency of white matter hyperintensities (WMHs) in the
brain [28]. The literature indicates that psychotherapy and behavioral feedback may help
to eliminate BMS symptoms [29].

With particular regard to frail older patients, the WHO recently included them in a
resolution for global oral health [1], underlining how there is a strong link between oral
diseases (OSCC, periodontal disease, and tooth decay) and conditions of social, cultural, and
sanitary vulnerability, within the framework of an aging global population. Furthermore,
conditions such as noma shall not be forgotten, as it mainly affects developing countries,
especially children with poor health/quality of life or malnutrition.

Oral conditions are largely preventable and show dramatically better prognosis when
treated at early stages. OSCC survival rates drop from 90–80% at stages I and II to
around/less than 60–50% when treated at stages III-IV [9]. Primary (education on healthy
lifestyle) and secondary (early diagnosis) prevention strategies are key factors for reaching
success in reducing the burden of oral diseases which, according to the WHO, have to be
integrated with primary health care. Furthermore, there is a necessity to gather data in
order to determine oral health indicators and “best buys” and to implement cost-effective
interventions for the population.
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Researchers investigating oral health and disease from all round the globe must
prosecute their part. The Journal of Clinical Medicine’s Special Issue, titled “Stomatognathic
Diseases: State of the Art and Future Perspectives”, aims to contribute to this purpose,
providing a platform for research papers on oral health with particular reference to its
connection with systemic conditions.
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Abstract: Objectives: This study was conducted to evaluate the levels of salivary uric acid and
arginase in patients with periodontitis, generalized gingivitis, and in healthy individuals. Then, the
effects of non-surgical periodontal therapy on levels of salivary arginase and uric acid were also
investigated. Methods: A total of 60 subjects were divided into three groups based on periodontal
health: group I comprised 20 healthy individuals; group II comprised 20 subjects who had generalized
gingivitis; group III comprised 20 subjects who had generalized periodontitis. On day 0, the clinical
examination of periodontal status was recorded, following which saliva samples were collected.
Group II and group III subjects underwent non-surgical periodontal therapy. These patients were re-
called on day 30 to collect saliva samples. The periodontal parameters were reassessed on day 90, and
saliva samples were collected for analysis of salivary arginase and uric acid levels. Results: Group II
and group III showed improvement in clinical parameters following non-surgical periodontal therapy
on the 90th day. The MGI score, PPD, and CAL showed improvement. On day 0, at baseline, salivary
arginase levels in group III and group II were higher than those in healthy subjects, whereas on day 0,
salivary uric acid levels in group III and group II were lower than those in healthy subjects. Both
on day 0 and day 90, the salivary arginase level showed a positive correlation with the periodontal
parameters, whereas the salivary uric acid level was positively correlated with the periodontal pa-
rameters on day 90. Conclusion: the level of salivary arginase was a pro-inflammatory marker and a
raised level of salivary uric acid was an anti-inflammatory marker following periodontal therapy,
suggesting their pivotal role in assessing periodontal status and evaluation of treatment outcome.

Keywords: salivary biomarkers; arginase; gingivitis; chronic periodontitis; root planing; scaling;
uric acid
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1. Introduction

Periodontitis is an inflammatory disease of multifactorial origin, characterized by
periods of exacerbation and remission [1]. The disease is initiated by the formation of plaque
biofilm leading to a loss of equilibrium between microbial organisms and host response,
resulting in disease progression. The inflammation of the surrounding periodontal tissues
ultimately leads to alveolar bone and attachment loss [2]. The degree of tissue destruction
has a log-linear relationship with the rise in microbial load. The main etiological factors for
the disease include gram-negative anaerobic bacteria and a variety of facultative bacteria
that reside in the subgingival biofilm [3].

Proper diagnosis and treatment modality has been recommended for periodontal
and peri-implant diseases and conditions based on the recent classification reported by
Caton et al. [4]. Various diagnostic methods are available for the early detection and diag-
nosis of periodontitis. They can be broadly divided into clinical and molecular methods. A
biomarker or biologic marker is an objectively measured characteristic that provides an
indicator of pharmacologic response, pathogenic processes, or normal biological processes
after therapeutic intervention [5]. Analysis of biomarkers in fluids such as saliva, synovial
fluid plasma, whole blood, cerebrospinal fluid, serum, semen, plasma, and urine have
assisted in clinical diagnosis in medicine [6]. Among these sources, saliva is commonly
used for early diagnosis and detection of biomarkers. Saliva collection is rapid, simple,
and more importantly, painless, making it uncomplicated for screening purposes. Saliva
contains systemically and locally derived markers related to periodontal disease, thus
serving as a specific biomarker for the assessment of periodontitis [7].

Non-surgical periodontal therapy is the first recommended approach and gold stan-
dard to control periodontal infections. The primary objective of non-surgical therapy is
to restore gingival health by removing the local factors that cause disease (plaque, cal-
culus, and endotoxins). Hand and ultrasonic instruments are tools used in non-surgical
therapy to drastically reduce the number of periodontopathogens in the oral environment,
thus restoring gingival health [8]. The most relevant shortcoming of non-surgical therapy
is the absence of a long-term effect due to an eventual bacterial recolonization after the
therapy [8]. Accordingly, adjunctive treatments have been introduced in addition to SRP,
e.g., the use of antibiotics, photodynamic therapy, administration of antioxidants, natu-
ral compounds, supplements (e.g., melatonin), and, in recent years, probiotic therapy to
enhance the long-term effects of non-surgical therapy [9].

Salivary arginase and uric acid have been reported to play a significant role in peri-
odontal disease [10,11]. Salivary arginase levels seem to be raised in chronic periodontitis,
suggesting its role in the inflammatory process. Arginase is one of the five key enzymes
of the urea cycle, which is essential for the metabolic conversion of ammonia into urea.
Arginine, a semi-essential amino acid, mediates various physiologic processes, including
urea and protein synthesis [10]. The increased levels of arginase reduce levels of nitric
oxide, which is essential for destroying periodontal pathogens. This happens because both
arginase and nitric oxide compete for the common substrate L-arginine. Through the urea
cycle, arginase helps to produce polyamines, which are necessary for the survival of many
oral bacteria. They provide nutritional support; hence, high arginase activity in saliva
favors the growth of pathogens, leading to the progression of periodontal disease.

One of the major antioxidants present in saliva is uric acid, which is the most dominant
antioxidant apart from glutathione, superoxide dismutase (SOD), albumin, and ascorbic
acid. Uric acid is the end product of purine metabolism and it contributes to the antioxi-
dant properties of saliva [11]. These biomarkers have both antioxidant and pro-oxidant
properties in vitro by scavenging and producing reactive oxygen species and are known to
have an impact during periodontal inflammation. Although studies in the past have shown
the effects of these enzymes with regard to inflammation, very few studies have shown the
effects of non-surgical therapy and periodontal status on levels of the above biomarkers.
We hypothesized that decreased levels of salivary arginase and improved levels of uric acid
post non-surgical therapy would have a positive impact on periodontal status. This study
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aims to quantify salivary arginase and uric acid levels in subjects with generalized gingivitis
and periodontitis compared to those found in the healthy periodontium, and evaluate the
effects of non-surgical periodontal therapy on salivary arginase and uric acid levels.

2. Materials and Methods

Sixty subjects (30 males and 30 females) were recruited from the outpatient section of the De-
partment of Periodontology, Meenakshi Ammal Dental College and Hospital, Chennai, India.
Ethical approval was obtained from Institutional Review Board of MAHER—Deemed to be
University, Chennai (MADC/IRB-XXV/2018/393) before commencement of the study. The
power of the study was calculated using G-power software. The power was calculated for
60 subjects, with a minimum of 20 subjects required in each group, which came out to be 95%
based on the following calculation.

Calculation for power analysis:

t-tests—Means: Difference between two independent means (two groups)
Analysis: A priori: Compute required sample size
Input: Tail(s) = Two

Effect size d = 1.2041300
α err prob = 0.05
Power (1-β err prob) = 0.95
Allocation ratio N2/N1 = 1

Output: Noncentrality parameter δ = 3.7113779
Critical t = 2.0280940
Df = 36 Sample size group 1 = 19
Sample size group 2 = 19
Total sample size = 38
Actual power = 0.9506005

Written informed consent was obtained from all participants of the study. The sub-
jects were divided into three groups of twenty subjects based on their periodontal health.
Group I consisted of 20 periodontally and systemically healthy subjects (Controls). Group II
included subjects with generalized chronic gingivitis. Group III comprised patients with
chronic periodontitis according to the current classification of periodontal and peri-implant
diseases, 2017 (Figure 1). The inclusion criteria included subjects willing to participate in
the study, within 30–65 years of age, with ≥10 natural teeth.

Group I (control group) consisted of systemically healthy subjects with clinically
healthy periodontium, probing pocket depth (PPD) ≤ 3 mm, without bone loss or attach-
ment loss on radiographs [1].

Group II (experimental group) consisted of generalized chronic gingivitis subjects
with PPD ≤ 3 mm having ≤ 10% bleeding on probing sites with clinical signs of gingival
inflammation without signs of pseudo pockets, clinical attachment loss (CAL = 0), and
radiographic evidence of bone loss.

Group III (experimental group) consisted of chronic periodontitis patients falling
under Stage II/III, grade B category with interdental CAL detectable at ≥2 non-adjacent
teeth or buccal or oral CAL ≥ 3 mm with pocketing > 3 mm and radiographic bone loss
extending up to the middle third or apical third [1].

Individuals with a history of smoking, aggressive periodontitis, pregnant subjects, or
subjects suffering from gout or systemic diseases that could affect periodontal status were
excluded. Subjects with previous history of periodontal therapy in the last six months or
were on medication affecting periodontal status were excluded from the study.

2.1. Non-Surgical Periodontal Therapy

On day 0, after periodontal examination and collection of saliva samples for molecular
analysis, non-surgical periodontal therapy was performed, which consisted of complete
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scaling and root planing along with oral hygiene instructions, on subjects in group II and
group III by a trained periodontist (J.M. and K.L.P.).

Figure 1. Flowchart of the study design.

2.2. Parameters Assessed

A detailed dental and medical history of the subjects was noted at the initial visit, fol-
lowed by a periodontal examination that included: the modified gingival index (MGI) [10],
clinical attachment level (CAL), and probing pocket depth (PPD), which were measured
using a William’s periodontal probe. Salivary arginase and uric acid levels were estimated
at days 0, 30, and 90 (Figure 1). All parameters were assessed by calibrated investigators
and taken as an average (K.L.P. and J.M.).

2.3. Collection of Unstimulated Saliva Samples

Saliva sample collection was standardized according to the circadian rhythm of the
subjects. The individuals were requested to clean their mouths completely by rinsing with
distilled water before the saliva samples were collected. The patients were instructed to
swallow any leftover saliva in their mouth following the oral rinse. A 5 mL sample of
unstimulated saliva was obtained in the morning between the hours of 10 am to 11 am,
two hours after the last meal. The participants were asked to keep their mouths closed
and not cough up mucus while their saliva was collected. They were instructed to let
their saliva pool to its utmost extent on the floor of their mouths and then expectorate into
the collection vessel until the necessary amount was gathered. The samples were taken
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to the laboratory using a standard gel coolant pack maintaining a temperature between
2 and 4 ◦C for immediate testing.

2.4. Estimation of Salivary Arginase and Uric Acid Levels

Saliva samples were centrifuged for 15 min and their supernatant was stored at minus
20 ◦C until the assay was performed. The salivary arginase level was estimated using
an arginase activity assay kit ˆ. All reagents were brought to room temperature before
the procedure. Both the urea reagent and substrate buffer were freshly prepared before
the assay and used within 2 h. The substrate buffer was prepared for each well of the
reaction by mixing 4 μL of arginine buffer and 2 μL of Mn solution provided in the kit.
The urea reagent was created by mixing 105 μL of both reagents A and B provided in the
kit. An aliquot of 40 μL of arginase was transferred to each individual well. Two wells
were reserved as blank wells. A 5 μL test sample (saliva) was added to the remaining wells
containing the arginase. The plate was incubated for 15 min at 25 ◦C. An aliquot of 5 μL
of substrate was added to all wells, except the blank well. A volume of 5 μL of distilled
water was added to the blank well and incubated for 30 min at 25 ◦C. Following incubation,
200 μL of urea reagent was added to all wells to stop the arginase reaction. The plate was
incubated at room temperature (37 ◦C). An ELISA plate reader (LABSERV) was used to
measure the optical density (O.D.) at 430 nm.

Uric acid analysis was performed using uric acid reagent (2 × 25 mL) and uric acid
standard reagent (1.5 mL with a concentration of 8 mg/dL) **. The semi-auto analyzer
was programmed to detect uric acid in the test samples at 510 nm. The kit contained
ready-to-use components. The standard solution was pipetted and 0.5 μL was taken in
Eppendorf tubes and incubated for 20 min at room temperature. The standard solution
was aspirated through the analyzer and the concentration was measured to be 8 mg/dL,
as provided by the uric acid estimation kit. An aliquot of 1.0 μL of uric acid reagent was
taken in an Eppendorf tube and 0.5 μL of the test (saliva) sample was added. The contents
were tapped, allowed to mix, and incubated for 10 min at room temperature. The working
reagent along with the test sample was aspirated and the concentration of uric acid was
estimated at 510 nm.

ˆ Sigma Aldrich—arginase activity assay kit (Sigma-Aldrich, St. Louis, MO, USA).
** Gen X uric acid estimation kit (Proton Biologicals India PVT LTD, Bangalore,

Karnataka, India).

2.5. Statistical Analysis

Statistical analysis was performed using IBM SPSS software version 26.0 (IBM Corp.,
Armonk, NY, USA). The descriptive statistics were expressed using the mean and standard
deviation. Shapiro-Wilk and Kolmogorov-Smirnov tests were used to assess the normality
of the data. Based on the results obtained, the values followed a normal distribution. To
compare mean values between groups, one-way ANOVA was applied, followed by Tukey’s
HSD post hoc test for multiple pairwise comparisons. Karl Pearson correlations were
calculated to assess the linear relationship between biomarkers and clinical variables. The
probability value <0.05 was considered significant.

3. Results

Intra- and intergroup comparisons revealed that mean changes in clinical attach-
ment level (CAL), probing pocket depth (PPD), and modified gingival index (MGI) from
day 0 to day 90 were statistically significant (p = 0.000) for group II and group III (Table 1).

All three groups showed a significant difference (p = 0.000) in salivary arginase levels
on days 0, 30, and 90. Salivary arginase levels were found to be higher in group III at all
time points compared to those in group II. Although the intragroup comparison of salivary
arginase levels was reduced at different time points, they did not show any statistically
significant difference in mean change (Table 2).
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Table 1. Comparison of standard deviation, mean, and significant differences for periodontal param-
eters (MGI, PPD, CAL) within and between groups at different time intervals.

Periodontal
Parameters

Time Interval (Days)
Group I

(Mean ± SD)
Group II

(Mean ± SD)
Group III

(Mean ± SD)
p-Value

Modified
gingival index

0 0.42 ± 0.20 1.17 ± 0.20 2.52 ± 0.21 0.000 *

90 - 0.30 ± 0.13 1.66 ± 0.28 0.000 *

Mean change 0 to 90 - 0.86 ± 0.20 0.86 ± 0.27
0.984 NS

p-value - 0.000 * 0.000 *

Probing pocket depth
(mm)

0 1.36 ± 0.27 1.48 ± 0.14 5.10 ± 0.26 0.000 *

90 - 1.18 ± 0.07 2.29 ± 0.48 0.000 *

Mean change 0 to 90 - 0.29 ± 0.15 2.80 ± 0.52
0.000 *

p-value - 0.000 * 0.000 *

Clinical
attachment level (mm)

0 1.35 ± 0.27 1.48 ± 0.14 5.47 ± 0.23 0.000 *

90 - 1.18 ± 0.07 2.41 ± 0.62 0.000 *

Mean change 0 to 90 - 0.29 ± 0.15 3.05 ± 0.60
0.000 *

p-value - 0.000 * 0.000 *

*—Statistically significant; NS—Statistically not significant. Level of statistical significance p < 0.05.

Table 2. Comparison of mean, standard deviation, and significant differences for salivary arginase
and uric acid levels within and between groups at different time intervals.

Salivary Parameters Time Intervals (Days) Group I Group II Group III p-Value

Salivary arginase
levels

Units/L

0 3.21 ± 4.15 9.20 ± 5.93 14.31 ± 6.02 0.000 *

30 - 7.74 ± 1.30 13.70 ± 1.37 0.003 *

90 - 5.43 ± 1.17 11.18 ± 1.46 0.004 *

p-value - 0.076 NS 0.404 NS -

Mean change 0 to 30th day - 1.46 ± 8.32 0.60 ± 7.23
0.731 NS

p-value - 1.000 NS 1.00 0 NS

Mean change 0 to 90th day - 3.74 ± 6.75 3.13 ± 10.43
0.818 NS

p-value - 0.066 NS 0.586 NS

Mean change 30th to 90th day - 2.31 ± 8.32 2.52 ± 8.71
0.938 NS

p-value 0.687 NS 0.632 NS

Salivary uric acid
levels

mg/dL

0 21.49 ± 10.01 9.73 ± 7.56 5.64 ± 4.32 0.000 *

30 - 10.21 ± 11.19 16.30 ± 13.91 0.136 NS

90 - 16.35 ± 12.10 18.54 ± 10.01 0.537 NS

p-value - 0.127 NS 0.000 * -

Mean change 0 to 30th day - 0.48 ± 12.27 10.66 ± 13.68
0.018 *

p-value - 1.000 NS 0.007 *

Mean change 0 to 90th day - −6.62 ± 13.50 −12.90 ± 10.22
0.106 NS

p-value - 0.123 NS 0.000 *

Mean change 30th to 90th day - −6.13 ± 16.09 −2.23 ± 16.34 0.452 NS

p-value - 0.31 NS 1.000 NS

*—Statistically significant; NS—Statistically not significant; Level of statistical significance p < 0.05.
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Intergroup and intragroup assessments of salivary uric acid levels showed a statisti-
cally significant difference on day 0 among the groups. Intergroup comparisons of mean
change in uric acid levels were statistically significant from day 0 to day 30. Similarly,
intragroup comparisons also revealed statistically significant mean changes in uric acid
levels from day 0 to day 30 and from day 0 to day 90 in group III (Table 2).

Karl Pearson correlation analysis was carried out to determine correlations between
salivary arginase and uric acid levels with periodontal parameters on day 0 in all three groups.
The results showed that both the levels of salivary arginase and uric acid were significantly
correlated with MGI, PPD, and CAL on day 0 for all three groups (p = 0.000) (Table 3).

Table 3. Karl Pearson correlation analysis of salivary arginase and uric acid levels and all periodontal
parameters on day 0for all three groups (I, II, and III).

Periodontal Parameters
Salivary Arginase (units/L)

(N = 60)
Salivary Uric Acid (mg/dL)

(N = 60)

Modified gingival index
CORRELATION 0.625 −0.568

p-value 0.000 * 0.000 *

Probing pocket depth (mm)
CORRELATION 0.556 −0.458

p-value 0.000 * 0.000 *

Clinical attachment level (mm)
CORRELATION 0.555 −0.461

p-value 0.000 * 0.000 *

*—Statistically significant; Level of statistical significance p < 0.05.

The salivary arginase levels were significantly correlated with the MGI, PPD, and CAL
on day 90. However, the salivary uric acid level did not show any correlation with the
clinical parameters on day 90 (Table 4).

Table 4. Karl Pearson correlation analysis of salivary arginase and uric acid levels and all periodontal
parameters on the 90th day for groups II and III.

Periodontal Parameters
Salivary Arginase (units/L)

(n = 40)
Salivary Uric Acid (mg/dL)

(n = 40)

Modified gingival index
CORRELATION 0.426 0.124

p-value 0.006 * 0.447 NS

Probing pocket depth (mm)
CORRELATION 0.343 0.100

p-value 0.03 * 0.538 NS

Clinical attachment level (mm)
CORRELATION 0.316 0.090

p-value 0.047 * 0.583 NS

*—Statistically significant; NS—Statistically not significant; Level of statistical significance p < 0.05.

4. Discussion

Periodontal disease is the sixth most prevalent disease globally, characterized by
intermittent pain and destruction of tooth-supporting structures initiated by a complex
microbial biofilm [12]. Saliva may prove to be an ideal diagnostic medium. Saliva contains
a wide range of enzymes and molecules, including arginase, oxidized glutathione, uric
acid, albumin, vitamin C, reduced glutathione, and SOD (superoxide dismutase), which
work in concert to exert a defence against bacterial insult. Measuring the total enzyme
status can reveal the severity of a disease, estimate the risk of diagnosing oral disease, and
help monitor the host’s response to various oral treatments. Quantifying these biomarkers
can also help identify periodontal risk factors [13,14].

Salivary arginase is considered to be essential in inflammation. Arginase is found
mainly in the liver and salivary glands. This enzyme catalyzes the hydrolysis of L-arginine

11



J. Clin. Med. 2022, 11, 7142

to urea and ornithine and forms one of the five key enzymes in the urea cycle. Arginase
helps in the synthesis of polyamines in saliva, which are nutritionally important to the oral
microbiota. Raised levels of arginase may lead to a decrease in NO (nitric oxide) synthesis
and increased susceptibility to bacterial infection [15].

Uric acid is a major non-enzymatic enzyme present in saliva in healthy and periodon-
titis conditions [16]. Salivary uric acid levels may relate to plasma uric acid levels and can
be used to assess enzyme status. Gozalez-Hernadez et al. reported uric acid as a major
enzyme present in saliva, contributing to 70% of the total enzyme capacity [17]. It acts as a
pro-oxidant or as an enzyme depending on the environment [18]. In hydrophilic conditions,
it acts as an enzyme combating ROS. In a hydrophobic environment, it acts as a pro-oxidant.
Raised levels of uric acid can induce situations associated with oxidative stress, such as
obesity, hypertension, and cardiovascular diseases. Hyperuricemia is a diseased state that
could also indicate a protective response against oxidative damage [18].

This study quantified salivary arginase and uric acid levels in patients with periodon-
titis and generalized gingivitis compared to those in periodontally healthy subjects. We
also examined the impact of non-surgical periodontal therapy on salivary arginase and uric
acid levels in these patients.

Among the periodontal parameters assessed, the mean modified gingival index was
reduced from day 0 to day 90 in group III and group II following scaling and root planing,
which was statistically significant (Table 1, p = 0.000). These results are in accordance
with earlier observations reported by Labao et al. and Kim et al. who found a reduction
in inflammation following non-surgical therapy [19,20]. In intragroup and intergroup
comparisons, we found the mean probing pocket depth (PPD) was significantly reduced
from day 0 to 90 in group III and group II (p = 0.000). Van Der Weijden and Mesell et al.
reported similar reductions in probing pocket depth following non-surgical therapy in
chronic periodontitis subjects [21,22]. Similarly, in our study, there was an improvement
in the mean clinical attachment level (CAL) from day 0 to 90 in group III and group II,
which was also statistically significant (p = 0.000). These results corroborated the findings
of Shah et al. and Schlagenhauf et al. who observed that non-surgical therapy resulted
in a reduction of recession and clinical attachment gain [23,24]. Clinical attachment level
is an important periodontal parameter that acts as an indicator of past tissue destruction,
which helps to assess disease severity. Broadly consistent with previous research, we found
that non-surgical therapy improved periodontal parameters in patients with gingivitis
and periodontitis.

The levels of salivary arginase and uric acid were assessed before and after non-
surgical periodontal therapy on day 0, day 30, and day 90. L-arginine is a common
substrate that is used by NOS to synthesize nitric oxide, which has antimicrobial properties
against periodontal pathogens and host inflammatory cells [24,25]. In the present study,
intergroup comparisons of salivary arginase levels on days 0, 30, and 90 in group III and
group II showed statistical significance (Table 2, p = 0.000). Similar results were obtained
by Castro et al. who observed increased salivary levels of arginase in periodontitis subjects
and concluded that the enzymes can be used as a marker for periodontal inflammation [25].
However, intragroup comparisons of the mean change in salivary arginase levels in group II
and group III did not show any statistical significance (p = 0.07 and p = 0.404, respectively).
A possible explanation could be that both groups had periodontal inflammation and hence
had higher levels of arginase. These findings suggest that salivary arginase activity in
periodontitis, along with the arginine-nitric oxide pathway, may be involved in the disease
process using the common substrate L-arginine and inhibiting nitric oxide production.
Periodontal therapy may result in an improvement in levels of salivary arginase [25]. Our
results suggest that arginase is associated with the inflammatory processes of periodontal
disease and its activity is decreased concurrently with progression in clinical parameters,
making it a potential inflammatory biomarker [11].

Various salivary antioxidants, such as superoxide dismutase, albumin, and ascorbic
acid, have been used as markers for the diagnosis of periodontitis. Due to their high sensi-
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tivity and specificity, salivary uric acid and arginase can be potent and reliable markers for
evaluating periodontal status [10]. We observed a positive correlation between periodontal
markers (MGI, PPD, and CAL) and salivary arginase in groups II and III on day 0 and
day 90 (Tables 3 and 4). Similar results were obtained by Haririan et al. who found an
improvement in clinical parameters with a reduction in salivary arginase levels following
non-surgical periodontal treatment [26]. The subsequent reduction in levels of salivary
arginase indicates that arginase levels are directly related to periodontal health status.

The intergroup comparison of salivary uric acid levels on day 0 in all three groups was
statistically significant (Table 2, p = 0.000). These results are similar to those reported by
Rizal and Vega, Pattanshetti et al., and Uppin et al. who found reduced levels of salivary
uric acid in periodontitis patients compared to those in healthy subjects [11,27,28]. The
difference in uric acid levels among the groups may be attributed to bacterial variability
in gingivitis and periodontitis. We did not observe any significant difference in uric acid
levels in group II and group III on day 30 and day 90 following non-surgical therapy.

The intragroup comparison of salivary uric acid levels in group II at different time
points did not show any significant difference. However, in group III, the differences
were statistically significant (Table 2, p = 0.000). These results are likely related to the
inflammatory burden and oxidative stress in periodontitis being markedly higher than
in gingivitis. Hence, non-surgical periodontal therapy that reduces inflammation could
have a profound impact on salivary uric acid levels [29]. Uric acid levels tend to rise after
non-surgical periodontal therapy, further facilitating healing of the tissues [28]. Nominal
levels of oxidative stress trigger the action of protective enzymatic mechanisms, resulting
in maintenance of the structural integrity of the periodontium. Non-surgical periodontal
therapy results in a significant decrease in the bacterial load and oxidative stress in the
periodontal tissues. The elimination of oxidative stress results in variations in the levels of
uric acid, suggesting potential biomarkers for oral health [30]. Similar results were obtained
by Sayar et al. and Baz et al. in gingivitis patients following non-surgical therapy [31,32].
An increase in salivary uric acid levels in periodontitis patients was attributed to a decrease
in the abundance of free radicals following periodontal treatment [15].

Salivary uric acid levels showed a positive correlation with periodontal parameters
(MGI, PPD, and CAL) on day 0, which was statistically significant (Table 3, p = 0.000). The
improvement in periodontal status through non-surgical periodontal therapy increased
salivary uric acid levels. Our result reflects those of Sayar et al. who observed a rise in
uric acid levels with improvement in the periodontal status [31]. Bacterial invasion can
cause a loss of balance between ROS and antioxidant defense, which contributes to the
pathogenesis of periodontal disease. Similarly, Baz et al. found that the excessive amount
of free radicals produced by periodontal inflammation exhausted the defensive capabilities
of this enzyme, leading to tissue damage [32]. A decrease in free radical abundance can
be achieved by eliminating inflammation through non-surgical therapy such as scaling
and root planing, thereby neutralizing and restoring oxidative homeostasis and leading to
improvement in the periodontal status. However, on the 90th day, salivary uric acid levels
did not show any positive correlation with periodontal parameters (Table 4). The mouth is
a heterogeneous environment for the resident microbiota but offers several distinct habitats
for microbial colonization. These oral habitats form a highly heterogeneous ecological
system and support the growth of significantly different microbial communities. The
alternating warm and moist environment in the oral cavity suits the growth of many
microorganisms and offers host-derived nutrients, such as saliva proteins, glycoproteins,
and gingival crevicular fluid (GCF), among which the current study highlighted the effects
of salivary uric acid and arginase on periodontal disease progression. In addition, an
unbalanced oral microbiome could be detrimental not only to oral health but also have
an effect on general health. Thus, balancing the host oral microbiota from a dysbiotic to a
symbiotic environment is needed to achieve cessation of disease progression, which could
be achieved by evolving adjunct pro- and prebiotic therapy [33].

13



J. Clin. Med. 2022, 11, 7142

The results of our study indicate the role and importance of salivary arginase in
periodontal disease and highlight the relationship between periodontal inflammation and
enzyme levels. Our results demonstrated that non-surgical periodontal therapy is capable
of eliminating the inflammatory burden and producing a profound impact on levels of
uric acid in groups II and III from day 0 to 90 after non-surgical periodontal treatment.
Hence, salivary uric acid and arginase can be utilized as sensitive and specific biomarkers
for the early detection of periodontal inflammation and tissue destruction, since they exert
a definitive role in periodontal disease destruction and are widely distributed in saliva.

One limitation of our study was that only salivary enzymes were measured. In
future, serum enzymatic levels can also be assessed and compared with salivary enzyme
levels in order to authenticate the results. Further research can validate our findings by
assessing the gene expression of arginase using RT-PCR. Another limitation of our study
was the use of saliva as a diagnostic tool for the detection of biomarkers as it is prone to
contamination and concentration variability of proteins and enzymes. GCF samples, as a
more specific diagnostic tool, could be implemented for collecting oral samples. Further,
future studies exploring the effects of non-surgical periodontal therapy on arginase and
uric acid receptors and inhibitors in the gingival crevicular fluid would more specifically
clarify the patho-immunogenic link between these biomarkers and periodontal disease.

5. Conclusions

The study showed decreased salivary arginase levels in patients with gingivitis and
periodontitis following the non-surgical periodontal therapy (NSPT). Salivary arginase
levels were also found to be positively correlated with periodontal parameters. On the
other hand, salivary uric acid levels showed improvement following NSPT in these patients.
Our findings indicate that levels of salivary arginase and uric acid can be used as potential
biomarkers in the early detection of periodontal inflammation and indicators following
periodontal therapy. In future, these biomarkers could help provide a non-invasive, chair-
side diagnosis in the era of advancing diagnostic technology in order to provide point-of-
care diagnosis, screening, and monitoring of treatment efficacy.
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Abstract: Background: Human dental pulp stem cells (hDPSCs) play an important role in en-
dodontic regeneration. N6-methyladenosine (m6A) is the most common RNA modification, and
noncoding RNAs have also been demonstrated to have regulatory roles in the expression of m6A
regulatory proteins. However, the study on m6A modification in hDPSCs has not yet been con-
ducted. Methods: Single base site PCR (MazF) was used to detect the m6A modification site of
lncSNHG7 before and after mineralization of hDPSCs to screen the target m6A modification pro-
tein, and bioinformatics analysis was used to analyze the related pathways rich in lncSNHG7.
After knockdown and overexpression of lncSNHG7 and METTL3, the osteogenic/odontogenic abil-
ity was detected. After METTL3 knockdown, the m6A modification level and its expression of
lncSNHG7 were detected by MazF, and their binding was confirmed. Finally, the effects of lnc-
SNHG7 and METTL3 on the Wnt/β-catenin pathway were detected. Results: MazF experiments
revealed that lncSNHG7 had a m6A modification before and after mineralization of hDPSCs, and
the occurrence site was 2081. METTL3 was most significantly upregulated after mineralization
of hDPSCs. Knockdown/ overexpression of lncSNHG7 and METTL3 inhibited/promoted the os-
teogenic/odontogenic differentiation of hDPSCs. The m6A modification and expression of lncSNHG7
were both regulated by METTL3. Subsequently, lncSNHG7 and METTL3 were found to regulate the
Wnt/β-catenin signaling pathway. Conclusion: These results revealed that METTL3 can activate the
Wnt/β-catenin signaling pathway by regulating the m6A modification and expression of lncSNHG7
in hDPSCs to enhance the osteogenic/odontogenic differentiation of hDPSCs. Our study provides
new insight into stem cell-based tissue engineering.

Keywords: human dental pulp stem cells; N6-methyladenosine; osteogenic/odontogenic differentiation;
RNA epigenetics; long noncoding RNA

1. Introduction

Bone tissue engineering is based on the concepts of stem cells, growth factors and
scaffold materials [1,2]. Many situations, such as trauma, tumor and necrosis, lead to bone
defects, which may, eventually, lead to extensive dysfunction [3]. For example, if bacterial
invasion and other factors exceed the resistance of the pulp tissue itself, it will further
develop into pulpitis and periapical periodontitis [4]. Clinically regenerative endodontic
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treatment is considered the ideal treatment for necrotic permanent teeth [5]. Therefore, the
introduction of effective new strategies to achieve functional and physiological bone recon-
struction is urgently required to improve the potential of pulp tissue repair. Human dental
pulp stem cells (hDPSCs), initially identified by Gronthos [6], have lower immunogenicity,
and higher proliferation rates and cloning potential compared with mesenchymal stem
cells [7,8]; moreover, hDPSCs from different species can form regenerative tissue after im-
plantation in animals. In addition, hDPSCs come from a wide range of sources, in sufficient
quantity and as a convenient material, showing great potential in regenerative medicine
for the treatment of various human diseases; as a consequence, they present good potential
for clinical transformation. However, the exact mechanism of osteogenic/odontogenic
differentiation is still unclear and requires investigation to achieve the best clinical bone
enhancement results.

N6 methyladenosine (m6A) is the most common modification method in mRNA and
was implicated in all aspects of posttranscriptional RNA metabolism [9]. The widespread
presence of m6A in the human transcriptome has aroused great interest among researchers.
Exploration of methylation patterns in cells can not only reveal the specific distribution
of the m6A modification in many transcripts, but also the differences in m6A status under
different physiological conditions [10]. The biological function of m6A modification mainly
depends on methyltransferases, demethylases and methylated reading proteins. Among
them, methyltransferases such as methyltransferase 3 (METTL3) were most extensively
studied: their main role is to catalyze the m6A modification of adenosine on RNA [11]. It
was demonstrated that m6A modification plays an important role in cancer, metabolism,
embryonic stem cell processes and tissue development [12–14]. Studies have shown that
the m6A modification mediated by METTL3 can promote the osteogenic differentiation
of bone marrow mesenchymal stem cells through different pathways and help to inhibit
the progression of osteoporosis [15]. In addition, the m6A modification of METTL3 can
also promote osteogenic differentiation in human adipose-derived stem cells induced by
NEL-like 1 protein [16]. For hDPSCs, it was shown that the m6A modification of METTL3
has a regulatory role in the cell cycle [17] and METTL3 might affect the LPS-induced inflam-
matory response by regulating the alternative splicing of MyD88 [18]. However, research
on the osteogenic/odontogenic differentiation of hDPSCs is still lacking; improving the
osteogenic/odontogenic differentiation ability of hDPSCs is a key issue to be solved be-
fore their clinical application and transformation. Therefore, the effects and mechanisms
of m6A modification on the osteogenic/odontogenic differentiation of hDPSCs require
further exploration.

Many factors are involved in regulating osteogenic/odontogenic differentiation of
mesenchymal stem cells. Among them, long noncoding RNAs (lncRNAs), as a large
class of regulatory molecules, have attracted much attention in recent years. A type of
noncoding RNA (ncRNA) with a length of more than 200 nucleotides, lncRNAs cannot
be translated into protein. Studies have shown that lncRNAs are involved in a variety
of biological processes and disease pathogenesis, and they play a significant role in the
osteogenic/odontogenic differentiation of stem cells [19,20]. An increasing number of
studies have also shown that lncRNAs can affect the osteogenic/odontogenic differentiation
of hDPSCs by regulating the expression of downstream target genes in combination with
microRNAs (miRNAs) [21–23]. However, current research on whether lncRNAs can play
a regulatory role in this process is still in the preliminary stage, and the functions and
mechanisms of a large number of lncRNAs are still unclear. In addition, because hDPSCs are
ideal seed cells for regenerative tissue engineering, it is of clinical significance to improve
their osteogenic/odontogenic differentiation ability through in vitro editing technology
before implantation in vivo. Thus far, there has been no research on the regulation of
lncRNA m6A modification in the process of hDPSC osteogenic/odontogenic differentiation,
so further research is required.

In this study, and for the first time, m6A modification of lncRNAs was combined with
the hDPSC osteogenic/odontogenic differentiation pathway: it confirmed the promoting
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effect of METTL3 in the osteogenic/odontogenic differentiation of hDPSCs; it also con-
firmed the regulatory effect of METTL3 on the m6A modification of lncRNA SNHG7 and
its relationship with the Wnt/β-catenin signaling pathway. The aim was to provide a new
concept and method for bone tissue engineering.

2. Methods

2.1. hDPSCs Culture and Characterization

The hDPSCs used in this study were obtained from healthy third molar teeth (without
caries and intact after extraction) from 15 patients (6 males and 9 females) aged 18–25 years;
the teeth were indicated for extraction at the Department of Stomatology in Nanfang
Hospital, Southern Medical University, Guangzhou, Guangdong, China. All experimen-
tal protocols were approved by the Ethical Committee, Southern Medical University
(NFEC-2022-173). As previously described in [24], the hDPSCs were cultured in Dulbecco’s
modified Eagle’s medium (DMEM) with 10% fetal bovine serum (FBS; GIBCO, Life Tech-
nologies, NSW, Australia), 100 U/mL penicillin and 100 μg/mL streptomycin (Sigma,
St. Louis, MO, USA) added, at a temperature of 37 ◦C, and air containing 5% CO2. The
medium was changed every 3 days, and hDPSCs at passages 3–5 were used for the sub-
sequent experiments [25,26]. We divided the samples into two groups: the undifferenti-
ated hDPSC group, in which cells were cultured in 10% FBS in DMEM with no supple-
ments, and the differentiated hDPSC group, in which cells were cultured in 50 mg/mL
ascorbic acid, 100 nmol/l dexamethasone and 10 mmol/l β-glycerophosphate (Sigma,
St Louis, MO, USA) in DMEM for 14 days. Flow cytometry was performed to identify the
phenotypes of the hDPSCs by screening the surface markers against CD29, CD44, CD90,
CD45 and CD34.

2.2. Single Base Site PCR (MazF)

The conserved motif region (m6A ACA site) of the core ACA sequence on lncSNHG7
was verified. The m6A modification levels in the hDPSC undifferentiated group, differ-
entiated group and after METTL3 knockdown were detected. The RNA endonuclease
MazF recognized the RNA single strand and cleaved at the 5′ end of the unmethylated
ACA site but could not cleave the methylated m6A ACA site. The extracted total RNA
samples were divided into two parts, one without MazF treatment and the other after
MazF treatment. The m6A methylation level of specific ACA sites in the samples was then
detected by real-time quantitative polymerase chain reaction (qRT-PCR) [27,28].

2.3. Alkaline Phosphatase (ALP) and Alizarin Red Staining (ARS)

Samples were first washed three times with phosphate-buffered saline and were fixed
in 4% paraformaldehyde for 15 min. After washing, the hDPSCs were stained with the
NBT/BCIP Staining Kit and Alizarin red. The results for each group were photographed
under an inverted microscope.

2.4. Real-Time Polymerase Chain Reaction

The total RNAs were isolated from the undifferentiated hDPSC and differentiated
hDPSC groups, obtained by culturing, as described above. A quantity of 1μg of RNA
per sample was reverse-transcribed into cDNA using a cDNA Reverse Transcription
Kit (Takara, Tokyo, Japan). qRT-PCR was performed in a 20μL reaction system. Fi-
nally, the relative expression of RNAs was calculated using the 2−ΔΔCt method with
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) as the reference gene. Each sample
was taken in triplicate, and the results were obtained from the independent experiments.
The primer sequences used in the real-time PCR are summarized in Table 1.
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Table 1. The sequences of the primers used in PCR.

Gene Sequence 5′–3′

GAPDH Forward: TCAACAGCGACACCCACTC
Reverse: GCTGTAGCCAAATTCGTTGTC

ALP Forward: CCAAAGGCTTCTTCTTGCTG
Reverse: CCACCAAATGTGAAGACGTG

Runx2 Forward: TCGCCAGGCTTCATAGCAAA
Reverse: GGCCTTGGGTAAGGCAGATT

DSPP Forward: CAGCAGCGACAGCAGTGATAGC
Reverse: TGTCACTGTCACTGTCACTTCCATTG

DMP1 Forward: CTCCGAGTTGGACGATGAGG
Reverse: TCATGCCTGCACTGTTCATTC

METTL3 Forward: GAGGAGTGCATGAAAGCCAG
Reverse: GGCCTCAGAATCCATGCAAG

METTL14 Forward: GACGGGGACTTCATTCATGC
Reverse: CCAGCCTGGTCGAATTGTAC

IGF2BP1 Forward: TGAAGCTGGAGACCCACATA
Reverse: GGGTCTGGTCTCTTGGTACT

IGF2BP2 Forward: AGTGGAATTGCATGGGAAAATCA
Reverse: CAACGGCGGTTTCTGTGTC

IGF2BP3 Forward: TATATCGGAAACCTCAGCGAGA
Reverse: GGACCGAGTGCTCAACTTCT

ALKBH5 Forward: ACCCCATCCACATCTTCGAG
Reverse: CTTGATGTCCTGAGGCCGTA

HNRNPA2B1 Forward: CAGTTCTCACTACAGCGCCA
Reverse: TTCCTCTCCAAAGGAACAGTTT

FTO Forward: AGACACCTGGTTTGGCGATA
Reverse: CCAAGGTTCCTGTTGAGCAC

YTHDC1 Forward: CTTCTGATGAGCAAGGGAACAA
Reverse: GGCCTCACTTCGAGTGTCATAA

YTHDF1 Forward: ACCTGTCCAGCTATTACCCG
Reverse: TGGTGAGGTATGGAATCGGAG

FMR1 Forward: TATGCAGCATGTGATGCAACT
Reverse: TTGTGGCAGGTTTGTTGGGAT

HNRNPC Forward: GTTACCAACAAGACAGATCCTCG
Reverse: AGGCAAAGCCCTTATGAACAG

WTAP Forward: ACGCAGGGAGAACATTCTTG
Reverse: CACACTCGGCTGCTGAACT

lncSNHG7 Forward: TTGCTGGCGTCTCGGTTAAT
Reverse: GGAAGTCCATCACAGGCGAA

2.5. Western Blot Analysis

The hDPSC protein was lysed by radioimmunoprecipitation assay buffer (Pierce,
Rockford, IL, USA). The lysate containing loading buffer (2% SDS and 1% 2-mercaptoethanol)
was prepared at 99 ◦C for 5 min. The samples were separated on 10% SDS polyacrylamide
gel and transferred to 0.22 μm polyvinylidene fluoride membranes using a semidry transfer
apparatus. Afterward, the membranes were blocked with skim milk powder solution at
room temperature for 1 h. The transferred proteins were reacted with the primary antibody
overnight at 4 ◦C and then labeled with the secondary antibody for 1 h at room temperature.
Primary antibodies in this study included METTL3, GAPDH, dentin sialophosphoprotein
(DSPP), dentin matrix acidic phosphoprotein 1 (DMP1), runt-related transcription factor 2
(Runx2) and ALP, phosphorylation-GSK-3β, and GSK-3β and β-catenin. Immunoreactive
proteins were detected by using the ECL Kit (Beyotime Biotech, Shanghai, China), and the band
densities were quantified using Image J software (National Institutes of Health, MD, USA) (v1.8.0).

2.6. Gene Knockdown and Overexpression

The undifferentiated hDPSC group and differentiated hDPSC group were cultured
as described above and seeded into six-well plates at a density of 2 × 105 cells per well.
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Transfection was performed when cells had grown to 60–80% confluency according to
the instruction manual. For METTL3 and lncSNHG7 knockdown, the small interfering
RNAs (siRNAs) for METTL3, lncSNHG7 and negative control siRNA were synthesized by
Genechem (Shanghai, China). The overexpression lentivirus of METTL3 and lncSNHG7
were also synthesized by Genechem (Shanghai, China). The transfection procedure fol-
lowed the manufacturer’s instructions.

2.7. Bioinformatic Analysis

The m6A modification position of lncSNHG7 was predicted by the SRAMP website
tool. The binding site of lncSNHG7 to METTL3 was predicted using the catRAPID web-
site, and the interaction probability of lncSNHG7 to METTL3 was predicted using the
RPISeq website. Differentially expressed lncRNAs during the osteogenic differentiation
of hDPSCs were analyzed using GEO2R in GSE138179 [29] and SRP214747 [30]. m6Avar,
WHISTLE software was used to predict the ACA sites where m6A modification may oc-
cur in lncSNHG7. The Starbase database was used to predict related m6A-modifying
enzymes that may bind to lncSNHG7. Both Gene Ontology (GO) analysis and analysis
using the Kyoto Encyclopedia of Genes and Genomes (KEGG) were carried out. GO
(http://geneontology.org/, Accessed on 21 September 2021) enrichment analysis was used
to define gene attributes in organisms from three fields: biological processes (BP), cellular
components (CC) and molecular functions (MF) (p < 0.05 was used). David software was
used to test the statistical enrichment of the target gene candidates in the KEGG pathway
database (KEGG; https://david.ncifcrf.gov/, Accessed on 21 September 2021).

2.8. RNA-Binding Protein Immunoprecipitation (RIP) Assay

Based on the manufacturer’s instructions, the RIP assay was removed with an RNA-
Binding Protein Immunoprecipitation Kit. Cells were dissolved with RIP lysis buffer. Cell
lysates (100 μL) were treated with the RIP buffer and cultured with Proteinase K and
magnetic beads conjugated with anti-METTL3 antibody or control (anti-lgG) (Millipore,
Burlington, MA, USA). The RNA bound to the beads was purified and then reverse-
transcribed into cDNA for qRT-PCR.

2.9. Statistical Analysis

All experiments were performed three times. The data were processed by SPSS 25.0
software (SPSS, Chicago, IL, USA). Analysis of variance and Student’s t-test were used to
evaluate statistical differences in different groups. All results were summarized and shown
as means ± standard deviation. Results were treated with statistical significance at p < 0.05.
One-way analysis of variance (ANOVA) followed by Dunnett’s post hoc test was used
for multiple group comparisons. Prism software (Graphpad Prism Software, CA, USA)
(v8.2.1.441) was used to create the figures.

3. Results

3.1. Characteristics of hDPSCs

hDPSCs were extracted from the third molars of healthy people. Primary cultured
hDPSCs grew around the tissue blocks (Figure 1A). Morphological observation showed that
the cells had a fibroblast-like appearance (Figure 1B). To further identify the multidirectional
differentiation potential of hDPSCs, the isolated hDPSCs were induced to differentiate into
osteoblasts and adipocytes. Lipid droplets were observed in the cytoplasm using Oil Red O
staining, and the matrix mineralization increased significantly in the process of osteogenic
induction compared with the undifferentiated group (Figure 1C–F). In addition, hDPSCs
exhibited a high expression of CD29 (99.88%), CD44 (97.87%) and CD90 (99.37%), but were
negative for CD34 (0.39%) and CD45 (0.53%) (Figure 1G). The qRT–PCR results suggest
that the expression levels of DSPP, DMP1, RUNX2, ALP were upregulated (Figure 1H).
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Figure 1. Culture and identification of hDPSCs. (A,B) Primary cultured and passage hDPSCs.
(C,D) Oil red O staining of hDPSCs showed that no lipid droplet was observed in the undifferentiated
hDPSCs group but a few lipid droplets were found in the differentiated hDPSCs group. (E,F) Alizarin
Red S staining of hDPSCs showed that no obvious nodules in the undifferentiated hDPSCs but
obviously more nodules and mineralized matrix were formed in the differentiated hDPSCs group.
(G) The flow cytometric analysis revealed that hDPSCs were positive for mesenchymal stem cell
marker (CD29, CD44, CD90) but were negative for hematopoietic stem cell marker (CD34, CD45).
(H) mRNA expressions of osteogenic/odontogenic genes ALP, OCN, RUNX2, DSPP and DMP1
were detected by qRT-PCR. All samples were performed in triplicate. The data are represented as
means ± SD. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.

3.2. lncSNHG7 m6A Modification in hDPSCs

By analyzing the GSE138179 and SRP214747 datasets, we found that the expres-
sion of lncSNHG7 was enhanced after osteogenic/odontogenic differentiation of hDPSCs.
Through m6Avar, the WHISTLE database predicted that lncSNHG7 might have 19 m6A
modification sites (Supplementary Table S1 and Figure 2A), among which there were three
ACA modification sites with very high confidence. The m6A single base site PCR (MazF)
verified that lncSNHG7 had an m6A modification on the 2081 ACA site (Figure 2B). Thus,
according to the results of the StarBase database, m6A-related modifying enzymes that
might bind to lncSNHG7 include METTL3/14, IGF2BP1/2/3, ALKBH5, HNRNPA2B1,
FTO, YTHDC1, YTHDF1, FMR1, HNRNPC and WTAP (Supplementary Table S2). The
expression of all m6A-related enzymes was detected in hDPSCs, and it was found that
the expression levels of most of them increased in hDPSCs after osteogenic/odontogenic
differentiation (p < 0.05). METTL3 exhibited the highest expression (Figure 2C).

22



J. Clin. Med. 2023, 12, 113

Figure 2. The m6A modification on lncSNHG7. (A) The m6A prediction score distribution of
lncSNHG7 predicted by SRAMP website tools. (B) Single base site PCR (MazF) analysis was used to
confirm the m6A modification site of lncSNHG7 after mineralization. (C) mRNA expressions of m6A
modification-related enzymes detected by qRT-PCR. The data were represented as means ± SD for
each group: * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. NS: Not Statistically Significant.

3.3. METTL3 Promoted Osteogenic/Odontogenic Differentiation of hDPSCs

After mineralization of the hDPSCs, the protein level of METTL3 increased (Figure 3A,B).
We speculated that METTL3 might be involved in the regulation of the osteogenic/odontogenic
differentiation of hDPSCs. We then knocked down METTL3 using siRNA and the efficiency
of the knockdown was verified by qRT–PCR (Figure 3C). After the knockdown of METTL3,
decreased mRNA expression levels of the osteogenic/odontogenic genes DSPP, DMP1,
RUNX2 and ALP were observed (Figure 3D). The expression of osteogenic/odontogenic
differentiation-related proteins was detected by Western Blotting, and the data were con-
sistent with the qRT–PCR results (Figure 3G,H). Similarly, as shown in Figure 3I, after
the knockdown of METTL3, both ALP activity and mineralized nodules decreased in the
siMETTL3 group compared with the control groups (Figure 3I). In contrast, METTL3 overex-
pression resulted in reverse impacts on the expression levels of these osteogenic/odontogenic
differentiation-related genes (Figure 3E–G). The ALP activity and mineralized nodules also
increased after the overexpression of METTL3 (Figure 3I).

3.4. lncSNHG7 Promoted Osteogenic/Odontogenic Differentiation of hDPSCs

The ability of lncSNHG7 to regulate hDPSC osteogenic /odontogenic differentia-
tion was further validated in vitro. siRNA-SNHG7 was constructed and transduced into
hDPSCs and was confirmed by qRT–PCR (Figure 4A). As shown in Figure 4B,E,F, lnc-
SNHG7 silencing decreased the mRNA and protein expression levels of DSPP, DMP1,
RUNX2 and ALP after induction for 14 days. The ALP activity and mineralized nod-
ules also decreased in the si-SNHG7 group compared with the control group (Figure 4G).
However, when lncSNHG7 was overexpressed, the phenotypic changes were reversed
(Figure 4C–G). The results above demonstrate that lncSNHG7 is an important regulator
that could promote osteogenic/odontogenic differentiation of hDPSCs.
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Figure 3. METTL3 promoted osteogenic/odontogenic differentiation of hDPSCs. (A) The protein
expression of METTL3 detected by Western blot. (B) The density ratio of target proteins to GAPDH.
(C,E) The knockdown and overexpression effect of si-METTL3 and LV-METTL3 detected by qRT-PCR.
(D,F) mRNA expressions of osteogenic/odontogenic genes detected by qRT-PCR after the knock-
down and overexpression of METTL3. (G) Western blot results showed the expression level of
osteogenic/odontogenic proteins decreased in the si-METTL3 group and increased in the LV-METTL3
after mineralization. (H) The density ratio of target proteins to GAPDH. (I) ARS and ALP staining
after the knockdown and overexpression of METTL3. The data were represented as means ± SD for
each group: * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.
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Figure 4. lncSNHG7 promoted osteogenic/odontogenic differentiation of hDPSCs. (A,C) The
knockdown and overexpression effect of si-lncSNHG7 and LV- lncSNHG7 detected by qRT-PCR.
(B,D) mRNA expressions of osteogenic/odontogenic genes detected by qRT-PCR after the knock-
down and overexpression of lncSNHG7. (E) Western blot results showed the expression level
of osteogenic/odontogenic proteins decreased in the si-lncSNHG7 group and increased in the
LV- lncSNHG7 group after mineralization. (F) The density ratio of target proteins to GAPDH. (G) ARS
and ALP staining after the knockdown and overexpression of lncSNHG7. The data were represented
as means ± SD for each group: * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.

To further understand the possible roles of lncSNHG7 in functional regulation, GO
analysis and KEGG pathway analysis were performed, using the predicted target mRNAs
of the lncRNAs based on the StarBase database. The enriched functions in the three GO cat-
egories (BP, MF and CC) are shown in Figure 5A. The enriched GO terms for the biological
process category are the regulation of transcription from the RNA polymerase II promoter,
signal transduction and protein phosphorylation, etc. The molecular-function-structured
networks indicate protein binding, transcription factor activity and sequence-specific DNA
binding. Through cellular component analysis, the target genes were found to be widely
involved in the cytoplasm, nucleus and plasma membrane, etc. The results of the KEGG
pathway analysis show that the target mRNAs of lncSNHG7 were enriched in many path-
ways, including cancer, cytokine–cytokine receptor interactions and transcriptional misreg-
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ulation in cancer. Four enriched pathways were closely related to osteogenic/odontogenic
differentiation, such as MAPK, NF-kappa B, Wnt and TGF-beta (Figure 5B). Figure 5C
shows a map of the Wnt signaling pathway.

Figure 5. Bioinformatics analysis of lncSNHG7. (A,B) GO and KEGG pathway analysis of lncSNHG7.
(C) Wnt signaling pathway map. Red Stars: The potential target gene of lncSNHG7 involved in Wnt
signaling pathway.

3.5. METTL3 Regulated the m6A Modification of lncSNHG7

METTL3 was shown to be an m6A methyltransferase involved in regulating a variety
of physiological processes [31]. Because lncSNHG7 has three ACA modification sites
with very high confidence, we speculated that METTL3 could target and regulate the
m6A modification of lncSNHG7. First, after knocking down METTL3, it was found that
the m6A modification level of lncSNHG7 was reduced (Figure 6A), and the expression
level of lncSNHG7 was also reduced, indicating that METTL3 not only regulated the m6A
modification of lncSNHG7, but also affected its expression (Figure 6B). The overexpression
of lncSNHG7 could rescue the reduced expression levels of DSPP, DMP1, RUNX2 and
ALP caused by the knockdown of METTL3 (Figure 6C–E). In addition, we analyzed the
nucleotide sequence of lncSNHG7 by catRAPID and found that nucleotides at 70–121 and
495–546 had a high potential to bind with proteins (Figure 6F). The possibility of the
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combination of lncSNHG7 and METTL3 is shown in Figure 6G and the binding between
METTL3 and lncSNHG7 was confirmed by RIP-qPCR (Figure 6H).

Figure 6. METTL3 regulated the m6A modification of lncSNHG7. (A) Single base site PCR (MazF)
analysis was used to confirm the m6A modification site of lncSNHG7 after the knockdown of
METTL3. (B) The expression level of lncSNHG7 after the knockdown of METTL3. (C,D) The mRNA
and protein expression of osteogenic/ odontogenic genes (DSPP, DMP1, RUNX2 and ALP) under
METTL3 knockdown and co-transfection of LV-lncSNHG7. (E) The density ratio of target proteins to
GAPDH. (F) The binding sites between METTL3 and lncSNHG7 were predicted online. (G) RPISeq
assay showed that METTL3 could bind to lncSNHG7 (The value greater than 0.50 indicates high
binding possibility). (H) RIP-qPCR confirmed the interaction between METTL3 and lncSNHG7. The
data were represented as means ±SD for each group: * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.
NS: Not Statistically Significant.

3.6. The METTL3/lncSNHG7 Axis Regulated the Wnt/β-Catenin Signaling Pathway

Bioinformatics analysis predicted that the lncSNHG7 target gene was enriched in
the Wnt/β-catenin signaling pathway. We speculated that METTL3 could affect the
Wnt/β-catenin signaling pathway by regulating the m6A modification of lncSNHG7 to
ultimately promote the osteogenic/odontogenic differentiation of hDPSCs. First, lnc-
SNHG7 knockdown resulted in decreased phosphorylation of the key protein GSK-3β
in the Wnt/β-catenin signaling pathway and the expression of β-catenin also decreased
(Figure 7A,B), indicating that lncSNHG7 activated the Wnt/β-catenin signaling pathway.
After METTL3 was knocked down, a decreased expression of phosphorylation of GSK-3β
and β-catenin were then observed (Figure 7C,D). These results confirm the presence of the
METTL3/lncSNHG7 axis, which could regulate the Wnt/β-catenin signaling pathway and
affect the osteogenic/odontogenic differentiation of hDPSCs.
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Figure 7. Demonstration of the METTL3/lncSNHG7axis and its regulatory analysis of Wnt/β-catenin
signaling pathway. (A,C) The protein expression levels of β-catenin and GSK-3βphosphorylation
under lncSNHG7 and METTL3 knockdown. (B,D) The density ratio of target proteins to GAPDH.
The data were represented as means ± SD for each group: * p < 0.05, **** p < 0.0001, NS: Not
Statistically Significant.

4. Discussion

The m6A modification is the most common modification in post-transcriptional RNA.
It can also regulate noncoding RNAs, such as miRNAs, lncRNAs and circRNAs. The
change in its level may be closely related to the metabolism and function of RNA. It
has been reported that m6A modification is involved in the biological processes of a
variety of stem cells and plays an important role in bone metabolism. For example, the
demethylase ALKBH5 can promote the expression of osteogenic genes [32]. METTL14
plays a regulatory role in osteoporosis. METTL14 can promote osteoclast activity by
inhibiting miRNA expression [33]. The importance of METTL3-mediated m6A methylation
of XIST in OPLL provides new insights into therapeutic strategies for OPLL [34]. However,
few studies have been conducted to examine m6A modification of hDPSCs. Luo et al.
demonstrated that METTL3 plays a regulatory role in the cell cycle [17]. In addition,
METTL3 was found to be involved in the development of tooth roots, the deletion of
which led to the reduction in odontogenic differentiation, shortening of molar roots and
thinning of dentin by weakening the translation efficiency of nuclear factor IC (NFIC) (a
key regulator of tooth roots) [35]. METTL3 can also directly interact with ATP citrate lyase
(ACLY) and mitochondrial citrate transporter (SLC25A1) to then further affect the glycolysis
pathway and glucose metabolism during the osteogenesis of hDPSCs [36]. However,
based on the literature, the mechanism underlying the m6A modification involved in bone
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metabolism of hDPSCs has not been fully clarified. It is still controversial and requires
further exploration. Recent studies have shown that m6A modification can also affect the
stability and metabolism of lncRNAs [37–39]. However, to the best of our knowledge, there
has been no research on the regulation of bone homeostasis and bone tissue engineering by
m6A of lncRNA in hDPSCs. Therefore, this study is expected to provide a new theoretical
basis for the study of the mechanism of osteogenic/odontogenic differentiation in hDPSCs.

In this study, we first identified the m6A modification of lncSNHG7 in hDPSCs by a
MazF experiment. Its occurrence region was the 2081 site of the conserved motif region
containing the core ACA sequence, but whether the m6A modification of lncSNHG7 still
occurs at other sites requires further study. The potential regulatory mechanism of METTL3
in the osteogenic/odontogenic differentiation of hDPSCs was then discussed. Knockdown
and overexpression of METTL3, respectively, reduced and increased expression levels
of DSPP, DMP1, RUNX2 and ALP, ALP activity and the level of mineralized nodules,
which supported the positive regulatory role of METTL3 in the mineralization of hDPSCs,
consistent with other studies [40,41]. However, other studies have revealed that METTL3
can inhibit osteogenesis through m6A modification [42,43]. Altogether, these results confirm
that METTL3 may be an important regulator of osteogenic/odontogenic differentiation,
but the specific regulation of different stem cells requires further study.

lncRNAs can regulate gene expression at the level of chromatin modification, tran-
scription and post-transcriptional processing, and are very important in almost all bio-
logical processes, including pluripotency, cell development, the immune response and
differentiation. Many studies have shown that lncRNAs play an important role in the
osteogenic/odontogenic differentiation of hDPSCs [29,44]. However, there has been no
research on the regulation of lncRNA m6A modification in hDPSC osteogenic/odontogenic
differentiation. In our study, METTL3 increased m6A methylation and the expression
levels of lncSNHG7, leading to promotion of the osteogenic/odontogenic differentiation of
hDPSCs. These findings reveal a new role of METTL3 in hDPSCs, showing that METTL3
could promote osteogenic/odontogenic differentiation of hDPSCs through the upregulation
of lncSNHG7.

Osteogenic/odontogenic differentiation is regulated by a variety of signaling path-
ways, including the Wnt/β-catenin signaling pathway. The expression of β-catenin is very
important for tooth formation, and β-catenin may play an important role in BMP-9-induced
osteogenic and odontogenic signal transduction [45]. Recent data suggested that the treated
dentin matrix directly targeted GSK-3β and activated the typical Wnt/β-catenin signaling
pathway to promote odontogenic differentiation of hDPSCs [46]. These reports strongly
suggested that Wnt/β-catenin signaling regulated osteogenic/odontogenic differentia-
tion. In the present study, through bioinformatics analysis of lncSNHG7, we found that
osteogenic/odontogenic differentiation was enriched in the Wnt/β-catenin signaling path-
way. We, therefore, speculate that METTL3 can affect the Wnt/β-catenin signaling pathway
and that it ultimately promoted the osteogenic/odontogenic differentiation of hDPSCs
by regulating the m6A modification of lncSNHG7. Our results show that knockdown of
lncSNHG7 and METTL3 led to decreased expression levels of p-GSK-3β and β-catenin in
the Wnt/β-catenin signaling pathway.

Improving the differentiation ability of stem cells before clinical application is neces-
sary. Studies demonstrated that Alx3-Wnt3a promoted angiogenesis and newly formed
dentin with a structural–mechanical equivalency suggesting that conceptualizing recombi-
nant human Wnt3a delivery in disinfected root canals is one of the possible methods in
tooth regeneration [47]. The present study revealed that METTL3-mediated lncSNHG7
m6A modification is involved in the Wnt/β-catenin signaling pathway and could promote
osteogenic/odontogenic differentiation of hDPSCs. Similarly, hDPSCs stably transfected
with METTL3-lncSNHG7 and synthetic scaffolds (such as collagen, hydrogel, decellular-
ized bioscaffold and nanofibrous spongy microspheres) might be constructed and injected
into the disinfected root canal to replace the original root-filling materials for regenera-
tion. Until then, however, the specific underlying mechanisms on the correlation of m6A
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modification, lncSNHG7 and the Wnt/β-catenin signaling pathway in the process of os-
teogenic/odontogenic differentiation require further exploration and will be a focus of our
future studies.

5. Conclusions

To conclude, the present study revealed that lncSNHG7, mediated by METTL3 through
m6A modification, could activate the Wnt/β-catenin signaling pathway to promote the
osteogenic/odontogenic differentiation of hDPSCs (Figure 8). As the activation of molecu-
lar pathways is a pivotal characteristic in tissue regeneration, our study might provide a
key clue for the future application of hDPSCs in clinically regenerative endodontic treat-
ment. The function of METTL3-mediated lncSNHG7 in vivo will be investigated in our
future studies.

Figure 8. A schematic illustration of the molecular mechanism of lncSNHG7 promoting os-
teogenic/odontogenic differentiation of hDPSCs. This schematic illustration created in BioRender.com
(Accessed on 20 September 2022).
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www.mdpi.com/article/10.3390/jcm12010113/s1, Table S1. Prediction of m6A modification sites of
lncSNHG7. Table S2 Prediction of m6A modifying enzymes possibly bound to lncSNHG7.

Author Contributions: Conceptualization, Y.Y., J.Z., C.J., M.C. and B.W.; Data curation, Y.Y. and J.C.;
Formal analysis, J.Z.; Funding acquisition, Y.Y., M.C. and B.W.; Resources, B.W.; Supervision, B.W.;
Validation, J.Z.; Writing—original draft, Y.Y.; Writing—review and editing, C.J. and C.S. All authors
have read and agreed to the published version of the manuscript.

Funding: This work was supported by the General Program of National Natural Scientific Foundation
of China (No.81870755); Medical Scientific Research Foundation of Guangdong Province of China
(No. A2022199); Science Research Cultivation Program of Stomatological Hospital, Southern Medical
University (PY2020018 and PY2021021).

Institutional Review Board Statement: This study was approved by the Ethics Committee of Nan-
fang Hospital, Southern Medical University (NFEC-2022-173). All subjects were informed and
performed under the supervision of the Nanfang Hospital, Southern Medical University Medical
Ethics Committee.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

30



J. Clin. Med. 2023, 12, 113

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

Abbreviations

(hDPSCs) Human dental pulp stem cells, (m6A) N6 methyladenosine, (METTL3) methyl-
transferase 3, (lncRNAs) Long noncoding RNAs, (ncRNA) oncoding RNA, (miRNA) microRNA,
(DMEM) Dulbecco’s modified Eagle’s medium, (FBS) Fetal bovine serum, (qRT-PCR) real-time quanti-
tative polymerase chain reaction, (ALP) Alkaline Phosphatase, (ARS) Alizarin Red Staining, (GAPDH)
glyceraldehyde-3-phosphate dehydrogenase, (siRNAs) small interfering RNAs, (GO) Gene Ontology,
(KEGG) Kyoto Encyclopedia of Genes and Genomes, (BP) biological processes, (CC) cellular compo-
nents, (MF) molecular functions, (RIP) RNA-binding protein immunoprecipitation, (DSPP) dentin
sialophosphoprotein, (DMP1) dentin matrix acidic phosphoprotein 1, (Runx2) runt-related transcrip-
tion factor 2.
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Abstract: Background: This systematic review and network meta-analysis aimed to assess compara-
tive efficacy and safety of interventions to treat symptomatic, biopsy-proven oral lichen planus (OLP).
Methods: Search was conducted for trials published in Medline, Embase and Cochrane Central
Register of Controlled Trials. Network meta-analysis was performed on data from randomized
controlled trials that assessed efficacy and safety of interventions used in the treatment of OLP.
Agents were ranked according to their effectiveness in treatment of OLP based on outcomes using
surface under the cumulative ranking [SUCRA]. Results: In total, 37 articles were included in the
quantitative analysis. Purslane was clinically significant and ranked first in improving clinical symp-
toms [RR = 4.53; 95% CI: 1.45, 14.11], followed by aloe vera [RR = 1.53; 95% CI: 1.05, 2.24], topical
calcineurin [RR = 1.38; 95% CI: 1.06, 1.81] and topical corticosteroid [RR = 1.35 95% CI: 1.05, 1.73].
Topical calcineurin demonstrated the highest incidence of adverse effects [RR, 3.25 [95% CI: 1.19, 8.86.
Topical corticosteroids were significant in achieving clinical improvement of OLP with RR1.37 [95%
CI: 1.03, 1.81]. PDT [MD = −5.91 [95% CI: −8.15, –3.68] and showed statistically significant improve-
ment in the clinical score for OLP. Conclusions: Purslane, aloe vera and photodynamic therapy appear
promising in treatment of OLP. More high-quality trials are recommended for strengthening the
evidence. Although topical calcineurin is significantly efficacious in the treatment of OLP, significant
adverse effects are a concern for clinical use. Based on the current evidence, topical corticosteroids
are recommended for treatment of OLP owing to their predictable safety and efficacy.

Keywords: systematic review; network meta-analysis; oral lichen planus; management; OLP

1. Introduction

Lichen Planus [LP] is a common chronic inflammatory disease involving both the skin
and the mucous membranes of the body, including the oral cavity [1,2]. LP involving the
oral mucosa is known as oral lichen planus [OLP]. It is a common autoimmune chronic
inflammatory oral mucosal disorder affecting the stratified squamous epithelium by a
cell-mediated immunological dysfunction [3]. OLP is more common in females between
30–60 years. The prevalence of OLP is reported to be at 1.27% [4]. Traditionally, several
forms of OLP were described, such as reticular, papular, plaque, atrophic and ulcerative
[erosive] form [5]. Atrophic and erosive forms of OLP usually present with burning
sensation to intense pain, requiring treatment and hence are associated with difficulty
in eating, swallowing and burning sensation with hot and spicy food [2,6–8]. However,
currently, OLP is a dynamic disease, fluctuating often in distribution and extent of the
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lesions, clinical types, and their severity [9]. Hence, remission is rarely achieved in OLP
and relapse is often seen even after treatment [6,7].

Numerous drugs have been used to treat OLP and proposed therapies given are
typically symptomatic. However, evidence is inadequate to support the effectiveness of
any specific treatment as being more superior than the other [10]. Although a wide range
of systemic and topical therapies have been used to treat OLP, a majority of these therapies
have not been evaluated in randomized controlled clinical trials [RCTs] [11]. Previous
systematic reviews [12–14] on treatment of OLP demonstrated beneficial effects of using
topical corticosteroids [TopCORT] or topical calcineurin inhibitors [TopCALN] in treatment
settings. Other interventions such as aloe vera [AV] and photochemotherapy [PDT] were
also tested in clinical trials. Most of the reported previous systematic reviews [12,13] have
focused only on pairwise comparison of interventions. Comprehensive evidence comparing
the relative efficacy and safety of all the available interventions has not been previously
investigated. A network meta-analysis [NMA] allows for assessing the comparative efficacy
and safety across a network of RCTs of all interventions to date through the enablement of
investigations to combine both direct and indirect evidence [15]. NMA makes it possible
to identify the most effective intervention for a given issue for which there are several
potential solutions. Therefore, we aimed to perform a NMA to assess the comparative
efficacy and safety of interventions used to treat symptomatic biopsy-proven OLP.

2. Materials and Methodology

This systematic review was performed with a priori published protocol [PROSPERO
CRD42021256151] and was reported according to the Preferred Reporting Items for System-
atic Reviews and Meta-Analysis [PRISMA] extension statement for incorporating network
meta-analysis [NMA] for healthcare interventions [15].

2.1. Search Strategy and Study Selection

We identified relevant studies through a systematic search of Medline, Embase and
Cochrane Central Register of Controlled Trials from the inception of databases to August
2022. To identify studies not captured by database searches, we manually checked the
reference lists of published systematic reviews and identified articles.

Studies included were RCTs that met the following inclusion criteria.

(i) Population was patients with clinically- and histologically-proven lichen planus.
(ii) Intervention includes any form of local or systemic treatment for OLP.
(iii) Comparison is placebo, any other antifungal agent or no treatment.
(iv) Outcome.

Split mouth studies, in vitro studies, letter to editors, conference abstracts and non-
English articles were excluded.

Two reviewers [L.X.Y. and RKM] independently screened titles and abstracts for
eligible studies, followed by full text reading. Ineligible studies were excluded from the
full text review, and the reasons for exclusion were documented. Any disagreements were
resolved by consensus.

2.2. Outcomes of Interest

The primary outcome of interest was a clinical improvement (Thongprasom scale)
of the disease. Secondary outcomes were clinical resolution, reduction in pain score
(Thongprasom scale), clinical score and adverse effects.

2.3. Data Extraction and Quality Assessment

Data were extracted independently and in duplicates by the two reviewers into a
data extraction form created following the Cochrane Handbook of Systematic Reviews of
Interventions guidelines, by a consensus of all the reviewers. If multiple publications of the
same trial were retrieved, only the most recent information or relevant data was included
from these publications. The data from the RCTs were separated into the following sections:
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study characteristics, population characteristics, intervention characteristics, outcome
definitions and measures. For all outcomes, we used the initial number of participants
randomized to each trial arm and performed the analyses irrespective of how the authors of
the original trials had analysed the data [intention-to-treat principle] [14]. The risk of bias
[ROB] within each study was independently assessed by two reviewers [LYC, RKM] by
using the revised Cochrane risk of bias tool [RoB 2.0] [16,17]. Disagreements were resolved
by reviewers over discussion.

2.4. Data Synthesis and Statistical Analysis

The treatment effect was evaluated and calculated as the risk ratio [RR], along with
a 95% confidence interval [CI]. A random-effects network meta-analysis [NMA] using a
consistency model within a frequentist approach was applied to incorporate indirect with
direct comparisons [18]. Network inconsistency assumption, which refers to a disagree-
ment between the direct and indirect estimates, was evaluated using a global inconsistency
test by fitting design-by-treatment in the inconsistency model [19,20]. For the missing
data, we have followed the Cochrane assumption that data are assumed missing at ran-
dom and that missing values were assumed to have a particular value, such as a poor
outcome [21]. Heterogeneity was assessed by I2 statistics. The percentages indicate low
(25%), medium (50%) and high (75%) heterogeneity [22,23]. Surface under the cumula-
tive ranking [SUCRA] curves were estimated to rank the intervention hierarchy in the
network meta-analysis [24]. Higher SUCRA scores [ranging from 0 to 1] correspond to
higher ranking for clinical effectiveness [i.e., clinical resolution, clinical improvement] of
OLP treatment. A comparison-adjusted funnel plot was used to examine the publication
bias [24]. Stata version 15.0 [StataCorp, College Station, TX, USA] was used for statistical
analysis and graph generation. To assess the robustness of primary efficacy outcome, a
sensitivity analysis was performed by restricting studies with low risk of bias.

3. Results

3.1. Study Selection

Our search yielded a total of 975 articles. A total of 88 articles were retained for full-text
review following titles and abstracts screening and duplicate references removal. Finally,
37 articles were selected to be included in the meta-analysis. Figure 1 depicts the flow of
the study selection process. The list of the excluded is provided in Supplementary Table S1.

3.2. Study Characteristics

Supplementary Table S2 shows the characteristics of included RCTs. The interventions
assessed included amlexanox paste [AML], aloe vera [AV], curcumin gel [CUR], photody-
namic therapy [PDT], placebo [PLA], purslane [PUR], systemic corticosteroid [SysCORT],
topical corticosteroid [TopCORT], topical calcineurin [TopCALN] and topical calcineurin
and systemic corticosteroid combined [TopCALNcoSysCORT]. Of thirty-seven included
studies, five compared TopCORT and PLA [25–29], fifteen compared TopCORT and Top-
CALN [1,11,26,30–41], two compared corticosteroids with each other [39,42], six compared
corticosteroids with other treatments such as PDT, AML, CUR and HA [43–48], four com-
pared other treatments with PLA, including AV, PUR and HA [49–52], four compared
TopCALN and PLA [53–56] and one compared other treatments, including aloe vera with
photodynamic therapy [57].

3.3. Quality of RCTs

Quality assessment of each study using the ROB assessment tool is provided in
Figure 2. Among the RCTs, 13 trials were evaluated to be at high ROB, 6 were evaluated to
be at low ROB, whereas the remaining studies were of unclear ROB.
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Figure 1. Prisma flow chart.

3.4. NMA Results
3.4.1. Clinical Symptoms Improvement

A total of 37 RCTs comparing 9 interventions were included for this outcome measur-
ing improvement in clinical symptoms. The network plot is provided in Figure 3. Network
meta-analysis suggested that, compared with placebo, PUR ranked first in improving
clinical symptoms [RR = 4.53; 95% CI: 1.45, 14.11, SUCRA 96.5], followed by AV [RR = 1.53;
95% CI: 1.05, 2.24, SUCRA 57.2], TopCALN [RR = 1.38; 95% CI: 1.06, 1.81, SUCRA 47.3]
and TopCORT [RR = 1.35; 95% CI: 1.05, 1.73, SUCRA 40.5]. Other interventions were
not statistically significant. Detailed results of SUCRA ranks and curves are presented
in Supplementary Table S3 and Supplementary Figure S1, respectively. The league table
showing the comparative efficacies shown as the risk ratio [RR] along with a 95% confidence
interval [CI] is provided in Figure 4.
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Figure 2. Risk of Bias [1,11,25–57].

Figure 3. Network plot: Clinical Improvement of Oral Lichen Planus. Abbreviations: AML, am-
lexanox paste; AV, aloe vera; CUR, curcumin gel; PDT, photodynamic therapy; PLA, placebo; PUR,
purslane; SysCORT, systemic corticosteroid; TopCALN, topical calcineurin; TopCALNcoSysCORT,
topical calcineurin combined with systemic corticosteroid; TopCORT, topical corticosteroid.
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Figure 4. League table for the Clinical Improvement of OLP. Abbreviations: AML, amlexanox
paste; AV, aloe vera; CUR, curcumin gel; PDT, photodynamic therapy; PLA, placebo; PUR, purslane;
SysCORT, systemic corticosteroid; TopCALN, topical calcineurin; TopCALNcoSysCORT, topical
calcineurin combined with systemic corticosteroid; TopCORT, topical corticosteroid. The green
gihlights indicate the interventions and the dark highlights indicate the significant results.

3.4.2. Adverse Effects

In the case of adverse effects, there are 20 RCTs that reported those data. The net-
work plot is provided in Figure 5. Network meta-analysis suggested that there was a
significant adverse effect compared with placebo only for topical calcineurin [RR, 3.25
[95% CI: 1.19, 8.86]. When ranked, purslane was the best [SUCRA 63] and topical cal-
cineurin was the worst [SUCRA 26.1], indicating the probability of the most adverse effects.
Detailed results for SUCRA ranks and curves are presented in Supplementary Table S4
and Supplementary Figure S2, respectively. The league table showing the comparative
safety shown as the risk ratio [RR] along with a 95% confidence interval [CI] is provided in
Figure 6.

Figure 5. Network plot: Clinical Improvement of Oral Lichen Planus. Abbreviations: AML, am-
lexanox paste; AV, aloe vera; CUR, curcumin gel; PDT, photodynamic therapy; PLA, placebo; PUR,
purslane; SysCORT, systemic corticosteroid; TopCALN, topical calcineurin; TopCALNcoSysCORT,
topical calcineurin combined with systemic corticosteroid; TopCORT, topical corticosteroid.
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Figure 6. League table for adverse effects. Abbreviations: AML, amlexanox paste; AV, aloe vera;
CUR, curcumin gel; PDT, photodynamic therapy; PLA, placebo; PUR, purslane; SysCORT, systemic
corticosteroid; TopCALN, topical calcineurin; TopCALNcoSysCORT, topical calcineurin combined
with systemic corticosteroid; TopCORT, topical corticosteroid. The green gihlights indicate the
interventions and the dark highlights indicate the significant results.

3.4.3. SUCRA Value for Safety and Efficacy

Figure 7 shows an overall analysis of the safety and efficacy of the interventions that
were statistically significant. PUR was the safest and the most efficacious in treatment of
OLP. TopCALN caused statistically significant adverse effects, therefore, it is ranked the
lowest in safety. TopCORT was considered safe and effective in the treatment of OLP.

Figure 7. SUCRA Value for Safety and Efficacy of Interventions Used for Treatment of Oral Lichen
Planus. Abbreviations: AV, aloe vera; PDT, photodynamic therapy; PUR, purslane; TopCALN, topical
calcineurin; TopCORT, topical corticosteroid.

3.4.4. Clinical Resolution

Clinical resolution of OLP was considered as only when the lesion was completely
healed. The network plot is provided in Figure 8. Network meta-analysis suggested that
only TopCALN [RR = 3.07; 95% CI: 1.20, 7.83] was statistically significant in showing clinical
resolution of OLP compared to placebo. Accordingly, on SUCRA ranking, TopCALN was
ranked highest [SUCRA 72] for clinical resolution of OLP and TopCORT was the lowest
[SUCRA 47.7] compared to placebo. Detailed results of SUCRA ranks and curves are
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presented in Supplementary Table S5 and Supplementary Figure S3. The league table
showing the comparative efficacies shown as the risk ratio [RR] along with a 95% confidence
interval [CI] is provided in Figure 9.

Figure 8. Network Plot: Clinical Resolution of Oral Lichen Planus. Abbreviations: AML, amlexanox
paste; AV, aloe vera; CUR, curcumin gel; PDT, photodynamic therapy; PLA, placebo; TopCALN,
topical calcineurin; TopCORT, topical corticosteroid.

Figure 9. League table for adverse effects. Abbreviations: AML, amlexanox paste; AV, aloe vera; CUR,
curcumin gel; PDT, photodynamic therapy; PLA, placebo; TopCALN, topical calcineurin; TopCORT,
topical corticosteroid. The green highlights indicate the interventions and the dark highlights indicate
the significant results.

3.4.5. Clinical Score

Improvement of clinical score for OLP was measured based on Thongprasom scale
scoring. It is a scoring system for OLP based on the surface area involved and the severity
of the lesion. The output results for clinical score were calculated using mean differ-
ence, and the network plot is presented in Figure 10. Based on the NMA findings, PDT
[MD = −5.91 [95% CI: −8.15, –3.68] and TopCORT [MD = −1.02 [95% CI: −1.98, −0.06]
showed statistically significant improvement in clinical score for OLP. When ranked, PDT
demonstrated the highest score in improvement of clinical score for OLP [SUCRA 0] and
SysCORT was ranked last [SUCRA 70.8]. Detailed SUCRA ranks and curves are presented
in Supplementary Table S6 and Supplementary Figure S4. The league table showing the
comparative efficacies shown as the risk ratio [RR] along with a 95% confidence interval
[CI] is provided in Figure 11.
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Figure 10. Network Plot: Clinical Score. Abbreviations: AML, amlexanox paste; AV, aloe vera;
CUR, curcumin gel; PDT, photodynamic therapy; PLA, placebo; PUR, purslane; SysCORT, systemic
corticosteroid; TopCALN, topical calcineurin; TopCORT, topical corticosteroid; HA, hyaluronic acid.

Figure 11. League table for clinical score. Abbreviations: AML, amlexanox paste; AV, aloe vera;
CUR, curcumin gel; PDT, photodynamic therapy; PLA, placebo; PUR, purslane; SysCORT, systemic
corticosteroid; TopCALN, topical calcineurin; TopCORT, topical corticosteroid; HA, hyaluronic acid.
The green highlights indicate the interventions and the dark highlights indicate the significant results.

3.4.6. Pain Score

Pain score was measured with visual analog scale [VAS] scoring. Based on the NMA
(Figure 12), PDT showed statistically significant improvement in the pain score [MD −1.63,
95%CI: −2.73, −0.53]. In SUCRA ranks and curves, PDT was ranked the best in improving
pain score [SUCRA 94.0], and AV ranked the worst [SUCRA 23.2]. Detailed SUCRA ranks
and curves are presented in Supplementary Table S7 and Supplementary Figure S5. The
league table showing the comparative efficacies shown as the mean deviation [MD] along
with a 95% confidence interval [CI] is provided in Figure 13.
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Figure 12. Network Plot: Pain Score. Abbreviations: AML, amlexanox paste; AV, aloe vera; CUR,
curcumin gel; PDT, photodynamic therapy; PLA, placebo; PUR, purslane; SysCORT, systemic corti-
costeroid; TopCALN, topical calcineurin; TopCORT, topical corticosteroid; HA, hyaluronic acid.

Figure 13. League table for pain score. Abbreviations: AML, amlexanox paste; AV, aloe vera;
CUR, curcumin gel; PDT, photodynamic therapy; PLA, placebo; PUR, purslane; SysCORT, systemic
corticosteroid; TopCALN, topical calcineurin; TopCORT, topical corticosteroid; HA, hyaluronic acid.
The green highlights indicate the interventions and the dark highlights indicate the significant results.

3.5. Subgroup Analysis of Individual Agents
3.5.1. Clinical Improvement

The network plot for this subgroup analysis with individual agents for clinical out-
come is presented in Figure 14. Network meta-analysis suggested that PUR [RR = 4.53;
95% CI: 1.49, 13.79], AV [RR = 1.53, 95% CI: 1.08, 2.15], TAC [RR = 1.43; 95% CI: 1.06, 1.95],
and CLO [RR = 1.34; 95% CI: 1.02, 1.78] are statistically significant in clinical improvement
of OLP. According to SUCRA ranking, PUR was ranked the first [SUCRA 98.1], followed
by AV [SUCRA 68.5] and TAC [SUCRA 64.7]. Detailed SUCRA ranks of individual inter-
ventions and SUCRA curves are presented in Supplementary Table S8 and Supplementary
Figure S6, respectively. The league table showing the comparative efficacies shown as the
risk ratio [RR] along with a 95% confidence interval [CI] is provided in Figure 15.

43



J. Clin. Med. 2023, 12, 2763

Figure 14. Network plot: Clinical Improvement (subgroup analysis). Abbreviations: AML, amlexanox
paste; AV, aloe vera; CUR, curcumin gel; PDT, photodynamic therapy; PLA, placebo; PUR, purslane;
TAC, tacrolimus; FLU, flucinonide acetonide; CLO, clobetasol propionate; PIM, pimecrolimus; BET,
betamethasone; TA, triamcinolone acetonide; DEX, dexamethasone; CYC, cyclosporine.

Figure 15. League table for clinical Improvement (subgroup analysis). Abbreviations: AML, am-
lexanox paste; AV, aloe vera; CUR, curcumin gel; PDT, photodynamic therapy; PLA, placebo; PUR,
purslane; TAC, tacrolimus; FLU, flucinonide acetonide; CLO, clobetasol propionate; PIM, pime-
crolimus; BET, betamethasone; TA, triamcinolone acetonide; DEX, dexamethasone; CYC, cyclosporine.
The green highlights indicate the interventions and the dark highlights indicate the significant results.

3.5.2. Adverse Effects

Network meta-analysis suggested that CYC [RR = 4.96; 95% CI: 1.21, 20.34], DEX
[RR = 9.01; 95% CI: 1.29, 62.67] and CLO [RR = 6.25; 95% CI: 2.04, 19.09] were statistically
significant for adverse effects. According to SUCRA ranking, TA is the one with the least
adverse effects, followed by CUR. Detailed SUCRA ranks of individual interventions and
SUCRA curves are presented in Supplementary Table S9 and Supplementary Figure S7,
respectively. The network plot is presented in Figure 16 and the league table showing the
comparative efficacies is provided in Figure 17.
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Figure 16. Network plot: Adverse Effects (subgroup analysis). Abbreviations: AML, amlexanox
paste; AV, aloe vera; CUR, curcumin gel; PDT, photodynamic therapy; PLA, placebo; PUR, purslane;
TAC, tacrolimus; FLU, flucinonide acetonide; CLO, clobetasol propionate; PIM, pimecrolimus; BET,
betamethasone; TA, triamcinolone acetonide; DEX, dexamethasone; CYC, cyclosporine.

Figure 17. League table for adverse effects (subgroup analysis). Abbreviations: AML, amlexanox
paste; AV, aloe vera; CUR, curcumin gel; PDT, photodynamic therapy; PLA, placebo; PUR, purslane;
TAC, tacrolimus; FLU, flucinonide acetonide; CLO, clobetasol propionate; PIM, pimecrolimus; BET,
betamethasone; TA, triamcinolone acetonide; DEX, dexamethasone; CYC, cyclosporine. The green
highlights indicate the interventions and the dark highlights indicate the significant results.

3.5.3. Clinical Resolution

Based on the NMA findings, only TAC was significant in clinical resolution of OLP
[RR = 5.40; 95% CI: 1.48, 19.67]. SUCRA ranks reported that TAC scored the highest
[SUCRA 83], and CYC [SUCRA score: 17.8] scored the worst. Detailed SUCRA ranks of
individual interventions and SUCRA curves are presented in Supplementary Table S10 and
Supplementary Figure S8, respectively. The network plot is presented in Figure 18 and the
league table showing the comparative efficacies is provided in Figure 19.
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Figure 18. Network plot: Clinical Resolution (subgroup analysis). Abbreviations: AML, amlexanox
paste; AV, aloe vera; CUR, curcumin gel; PDT, photodynamic therapy; PLA, placebo; PUR, purslane;
TAC, tacrolimus; FLU, flucinonide acetonide; CLO, clobetasol propionate; PIM, pimecrolimus; BET,
betamethasone; TA, triamcinolone acetonide; DEX, dexamethasone; CYC, cyclosporine.

Figure 19. League table: Clinical Resolution (subgroup analysis). Abbreviations: AML, amlexanox
paste; AV, aloe vera; CUR, curcumin gel; PDT, photodynamic therapy; PLA, placebo; PUR, purslane;
TAC, tacrolimus; FLU, flucinonide acetonide; CLO, clobetasol propionate; PIM, pimecrolimus; BET,
betamethasone; TA, triamcinolone acetonide; DEX, dexamethasone; CYC, cyclosporine. The green
highlights indicate the interventions and the dark highlights indicate the significant results.

3.5.4. Clinical Score

None of the interventions were statistically significant in improving clinical score ex-
cept PDT MD = −5.92; 95% CI: −8.76, 3.09]. When ranked, PDT scored the highest and BET
scored the worst. Detailed SUCRA ranks of individual interventions and SUCRA curves
are presented in Supplementary Table S11 and Supplementary Figure S9, respectively.
The network plot is presented in Figure 20 and the league table showing the comparative
efficacies with a 95% confidence interval [CI] is provided in Figure 21.
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Figure 20. Network plot: Clinical Score (subgroup analysis). Abbreviations: AML, amelexanox
paste; AV, aloe vera; CUR, curcumin gel; PDT, photodynamic therapy; PLA, placebo; PUR, purslane;
TAC, tacrolimus; FLU, flucinonide acetonide; CLO, Clobetasol propionate; PIM, pimecrolimus; BET,
betamethasone; TA, triamcinolone acetonide; DEX, dexamethasone; CYC, cyclosporine.

Figure 21. Network plot: Clinical Score (subgroup analysis). Abbreviations: AML, amelexanox
paste; AV, aloe vera; CUR, curcumin gel; PDT, photodynamic therapy; PLA, placebo; PUR, purslane;
TAC, tacrolimus; FLU, flucinonide acetonide; CLO, Clobetasol propionate; PIM, pimecrolimus; BET,
betamethasone; TA, triamcinolone acetonide; DEX, dexamethasone; CYC, cyclosporine. The green
highlights indicate the interventions and the dark highlights indicate the significant results.

3.5.5. Pain Score

Network meta-analysis suggested that TAC [MD = −1.67; 95% CI: −2.78, −48, SUCRA
86.3] and PDT [MD = −1.90 [95% CI: −3.06, −0.76, SUCRA 92.1] are statistically significant
compared to placebo in improving the pain score. Detailed SUCRA ranks of individual
interventions and curves are presented in Supplementary Table S12 and Supplementary
Figure S10, respectively. The network plot is presented in Figure 22. The league table
showing the comparative efficacies with a 95% confidence interval [CI] is provided in
Figure 23.
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Figure 22. Network plot: Pain Score (subgroup analysis). Abbreviations: AML, amlexanox paste; AV,
aloe vera; CUR, curcumin gel; PDT, photodynamic therapy; PLA, placebo; TAC, tacrolimus; FLU,
flucinonide acetonide; CLO, clobetasol propionate; PIM, pimecrolimus; TA, triamcinolone acetonide;
CYC, cyclosporine; PRED, prednisolone; HA, hyaluronic acid.

Figure 23. League table: Pain Score (subgroup analysis). Abbreviations: AML, amlexanox paste; AV,
aloe vera; CUR, curcumin gel; PDT, photodynamic therapy; PLA, placebo; TAC, tacrolimus; FLU,
flucinonide acetonide; CLO, clobetasol propionate; PIM, pimecrolimus; TA, triamcinolone acetonide;
CYC, cyclosporine; PRED, prednisolone; HA, hyaluronic acid. The green highlights indicate the
interventions and the dark highlights indicate the significant results.

3.6. Network Consistency and Small Study Effects and GRADE Quality

For all outcomes, the test of global inconsistency showed no evidence of inconsistency
within any network comparisons. We did not find any evidence of publication bias on
any outcome assessed based on the comparison-adjusted funnel plots, as all plots were
symmetrical (Supplementary Figures S11–S20). The GRADE analysis of quality of evidence
is provided in Supplementary Table S13. The evidence generated was classified as moderate
quality evidence for all outcomes.

4. Discussion

Defining the most appropriate intervention used for treating OLP is challenging due
to the wide variety of interventions that has been used to treat OLP, giving a wide range
of beneficial results in various aspects. The majority of previous systematic reviews only
conducted a pairwise comparison of interventions in clinical trials. The Cochrane Database
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of Systematic Reviews have also reported two reviews [12,13]. However, there is a lack of
comprehensive evidence that compares the relative efficacy and safety of all interventions
combined [1,11,25,30–32,42,49–56,58–70]. NMA enables the combination of both direct and
indirect evidence to establish comparative efficacy and acceptability across a network of
randomized controlled trials of all compounds [15]. A recent NMA has investigated the
efficacy of topical administration for treatment of OLP [14]. The scope of the aforemen-
tioned review was restricted to topical agents only, whereas our review comprehensively
evaluates all the available agents for the management of OLP. Further, our review has also
included additional trials published in the recent couple of years. Therefore, our NMA
presents the most recent cumulative evidence of comparative effectiveness of agents on
symptomatic, biopsy-proven OLP on five major outcomes including clinical improvement,
clinical resolution, adverse effects, clinical score and pain score. Further, the RCTs included
in the present study included participants with clinically- and histologically-proven symp-
tomatic forms of OLP, thus improving the reliability of the results. According to our results,
purslane is the most effective agent, followed by aloe vera and topical calcineurin inhibitors
in bringing clinical improvement. Topical calcineurin inhibitors are the best agents in terms
of clinical resolution, however, they were the least safe. Photodynamic therapy was the
most effective agent in terms of reduction in clinical score and pain score.

Purslane, a type of green leafy vegetable in which plant extract was granulated with
lactose and other inert substances, has the highest SUCRA ranking for clinical improve-
ment of OLP and has the least adverse effects according to our analysis. However, this
information was obtained from one study that was identified to have a high risk of bias [49].
It is prescribed to the patients in capsule form. The antioxidant activity of purslane is
well established. This helps mitigate the oxidative stress brought about by inflammatory-
cell-associated free radicals and reactive oxygen species [71–73]. Imbalance in antioxidant
activity is reported in vulvar and skin LP [71,72]. Keratinocytes can also release ROS
subsequent to stimulation by pro-inflammatory cytokines and endotoxins as well [71]. Both
of the aforementioned can be reduced by the antioxidant activity of purslane. However,
since the antioxidant activity of purslane has been demonstrated by only one study with a
high risk of bias, more trials are required before a recommendation for routine use may
be made.

Aloe vera (AV) has been previously reported with only mild side effects restricted
to mild itching and stinging sensation [50]. OLP is a T-cell-mediated disease and an
autoimmune disease [51]. OLP upregulates adhesion through activated keratinocytes
and lymphocytes which release interleukin [IL]-2, IL-4, IL-10 and tumour necrosis factor
[TNF-alpha] [14,73,74]. AV acts by interfering with the arachidonic acid pathway via cy-
clooxygenase and by reducing TNF-alpha levels and leukocyte adhesion, thus contributing
to the treatment of OLP [75–78]. However, more high-quality trials are recommended to be
performed on AV for evidence synthesis, as there were only two trials with unclear risk of
bias which were included in this review [50,51].

Calcineurin inhibitors impair transcription of interleukin [IL]-2 and several other cy-
tokines in T lymphocytes [79]. TopCALN was found to be statistically significant in clinical
improvement and clinical resolution of OLP. Clinical resolution is measured by the complete
resolution of the lesion intraorally. TopCALN is usually recommended as the second line
of therapy after the failure of TopCORT [10,55,80,81]. However, it has the highest incidence
of adverse effects. The most common adverse effects caused by calcineurin inhibitors are
transient burning or stinging sensation at the site of application [10,11,25,31,33,55,56,82].
Others include dysgeusia [82], mucosal paraesthesia [57] and gastrointestinal upsets [10,32].
However, a definitive conclusion on the long-term resolution cannot be made at this stage
as most of the trials have a short follow-up period [10]. Moreover, systemic use of cal-
cineurin has been linked to malignancy due to promotion of metastasis, tumour growth
and angiogenesis [83]. A better understanding of adverse effects caused by calcineurin
inhibitors is imperative before a recommendation for routine use may be made [10].
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Corticosteroids have remained the treatment of choice for symptomatic OLP in many
studies that had been conducted previously [34,84–86]. After balancing out all the out-
comes from the results of the current study, our study also confirms that TopCORT is the
most effective treatment option for OLP. It is statistically significant in causing clinical
improvement of OLP and also in improving the clinical score. Clinical score is measured
with Thongprasom scale scoring. Moreover, TopCORT is associated with adverse effects
with lesser impact, including slight burning sensation [33,35,43,67], gastrointestinal up-
sets [43], xerostomia [44], candidiasis [58,65] and general discomfort [69]. This finding is in
accordance with previous research which implicates corticosteroids as the most successful
and predictable interventions in the treatment of OLP with minimal potential for systemic
side effects [32,85,87–90]. Anti-inflammatory and immunosuppressive actions of corticos-
teroids contribute to its efficacy in the treatment of OLP [34,85,87]. Therefore, continued
use of TopCORT for the treatment of OLP is recommended since it is implemented in
current practice.

After considering TopCORT, TopCALN, PUR and AV as clinically significant interven-
tions that can be used for effective treatment of OLP, a subgroup analysis was performed
for a more specific understanding of the interventions for treatment of OLP. TopCORT
evaluated in this review were BET, CLO, DEX, FLU and TA. For TopCALN, PIM, CYC and
TAC were included. It is observed that PUR, AV and TAC are statistically significant in
the clinical improvement of OLP. They are also ranked top three in the SUCRA ranking.
Based on the adverse effects, CLO and CYC can be seen being statistically significant in
adverse effects.

The current review has several strengths. In this review, different interventions were
compared as a group as well as individually with a range of outcome measures. Efficacy and
safety of a large number of interventions have been included in this review of both topical
and systemic agents. Another strength of this NMA is that the comparison-adjusted funnel
plot for clinical improvements of OLP and adverse effects were symmetrical, suggesting
that results are not influenced by the sample size of literature and publication bias.

Our study is not without limitations. A limitation of the current NMA is that it
remains unclear in which concentration or dosage regimen represents “standard of care”
for the recommended intervention. Dosages reported in individual trials varied. Outcomes
were reported in different measurements when comparing the effectiveness and safety
of interventions, which makes pooling the data challenging, Further the timing of the
outcome measurements and of follow-up length varied between the studies. For meaningful
comparison of data, there is a need to standardise parameters for the outcome measurement
and the length of treatment OLP for intervention trials. International associations can keep
standardised guidelines for the conduct of trials. In addition, future trials should focus on
long-term follow up, particularly in terms of relapses. Cost-effectiveness and economic
utility could also be considered as an area of research in in future trials to improve the
clinical usefulness.

5. Conclusions

After performing the NMA with 37 studies, the available evidence suggests that
purslane and aloe vera are the most effective drugs in the management for OLP, but only
a small number of studies were performed on these interventions. There is also evidence
that TopCALN is effective in treatment of OLP; however, the safety is a concern. The newer
PDT is shown to be efficacious for pain and reduction in clinical scores and safe as well.
Nevertheless, further RCTs are warranted to confirm and improve the accuracy of the
findings from the present review.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/jcm12082763/s1. Table S1: Articles excluded and reasons for
exclusion. Table S2: Characteristics of included RCTs.
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Abstract: Patients affected by neurological disorders can develop stomatognathic diseases (SD)
related to decreased bite force and quality of mastication, bruxism, severe clicking and other temporo-
mandibular disorders (TMD), which deeply affect patients’ swallowing, masticatory and phonation
functions and, therefore, their quality of life. The diagnosis is commonly based on medical history
and physical examination, paying attention to the temporomandibular joint (TMJ) range of move-
ments, jaw sounds and mandibular lateral deviation. Diagnostic tools such as computed tomography
and magnetic resonance imaging are used instead in case of equivocal findings in the anamnesis
and physical evaluation. However, stomatognathic and temporomandibular functional training has
not been commonly adopted in hospital settings as part of formal neurorehabilitation. This review
is aimed at describing the most frequent pathophysiological patterns of SD and TMD in patients
affected by neurological disorders and their rehabilitative approach, giving some clinical suggestions
about their conservative treatment. We have searched and reviewed evidence published in PubMed,
Google Scholar, Scopus and Cochrane Library between 2010 and 2023. After a thorough screening, we
have selected ten studies referring to pathophysiological patterns of SD/TMD and the conservative
rehabilitative approach in neurological disorders. Given this, the current literature is still poor and
unclear about the administration of these kinds of complementary and rehabilitative approaches in
neurological patients suffering from SD and/or TMD.

Keywords: stomatognathic disease; temporomandibular disorders; neurological patients;
neurorehabilitation; multidisciplinary approach

1. Introduction

The stomatognathic system (SS) is defined as a functional complex including craniofa-
cial structures with musculoskeletal and ligamentous components, the temporomandibular
joint (TMJ), oral cavity, neck and masticatory muscles [1]. Patients affected by neurological
disorders can develop stomatognathic diseases (SD) related to decreased bite force and
quality of mastication, bruxism, severe clicking and other TMJ disorders (TMD), which
deeply affect the patients’ quality of life [2]. In fact, the integrity of SS is fundamental in
activating the neuromuscular chain that initiates the swallow reflex. On the other hand, SD
can also cause myofascial pain that may irradiate in different regions, such as dental arches,
ears, temples, forehead, occiput, cervical spine and shoulders [3] (Figure 1), resembling
atypical headaches and facial pain.
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Figure 1. Clinical presentation of SD and TMD in people affected by neurological disorders.

Despite the presence of SD in neurological patients, functional training for SS and TMJ
has not been commonly adopted in hospital settings as part of formal neurorehabilitation.
Generally, the non-pharmacological treatment for SD and TMD aims to decrease pain, induce
muscle release and stabilize muscle function and joint mobility through physical therapy
(PT) and/or manual techniques (MT) [4]. Among the different PT modalities, electrophysical
tools (ultrasound, LASER, TENS, interferential current) have analgesic and anti-inflammatory
effects, as well as therapeutic exercise alone or in combination with MT. The latter consists
of the administration of hands-on techniques to improve mobility and reduce pain in the
cervical spine and its upper levels [5]. In this context, osteopathic manipulative treatment
(OMT), which uses both direct and indirect MT, can be easily adapted to any type of patient [6].
The OMT can be useful in people complaining of orofacial pain as it induces muscle and
fascial relaxation, promoting the release of endogenous opioids due to therapeutic touch [7,8].
Moreover, reticular formation and the brainstem are strictly involved in the coordination of
the masticatory cycle, which is also controlled by a central pattern generator (CPG) which,
in turn, influences gait rhythmicity too. In this way, the presence of SD and TMD is not
only associated with pain or functional alterations, but it also involves the central nervous
system, with a documented reduction of the grey matter volume in the somatosensory cortex
and the premotor cortex [9,10]. Indeed, SS and TMJ dysfunction can be related to brain
and muscle/joint alterations, so a multidisciplinary approach is required to deal with these
complex problems. In current clinical practice, physiotherapists usually focus more on gait
recovery and arm mobility, neglecting the role of TMJ in affecting posture and gait [11].
Patients affected by TMD could manifest a depressed head posture due to forces created
by masticatory muscles. In this way, dysfunctional changes in the mandibular position,
influenced by proprioceptive afferents, can have an impact on gait and balance stability
through muscle connections provided by cervical muscles (i.e., sternocleidomastoid muscle,
elevator scapulae), dorsal muscles (i.e., trapezius), lumbar spine (i.e., intrinsic spine muscles)
and pelvic girdle [12–14]. Since this issue is often overlooked by professional figures of
a neurorehabilitation team, our review is aimed to provide more awareness about this
topic, describing the most frequent pathophysiological patterns of SD and TMD in patients
affected by neurological disorders and their rehabilitative approach, and to give some
clinical advice about their conservative interventions.

2. Methods

2.1. Search Strategy

The review was carried out by searching on PubMed, Google Scholar, Scopus and
Cochrane Library using a combination of keywords that we have reported in Table 1.
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Table 1. Search strategy used for the attrition of studies.

Neurological Disorders
Temporomandibular/

Stomatognathic Diseases
Conservative and Rehabilitative

Approaches

“Parkinson’s disease” OR “Multiple
sclerosis” OR “Spino-cerebellar ataxia”

OR “stroke” OR “oro-mandibular
dystonia” OR “movement disorders”

“Temporomandibular joint disorders” OR
“temporomandibular joint dysfunctions”

OR “stomatognathic disease” OR
“bruxism” OR “disc displacement” OR
“temporomandibular myofascial pain”

OR “orofacial pain”

“Physical exercise therapy” OR “manual
therapy” OR “osteopathic manipulative
treatment” OR “cranial-sacral therapy”

OR “physical therapy” OR “occlusal
splint therapy”

2.2. PICO Evaluation

Search terms were defined according to the PICO model (population, intervention,
comparison and outcome) [15]. The population includes patients affected by neurologi-
cal disorders such as Parkinson’s disease, multiple sclerosis, spinocerebellar ataxia, oro-
mandibular dystonia and stroke, and complaining about SD and/or TMD. Intervention
included conservative and complementary therapies, such as physiotherapy, manual treat-
ments, OMT and splint therapy. The comparison was referred to the absence of treatment
and/or the administration of just one type of conservative treatment (as shown in Table 1).
Lastly, the outcome included any improvements in pain perception and TMJ/SS function
shown by the patients.

2.3. Inclusion and Exclusion Criteria

Then, the inclusion criteria were (i) neurological patients affected by SD/TMD;
(ii) pain topic; (iii) English language; and (iv) publication in a peer-reviewed journal. We
excluded articles that described theoretical models, methodological approaches, basic
technical descriptions as well as animal studies and conference proceedings.

2.4. Literature Selection

We assessed the most relevant pilot studies, randomized controlled trials and case-
control studies published between 2010 and 2023. Four hundred and twenty-nine articles
were evaluated independently by two reviewers (MB and AM) according to title, abstract,
text and scientific validity. The agreement assessment was performed using Cohen’s kappa
coefficient [16]. In case of disagreement, an independent reviewer (RSC) mediated to
achieve consensus. After removing duplicates (n = 264), 149 papers were initially screened,
and only 32 were found eligible for a full assessment. Finally, only 10 articles fulfilled the
inclusion criteria, as reported in the new PRISMA flowchart (Figure 2) [17].

2.5. Study Risk of Bias Assessment

The risk of bias in controlled studies was assessed through a revised Cochrane risk of
bias (RoB 2) [18], while cross-sectional and case-control studies were evaluated through
Newcastle–Ottawa scale (NOS). Specifically, the risk of bias assessment was performed by
two authors (A.M. and M.B.) without the use of automation tools.
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Figure 2. PRISMA flowchart for study selection.

3. Results

We analyzed the 10 selected pieces of evidence dealing with the presence and treatment
of SD/TMD in patients affected by neurological disorders. The agreement of the judge’s
decision for the inclusion of the studies was Cohen’s k = 0.82, which means a perfect
agreement. In particular, we classified the studies according to the association between
neurological disorders and TMD and its rehabilitation treatment, reporting a summary of
results in a tabular form (see Table 2).
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Table 2. Description of studies that dealt with SD/TMD in patients with neurological disorders.

Reference Number

Association between
SD/TMD and
Neurological

Disorder
(Yes or No)

Stomatognathic Disease Diagnostic Tools
Musculoskeletal

Structures Involved

Conservative and
Complementary

Treatments
Major Findings

Multiple sclerosis (MS)

Costa et al. [19] Yes
TMD, bruxism, tooth

hypersensitivity
and hyposalivation

Clinical intra- and
extra-

oral examination

Suboccipital and
cervical muscles

Endodontic
intervention, occlusal

adjustment and
behavioral education

The endodontic
treatment met the
aesthetic pleasing

of the patient

Williams et al. [20] Yes Jaw clenching/bruxism

Ultrasonic pulsed
phase-locked loop
(PPLL) and change

in acoustic
pathlength (ΔL) as

the measure of
intracranial distance

Masticatory muscles,
temporal bones

and TMJ
NA

Jaw
clenching/bruxism

was associated
with the

displacement of
the temporal bones
and expansion of
the cranial cavity

in MS patients
compared to

healthy control

Spinocerebellar ataxia (SCA)

Ferreira et al. [21] Yes

Increased masticatory
muscle activity and

reduction of maximal
molar bite force

RDCTMD,
electromyographic

activity, muscle
thickness and

maximum
bite force

TMJ structures,
masseter

and temporalis
NA

SCA is
characterized by
functional and

electromyographic
alterations in SS,

especially in
chewing and

bite force

Parkinson’s disease (PD)

Choi et al. [22] Yes Jaw tremor, bruxism amd
TMJ rigidity

Diagnosis of TMD
was considered

using ICD-10
code K07.6

Masticatory muscles,
TMJ structures and

cervical spine
NA

The authors stated
that PD patients

have a high risk to
develop TMD;

conversely,
individuals

affected by TMD
have more risk to

develop PD in
the future

Verhoeff et al. [23] Yes
Bruxism (both sleep and

awake bruxism), TMD and
orofacial pain

The authors
created an 18-item

questionnaire,
reporting:

(i) chronic pain;
(ii) the DC/TMD;
(iii) oral behavior;

(iv) DC/TMD
symptom

questionnaire;
(v) TMD pain

screener

Masticatory muscles,
TMJ structures and

cervical spine
NA

There are
correlations

between PD and
bruxism, and PD

with TMJ pain

Oromandibular dystonia (OMD)

Handa et al. [24] Yes
Myofascial pain in

masticatory muscles and
dental problems

Differential
diagnosis between
OMD and TMD by

clinical
examination
and ICD-10

Masticatory muscles,
TMJ structures and

dental arches
NA

Since OMD shares
clinical features
with TMD, they

are often
misdiagnosed with
the risk to receive

unnecessary treatments

Stroke

Alvater Ramos et al. [25] Yes Disc displacement and
myogenous TMD

TMD diagnosis
was performed

using RDCTMD;
physical

mechanical
pressure on trigger
points was tested

using the
algometer Wagner

PAIN TES and
Pressure Pain

Threshold Test,
while cervical

ROM was assessed
using a

Sanny Fleximeter

Cervical
lateral-flexors

muscles, TMJ and
masticatory muscles

NA

The authors found
that post-stroke

patients
manifested

augmented muscle
tone and reduced
cervical ROM on
the affected side,

suggesting that the
musculoskeletal

alterations caused
by a stroke can

predispose to TMD

Choi et al. [26] Yes Dysphagia

Dysphagia was
confirmed by a

video-fluoroscopic
swallowing study

Suprahyoid muscles
(digastric and

mylohyoid muscles)
and hyoid

bone movements

Jaw opening exercise
(isometric and

isotonic) and head
lift exercise

JOE and HLE were
useful to improve

supra-hyoid
muscle strength
and thickness.
However, JOE

required less effort
than HLF
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Table 2. Cont.

Reference Number

Association between
SD/TMD and
Neurological

Disorder
(Yes or No)

Stomatognathic Disease Diagnostic Tools
Musculoskeletal

Structures Involved

Conservative and
Complementary

Treatments
Major Findings

Oh et al. [27] Yes Decreased TMJ function

Clinical
examination with
craniomandibular
index and limited
range in opening

mouth; swallowing
function was

assessed
using MASA

TMJ structures,
masticatory muscles,

neck and
shoulder muscles

Stomatognathic
alignment exercise

program (exercises to
increase the mobility
of the neck and TMJ),

head and neck
posture exercises and

anterior chest
stretching exercise)

Stomatognathic
alignment

exercises were
useful to improve

TMJ and
swallowing functions

Umay et al. [28] Yes

Swallowing dysfunction,
masticatory and

swallowing
muscles weakness

Swallowing
intervals and
motor action

potentials (MAPs)
of trigeminal, facial

and hypoglossal
nerves

were measured

Swallowing muscles,
masticatory muscles,

hyoid bone and
neck structures

Thermal stimulation
(to radix of tongue,

palate, tonsillar plica,
and oral mucosa);

oral motor strength
exercises for labial,

intrinsic tongue and
masticatory muscles;

intermittent
galvanic stimulation

After four weeks of
treatment,
significant
recovery in

swallowing, motor
and general

functional levels of
the patients

was provided

Legend: SD (stomatognathic disease), TMD (temporomandibular disorder), TMJ (temporomandibular joint),
RDCTMD (Research Diagnostic Criteria for Temporomandibular Disorders), JOE (jaw opening exercise), HLF
(head lift exercise), MASA (Mann assessment of swallowing ability).

The risk of bias assessment of randomized controlled trials, cross-sectional studies and
case-control studies was evaluated, respectively, with RoB 2 (Table 3) and NOS (Table 4).

Table 3. Risk of bias assessment of randomized trials with RoB 2.

Reference
Randomization

Process

Effect of
Assignment

on Intervention

Effect of Adhering
to Intervention

Missing
Outcome Data

Measurement of
the Outcome

Selection of the
Reported Results

Choi et al. [26] SC SC L SC SC SC
Oh et al. [27] L L L L SC SC

Umay et al. [28] L L L L L L

Legend: L (low); H (high); SC (some concerns).

Table 4. Risk of bias assessment of cross-section and case-control studies through Newcastle–Ottawa
Scale (NOS).

Reference NOS

Williams et al. [20] 4
Ferreira et al. [21] 4

Choi et al. [22] 6
Verhoeff et al. [23] 7
Handa et al. [24] 5

Alvater Ramos [25] 3

The general quality of the included studies ranged from low [19–22,24,25,27,28] to
moderate [27,29]. It should be considered that the low quality of the selected evidence is
likely related to the great heterogeneity among studies for the methodologies, diagnostic
tools and rehabilitation treatment administered. Additionally, we excluded one study from
the risk of bias assessment [19], since it is a case report.

4. Pathophysiology of Stomatognathic and Temporomandibular Joint Disorders in
Neurological Disorders

The etiology of SD and TMD is linked to a wide range of functional, psychological
and environmental factors, especially in neurological disorders in which the underlying
pathology is complex. People affected by multiple sclerosis (MS) are more susceptible to
developing TMD disorders [30,31]. Indeed, the concomitant presence of psychological
disturbances (i.e., anxiety, depression, behavioral alteration) can exacerbate TMD disor-
ders, as confirmed by a systematic review [30]. In this vein, it has been recently reported
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that patients who suffer from psychological distress are less responsive to conventional
treatments for TMD, requiring a longer duration of therapy [32]. MS patients can manifest
three common orofacial alterations: facial palsy, trigeminal neuralgia and/or paresthe-
sia. However, Costa, C. et al. [19] described an unusual pattern of SD in a MS patient,
which included tooth hypersensitivity, hyposalivation associated with caries, halitosis
and bruxism. The latter tends to increase when occlusion is impaired, also contributing
to head and neck pain. In this context, some studies hypothesized that the augmented
mobility of cranial bones due to reduced bone mass density, especially in the temporal
ones, expands and contracts during bruxism, increasing intracranial pressure, which can
favor brain damage [20]. Another mechanism that can be involved in the pathogenesis
of TMD or SD in MS patients is cerebellar dysfunction. In fact, cerebellar plaques and
proprioceptive changes may lead to an increased propensity to fatigue of TMJ structures
in addition to a lack of coordination of mandibular movements [30,33]. In a similar way,
SD is present in patients with spinocerebellar ataxia (SCA), who often present dysarthric
speech and swallowing difficulties. According to Ferreira et al. [21], SCA subjects showed
a decreased bite force and hypotrophy of the masseter and temporalis muscles, with an
augmented electromyographic activity. The underlying hypothesis for these electromyo-
graphic changes can be related to an increase in the amplitude and duration of motor unit
action potentials, in addition to reduced muscle recruitment [34]. Moreover, the lack of
coordination, especially during lateral mandibular movements in SCA patients, can be
explained by the pathological alteration in cerebellum pathways, affecting the synchrony
and precision of movements [35]. Furthermore, patients affected by Parkinson’s disease
(PD) can manifest SD and TMD due to the presence of rigidity. Body muscle rigidity
could also affect masticatory muscles in association with augmented muscle tone during
sleep [22]. This condition could favor the repetitive jaw muscle activity and grinding of
the teeth, named bruxism, which is considered a factor for developing TMD. Bruxism can
occur both during sleep (sleep bruxism) and wakefulness (awake bruxism) [36], and its
pathogenesis seems to be related to central nervous structure alterations. In fact, some
antidepressant drugs, such as Selective Serotonin Reuptake Inhibitors (SSRI), can cause
bruxism as a side-effect of inhibiting dopaminergic neurons [23]. This could explain why
bruxism is frequent in PD patients due to the reduction of dopamine presence in basal
ganglia [29]. TMD and SD were also found in other movement disorders, including dysto-
nia. The term “dystonia” refers to prolonged or intermittent muscle contractions, causing
repetitive and abnormal movements and/or postures [37]. In this context, oromandibular
dystonia (OMD) is often misdiagnosed due to shared clinical features with TMD [24]. In
fact, OMD is associated with masticatory disturbances such as limited mouth opening,
orofacial pain and TMJ dislocations that can simulate an isolated TMD, overlooking the
real etiology of the disturbance or pain. Today, six subtypes of OMD are recognized: jaw
closing (i), opening (ii), deviation (iii), protrusion (iv), lingual (v) and lip (vi) dystonia. In
particular, the jaw-closing subtype is related to a loss of reciprocal muscle inhibition that
greatly limits mouth opening, especially during speaking or eating, worsening the patient’s
quality of life. In addition, dystonia tends to expand to other muscles, including orbicularis
oculi, neck and shoulder muscles [38]. The pathophysiology of SD in OMD patients is
still unclear, although some studies found that functional movement disorders, as well
as dystonia, present a hypoactivation of the supplementary motor area and abnormal
connectivity of those brain areas designed to select or inhibit movements [39]. The onset of
SD and TMD in stroke patients depends on the extent and site of the vascular lesion, which
can affect cortical areas, or motor-neuron pools of cranial nerves in the brain stem, causing
sensorimotor deficits in SS. The presence of facial and masticatory muscle dysfunctions
has been demonstrated in post-stroke patients, including weakness and hypotonus of the
masseter, orbicularis oris, mylohyoid and digastric with an increase of thickness in these
muscles [40]. In detail, the most common TMD in post-stroke patients seems to be related to
disc displacement, which alters the structural relationship with condyle, thus producing a
click sound when the mouth opens due to translation movements. This alteration could be
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chronic as it interferes with the simple opening of the mouth during speech or eating, and
the disc becomes progressively more dislocated. Another hypothesis is that forward head
posture, due to inefficacy to maintain postural alignment, causes an overload in posterior
cervical muscles that can influence the TMJ by changing the position of the mandibular
condyle and, consequentially, its functioning [25,41,42].

5. Diagnostic Methods and Tools for TMD

When orofacial pain occurs, patients commonly consult dentists or gnathologists,
although osteopaths or physiotherapists can primarily identify a TMD during a physical
examination and manual treatment [43]. In fact, the diagnosis of TMD is based on medical
history and physical evaluation findings (Figure 3).

Figure 3. Theoretical diagnostic and therapeutic paradigm for neurological patients affected by TMD.

An in-depth anamnesis is the first fundamental step to guide the clinician to carry
out the most relevant physical examination and diagnosis. A comprehensive history for a
patient with orofacial pain includes the main complaint, medical history, dental history and
psychosocial history. The patient should provide the dentist with a full description of the
symptoms and the reason why the patient is seeking care. In this context, clinicians should
investigate the quality of pain (i.e., burning, stabbing and blocking pain), which movements
or activity exacerbates the pain and how long it has been present. In addition, clinicians
should ask patients to indicate their pain point(s) with their fingers, figuring out the pain
localization [44]. To more objectively rate the pain, different scales can be used in current
clinical practice, such as the McGill Pain Questionnaire (MPQ), for the multidimensional
detailed evaluation of orofacial pain. However, it takes a lot of time and requires good
patient compliance. As an alternative, the short form of the MPQ (SF-MPQ) can be easily
administered since it measures the pain intensity through the scores from the Present Pain
Intensity (PPI) and the Visual Analogical Scale (VAS), also including sensory and affective
scores that form the MPQ descriptors [44,45]. Otherwise, unidimensional pain scales are
widely used in clinical evaluation routines and include VAS, the Verbal Rating Scale (VRS),
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which contains a list of adjectives marked up with a number describing five different
levels of pain intensity; the Numerical Rating Scale (NRS), which ranges from 0 (no pain)
to 10 (worst possible pain); and the Face Pain Scale (FPS), which uses seven emoticons
to describe the pain sensation and is particularly useful in those patients with reduced
compliance and/or aphasia [45]. As an adjunct, the Helkimo Clinical Dysfunction Index
(HCDI) is a quick and simple test for the specific evaluation of TMD, assessing limitations
in mandibular movements, joint function and also pain [46]. For research purposes, the
neurophysiological methods, including laser-evoked potentials (LEPs), could be reliable
assessment tools for painful syndromes, including TMD. According to de Tommaso [47],
LEPs in trigeminal neuralgia and TMD present a smaller amplitude than healthy controls,
suggesting trigeminal nociceptive system dysfunctions and neuropathic pain.

Furthermore, clinicians should observe the patient’s head and neck alignment with the
whole body, hemifacial asymmetry, paying attention to abnormal mandibular movements,
decreased joint range of motion and jaw sounds (i.e., clicking, popping, crepitus and
grating), which can be related to anterior disc displacement (i.e., the click is produced
during mouth opening) or to recapture the displaced disc (i.e., a second click is heard during
mouth closing) [48]. In particular, the maximum mouth opening (MMO) is determined by
measuring the interincisal distance, which is considered restricted when it is inferior to
35 mm. Restriction in MMO from 25 to 30 mm can be caused by intracapsular problems,
such as disc displacement blocking the translation of the condyle. In this condition, the
clinician describes the end-feel, which identifies the characteristics of TMJ restriction, as
“hard”. Otherwise, a restricted mouth opening of 8 to 10 mm associated with a “soft”
end-feel is most certainly of muscle origin. During MMO, two types of alteration can
occur: deviations and deflections [47]. A deviation refers to any shift of the jaw midline
that disappears during continued opening movement. Generally, it is caused by disc
displacement with a reduction in one or both TMJs. A deflection consists of any shift of
the midline to one side that becomes great during opening and does not return to the
midline, and it reflects a restriction in one joint [49,50]. Indeed, lateral jaw movements
should be about 12 mm. Moreover, dentists and gnathologists should consider both static
and dynamic components of the patient’s occlusal scheme (see Table 5).

Table 5. Description of the main occlusal physiological parameters that dentists can measure during
physical examination.

Main Occlusal Physiological
Parameters

Description

Centric occlusion Consists of a full occlusal contact between upper and lower teeth in
habitual occlusion.

Incisal guidance Consists of the influence of the contacting surfaces of the mandibular
and maxillary anterior teeth on mandibular movements.

Canine guidance Vertical displacement of the mandible due to gliding contact of the
canine teeth, preventing potential damages.

Overjet Defined as the horizontal overlap of the incisors, which can be
augmented in the second occlusion class or reduced in the third class.

Overbite
Defined as the vertical distance between the incisal margins of the
upper incisors and the incisal margins of the lower incisors. It can be
increased in case of a deep bite or reduced in an open bite.

Occlusal vertical dimension (OVD)

Also known as the vertical dimension of occlusion and indicates the
occlusion position of teeth in maximum intercuspation. A common
trick is to ask the patient to say the word “Emma”, and after
completing the word, the clinician has an estimate of OVD.

Resting vertical dimension (RVD) Refers to a resting position of the mandibula. It happens when the
maxillary and mandibular arches are not in contact with each other.

Freeway space
Defined as the neutral position attained by the mandibula as it is
involuntarily suspended by the reciprocal coordination of masticatory
muscles, with the maxillary and mandibular teeth separated.
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A static occlusal examination includes detecting teeth rotation, spacing, overjet and
overbite (see Table 4) (including open-bites and cross-bites) that can reveal occlusal instabil-
ity due to the presence of recurrently fracturing teeth and changes in tooth shape or position
associated with indentations on lateral borders of the tongue and buccal mucosa related
to bruxism tendency. In addition, dentists usually measure resting vertical dimension
(RVD) and occlusal vertical dimension (OVD) through the Willis gauge, which is a tool
that registers, in millimeters, the distance between the maxilla and mandibula. On the
other hand, a dynamic occlusion examination refers to the study of teeth contact during
mandibular movements, assessing the centric occlusion and intercuspal contacts marked up
using articulating paper or a photographic record [51]. It should not be underestimated that
physiological occlusion in adults can deviate in one or more occlusal parameters (Table 2)
from the theoretically ideal one. Since this “well-adapted” occlusion is also aesthetically
pleasing to the patient and has no pathological manifestations, it does not require any
medical or orthodontic intervention. In fact, dentists should respect the biological variation
in form and appearance of occlusion coherently with its function [52].

Actually, physical examination also includes palpation, following the direction of
muscle fibers causing pain that can radiate into neighbor areas (periauricular, occiput,
neck, shoulders) [53]. The palpation should address masticatory muscles (i.e., temporalis,
superficial and deep masseter) and the surrounding neck and shoulder muscles that can
highlight the location of pain and myogenous TMD. Notably, the temporalis muscle is
divided into three portions (anterior, medial and posterior) that should be evaluated in-
dividually, as well as the digastric muscle during the opening movement, sub-occipital
and sternocleidomastoid. Since lateral and medial pterygoids are not directly touchable,
clinicians should therefore examine them using the resistance of hands during contractions.
Interestingly, it has been hypothesized that medial pterygoid muscles could influence
the opening pressure of the auditory tube, causing the “ear fullness” symptom in those
patients with ear-related TMD. In detail, the dentist or therapist (both physiotherapist and
osteopath) should bilaterally palpate masticatory muscles, placing one finger extra-orally
and another one intra-orally, to detect hypertrophy, tenderness or pain, especially in muscle
insertions. Moreover, postural evaluation should consider the upper cervical vertebral
spine (C1, C2 and C3) and the cranial morphology of TMD patients since cervical dys-
functions could play a pivotal role in the development and maintenance of SD and TMD
symptoms [54]. In fact, the TMJ degenerative process induces a backward-positioned jaw,
which reduces pharyngeal airway capacity, altering the cervical posture in a compensatory
forward head position for the decreased airway volume in the upright position [55]. Finally,
clinicians should not overlook the psychological and stress status of the patients, since
it can be involved in the etiology of some TMD, including bruxism [56]. When medical
history and physical examination are equivocal, imaging instruments such as radiographic
examinations (i.e., panoramic, planography and transcranial radiography), Computed
Tomography (CT) and Magnetic Resonance Imaging (MRI) can be valid tools in the di-
agnostic path. TMJ radiographs are useful to collect information about morphological
and anatomical characteristics between the condyle, articular tubercle and fossa. In detail,
panoramic radiography is used to reveal osteophytes, fractures or other bone alterations,
whereas planography is more accurate than panoramic radiography in spotting details in
the styloid and mastoid process and the zygomatic arch. In the sagittal and coronal planes,
the planography can also document the position of the condyle in relationship to the fossa
during the MMO. Transcranial radiography provides a detailed evaluation imaging of the
condyle, fossa and articular tubercle, with a large overlap in skull bones [57]. Notably, the
most performed variation of CT in dentistry is the cone-beam (CBCT), which is useful to
view skeletal and dental tissues involved in degenerative joint processes (osteoarthritis)
using a low dose of radiation. MRI can instead confirm any disc-related TMD due to its
ability to detect early abnormalities in the location and morphology of TMJ. Additionally,
ultrasonography is less expensive than MRI and allows the diagnosis of an internal TMJ
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derangement [58,59]. However, these instruments are typically reserved for patients with
persistent symptoms and for those in which conservative therapy has been ineffective.

6. Cranial–Temporomandibular and Stomatognathic Rehabilitation Approach

Multidisciplinary management with a focus on conservative and complementary
therapies is currently recommended for patients who present TMD or orofacial pain.
However, evidence about cranial–temporomandibular and stomatognathic rehabilitation
(CTS-R) in patients affected by neurological disorders is still lacking (see Table 2).

Conservative and rehabilitative management should aim to decrease orofacial pain and
muscle contractures/spasms, improving TMJ function, despite the variety of TMD and SD
types that clinicians could find in the population of neurological patients. Notably, Zapata-
Soria et al. [60] identified some CTS-R interventions in post-stroke patients, including
therapeutic jaw exercises. It seems that both jaw opening and head lift exercises can
improve digastric and mylohyoid muscle thickness as well as hyoid bone movements. In
fact, the digastric muscle assists the depression and retrusion of the mandible during the
following breathing, swallowing and chewing activity [26]. According to Oh et al. [27], the
administration of postural alignment exercises can be a promising approach to restore neck
mobility and TMJ opening function, especially in post-stroke patients. It is not surprising
that a postural re-education approach can be effective in TMJ pain relief because of the
strictly biomechanical relationship among stomatognathic skeletal elements, the cervical
spine and the shoulder girdle [26]. In this context, postural exercises, such as head posture
adjustments and the correction of the mandibular position and tongue [61], can be easily
adapted and administered to a variety of neurological diseases.

Indeed, specific coordination exercises, including open-close or lateral mandibular
movements [62], can be more useful in SCA and MS patients with cerebellum impairments
since these exercises are effective to promote balanced and synchronized muscle activity,
reducing muscle pain. Moreover, muscle strengthening exercises contribute to increasing
the range of motion of the mandibula by the administration of isotonic jaw opening exer-
cises with resistance, which inhibits jaw-closing muscles (i.e., masseter and temporalis),
improving TMJ opening range and pain relief [63]. In this vein, it has been [64] suggested
that exercise therapy, in addition to manual treatments, postural exercises and jaw mobiliza-
tion, can be the most effective conservative and complementary management for orofacial
pain and TMJ mobility. In particular, TMJ can be manipulated through myofascial release
(MFR), in which the operator palpates muscles and soft tissues, producing a compression
in tenderness points. Balanced ligamentous tension (BLT) comprises a series of techniques
that provides both compression and passive approaches to place a joint in “balance” when
moved in different planes. Among the manual treatments, cranial–sacral therapy (CST)
consists of hands-on gentle manipulation of the skull and sacrum, which are bidirectionally
linked through dural attachments [65]. Using this light pressure, the osteopath should
release myofascial restrictions, identified through palpation, and restore mobility and
reduce pain for patients [66]. Generally, the five-finger bilateral grip or “Sutherland’s
technique” is a common means for the evaluation and treatment of cranial dysfunctions.
The patient is supine and relaxed, while the osteopath is sitting behind him/her, with
his/her hands bilaterally placed on the head of the patient. In detail, the fingers are placed
in the following manner: (i) the index finger on the pterion, (ii) the middle finger in front
of the ear’s tragus, (iii) the ring finger on the mastoid of the temporal bone, (iv) the little
finger in the inferior-posterior part of the occiput, (v) while the thumb is placed gently on
the cranial vault [67] (as shown in Figure 4).
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Figure 4. Illustration of how “Sutherland technique” is practically performed on a skeletal model.

Actually, the use of the occlusal splint to treat TMD is common in dentistry. In
fact, these devices promote the correction of vertical dimension, TMJ realignment and
repositioning, also providing cognitive awareness [68]. The mechanism of action consists
of reducing electromyographic jaw muscle activity in the short term; however, long-term
outcomes are still unclear due to the adaptive mechanisms of muscles [69].

Interestingly, Umay et al. [28] performed a combined protocol in post-stroke patients
using intra-oral cold stimulation, strengthening oral exercises and intermittent galvanic
stimulation to the masseter muscles for thirty minutes a day. The administration of func-
tional electric stimulation prevented muscle atrophy, promoting compensatory mechanisms
and coordination.

Another conservative and complementary approach that needs to be mentioned is
the psychological management of pain, which should be included in the multimodal
rehabilitation approach of TMD patients [70]. In fact, neurological disorders can cause
psychological sequelae (i.e., anxiety and depression symptoms), which can exacerbate the
TMD’s or SD’s symptoms. Breathing and relaxing exercises in which therapists guide the
diaphragmatic inspiration, through hands on the rectus abdominis, are useful to promote
muscle release and psychological wellness [71,72]. This is why counseling and behavioral
approaches and relaxation techniques to manage pain could be adjunctive promising
treatments, personalizing rehabilitation in a more centered-care way.

7. Discussion

As far as we know, this is one of the few reviews [11,60] that deal with SD and TMD
and their rehabilitative approach in patients affected by neurological disorders. In fact, this
issue is often overlooked by clinicians and therapists when it would need more attention,
especially for the possible improvements in the most important functions of life: speech,
eating and breathing, besides the postural alignment. It is noteworthy that evidence
highlighted the correlation and the relationship between the neurological disorder and the
onset of SD or TMD [14,22,36–38], while the literature about CTS-R intervention remains
poor or limited to physical exercises for the post-stroke population [25–27,60] (see Table 2).
Indeed, we have focused not only on the pathophysiological mechanism but also on the
diagnostic work-up and treatment, pointing out the importance of a multidisciplinary and
personalized approach.

Understanding the loading of SS and the existence of myofascial tension, articular
dysfunctions and parafunctions such as bruxism are fundamental in delivering the most
tailored functional evaluation and training in these patients. In fact, in neurological patients,
it is not easy to address the right diagnosis due to patient compliance and the common
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overlapping between neurological disorders and SD or TMD. Physical examination should
be meticulously performed, investigating patterns of occlusal contacts, mandibular open-
ing movement and muscle tenderness. In this way, clinicians can collect indispensable
information for planning primary and tempestive treatment.

Additionally, Botox injection and dry needling have been suggested to manage orofa-
cial pain in myogenous TMD, especially when other strategies have already failed [73]. In
particular, dry needling is less invasive than Botox injection, and it seems to be superior in
reducing pain and improving the jaw range of motion, as confirmed by Kütük et al. [74].
Other kinds of medications, including corticosteroids, benzodiazepines and antidepres-
sants, can also be used in TMD patients [75]. However, neurological patients have already
taken many of these drugs for their pathology, and when ineffective, non-pharmacological
approaches such as therapeutic exercises, manual techniques and physical therapy, as well
as occlusal splints, should be considered as the primary intervention in these patients.
Given that most medications induce muscle relaxation to reduce spasms and contractures,
some authors [76] proposed the administration of relaxation exercises of masticatory mus-
cles to improve TMD range of motion and reduce pain. In this context, static relaxation
exercises can be more effective than standard active exercises.

Today, clinicians and therapists should consider the whole person as a unique and
global system in which muscular and fascial components can influence body posture,
SS and its functions (chewing, speaking and swallowing), which are almost impaired in
neurological patients. Some authors stated [77,78] that the SS should be considered a part
of the proprioceptive system, among balance, sight and postural control of the whole body.
This could explain why manual treatments (such as OMT), physical exercise and postural re-
education can be more effective than other pharmacological or non-conservative treatments.
In fact, these treatments have been shown to act on the proprioceptive system and then
sensorimotor integration, including the brainstem, subcortical and cortical centers, cervical
region, proprioception and body posture. Given that, posture and gait training should be
used with CTS-R since cervical, TMJ structures and lower muscles could influence each
other through the fascial system; thus, it forms a single body system [79,80].

Consequentially, an altered pattern of movements in TMJ may cause an overload
in masticatory muscles (i.e., posterior temporalis, ipsilateral external pterygoid and con-
tralateral temporal anterior pterygoid, contralateral internal pterygoid). These alterations
have repercussions on the upper trapezius and contralateral sternocleidomastoid, which
determine flexion and side deviation of the head, also involving the ipsilateral shoulder
(levator scapulae, omohyoid) and spine muscles (such as gran dorsi and iliopsoas) that have
insertions on the lumbar tract and ileum. In this way, the cranial–mandibular structures
could influence lower body extremity, not only in static posture but also during gait [11,81].
However, the relationship between human posture and TMD remains one of the unsolved
research questions. Future studies should consider the chance for conservative and comple-
mentary approaches to induce appropriate neuroplastic changes, integrating them with
neurologic exams, monitoring of body balance and coordination control systems.

Furthermore, a multidisciplinary approach is strongly recommended, as patients can
benefit from complementary therapies, including OMT, posture re-education, physical exer-
cises and occlusal splint therapy, for SD and TMD. Finally, a co-work among gnathologists
(or even dentists), physiotherapists, osteopaths and neurologists is extremely important in
achieving better outcomes and avoiding unnecessary treatments.

Since a standardized protocol for the evaluation and treatment of SD/TMD in neu-
rological disorders is still lacking, herein, we have reported some evidence-based clinical
advice about the administration of multidisciplinary conservative approaches for neurolog-
ical patients who have SD/TMD:

- Parafunctional activities, such as bruxism and day clenching, have been found in
PD and MS patients [11,19,22,23], causing muscle pain and harmful effects on tooth
enamel. Currently, there are no treatment methods to make these alterations stop.
Occlusal splint therapy can reduce bruxism and clenching symptoms, acting on a
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negative feedback mechanism that greatly decreases muscle activity, maintaining a
normal activation threshold for the muscle protective reflex. In addition, MT and MFR
could be useful to induce masseter, temporalis and neck muscle relaxation that are
associated with these symptoms [65];

- Reduction in TMJ movements due to painful muscle contractions is a common TMD feature
in neurological conditions, especially in OMD, PD and SCA [21,24,29,35,37,38]. However,
evidence-based treatments have been documented only for OMD subjects, suggesting
the use of Botox injections in specific head and neck muscles, such as platysma, lateral
pterygoid and temporalis, to reduce muscle spasms [38]. Coordination exercises of
TMJ through opening and closing the mouth, using a mirror or fingers bilaterally, to
promote symmetrical movements may also be of help [62,82,83]. Additionally, MT
and/or OMT could induce muscle release and restore pain thanks to the discharge of
endogenous opioids due to therapeutic touch [9,65];

- Muscle weakness and reduced TMJ functions were found in post-stroke survivors
as a result of the acute onset of the brain damage [25–28]. In this clinical condition,
authors [26,27,60] suggested the administration of specific isometric and isotonic
exercises to improve jaw muscle strength and postural programs [61,84], including
exercises to increase TMJ and neck mobility. To restore oral muscle strength, some
evidence supported the administration of specific exercises for labial, intrinsic tongue
and masticatory muscles, which can be helpful in managing dysphagic symptoms [28].

8. Conclusions

To summarize, although SD and TMD in neurological patients do not seem to be
uncommon, a standard diagnostic or rehabilitation approach is still lacking. Clinicians and
therapists should consider the role of SS and TMJ structures during functional training,
given their fundamental role in swallowing, chewing, breathing and speaking. To better
manage SD/TMD, neurological patients should be seen as a single unit, in which the
stomatognathic complex works together with the cervical spine and lower extremity in
maintaining body posture and spinal alignment. Future studies are needed to fill this
existing gap in the individuation and treatment of SD and/or TMD in the neurorehabilita-
tion field.
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Abbreviations

SS Stomatognathic system
TMJ Temporomandibular joint
TMD Temporomandibular dysfunction
SD Stomatognathic disease
PT Physiotherapy
MT Manual therapy
OMT Osteopathic manipulative treatment
CPG Central pattern generator
MS Multiple sclerosis
SCA Spinocerebellar ataxia
PD Parkinson’s disease
OMD Oromandibular dystonia
RoB Revised Cochrane risk of bias
NOS Newcastle–Ottawa Scale
MPQ McGill Pain Questionnaire
SF-MPQ Short form McGill Pain Questionnaire
PPI Present pain intensity
VAS Visual analogical scale
VRS Verbal rating scale
NRS Numerical rating scale
FPS Faces pain scale
HCDI Helkimo Clinical Dysfunction Index
OVD Occlusal vertical dimension
RVD Resting vertical dimension
MMO Maximum mouth opening
LEP Laser-evoked potential
CT Computed tomography
MRI Magnetic Resonance Imaging
CBCT Cone-beam computed tomography
CTS-R Cranial–temporomandibular and stomatognathic rehabilitation
MFR Myofascial release
CST Cranial–sacral therapy
BLT Balanced ligamentous tension
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Abstract: Periodontitis (PD) is a chronic inflammatory disease that is initiated by oral microorganisms.
The pathogens induce the production of cytokines, such as interleukin (IL)-17, which enhances the
inflammatory response and progression of the disease. The aim of this study was to examine the
expression and localization in gingival tissue of IL-17A and IL-17B in patients with periodontitis.
This study included 14 patients with periodontal disease and 14 healthy subjects without periodontal
disease as a control group. There were no statistically significant differences in the expression of
IL-17A mRNA between patients with periodontitis and control subjects. The expression of IL-17B
mRNA was statistically significantly lower in patients with periodontitis in comparison with healthy
subjects (p < 0.048). The expression of IL-17A correlated significantly with the approximal plaque
index. The IL-17B expression in gingival tissue correlated with the clinical attachment level. This
correlation reached borderline statistical significance (p = 0.06). In immunohistochemical analysis,
we have shown the highest expression of IL-17 protein in inflamed connective tissue, epithelium,
and granulation tissue from gingival biopsy specimens from patients with periodontitis. In biopsy
specimens from healthy individuals, no IL-17 was found in the epithelium, while an expression of
IL-17 was found in the connective tissue. The results of our study confirm the involvement of IL-17
in the pathogenesis of periodontitis. Our results suggest that an increase in IL-17 protein expression
in the gingival tissue of patients with periodontitis occurs at the post-translational stage.

Keywords: IL-17; periodontal disease; inflammation

1. Introduction

Periodontitis (PD) is a chronic inflammatory state caused by bacterial infection in the
periodontal tissues. Susceptibility to periodontitis may be caused by genetic factors as
well as environmental factors, such as smoking and oral hygiene [1]. In periodontal tissue,
bacterial infections induce the immune response leading to the production of inflammatory
mediators, such as proinflammatory cytokines, and subsequently to tissue destruction [2,3].
The body’s immune response to eliminate the bacterial infection can lead to an abnormal
immune response causing the destruction of periodontal tissues, including the alveolar
process. The cellular immune response plays an important role in the inflammatory process
in PD, and Th17 cells and the IL-17 they produce are an important component of this
response. IL-17 is a multidirectional cytokine and exists as six isoforms IL-17A-IL-17F.
IL-17 is primarily produced by T helper 17 (Th17) cells, which also secrete other cytokines
involved in the immune response. Previous studies have shown that interleukin (IL)-17
is a cytokine involved in the pathogenesis of PD and other inflammatory diseases [4–6].
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IL-17 plays an important role in immune processes on the surfaces of mucous membranes,
providing an important element of protection against bacterial infections. In the inflam-
matory state, IL-17 can affect various types of cells including endothelial cells, fibroblasts,
osteoblasts, and keratinocytes [7–9]. It can stimulate these cells to synthesize numerous
pro-inflammatory cytokines that aggravate the inflammatory process [10–12]. IL-17 can
also inhibit osteoblasts, leading to the reduction in alveolar bone [13].

Many studies to date have shown an important role for IL-17 in periodontitis [14].
Previous studies have indicated elevated levels of IL-17, particularly in saliva and gingival
fluid, in patients with periodontitis. However, these findings vary depending on patient
selection criteria, disease severity, or diagnostic criteria. Increased levels of IL-17 were
found, especially in patients with an aggressive form of periodontitis. To date, there have
been few studies evaluating IL-17 in the gingival tissue of patients with periodontitis. In
addition, most of the studies did not evaluate individual IL-17 isoforms, but only total
IL-17. The results of previous studies suggest that IL-17A and IL-17B isoforms may play
the most important role in the development of periodontitis [7–9].

The aim of this study was to examine the expression and localization in gingival tissue
of IL-17A and IL-17B in patients with periodontitis.

2. Materials and Methods

2.1. Patients

This study included 14 patients with periodontitis (5 male, 9 female; mean age
54.2 ± 12.5 years) diagnosed according to the 2017 classification system of periodontal
diseases [15], and 14 healthy subjects (5 male, 9 female; mean age 52.8 ± 11.3 years) without
periodontal disease who had small oral surgery as a control group.

In patients with periodontitis, the gingival tissue for examination was obtained during
flap procedures, gingivaosteoplasty, as well as through a distal wedge or trapezoidal
excision at the last molar.

In patients with healthy periodontium, the gingival tissue was obtained during aes-
thetic lengthening of clinical tooth crowns before prosthetic, conservative, or orthodontic
treatment. The procedure was performed under local anesthesia, during which the removed
gingival tissue, normally disposed of, was used in our study.

The patients with diagnosed periodontitis were defined if interdental CAL ≥ 2 mm
was detectable at two or more than two non-adjacent teeth or buccal or oral CAL ≥ 3 mm
and periodontal pockets > 3 mm were detectable at two or more than two teeth and the
observed CAL could not be attributed to non-periodontal causes [16]. We also observed
bleed on probing with deep probing pocket depth (PPD ≥ 5 mm). A minimum of 15%
radiographic bone loss was required. When more than 30% of the teeth were affected,
periodontitis was considered as generalized in relation to extent and distribution.

Exclusion criteria were as follows: (1) smoking within the past 5 years; (2) antibiotic
therapies during the previous 6 months; (3) pregnancy; (4) chronic apical periodontitis;
and (5) any systemic condition that could affect the progression of periodontitis (e.g.,
immunologic disorders, diabetes, and osteoporosis).

Gingival tissues were collected using a scalpel. The tissue samples were taken from a
single tooth in each participant. The excised tissues were washed with PBS and immediately
placed in a commercial reagent for RNA isolation for gene expression assays. The study
was approved by the local ethics committee (BN-001/93/08) and is in accordance with the
Declaration of Helsinki. Patients were informed about the study and their written consent
was obtained.

2.2. Periodontal Examination

Periodontal evaluation included probing pocket depth (PPD), clinical attachment level
(CAL), the approximal plaque index (API), and bleeding on probing (BoP).

Clinical measurements were taken in homogeneous conditions in a dental clinic.
Probing pocket depth (PPD) and clinical attachment level (CAL) were assessed at six sites
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per tooth, using an UNC 15 periodontal probe calibrated with 1 mm (Hu-Friedy Mfg
Co., Inc., Chicago, IL, USA). A UNC-15 Color-Coded Probe was used for all explorations.
Pressure of approximately 20 g was applied for probing.

2.3. Quantitative Real-Time Reverse Transcription PCR (qRT-PCR) Analysis

Total RNA was extracted from 50–100 mg tissue samples using an RNeasy Lipid
Tissue Mini Kit (Qiagen, Hilden, Germany) in accordance with the manufacturer’s protocol.
The obtained RNA was used for the reverse transcription reaction. A quantity of 1 μg
of RNA from each sample was reverse transcribed into cDNA with the RevertAid First
Strand cDNA Synthesis Kit (Thermo Scientific, Waltham, MA, USA) according to the
manufacturer’s instructions.

Quantitative assessment of mRNA levels was performed by real-time RT-PCR using
an ABI 7500 Fast instrument with Power SYBR Green PCR Master Mix reagent. Real-time
conditions were as follows: 95 ◦C (15 s), 40 cycles at 95 ◦C (15 s) and 60 ◦C (1 min).

In the next step, the 2−ΔCt method was used to calculate the values. The values were
normalized to the B2M (β2-microglobulin) gene. The primer sequences used in the study
were prepared according to the sequence information obtained from the NCBI database, and
were synthesized by Oligo.pl (IBB PAN, Warsaw, Poland). Primers used for gene expression
analysis by qRT PCR were as follow: B2M-F 5′-AATGCGGCATCTTCAAACCT-3′, B2M-R
5′-TGACTTTGTCACAGCCCAAGA-3′, IL17A-F 5′-AGATTACTACAACCGATCCAC-3′,
IL17A-R 5′-GGGGACAGAGTTCATGTGGT-3′, IL17B-F 5′-GAGCCCCAAAAGCAAGAGGA-
3′, IL17B-R 5′-TGCGGGCATACGGTTTCATC-3′.

2.4. Immunohistochemical Analysis of IL17

After deparaffinization in Xylene (ChemPour, Tarnowskie Góry, Poland), sections
of gingival or granulation tissue from the inflammatory site (3 μm thick) were hydrated
in gradually decreasing ethanol (100–70%) and rinsed in tap water for 5 min. Next, heat
epitope retrieval was performed in retrieval solution buffer pH = 6 (DAKO, Glostrup,
Denmark), in a microwave oven for 10 min. After cooling to room temperature (RT), all the
slides were incubated with 0.3% solution of H2O2 for inhibition of endogenous peroxidase,
washed twice with PBS, and then incubated with 2.5% horse serum to prevent unspecific
antibody bounding (Vector Laboratories, Newark, CA, USA). After incubation with serum,
slides were incubated in a humid chamber with primary antibody of rabbit anti-human
IL-17 (ab2) (Sigma-Aldrich, Burlington, MA, USA) for 1 h at RT. After washing in PBS,
immunoreactions were visualized with ImmPRESS UNIVERSAL REAGENT and Vector
NovaRED Substrate KIT FOR PEROXIDASE (Vector Laboratories, Newark, CA, USA)
according to protocols provided by the manufacturer. Nuclei were counterstained with
Mayer hematoxylin (Sigma-Aldrich, Burlington, MA, USA). As a negative control, the
primary antibody was replaced with PBS on the specimen. Positive staining was defined by
visual identification of a yellow/brown pigmentation in a bright field microscope. Images
were collected with an Olympus IX81 inverted microscope (Olympus, Hamburg, Germany)
with a color camera and with CellSens image processing software (Olympus, Germany).

2.5. Statistical Analysis

Non-parametric tests were used for statistical analysis of quantitative variables
(p < 0.05; Shapiro–Wilk test). The Mann–Whitney U test was used for comparisons between
two groups, and Spearman’s rank correlation coefficient for assessment of associations
between variables. Normalized expression values are presented as medians with lower and
upper quartiles (Q1–Q3). Values of p < 0.05 were considered to indicate statistical signifi-
cance. The study had a statistical power of 80% to detect the true effect size corresponding
to (1) the difference between group means equal to 1.3 standard deviations, and (2) the
correlation coefficient between parameters measured in patients equal to ±0.67.
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3. Results

In the first step of our study, we compared the expression of IL-17A and IL-17B at
the mRNA level in gingival tissue in patients with periodontitis and control subjects. As
shown in Figure 1, there were no statistically significant differences in expression of IL-
17A between patients with periodontitis and control subjects (median: 0.00039, Q1–Q3:
0.000068–0.00088 vs. median: 0.00088, Q1–Q3: 0–0.0023, respectively, p = 0.81). The ex-
pression of IL-17B was statistically significantly lower in patients with periodontitis in
comparison with healthy subjects (median: 0.00017, Q1–Q3: 0.000087–0.0021 vs. median:
0.0042, Q1–Q3: 0.00076–0.012, respectively, p = 0.048), (Figure 2).

Figure 1. Expression of IL-17A mRNA in gingival tissue of patients with periodontitis and con-
trol subjects.

Figure 2. Expression of IL-17B mRNA in gingival tissue of patients with periodontitis and control
subjects, * p = 0.048, Mann–Whitney U test.

Additionally, we examined the correlations between expression of IL-17A and IL-17B
and clinical parameters such as PPD, API, CAL, and BoP. As shown in Table 1 the expression
of IL-17A correlated significantly with API values. Moreover, the IL-17B expression in
gingival tissue correlated with CAL values. This correlation reached borderline statistical
significance (p = 0.06). There were no statistically significant correlations between the other
clinical parameters noted above and expression of IL-17A and IL-17B in gingival tissues.
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Table 1. Correlation between IL-17A and IL-17B expression and clinical parameters.

IL-17A IL-17B

Clinical Parameters Rs p Rs p

Age [years] −0.0221 0.94 0.1850 0.52

NRT −0.0598 0.83 0.0066 0.98

API 0.6099 0.02 0.3300 0.24

BoP 0.0818 0.78 0.0770 0.79

PPD −0.2539 0.38 −0.0681 0.81

CAL 0.1392 0.63 0.5061 0.06
Rs—Spearman rank correlation coefficient; NRT—Number of remaining teeth; API—approximal plaque index;
BoP—bleeding on probing; PPD—probing pocket depth; CAL—clinical attachment level.

We also performed immunohistochemical analysis of IL-17 protein expression in
gingival tissue from PD patients and controls. Figure 3 shows the expression of IL-17
protein in gingival tissue from PD patients and controls.

Figure 3. The expression of IL-17 protein in gingival tissue from: panel (a) (A–C): PD patients
(inflamed tissue: (A)—connective tissue, (B)—epithelial tissue, (C)—granular tissue;); panels
(D–E): controls (healthy gingiva): (D)—connective tissue, (E)—epithelial tissue, (F)—granular tis-
sue; negative primary antibody control, where primary antibody was replaced with PBS (negative
control—panel (G)). Original objective magnification ×20, scale bar = 50 μm, only representative
images are presented. Panel (b): cellular immunolocalization of IL-17; +++ very high expression,
++ high expression, - no expression.
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The expression of proinflammatory markers was observed in all samples of inflamma-
tory tissues. The pigmentation was observed in the cytoplasm of cells in connective tissue
and in keratinocytes. In the case of granulation tissue, the immunoreaction was observed in
the cytoplasm of inflammatory cells. According to the saturation and color of pigmentation,
the result was described as +++ very high expression, ++ high expression, - no expression.

4. Discussion

Periodontitis is a chronic inflammation of periodontal tissues initiated by a bacterial
infection. However, mechanisms to eliminate the bacterial infection can develop into
chronic inflammation that causes damage to periodontal tissues, including the alveolar
process. Numerous immune response cells that secrete a number of pro-inflammatory
mediators are involved in the development of this inflammation. Among the cells that
play an important role in this process are Th-17 lymphocytes, which produce IL-17 [10,11].
IL-17 is an important component of the inflammatory cascade in periodontitis. It exhibits
a number of direct actions in periodontal tissues, such as stimulating immune response
cells to synthesize other cytokines (interleukin-6, interleukin-8, TNF and G-CSF) that are
involved in the development of periodontitis [13].

IL-17 is an important cytokine that plays a multidirectional function in periodontal
tissues. Under physiological conditions, IL-17 plays an important role in the mucosal
barrier that protects against bacterial infections. IL-17 is mainly produced by Th-17 cells;
however, the expression of this cytokine was also found on other immune cells such as
neutrophils and natural killer cells [9,10]. IL-17 increases the recruitment and stimulation
of other immune response cells, mainly neutrophils, which play an important role in the de-
velopment of periodontitis. This cytokine also increases the synthesis of metalloproteinases,
which cause periodontal tissue destruction. IL-17 influences the expression of RANKL and
osteoprotegerin, thereby affecting the destruction of alveolar bone [10].

The role of IL-17 in the pathogenesis of PD has been investigated in animal models
and in clinical studies [4–6]. Previous studies have indicated increased expression of IL-17
in serum, gingival cervical fluid, and saliva of patients with various forms of PD [4–6];
however, the studies examining the expression of IL-17 in gingival tissue are limited. These
studies analyzed various forms of periodontal disease and periodontitis (aggressive and
chronic according to the previous classification). Most of the studies evaluated total IL-17
without identifying the different isoforms of this cytokine. Most studies have shown in-
creased expression of IL-17, especially in saliva and gingival fluid in patients with acute
forms of periodontitis [17–19]. In the study by Awang et al., serum, saliva, and gingival
crevicular fluid IL-17 levels were higher in periodontitis patients and correlated positively
with clinical parameters of attachment loss, pocket depth, and bleeding on probing [20].
Liukkonen et al. indicated that salivary concentrations of IL-17 were elevated significantly
in patients with local periodontal disease compared with controls and patients with gen-
eralized periodontal disease [21]. Furthermore, in the study by Mitani et al., IL-17 levels
were significantly higher in gingival crevicular fluid from patients with periodontitis [6].

The studies also examined IL-17 serum concentrations in patients with PD [22,23].
Duarte et al. [14] reported significantly higher levels of IL-17 in the serum of patients with
chronic PD. Similar results were presented by Cifcibasi et al., who also observed increased
levels of IL-17 in patients with aggressive PD [24]. However, the mechanisms causing
the increase in IL-17 in systemic circulation remain unclear. Duarte et al. demonstrated
elevated serum IL-17 levels in patients with generalized aggressive periodontitis, which
were reduced by therapy [25]. These studies suggest that local inflammatory changes in
gingival tissue caused an increase in the IL-17 level in systemic circulation.

Increased numbers of IL-17-producing cells were detected in gingival tissue in patients
with periodontitis [26]. These results suggest that the degree of infiltration with IL-17-
producing cells is correlated with the severity of inflammation in PD.

In our study, we examined the expression of IL-17A and IL-17B at the mRNA level,
as well as IL-17 protein expression in gingival tissue from patients with periodontitis as
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well as in healthy subjects. Our results did not detect statistically significant differences in
IL-17A expression at the mRNA level in the gingival tissue of periodontitis patients and
healthy subjects, but IL-17A expression correlated with the proximate plaque index. We
have shown lower expression of IL-17B at the mRNA level in patients with periodontitis in
comparison with healthy subjects. The gingival expression of IL-17B at the mRNA level
correlated with clinical attachment loss. Clinical attachment loss is a parameter indicating
the severity of periodontal disease. Clinical attachment loss is caused by inflammation and
the secretion of cytokines, chemokines, metalloproteinases, and other mediators by cells of
the immune system, causing the destruction of periodontal tissues. IL-17B has been shown
to enhance neutrophil migration, thereby increasing inflammation [8]. It is possible that
IL-17B expression at the mRNA level in gingival tissue may be inhibited by other mediators
involved in the development of periodontitis.

In immunohistochemical analysis, we analyzed the IL-17 protein expression in gingival
tissue from PD patients and healthy subjects. The highest expression of IL-17 was shown in
inflamed connective tissue, epithelium (karatinocytes), and granulation tissue from gingival
biopsy specimens from patients with periodontitis. In biopsy specimens from healthy
individuals, no IL-17 was found in the epithelium (keratinocytes), while an expression of
IL-17 was found in the connective tissue.

One limitation of our study is the lack of a positive control in immunohistochemi-
cal analysis.

The results of this study indicated that IL-17A expression in gingival tissue at the
mRNA level did not differ between PD patients and controls, while IL-17B expression at
the mRNA level is lower in PD patients than in controls. In contrast, we showed increased
IL-17 expression at the protein level in the gingival tissue of PD patients compared to the
healthy group. The results of our study suggest that the increase in IL-17 expression in the
gingival tissue of PD patients occurs at the post-translational stage. Likewise, inflammatory
mediators involved in the development of periodontitis cause stimulation of IL-17 protein
expression, which increases the amount of IL-17 protein in gingival tissue. Periodontitis is
a chronic inflammatory condition in which the immune response is disrupted. Multiple
immune response pathways are activated, leading to the synthesis of pro-inflammatory
mediators and the formation of numerous feedback loops. These results suggest that
IL-17 is part of the inflammatory cascade present in periodontitis. Previous studies have
indicated that IL-17 increases the production of other cytokines, so it also appears that
other pro-inflammatory mediators may affect IL-17 expression [4,5].

Previous studies have shown increased IL-17 expression in the serum, gingival fluid,
and saliva of patients with various forms of periodontal disease [17–22]. These studies
often used previous criteria for classifying periodontal disease, which may be a factor in
the results. In our study, patients were classified according to new criteria in accordance
with the 2017 periodontal disease classification system [15]. It has been shown that IL-17
expression can vary in different tissues. IL-17 is demonstrated to be part of a complex
inflammatory cascade occurring in periodontitis. There is a mutual influence of individual
pro-inflammatory mediators, which interact with each other. Elevated expression of IL-17
protein in gingival tissue may indicate the involvement of IL-17 in the inflammatory process
in the periodontal tissues.

Although a number of previous studies have confirmed an important role in the
development of periodontal diseases, it seems that a full understanding of the involve-
ment of this cytokine and its individual isoforms in the inflammatory cascade present in
periodontitis, especially in light of the new classification of periodontal diseases, requires
further research.

5. Conclusions

The results of our study confirm the involvement of IL-17 in the pathogenesis of periodontitis.
Our results suggest that an increase in IL-17 protein expression in the gingival tissue

of patients with periodontitis occurs at the post-translational stage.
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Abstract: The COVID-19 pandemic, caused by the SARS-CoV-2 virus, has led to significant morbidity
and mortality worldwide since its declaration as a global pandemic in March 2020. Alongside
the typical respiratory symptoms, unusual clinical manifestations such as oral lichen planus (OLP)
have been observed. OLP is a chronic inflammatory mucocutaneous dermatosis that results from
a cell-mediated reaction, and its pathogenesis involves the loss of immunological tolerance. OLP
has been associated with several triggering factors, such as certain drugs, stress, smoking, and even
some viruses. Exposure to the spike protein antigen of SARS-CoV-2 during an infection can trigger
autoimmune reactions and lead to the onset or flare of OLP. The E3 protein ligase TRIM21, which is
identified in the lamina propria of OLP lesions, is overexpressed in COVID-19 patients and plays
a critical role in autoimmune pathologies. Furthermore, the psychological stress of the lockdown and
quarantine can be a trigger for the onset or exacerbation of OLP. However, the diagnosis of OLP is
complex and requires a biopsy in order to confirm a clinical diagnosis, rule out other pathologies,
and establish the most appropriate therapeutic procedure. Further research is needed to understand
the potential link between Co-19 and OLP.

Keywords: COVID-19; SARS-CoV-2; oral lichen planus

It has been about three years since the World Health Organization (WHO) declared
coronavirus disease-19, COVID-19 (Co-19), as a global pandemic on 11 March 2020. Co-19
is an acute respiratory disease that is caused by the SARS-CoV-2 virus. COVID-19 exhibits
a wide range of clinical manifestations that vary from asymptomatic or mildly symptomatic
cases, which feature upper respiratory tract involvement, to severe forms that feature lung
impairment and life-threatening conditions that are caused by critical respiratory distress.
In mild cases, Co-19 symptoms are similar to the flu, and the most commonly observed
symptoms of COVID-19 include fever, fatigue, dry cough, headache, hemoptysis, anorexia,
and sore throat [1]; in the most critical cases, it is a systemic disease with severe acute
respiratory syndrome. However, in addition to the “classic” clinical features, there have
been reports linking Co-19 infection or Co-19 therapy to less common pathologies, including
atypical manifestations that affect various systems such as the neurological, psychiatric,
neuropsychiatric, cardiovascular, gastrointestinal, and dermatological systems [2]. The
virus enters host cells through the binding of the homotrimeric spike glycoprotein on the
viral surface to the angiotensin-converting enzyme 2 (ACE2) receptor, which is found
in different organs and systems of the human body [3]. This mechanism of viral entry
contributes to the characteristic multiorgan tropism of the virus. SARS-CoV-2 demonstrates
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a particular tropism for head and neck tissues, and it leads to distinct extrapulmonary
manifestations that have become notable features of the disease [4]. These manifestations
include dysfunctions in the sense of smell (anosmia) and taste (ageusia, dysgeusia) [5].
Indeed, the receptors and enzymes that are required for SARS-CoV-2 cell entry, such
as the ACE2 receptor [6], transmembrane protease serine 2 (TMPRSS2), and furin [7,8],
are highly expressed in oral and nasal cavity tissues, including the epithelial cells of the
tongue, taste buds (particularly fungiform papillae), major and minor salivary glands,
and nasal mucosa. The virus enters target cells through the interaction between the
spike protein (S protein) and the ACE2 receptor [6,9], and TMPRSS2 plays a priming
role in this process [5]. Therefore, this specific tropism manifests through the development
of oral cavity pathologies [10–12] and other maxillofacial conditions, such as the well-
known association with mucormycosis [13,14]. Indeed, during SARS-CoV-2 infection,
the oral mucosa can serve as a potential route for the virus, and regional pathologies in
the oral cavity may arise [15–17]. These pathologies can manifest as ulcerative lesions,
vesicles, blisters, petechiae, erythema multiforme-like lesions, aphthous-like lesions, and
herpetiform lesions, which typically concurrently appear with general symptoms or within
one week [10,17–20]. Oral manifestations can also be a result of COVID-19 therapies, such
as the long-term use of antibiotics or mechanical ventilation devices in severely affected
patients, which can lead to Candida infections in the form of red or white plaque lesions [21].
Delayed onset oral lesions, including ulcerations, bullous angina, petechiae, and late-onset
erythema multiforme-like lesions, have also been reported following the initiation of
therapy [20]. The prolonged hospitalization of patients can contribute to poor oral hygiene
and be combined with compromised overall health, states of immunosuppression, and
physical and psychological stress, which can lead to the development of plaque-related
diseases, such as ulcer-necrotic gingivitis [22]. Regarding certain oral cavity diseases, some
reports have recently appeared in the literature that must be examined with a touch of
curiosity and pinch of skepticism as they discuss the onset or exacerbation of oral lichen
planus (OLP) during Co-19 infection [23].

OLP—a clinical variant of lichen planus (LP), which is a chronic inflammatory muco-
cutaneous dermatosis of immune etiology—results in an inflammatory state that affects the
stratified squamous epithelium of the oral cavity and the underlying lamina propria [24].
OLP is a cell-mediated reaction in which CD8 cytotoxic lymphocytes play the primary role
against an unknown keratinocyte antigen that is no longer recognized as self. Consequently,
the lesions can be seen as the manifestation of various oral diseases and conditions that are
caused by the loss of immunological tolerance. Both LP and OLP can arise or be exacerbated
in the presence of triggering factors such as certain drugs (non-steroidal anti-inflammatory
drugs (NSAIDs), antihypertensives, antimalarials, etc.), psycho-organic stress, smoking,
and even some viruses [25–27]. In fact, an association between the presence of OLP and
infection by citomegalovirus (CMV), herpes simplex (HSV) type 1, 4, and 6, hepatitis B virus
(HBV), papilloma virus and, above all, hepatitis C virus (HCV) has been identified [26,27].
This is probably due to the extra-hepatic manifestations of HCV, such as cryoglobuline-
mia [27]. Data on the inductive mechanisms of the potential triggers and on the identities
of the target antigens are still not conclusive; however, the immune dysregulation alludes
to the hypothesis of an autoimmune-based chronic inflammatory reaction.

As far as Co-19/OLP is concerned, this hypothesis seems plausible, as immune dys-
regulation with hints of autoimmunity would seem to be a common finding by it playing
a fundamental role in the pathogenesis of OLP and underlying the cytokine storm that
is a hallmark of Co-19. There are several theories linking the pathogenesis of oral lichen
planus with Co-19, starting from the fact that SARS-CoV-2 infection has been linked to
an imbalance in the signaling pathway of the mammalian target of rapamycin (mTOR),
which is known to contribute to the abnormal proliferation of T-cells and the development
of OLP. It has been hypothesized that exposure to the spike protein antigen during a Co-19
infection can trigger an autoimmune reaction. Increased levels of inflammatory mediators
such as cytokines, matrix metalloproteinases, and chemokines, as well as the recruitment
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and alteration of the activity of cytotoxic CD8+ T cells (CTLs), would mediate the onset or
flare of OLP [28]. Furthermore, Co-19 seems to trigger the overexpression of the tripartite
motif-containing protein 21 (E3 protein ligase TRIM21), which belongs to a tripartite motif
protein family that is encoded by gene 21 and is an important autoantigen in autoimmune
pathologies (Sjogren syndrome, systemic lupus erythematosus (SLE)). This stimulates CTL
and increases cytokine production with enhanced IL-6 secretion; the trait d’union would
be the identification of E3TRIM21 as also being in the lamina propria of OLP lesions [29,30].
Furthermore, the cytokine storms that are characterized by increased levels of interleukin-1
(IL-1), interleukin-6 (IL-6), interleukin-12 (IL-12), interferon y (IFN-γ), and tumor necrosis
factor α (TNF-α) are a prominent feature of SARS-CoV-2 infection, and they contribute to
tissue damage and inflammation; it should also be added that, in COVID-19 patients, there
is a high level of interleukin-2 (IL-2), interleukin-4 (IL-4), interleukin-7 (IL-7), interleukin-10
(IL-10), interleukin-13 (IL-13), and interleukin-17 (IL-17) [31]. Several interleukins (ILs),
including IL-1, IL-2, IL-4, IL-5, IL-6, IL-8, IL-10, IL-12, IL-17, and IL-18, have been implicated
in the development and progression of OLP [32]. Genetic variations in IL-18, TNFα, IFN-γ,
IL-10, IL-17, IL-1ß, IL-12, IL-8, and IL-4 have also been associated with OLP [28]. These
cytokines damage the basement membrane and cause extensive tissue destruction, which
results in the formation of observable lesions. The increased levels of cytokines, malfunc-
tioning T-cells, and activation of TRIM21 in individuals that are affected by or recovering
from COVID-19 may make them more vulnerable to developing oral lichen planus.

A further hypothesis, although very suggestive, is that Co-19 may not directly con-
tribute to OLP, but when combined with psychological stress with depressive elements
that are linked to the lockdown and/or quarantine, it can be a trigger for the onset or
exacerbation of OLP. It is known that stress can be a cause for the alteration of various
parameters of the endocrine system and immune dysregulation in subjects that are affected
by OLP [25,33]. In fact, a high increase in stress can activate the sympathetic nervous
system and the hypothalamic–pituitary–adrenocortical axis, causing a significant influx of
inflammatory cytokines such as interleukin-6 (IL-6), interleukin-1 (IL-1) and tumor necrosis
factor (TNF), as well as an alteration of CTL activity. As a result of this influx, changes in
kynurenine metabolites lead to neurotoxic changes in the brain. This is likely to result in
an autoimmune reaction, which can trigger the onset or exacerbation of OLP [34,35]. This
seems to happen preferentially in women, as demonstrated in an Indian study that was
carried out on socially frail women during the pandemic. The reason for this is that female
hormonal changes, in addition to the increase in cytokines, make them more susceptible to
systemic disorders that are induced by a state of stress or depression [36,37]. Considering
the above, there is a high probability of an “intriguing mix” between the two pathologies
of Co-19 and OLP; however, in medicine, there is usually a catch.

The diagnosis of OLP is typically based on a combination of clinical objectivity and
histopathological features. Exclusively defining the diagnosis on clinical criteria presents
critical issues, as studies have shown possible interpretative variability. The lesions that
present themselves in OLP in an erosive, atrophic, bullous, reticular, and plaque form can,
in fact, also be found in other clinical conditions, such as lupus erythematosus, syphilis,
candidiasis, aphthous ulcers, pemphigoid mucosa, and carcinoma of the oral cavity [24].
Therefore, a biopsy is necessary to confirm a clinical diagnosis to exclude other patholo-
gies and establish the most appropriate therapeutic procedure. In 2003, van der Meij and
van der Waal [38] proposed a modification of the diagnostic criteria that were previously
recommended by the WHO in order to reduce this variability. The complete correspon-
dence of the clinical criteria (presence of bilateral lesions, presence of reticular striae)
and histopathological criteria (presence of a well-defined area of cellular infiltration with
a “band” arrangement that is limited to the superficial part of the connective tissue; signs of
degeneration in the layer of basal cells; absence of epithelial dysplasia) constituted and still
constitutes the necessary check for a diagnosis of OLP [38,39]. After analyzing the scientific
literature published between 2020 and 2022, it was possible to highlight the prevalence of
the Co-19/OLP association and the criteria that led to the diagnoses.
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We screened Medline via the PubMed, Web of Science, Scopus and Google scholar
databases for articles investigating the association between COVID and oral lichen that
were published between 1, January 2020 and 31 May 2023. Several combinations of key-
words were used in the following orders to conduct the search strategy: (1) “Lichen
Planus” OR “Oral Lichen Planus”; and (2) “COVID-19” OR ‘’Co-19′’ OR “SARS-CoV-2”
OR “Coronavirus”.

All clinical studies, case series, and case reports that reported cases of OLP in asso-
ciation with COVID-19 were considered as potentially admissible. To date, 17 cases of
post-infection OLP have been described, including individual case reports, which constitute
the vast majority, as well as case series and observational studies. Only five cases provide
more detailed clinical characteristics, which are reported in Table 1 [40–43]. From a strictly
clinical-morphological point of view, four out of five subjects presented a papulo-reticular
form with evident Wicham’s striae and one out of five subjects presented painful erosive
areas surrounded by white radiating striae. Three out of five patients were symptomatic,
and three patients had cutaneous involvement. In one case, there was information about the
histopathology included: a hyperparakeratinized, stratified epithelium; partial ulceration;
mild degree of acanthosis; liquefactive degeneration of basal cells; and prominent band-like
sub-epithelial lymphocytic infiltration. The remaining 12 cases were part of an observa-
tional study [23] that considered all oral lesions that were found in a cohort of patients with
COVID-19. In this study by Fidan et al. [23], oral lichen planus represented 20.6% of the
lesions found in the 74 included patients. Considering all the cases, the manifestations of
significance were observed in various locations of the oral cavity, where it was observed in
the tongue for four cases, buccal mucosa for nine cases, gums for five cases, and palate for
one case [23,40–44].

The diagnosis seems to have been made by clinical observation in 16 cases and only in
1 case was it confirmed by a histopathology from oral biopsy; the vast majority of authors
did not mention a biopsy of the lesions, so it is assumed that the diagnoses were only based
on clinical observations. Describing it as OLP is questionable in such cases, as various oral
pathologies can present similar clinical observations. Furthermore, in 12 out of 17 cases, the
descriptions of the lesions were directed towards single localizations, an aspect that should
not be typical of OLP. In fact, one of its most relevant clinical characteristics is its frequent
bilateral expression and ability to spread to several areas in the oral cavity; this aspect
often helps the clinician to arrive at a correct diagnosis of OLP and exclude, in differential
diagnosis, other lesions with unique and monolateral topographical characteristics. From
this literature analysis, it is evident that there is a lack of data along with reporting bias, as
confirmed by a recent literature review that indicates that, when considering all the data
regarding lichen planus occurring after infection or vaccination, there are more cases that
have been reported post-vaccination than post-infection in the literature [45].

To conclude, while our intention is not to criticize the scientific rigor of our colleagues’
research, the critical issue with these reports lies in the small number of cases and the
limited use of histological tests for confirmation. These biases, when combined with other
clinical descriptors, could cause confusion and make the diagnosis extremely uncertain,
a drawback of which that is also highlighted by some authors of these reports. Therefore,
additional reports of cases with confirmatory histological tests are required. This will lead
to a discussion of an “intriguing Co-19/OLP plot” and not of a “Fata Morgana mirage
effect”, which causes us to see what we want to see and not what it actually is.
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Abstract: Effective subgingival biofilm removal is crucial for achieving positive and stable outcomes
in periodontal therapy, forming an indispensable part of any periodontal treatment approach. The
development of air-polishing tools has emerged as a promising alternative to hand and ultrasonic
scalers for dental biofilm removal. The objective of this systematic review was to assess existing
literature regarding the subgingival use of various types of air-polishing powders, as an effective
method of subgingival biofilm control. For this, 55 articles on this subjected were sourced from
searched databases and subjected to an evaluation process of their contained information, which was
subsequently structured and compiled into this manuscript. The existing literature acknowledges
that good subgingival biofilm control is essential for the success of periodontal therapy, including
through subgingival air-polishing, as an adjunctive procedure. This approach has the potential to
enhance patient comfort during and after subgingival mechanical plaque removal, thereby mitigating
damage to periodontal structures. Consequently, it may lead to improved healing capabilities within
the periodontal tissues and the formation of a more stable reparative gingival junctional epithelium.

Keywords: periodontal; air-polishing; subgingival; periodontal therapy; glycine; erythritol

1. Introduction

Periodontitis is a chronic and multifactorial inflammatory condition characterized by
the gradual loss of teeth-supporting structures, including alveolar bone and the periodontal
ligament, resulting from the accumulation of dental plaque or biofilm [1]. Typical clinical
signs of periodontitis include gingival inflammation, radiographic evidence of alveolar
bone loss, clinical attachment loss, deep probing depths, bleeding on probing, mobility,
and pathologic migration [2]. The staging system for periodontitis categorizes the disease
into four stages (stage I, stage II, stage III, and IV) based on the severity, complexity,
extent, and distribution of the disease, as determined based on clinical attachment loss,
radiographic bone loss, and tooth loss [3]. The grading system (grade A, grade B, grade C)
reflects the biological aspects of the infection, such as indicators or risks of rapid disease
progression, anticipated treatment outcomes, and consequences for systemic health [4].
The development of this new classification system has been the first step towards the
implementation of a pan-European clinical guideline for the treatment of stage 1–3 and stage
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4 periodontitis [3]. Thus, the guideline issued by the European Federation of Periodontology
offers clinicians valuable recommendations for the treatment of periodontitis, using both
non-surgical and surgical means. Despite the different treatment options, the guideline
emphasizes the paramount role of efficient biofilm control [4]. Consequently, this could
be achieved through the subgingival use of air-polishing, as an adjunctive procedure to
subgingival instrumentation.

The primary causative factor of periodontitis is the accumulation of dental biofilm.
However, the disease pathogenesis is multifactorial and involves complex interactions
among specific bacterial infections (red-complex bacteria, including Porphyromonas gingi-
valis, Tannerella forsythia, and Treponema denticola, which are predominantly found in deep
periodontal pockets), dysregulated host immune responses, and environmental factors,
such as smoking [5]. These interrelated factors contribute to the progression of the disease
through intricate and dynamic interactions [6].

Smoking represents the most significant environmental risk factor for periodonti-
tis. Individuals who smoke exhibit a higher prevalence and quantity of red-complex
periodontal bacteria within their subgingival biofilm when compared to nonsmokers or
former smokers [7,8]. Additionally, smoking has been implicated in the impairment of host
immune cell function, particularly that of neutrophils, which increases susceptibility to
periodontitis [9]. Both active periodontal therapy and long-term maintenance periodontal
therapy are affected by the adverse effects of smoking. Therefore, it is crucial for patients
to be continually reminded of the importance of smoking cessation in achieving effective
periodontitis care [10].

The development of air-polishing tools has emerged as a viable alternative to hand
and ultrasonic scalers for the removal of dental biofilm [11,12]. These tools function by
projecting a stream of compressed air, mixed with water and abrasive particles such as
sodium bicarbonate, glycine, trehalose, and erythritol, onto the tooth surface, effectively
eliminating the biofilm [13,14]. Unlike hand and ultrasonic instruments, air-polishing
equipment only removes biofilm, reducing clinical time and causing less discomfort to
patients. Air-polishing can be used alone or in combination with hand instrumentation to
eliminate residual pockets during initial or supportive periodontal therapy [15].

The food industry has embraced erythritol, an alcohol sugar, as an artificial sweet-
ener [16]. This sugar substitute is not metabolized after consumption and is excreted
intact in urine, making it a safe daily dietary option [17,18]. Erythritol has a sweet taste,
which makes it safe for use in the oral cavity, and it is well-tolerated by individuals [18].
Additionally, erythritol is not cariogenic, which means that it does not contribute to tooth
decay [19,20]. Although erythritol has limitations in removing large and firmly attached
deposits of calculus and other hard substances, it is a suitable alternative to supportive peri-
odontal therapy when used as an adjuvant to active periodontal therapy [21,22]. Moreover,
erythritol exhibits antimicrobial properties that inhibit the growth of periodontal infections,
as suggested by research [23].

The objective of this review was to address three main questions. Firstly, the review
aimed to determine whether subgingival air-polishing is a viable alternative to ultrasonic
scalers or whether it is more effective when used in combination with other tools. Secondly,
the review sought to identify the most effective and least traumatic airflow powder for
subgingival air-polishing. Finally, the review aimed to assess whether subgingival air-
polishing can be safely used on both natural teeth and implant structures.

2. Materials and Methods

This systematic review adhered to the Preferred Reporting Items for Systematic Review
and Meta-Analyses (PRISMA) guidelines and followed a PICO framework to answer the
research questions (Figure 1).
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Figure 1. PRISMA flow diagram.

2.1. PICO Questions

The PICO question for this systematic review is as follows: “In patients with periodon-
tal disease, can professional-mechanical plaque removal with sub-gingival air-polishing
have the same efficiency as ultrasonic devices for effective control of subgingival biofilm
deposits during periodontal therapy?” (Population: patients with periodontal disease;
intervention: professional-mechanical plaque removal with subgingival air-polishing; com-
parison: ultrasonic subgingival professional mechanical-plaque removal; outcome: effective
control of subgingival biofilm deposits.)
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2.2. Search Strategy

To conduct this review, the authors (two independent researchers, M.S. and D.N.G.)
performed an electronic search of relevant scientific databases using PubMed, Web of
Science, and Scopus, limiting results to papers published between 1990 and 2022. The
search, performed from January to February 2023, was conducted using keywords, such
as “periodontitis”, “periimplantitis”, “subgingival air polishing”, “glycine powder air-
polishing”, “GPAP”, “trehalose powder air-polishing”, “TPAP”, “erythritol powder air-
polishing”, “EPAP”, and “air polishing devices”. (Table 1) The papers included for future
analysis included randomized clinical trials (RCTs) or controlled clinical trials (CCTs),
clinical trials, transversal and cohort studies, case reports, and meta-analyses.

Table 1. Terms used in the research.

Database Key Word Search

PUBMED

(“glycine powder, air-polishing”[Mesh]) AND “Periodontitis”[Mesh];
(“erythritol powder, air-polishing”[Mesh]) AND “Periodontal

Diseases”[Mesh];
(“trehalose powder, air-polishing”[Mesh]) AND “Periodontal

Status”[Mesh];
(“air-polishing, device”[Mesh]) AND “Periodontitis”[Mesh];

(“subgingival, air-polishing”[Mesh]) AND “Periimplantitis”[Mesh];

Web of Science
TS = (“subgingival air-polishing”) AND TS = (“Periodontal Diseases”);

TS = (“subgingival air-polishing”) AND TS = (“Periodontitis”);
TS = (“subgingival air-polishing”) AND TS = (“Periimplantitis”).

SCOPUS

ALL(“Subgingival air-polishing”) AND ALL(“Periodontal Diseases”);
ALL(“Subgingival air-polishing”) AND ALL(“Periodontitis”);

TITLE-ABS-KEY(“Subgingival air-polishing”)
AND TITLE-ABS-KEY(“Periodontal Diseases”);
TITLE-ABS-KEY(“Subgingival air-polishing”)

AND TITLE-ABS-KEY(“Periimplantitis”).

2.3. Exclusion Criteria for Studies

Some articles were excluded based on the following criteria: studies with outcomes
and conclusions that were not relevant to the main goal of this review; studies with limited
follow-up periods; studies that did not involve the type of interventions being investigated
in this review; monographs; letters to the editor, due to the low grade of evidence or
absence of a peer-reviewing process.

2.4. Information Extraction and Review Structuring

The risk of bias was appreciated using the JADAD modified scale, with only papers
scoring a minimum of grade 4 being further processed. After carefully selecting relevant
articles, the information was extracted (by two independent researchers, M.S. and D.N.G.,
and a mediator, F.B.) and then organized into three parts for this review. The first part
included studies that compared the efficiency of air-polishing powders to ultrasonic root
smoothing, in addition to evaluating the abrasiveness of air-polishing powders on tooth
tissues. The second part focused on the efficiency of various types of air-polishing powders
for controlling subgingival biofilm formation on both tooth surfaces and implants. Finally,
the third part examined the limitations of using subgingival air-polishing alone or in
combination with other therapies, such as SRP and ultrasonic devices. The registration of
the review was not possible, as data extraction and review structuring had already been
initiated at the time of the attempted registration.
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3. Results

3.1. Basics of Periodontal Therapy
3.1.1. Patient Motivation and Education

The initial stage of cause-related therapy involves educating patients about the pri-
mary etiological factor of periodontal disease: the accumulation of plaque both above and
below the gumline [24]. This education is essential for enhancing patients’ comprehen-
sion of the disease and empowering them to effectively manage and prevent it [25,26].
Enhancing oral care practices at home holds significant importance in the prevention of
periodontal disease, successful periodontal therapy, and the sustained maintenance of
positive outcomes. Emphasizing the significance of meticulous home maintenance should
remain a central focus throughout all stages of periodontal therapy [27].

3.1.2. Professional Mechanical Plaque Removal

Professional mechanical plaque removal, as part of the secondary prevention of pe-
riodontitis (PMPR+), entails the regular removal of the subgingival plaque and calculus,
accompanied by subgingival debridement down to the depth of the sulcus/pocket [28].
This procedure constitutes a crucial element of supportive periodontal therapy (SPT),
which should encompass various components: an evaluation of oral hygiene practices,
motivational and instructional guidance, counseling for smoking cessation, management
of co-existing health conditions, and promotion of healthy lifestyles [28,29]. Furthermore,
a comprehensive periodontal examination should be performed to detect early indica-
tions of deepening pockets (pocket depth ≥ 5 mm) that necessitate active periodontal
intervention [30].

3.1.3. Adjunctive Procedures

Scaling and root planing (SRP) are performed in areas where the periodontal probing
depth measures 5 mm or more [28]. In conjunction with SRP, active carious lesions should
be addressed, irreparable teeth should be extracted, and local contributing factors need to
be managed [31,32].

As an adjunct to SRP for patients with moderate-to-severe periodontitis, systemic
antibiotics can be employed [28,33]. The benefits of antibiotic use encompass decreased
bleeding upon probing, a lower prevalence of lingering periodontal pockets, and the
enhanced closure of such pockets [34]. The most notable advantage was evident with
amoxicillin and metronidazole, administered at the highest effective dosage for the shortest
feasible duration to mitigate the risk of antibiotic resistance. It is important to note that
there are insufficient data to establish the superiority of any specific dosing regimen [35].

3.1.4. Periodontal Reevaluation

Following the initial scaling and root planing, a re-evaluation should be conducted
within four to six weeks to assess the extent of improvement [28]. This process entails
updating the periodontal charting and comparing it to the original charting. Additionally,
it is crucial to assess the patient’s adherence to the prescribed at-home oral care routine. In
cases of relatively shallow probing depths (1–5 mm), non-surgical interventions, including
periodic periodontal maintenance therapy, repeated root planing as required, and consistent
encouragement of home care, may be considered [36].

However, for sites with deeper probing depths (≥6 mm), the effectiveness of subgingi-
val calculus removal diminishes, and surgical periodontal therapy might be recommended.
It is important to carefully evaluate each case to determine the most appropriate course of
action for optimal periodontal health [36].

3.2. Subgingival Use of Air-Polishing Powders
3.2.1. Effectiveness of Subgingival Air-Polishing

In a study conducted by Wenzler et al., subgingival air-polishing powders based on
glycine and trehalose were found to possess antimicrobial properties capable of reducing
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periopathogenic bacteria, such as Porphyromonas gingivalis and Tannerella forsythia [37].
Comparing air-polishing using the trehalose powder to sonic scalers, a study by Kruse et al.
revealed that it was equally effective while causing less discomfort and presenting a lower
risk of damaging the tooth structure [38].

For the removal of biofilm in patients with periodontal pockets up to 5 mm, low-
abrasive glycine powder can prove effective when used in conjunction with hand instru-
ments or scalers. This treatment is considered comfortable and safe not only for periodonti-
tis and peri-implantitis, but also in the fields of operative dentistry and orthodontics [39,40].
While this article primarily focuses on the air-polishing powder, it gives comparatively
less emphasis on the device type. However, Kruse et al. cast doubt on the efficacy of
trehalose powder in effectively removing subgingival biofilm, as their study found it had
no impact on the microbiome of the regrown biofilm [38]. In a study by Sekino et al., it
was observed that inflammation could still persist even in cases of supportive periodontal
therapy when air-polishing with glycine powder and a special subgingival application
nozzle was employed at 30-day intervals [41].

Regarding peri-implantitis, treatment with glycine air-polishing (GPAP) can be ef-
fective, although Jiang and Tong suggest that the improvement might be short-term [42].
Jing et al. concluded that subgingival glycine air-polishing, ultrasonic scaling, and 0.12%
chlorhexidine rinsing were equally effective in treating early peri-implant diseases, with
early treatment potentially being more effective in controlling inflammation [43]. Using
air-polishing as the primary treatment without combining it with scaling and root planing
in cases with a probing depth ≥ 6 mm may yield a successful short-term gain in the clinical
attachment level (CAL), according to Schlagenhauf et al. [44]. Petersilka et al. noted that
using GPAP alone does not improve the clinical outcome of periodontal maintenance com-
pared to mechanical plaque removal [45]. Furthermore, using GPAP to address furcation
defects appears to be contraindicated [45].

Zhao et al. indicated that air-polishing with 65 μm glycine powder is comparable to
ultrasonic scaling combined with polishing paste in terms of clinical effects, but it should
be limited to patients with shallow pockets and no visible tooth calculus [46]. Petersilka
et al. demonstrated that the low-abrasive air-polishing powder is superior to curettes for
removing subgingival plaque at interdental locations with probing depths up to 5 mm
during periodontal maintenance therapy [40]. According to Laleman et al., no specific
treatment demonstrates a preferable therapeutic advantages or significant microbiological
variations, but methods, like laser therapy, photodynamic therapy, or air-polishing, cause
less discomfort compared to hand- and/or (ultra)sonic instrumentation [47].

Bühler et al. suggested that powders containing glycine lead to less discomfort when
performing both supra- and subgingival air-polishing as part of non-surgical periodontal
therapy [48]. Petersilka et al. found that the innovative low-abrasive air-polishing powder is
more effective than curettes for removing subgingival plaque from pockets that are 3–5 mm
deep during supportive periodontal therapy and provides higher patient comfort [39].
Finally, according to Wennström et al., air-polishing was perceived as less uncomfortable
during treatment compared to ultrasonic debridement [49]. Both methods significantly
reduced BOP, PPD, and attachment loss at two months after treatment [49].

According to Lu et al., supragingival glycine air-polishing consistently proves effective
in removing dental plaque biofilm during the maintenance phase, suggesting that a three-
month interval may be appropriate for pockets no deeper than 5 mm [50]. Seidel et al.
found that while powered scalers used in conventional mechanical debridement were the
most efficient, air-polishing was faster [51]. The findings from Zhu et al. suggest that GPAP
may have the potential to replace conventional treatments for gingival inflammation due
to its potential for quicker treatment and reduced discomfort [52]. However, higher-quality
studies are still necessary to comprehensively assess its effects [52].

The study conducted by Kargas et al. did not establish the superiority of GPAP over
SRP or subgingival ultrasonic scaling as sole treatments, based on clinical or microbiological
data [53]. Furthermore, research by Petersilka et al. provides additional evidence of
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the safety of GPAP, demonstrating that it results in less gingival erosion than sodium
bicarbonate air-polishing (SBAP) or hand instrumentation [54]. Zhang et al. found that
local periodontal therapy has a short-term impact on blood microbiota stability. Full-mouth
SRP followed by adjunctive GPAP appears to be a potential method to reduce bacterial
entry into the bloodstream during the procedure [55]. While SRP is effective in treating
halitosis and periodontitis, using GPAP with mechanical instruments does not improve
periodontal or halitosis characteristics, as reported by Caygur et al. [56].

In an in vitro investigation, Poornima et al. determined that hand root surface smooth-
ing with curettes is more effective than ultrasonic root smoothing [57]. The addition of
GPAP for 5 s to hand scaling or ultrasonic scaling during periodontal maintenance therapy
improves the smoothness of the root surface. Both ultrasonic scaling (US) and air-polishing
(AP) treatments effectively reduce the pathogenicity of the subgingival microbiome by
lowering microbial diversity, decreasing the proportion of microbiota associated with
periodontitis, and inhibiting pathogenic metabolism [57]. Lu et al. reported that this
contributes to maintaining a balanced subgingival community and a stable periodontal
state over a three-month maintenance period [58]. According to Flemmig et al., GPAP is
more effective than SRP at removing subgingival biofilm in moderate-to-deep periodontal
pockets [59]. Full-mouth GPAP is well-tolerated and can lead to a positive change in the
oral microbiota [59].

3.2.2. Differences in the Type of Powder

According to a study by Jentsch et al., the use of erythritol air-polishing powder as
an adjunct to subgingival instrumentation does not supplementarily reduce bleeding on
probing (BOP) [60]. However, it may exert positive effects, such as reducing the frequency
of residual periodontal pockets with a probing depth of 5 mm [60]. Resnik et al. discovered
that during the initial phase of non-surgical periodontal therapy, subgingival airflow
therapy combined with an erythritol powder air-polishing device (EPAP) might benefit
patients with initially deep pockets (probing pocket depth of 5.5 mm) [61]. Both treatment
methods significantly reduced periodontitis-related bacterial species, as well as BoP, PPD,
and the relative attachment level. No significant differences were found between the
various treatment methods [61].

Another argument supporting the effectiveness of less traumatic air-polishing technol-
ogy with new, less abrasive powders is presented by Moëne et al. [62]. However, they noted
that there is limited short-term research on this topic. In contrast, Mensi et al. [63] found no
significant additional advantage for patients with periodontitis at stages 3–4. According to
Flemmig et al., subgingival biofilm in periodontal pockets with an APD ≤ 3 mm can be
effectively removed by GPAP for 5 s per surface [15]. Hu et al. suggest that subgingival
air-polishing and conventional manual scaling can improve supportive periodontal therapy
in teeth with probing depths of 3 to 6 mm, but there is no discernible difference between
the two modes [64].

Air-polishing with erythritol may cause a slight loss of dentin, influenced by the
environment, as indicated by Kröger et al. [65]. Applying erythritol powder with an
air-polishing tool seems to be a promising method for repeatedly instrumenting residual
pockets during SPT, according to Hägi et al. [66]. Ulvik et al. suggest that both erythritol air-
polishing and traditional mechanical debridement contribute to therapeutic improvements
in mandibular furcations [67]. However, at the 6-month follow-up, traditional debridement
was found to be more effective in terms of the clinical attachment level. Nonetheless, pa-
tients reported that they found the erythritol air-polishing device to be the most comfortable
treatment [67].

Zhang et al. found that full-mouth SRP with or without GPAP had comparable effects
on clinical, inflammatory, and microbiological outcomes in treating untreated periodonti-
tis [68]. Similarly, Hägi et al. reported that subgingival EPAP is safe and provides similar
clinical and microbiological results to SRP [69]. On the other hand, Simon et al. demon-
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strated that GPAP causes less gingival erosion than SBAP or ultrasonic instruments and
improves plaque and gingival index scores [70].

In vitro studies have shown that subgingival air-polishing powders can affect wound
healing, cell viability, morphology, and proliferation. The cytotoxicity of erythritol/clorhexidine
(CHX) powder is primarily caused by the CHX component and can directly affect gingival
fibroblasts [71]. Different polyols have varying impacts on dental health, with erythritol
showing more effectiveness than sorbitol and xylitol in enhancing oral health [72]. Recur-
rent subgingival debridement using APDs during SPT produced similar clinical outcomes,
but better patient comfort compared to traditional therapies, though there is insufficient
evidence to support their superiority for implant maintenance [73]. An in vitro study [74]
revealed comparable root surface loss with glycine powders, but spray patterns and tip
apertures can influence the powder performance between units. Cementum loss may be
higher than that with traditional biofilm removal techniques, but more research is needed.
Finally, according to Bains et al. [75], GPAP causes less gingival erosion than manual in-
strumentation or sodium bicarbonate air-polishing, but selective polishing data for teeth
remain convincing despite advancements in the polishing technology.

According to Schulz et al., all therapeutic treatments tested, including full-mouth
scaling (FMS), full-mouth disinfection (FMD), and adjuvant erythritol air-polishing (FM-
DAP), were effective in reducing harmful bacteria in the short term [76]. However, after
six months, there was a decline in the microbiological profile, and clinical outcomes either
improved or remained stable. Studying subgingival bacteria may aid in evaluating peri-
odontal treatment and implementing personalized therapy. Air-polishing therapy is the
most effective treatment for cleaning implant surfaces during biofilm removal, and a 45 s
treatment period significantly improves its performance, as stated by Mensi et al. [77].

3.2.3. Cellular and Tissular Impact

A systematic review conducted by Nascimento et al. found that air-polishing and hand
or ultrasonic instruments have similar effectiveness in controlling biofilm formation and
reducing periodontal inflammation [78]. This suggests that air-polishing can be considered
an alternative for biofilm control [79]. Another systematic review suggests that there is no
significant difference in the clinical outcomes of subgingival air-polishing and ultrasonic
debridement [80]. However, the review acknowledges the limited evidence and calls
for further long-term studies 80]. Moene et al. found that while a new subgingival air-
polishing device was more time-saving and acceptable for patients, it did not have any
microbiological advantages over traditional scaling and root planing (SRP) treatment [62].

Cannabidiol (CBD)-supplemented polishing powder, according to Stahl et al., can
assist in the efficient removal and death of dental plaque bacteria during the polishing
procedure and can be added as an enhancing supplement to currently available polishing
powders [81]. Di Tinco et al. found that both powders are suitable for boosting the
biocompatibility of titanium implants, since they exhibit excellent in vitro cleaning potential
in the early stages and have no detrimental effects on human dental pulp stem cells’
osteogenic differentiation process [82].

In vitro research by Weusmann et al. suggests that powders for air-polishing tools
that can be applied subgingivally may control cytokine expression, cell survival, and
proliferation [83]. The study indicates that these powders may affect growth factors
through direct cell actions, and trehalose seems to be more inert than glycine powder. Even
though some patients with periodontitis can regain their periodontal health, the majority
of them will always be at risk of developing the condition [84]. Accurately assessing a
patient’s periodontal risk will allow for the proper monitoring of those who have undergone
appropriate periodontal disease treatment.

Air-polishing was found to be superior to ultrasonic scalers in preserving cementum,
while hand curettes were the most effective at removing cementum [85]. In a randomized
controlled trial, periodontal therapy with adjunctive photodynamic therapy (aPDT) showed
improved clinical outcomes and decreased levels of pathogenic bacteria in the subgingival
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biofilm when compared to scaling and root planing alone [86]. The effect was noted to
be more pronounced in patients with deeper pockets and higher levels of initial bacterial
colonization [86]. According to Dalvi et al., photobiomodulation therapy (PBMT) has
shown promise as an adjunctive therapy for periodontitis. PBMT can reduce inflammation,
promote tissue healing, and decrease the levels of harmful bacteria [87]. However, more
high-quality clinical studies are required to confirm its effectiveness and determine the
optimal parameters for treatment [87].

In a study by Persson et al., the air-abrasive group showed a reduction in P. aeruginosa,
S. aureus, and S. anaerobius, while the laser group saw a decrease in Fusobacterium spp.
after 1 month of treatment [88]. However, neither approach resulted in a significant
decrease in bacterial numbers over a 6-month period, and there were no substantial clinical
improvements observed [88]. McCollum et al. used a digitizer and software to calculate the
percentage of the total abutment surface area covered by plaque, distinguishing between
subgingival and supragingival plaque [89]. The study found that the air-powder abrasive
had a total mean percent plaque surface area of 52.06%, while the plastic scalers had
55.29% [89,90].

4. Future Perspectives

While the current body of research provides valuable insights, there remain areas that
warrant further exploration. Long-term studies, standardized protocols, and investigations
into patient-centered outcomes are crucial to establishing the sustained efficacy and patient
preference for air-polishing. Additionally, research into the effects of air-polishing on the
oral microbiome, implant maintenance, and its potential combination with other therapies
will contribute to a comprehensive understanding of its applications and benefits (Table 2).

As the dental community seeks innovative and patient-friendly approaches to peri-
odontal care, air-polishing emerges as a promising tool that aligns with these goals. With
continued research, the refinement of techniques, and collaboration among researchers,
practitioners, and regulatory bodies, the future of air-polishing in periodontal therapy
holds the potential to enhance patient outcomes and contribute to the advancement of
modern periodontology. This could be achieved through the following:

1. Long-term comparative studies: conducting more long-term comparative studies
to evaluate the sustained effects of air-polishing versus traditional methods, like
ultrasonic scaling or hand instrumentation. This can provide a better understanding
of the extended benefits and potential drawbacks of air-polishing over time.

2. Optimal parameters and techniques: further investigation into optimal air-polishing
parameters, such as powder types, particle sizes, pressure, and angles, to maximize
biofilm removal efficacy while minimizing any potential adverse effects on tooth
surfaces or soft tissues.

3. Standardization of protocols: development of standardized protocols and guidelines
for incorporating air-polishing into periodontal therapy, considering factors, like
patient-specific conditions, disease severity, and treatment intervals. This can ensure
consistency and reproducibility across different clinical settings.

4. Patient-centered outcomes: exploration of patient-centered outcomes beyond clinical
parameters, such as patient comfort, satisfaction, and quality of life, to assess the
overall acceptability and preference for air-polishing compared to traditional methods
(such as the Dental Visit Satisfaction Scale, Dental Satisfaction Questionnaire or Patient
Assessment Questionnaire) [91].

5. Subgingival applications: continued research into the safety, efficacy, and long-term
effects of subgingival air-polishing, especially in deeper pockets and challenging-
to-reach areas. This may involve investigating different nozzle designs, powder
formulations, and application techniques.

6. Combination therapies: investigating the potential synergistic effects of combining air-
polishing with other adjunctive therapies, such as photodynamic therapy, laser therapy,
or antimicrobial agents, to enhance biofilm removal and overall treatment outcomes.
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7. Impact on the microbiome: further studies on the impact of air-polishing on the oral
microbiome, both short-term and long-term, to better understand how it influences the
balance of beneficial and pathogenic microorganisms in the periodontal environment.

8. Implant maintenance: exploring the application of air-polishing for implant main-
tenance, including its effects on peri-implant health, biofilm removal from implant
surfaces, and its potential role in preventing peri-implant diseases.

9. Personalized treatment approaches: Research into the development of personalized
treatment approaches that consider individual patient characteristics, genetics, and
the microbiome composition to tailor air-polishing techniques and protocols for
optimized outcomes.

10. Education and training: enhanced education and training for dental professionals on
the proper use of air-polishing equipment, techniques, and patient selection, ensuring
its safe and effective integration into clinical practice.

11. Economic considerations: investigating the cost-effectiveness of air-polishing com-
pared to traditional methods, considering factors, such as reduced chair time, patient
satisfaction, and long-term maintenance requirements.

12. Regulatory approval and guidelines: collaborating with regulatory bodies and dental
associations to establish clear guidelines and recommendations for the use of air-
polishing in periodontal therapy, ensuring patient safety and standardized practices.

As research and technology continue to advance, these perspectives can help shape
the future of air-polishing in periodontal therapy, leading to improved patient care and
enhanced treatment outcomes [92,93].
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5. Conclusions

In conclusion, the evolving field of air-polishing in periodontal therapy holds promise
as an effective and less invasive approach for biofilm removal and periodontal health
maintenance. A comprehensive review of the literature reveals a growing body of evidence
supporting the efficacy of air-polishing in controlling biofilm formation, reducing peri-
odontal inflammation, and contributing to overall periodontal health. Various studies have
explored the use of different powders, equipment, and techniques, shedding light on the
potential benefits and limitations of this innovative method.

Subgingival air-polishing has been shown to be comparable to traditional methods,
such as ultrasonic scaling and hand instrumentation, in terms of clinical outcomes, sug-
gesting that it can be considered a viable alternative or adjunctive therapy for managing
periodontal conditions. Furthermore, advancements in powder formulations, nozzle de-
signs, and application protocols continue to refine the practice of air-polishing, contributing
to improved patient comfort and satisfaction during treatment.
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Abstract: Interest in machine learning models and convolutional neural networks (CNNs) for diagnos-
tic purposes is steadily increasing in dentistry. Here, CNNs can potentially help in the classification of
periodontal bone loss (PBL). In this study, the diagnostic performance of five CNNs in detecting PBL
on periapical radiographs was analyzed. A set of anonymized periapical radiographs (N = 21,819)
was evaluated by a group of trained and calibrated dentists and classified into radiographs without
PBL or with mild, moderate, or severe PBL. Five CNNs were trained over five epochs. Statistically,
diagnostic performance was analyzed using accuracy (ACC), sensitivity (SE), specificity (SP), and
area under the receiver operating curve (AUC). Here, overall ACC ranged from 82.0% to 84.8%,
SE 88.8–90.7%, SP 66.2–71.2%, and AUC 0.884–0.913, indicating similar diagnostic performance of
the five CNNs. Furthermore, performance differences were evident in the individual sextant groups.
Here, the highest values were found for the mandibular anterior teeth (ACC 94.9–96.0%) and the
lowest values for the maxillary posterior teeth (78.0–80.7%). It can be concluded that automatic
assessment of PBL seems to be possible, but that diagnostic accuracy varies depending on the location
in the dentition. Future research is needed to improve performance for all tooth groups.

Keywords: artificial intelligence; bone loss; convolutional neural networks; deep learning; dental
radiography; machine learning; periodontitis

1. Introduction

Periodontitis is a prevalent dental health problem and can be classified as a major
global challenge that affects developed and developing countries [1–3]. Triggered by bacte-
rial colonization of the root surface, the host’s immune system reacts with inflammatory
processes to the microbial transition from a symbiotic bacterial environment to that of dysbi-
otic pathogens, leading to loss of supporting tooth tissue, pocket formation, and ulceration
of the pocket epithelium [4,5]. If the condition advances, periodontal bone loss (PBL) can
occur as the principal pathological characteristic of periodontitis [6]. Moreover, severe peri-
odontitis is a major cause of missing teeth in adults, leading to reduced oral functioning and
ultimately having an adverse effect on general health [7,8]. In this context, the link between
periodontal disease and various systemic diseases such as cardiovascular diseases [9],
diabetes [10], and respiratory diseases [11] should be emphasized. Considering the mostly
irreversible consequences of periodontal disease, frequent periodontal screening is essential
for the treatment of all patients and should be part of routine oral inspection [12]. According
to the new guidelines introduced by the workshop on the classification of periodontal
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and peri-implant diseases and conditions [13,14], the evaluation of clinical attachment loss
as well as the radiographic assessment of PBL has become critical in categorizing peri-
odontitis into specific stages and subsequently in indicating optimal disease management.
Nevertheless, both the clinical measurements and the radiographic assessment of PBL
remain controversial in terms of their reliability. The measurement of clinical attachment
loss by periodontal probing varies due to individual probing force, probe angulation, and
varying probe tip diameter [15,16]. In addition, radiographic PBL evaluation represents a
challenging task for a clinician due to possible variations in contrast and exposure angle
as well as structural overlap, so that the interpretation of dental radiographs may lead to
inconsistencies among dentists [17–19]. Here, the use of artificial intelligence (AI)-based di-
agnostics could reduce these diagnostic discrepancies. Consequently, several work groups
have investigated the use of AI-based methods for automatized PBL detection on periapical
radiographs [19–29] and panoramic X-rays [18,30–40]. In these studies, on the one hand,
convolutional neural networks (CNNs) have shown potential in accurately detecting PBL
on radiographs. However, due to differing CNNs and varying data sets, the existing studies
show significant heterogeneity and, therefore, are difficult to compare [41–43]. In addition,
little is known about whether different CNNs or anatomical regions influence diagnostic
performance. Therefore, the aim of this study was to evaluate the diagnostic performance
of five commonly used CNNs for automated PBL detection on periapical radiographs
representing all sextants (upper and lower posterior teeth and upper and lower anterior
teeth) and to statistically report their diagnostic performance with standardized variables,
avoiding non-comparable results. In detail, it was first hypothesized that the diagnostic per-
formance of the tested CNNs would have an accuracy of at least 90%. Secondly, diagnostic
accuracy was hypothesized to be the same between all CNNs and anatomical regions.

2. Materials and Methods

2.1. Study Design

The Ethics Committee of the Medical Faculty of the Ludwig-Maximilians University
of Munich approved this study protocol with project number 020-798. The recommen-
dations of the Standard for Reporting of Diagnostic Accuracy Studies (STARD) steering
committee [44] and the recommendations for the reporting of AI studies in dentistry [45]
were followed in the study report.

2.2. Periapical Radiographs

For this study, anonymized periapical radiographs taken at the Department of Conser-
vative Dentistry and Periodontology (Dental School of the LMU) and other dental practices
were used. A high-quality image sample was secured by excluding inadequate X-rays, e.g.,
distorted images, images with incomplete teeth, or radiographs with implants. Following
these exclusion criteria, a data set with 21,819 periapical radiographs stored in jpg format
was assembled.

2.3. Categorization of Periodontal Bone Loss (Reference Standard)

Prior to the start of the study, a two-day workshop was held by the principal investiga-
tor (J.K.), during which the group of participating dentists (N = 7) was trained. In addition,
the efficiency of the training was determined during a calibration course. Reproducibility
of PBL within and between investigators was assessed using 150 periapical radiographs,
and the corresponding inter- and intra-examiner reliability showed substantial kappa
values [17]. The detailed kappa values are specified in Table 1. A group of graduated
dentists (P.H., T.M., A.W., L.M.) then pre-categorized all X-rays by differentiating between
healthy periodontium and mild, moderate, or severe PBL [13,14]. Following this, more
clinically experienced examiners (H.D., U.W., J.K.) independently counterchecked each
diagnostic decision. More specifically, these diagnostic criteria and ratings were applied:
0—healthy periodontium, PBL not detectable, 1—mild radiographic PBL up to 15% in the
coronal third of the tooth, 2—moderate radiographic PBL between 15% and 33% of the root
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length, and 3—severe radiographic PBL beyond the coronal third of the tooth (Figure 1). In
case of differing diagnostic opinions, each image was subject to continued discussion until
consensus was achieved. The use of anonymized periapical radiographs meant that no
further clinical information could have been acquired to make a diagnostic decision. One
dichotomized diagnosis decision (0 vs. 1–3) was made for each X-ray, which consequently
became the reference standard for the cyclic training and the repeated evaluation of the
AI-based CNN.

Table 1. Cohen’s kappa values for inter- and intra-examiner reliability for the detection of PBL,
calculated among participating dentists (N = 7) in relation to the reference standard.

Examiner Inter-Examiner Intra-Examiner

P.H. 0.601–0.650 0.889
T.M. 0.620–0.658 0.554
A.W. 0.762–0.796 0.779
L.M. 0.516–0.565 0.797
U.W. 0.658–0.699 0.455
J.K. 0.706–0.748 0.579

H.D. 0.529–0.534 0.767

Figure 1. Examples of periapical radiographs for all categories: healthy periodontium, periodontal
bone loss (PBL) not detectable (Score 0), mild radiographic PBL up to 15% in the coronal third of the
tooth (Score 1), moderate radiographic PBL between 15% and 33% of the root length (Score 2), and
severe radiographic PBL beyond the coronal third of the tooth (Score 3).

2.4. Training of the Deep-Learning-Based CNNs (Test Method)

Hereafter, the utilized pipeline of well-established methods for developing the AI-
based algorithm is explained. Initially, the whole image set of 21,819 periapical radiographs
was subdivided into a training set (N = 18,819) and a test set (N = 3000). The latter
was randomly selected from the entire data set, ensuring that all sextants were equally
represented. This served as an independent test set for evaluation purposes only and was
not included in the model training.

By using Python (version 3.8.5, https://www.python.org accessed on 17 November
2023) in conjunction with the PyTorch library (version 1.12.0, https://pytorch.org accessed
on 17 November 2023), the training set was augmented so that the variability of the included
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radiographs could be improved. Therefore, images were modified using different transfor-
mations: random rotation up to 180 degrees, random changes in brightness, contrast, and
saturation up to 20% with color jitter, and random affine transformation (translation up to
30% of the image size and zooming out up to 70%). As a result, a new, unique, and virtual
grayscale image (RGB format) was created.

The augmented images were used to train the following pretrained CNNs: ResNet-18 [46],
MobileNet V2 [47], ConvNeXT/small, ConvNeXT/base, and ConvNeXT/large [48]. The
batch size amounted to 16 randomly selected images. The random selection of the respective
images into batches was done using PyTorch’s built-in DataLoader class. The learning
performance was repeatedly verified with the test set after 30 training steps. All CNNs
were trained using backpropagation to determine the gradient for learning. Furthermore,
the training was accelerated using Floating Point 16 and a university-based computer (i9
10850K 10 × 3.60 GHz, Intel Corp., Santa Clara, CA, USA) equipped with 48 GB RAM and
a professional graphic card (GeForce RTX 3060, Nvidia, Santa Clara, CA, USA). Each CNN
was trained over 5 epochs, with cross entropy loss as an error function and an application
of the Adam optimizer (Betas 0.9 and 0.999, Epsilon × 10−8).

2.5. Statistical Analysis

The data were analyzed using Python (version 3.8.5). By computing the number of
true positives (TPs), false positives (FPs), true negatives (TNs) and false negatives (FNs), the
diagnostic accuracy (ACC = (TN + TP)/(TN + TP + FN + FP)) was identified. The sensitivity
(SE), specificity (SP), positive predictive values (PPVs), negative predictive values (NPVs),
and the area under the receiver operating characteristic (ROC) curve (AUC) were calculated
with respect to the utilized CNN [49].

3. Results

For the purpose of this study, a total of 21,819 periapical radiographs were selected
and divided into sextants (upper and lower posterior teeth as well as upper and lower
anterior teeth). The image distribution in relation to the anatomical region and the PBL can
be taken from Table 2. While the number of radiographs from the upper jaw was found to
be comparable to that from the lower jaw, the overwhelming majority of images originated
from posterior teeth compared to anterior teeth. Moreover, most included periapical
radiographs showing teeth affected by mild PBL (42.6%). In contrast, radiographs with
severe PBL had a notably lower proportion (6.9%) in the total data set.

Table 2. Overview of the included periapical radiographs (N = 21,819) in relation to the corresponding
sextants and periodontal diagnosis.

Expert
Classification

Healthy
Periodontium (Score 0)

Mild PBL
(Score 1)

Moderate PBL
(Score 2)

Severe PBL
(Score 3)

Total

N % N % N % N % N %

Upper jaw
Anteriors 653 3.0 661 3.0 433 2.0 197 0.9 1944 8.9

1st Quadrant 1701 7.8 1826 8.4 851 3.9 367 1.7 4745 21.8
2nd Quadrant 1231 5.6 2080 9.5 1093 5.0 312 1.5 4716 21.6

Lower jaw
Anteriors 202 0.9 676 3.1 786 3.6 325 1.5 1989 9.1

3rd Quadrant 1477 6.8 2033 9.3 593 2.7 157 0.7 4260 19.5
4th Quadrant 1282 5.9 2027 9.3 713 3.3 143 0.6 4165 19.1

Total 6546 30.0 9303 42.6 4469 20.5 1501 6.9 21,819 100

The overall diagnostic performance for automatized detection of PBL on periapical
radiographs in relation to the CNNs used are specified in Tables 3 and 4. The CNNs
achieved an overall ACC between 82.0% and 84.8%. The associated AUC values ranged
from 0.884 to 0.913. Moreover, all tested CNNs showed consistently higher SE values varying
between 88.8% and 90.7% compared to the SP values, which ranged from 66.2% to 71.2%.
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Table 3. Overview of the true positive (TP), true negative (TN), false positive (FP), and false negative
(FN) distribution for the independent test set (N = 3000 radiographs), which was evaluated by the
AI-based algorithm for the assessment of periodontal bone loss.

CNN
True Positive (TP) True Negative (TN) False Positive (FP) False Negative (FN)

N % N % N % N %

ResNet-18 1876 62.5 609 20.3 294 9.8 221 7.4
MobileNetV2 1863 62.1 598 19.9 305 10.2 234 7.8

ConvNeXT/s 1 1877 62.6 639 21.3 264 8.8 220 7.3
ConvNeXT/b 2 1901 63.4 643 21.4 260 8.7 196 6.5
ConvNeXT/l 3 1890 63.0 637 21.2 266 8.9 207 6.9

1 small, 2 base, 3 large.

Table 4. Overview of the overall diagnostic performance of the developed convolutional neural
network (CNN), where the independent test set (N = 3000 radiographs) was evaluated by the AI-
based algorithm for the assessment of periodontal bone loss. The overall diagnostic accuracy (ACC),
sensitivity (SE), specificity (SP), negative predictive value (NPV), positive predictive value (PPV),
and area under the receiver operating characteristic curve (AUC) were predicted.

CNN
Diagnostic Performance

ACC SE SP NPV PPV AUC

ResNet-18 82.8 89.5 67.4 73.4 86.5 0.884
MobileNetV2 82.0 88.8 66.2 71.9 85.9 0.884

ConvNeXT/s 1 83.9 89.5 70.8 74.4 87.7 0.903
ConvNeXT/b 2 84.8 90.7 71.2 76.6 88.0 0.911
ConvNeXT/l 3 84.2 90.1 70.5 75.5 87.7 0.913

1 small, 2 base, 3 large.

When investigating the diagnostic performance of the CNNs depending on the anatom-
ical region (Tables 5 and 6), better results were mainly documented for mandibular teeth
compared to maxillary teeth. In the anterior region, ACC values from 94.9% to 96.0%
were observed for mandibular teeth and from 86.0% to 88.6% for maxillary teeth. When
considering posterior teeth only, the ACC ranged from 82.2% to 86.1% for mandibular teeth
and varied between 78.0% and 80.7% for maxillary teeth. In principle, the same tendency
was also observed for the AUC values (Table 6).

Table 5. Overview of the true positive (TP), true negative (TN), false positive (FP), and false negative
(FN) distribution for the independent test set (N = 3000 radiographs) in different sextants, which was
evaluated by the AI-based algorithm for the assessment of periodontal bone loss.

CNN
True Positive (TP) True Negative (TN) False Positive (FP) False Negative (FN)

N % N % N % N %

Radiographs with maxillary anterior teeth
ResNet-18 155 58.7 72 27.3 27 10.2 10 3.8
MobileNetV2 154 58.3 79 29.9 20 7.6 11 4.2
ConvNeXT/s 1 155 58.7 79 29.9 20 7.6 10 3.8
ConvNeXT/b 2 157 59.5 77 29.2 22 8.3 8 3.0
ConvNeXT/l 3 158 59.8 74 28.0 25 9.5 7 2.7

Radiographs with maxillary posterior teeth
ResNet-18 786 59.1 263 19.8 151 11.4 129 9.7
MobileNetV2 798 60.0 239 18.0 175 13.2 117 8.8
ConvNeXT/s 1 783 58.9 275 20.7 139 10.5 132 9.9
ConvNeXT/b 2 794 59.7 278 20.9 136 10.2 121 9.1
ConvNeXT/l 3 794 59.8 266 20.0 148 11.1 121 9.1
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Table 5. Cont.

CNN
True Positive (TP) True Negative (TN) False Positive (FP) False Negative (FN)

N % N % N % N %

Radiographs with mandibular anterior teeth
ResNet-18 244 89.7 14 5.2 11 4.0 3 1.1
MobileNetV2 239 87.9 19 7.0 6 2.2 8 2.9
ConvNeXT/s 1 242 89.0 19 7.0 6 2.2 5 1.8
ConvNeXT/b 2 244 89.7 17 6.3 8 2.9 3 1.1
ConvNeXT/l 3 243 89.3 18 6.6 7 2.6 4 1.5

Radiographs with mandibular posterior teeth
ResNet-18 691 60.9 260 22.9 105 9.3 79 6.9
MobileNetV2 672 59.2 261 23.0 104 9.2 98 8.6
ConvNeXT/s 1 697 61.4 266 23.4 99 8.7 73 6.4
ConvNeXT/b 2 706 62.2 271 23.9 94 8.3 64 5.6
ConvNeXT/l 3 695 61.2 279 24.6 86 7.6 75 6.6

1 small, 2 base, 3 large.

Table 6. Overview of the diagnostic performance of the developed convolutional neural networks
(CNNs) for different sextants, where the independent test set (N = 3000 radiographs) was evaluated by
the AI-based algorithm for the assessment of periodontal bone loss. The overall diagnostic accuracy
(ACC), sensitivity (SE), specificity (SP), negative predictive value (NPV), positive predictive value
(PPV), and area under the receiver operating characteristic curve (AUC) were predicted.

Diagnostic Performance

ACC SE SP NPV PPV AUC

Radiographs with maxillary anterior teeth
ResNet-18 86.0 93.9 72.7 87.8 85.2 0.925
MobileNetV2 88.3 93.3 79.8 87.8 88.5 0.935
ConvNeXT/s 1 88.6 93.9 79.8 88.8 88.6 0.951
ConvNeXT/b 2 88.6 95.2 77.8 90.6 87.7 0.959
ConvNeXT/l 3 87.9 95.8 74.7 91.4 86.3 0.950

Radiographs with maxillary posterior teeth
ResNet-18 78.9 85.9 63.5 67.1 83.9 0.844
MobileNetV2 78.0 87.2 57.7 67.1 82.0 0.839
ConvNeXT/s 1 79.6 85.6 66.4 67.6 84.9 0.858
ConvNeXT/b 2 80.7 86.8 67.1 69.7 85.4 0.868
ConvNeXT/l 3 79.8 86.8 64.3 68.7 84.3 0.866

Radiographs with mandibular anterior teeth
ResNet-18 94.9 98.8 56.0 82.4 95.7 0.942
MobileNetV2 94.9 96.8 76.0 70.4 97.6 0.960
ConvNeXT/s 1 96.0 98.0 76.0 79.2 97.6 0.969
ConvNeXT/b 2 96.0 98.8 68.0 85.0 96.8 0.978
ConvNeXT/l 3 96.0 98.4 72.0 81.8 97.2 0.980

Radiographs with mandibular posterior teeth
ResNet-18 83.8 89.7 71.2 76.7 86.8 0.895
MobileNetV2 82.2 87.3 71.5 72.7 86.6 0.893
ConvNeXT/s 1 84.8 90.5 72.9 78.5 87.6 0.916
ConvNeXT/b 2 86.1 91.7 74.2 80.9 88.3 0.921
ConvNeXT/l 3 85.8 90.3 76.4 78.8 89.0 0.930

1 small, 2 base, 3 large.

All five CNNs, ResNet-18 (ACC 82.8%; AUC 0.884), MobileNetV2 (82.0%; 0.884),
ConvNeXT/s (83.9%; 0.903), ConvNeXT/b (84.8%; 0.911) and ConvNeXT/l (84.2%; 0.913),
tended to show similar performance data (Table 4). Furthermore, the hierarchy of results
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is evident in the receiver operating characteristic (ROC) curves of the five CNNs used to
graphically compare diagnostic performance in detecting PBL (Figure 2).

Figure 2. The receiver operating characteristic (ROC) curves graphically visualize the diagnostic
performance of the developed convolutional neural networks (CNNs) in detecting PBL.

4. Discussion

The present study was able to demonstrate that different CNN architectures are able
to detect PBL on periapical radiographs. However, with an overall accuracy between 82.0%
and 84.8%, none of the CNNs tested were able to achieve the primary expected accuracy
of 90%. Although the CNNs achieved similar diagnostic performance compared to one
another, there were differences for the various sextants. This led to the rejection of the
originally formulated hypothesis. Nevertheless, the results obtained provide important
information for the discussion.

When considering the ability of the tested CNNs to detect PBL in relation to sextants
on periapical radiographs, differences between teeth in the lower and upper jaw were
observed (Table 6). Here, the projection technique and overlaying anatomical structures
such as the maxillary sinuses or the nasal cavities may have negatively affected the di-
agnostic performance in the upper jaw. In contrast to the maxilla, mandibular sextants
can be captured more accurately by use of the right-angle technique, which results in less
distorted images and better diagnostic performance data (Table 6). The previously men-
tioned factors most likely explain the documented differences in the model performance
among sextants, which were found to be similar throughout all included CNNs (Table 6).
Such differences are of methodological importance. For example, Tsoromokos et al. [24]
included only periapical radiographs with mandibular teeth in their pilot study to avoid
data inconsistencies. Additionally, other author groups excluded radiographs from some
sextants [20] or vertically rotated maxillary to mandibular teeth [26]. Such procedures may
have resulted in biased and/or noncomparable results. Consequently, aiming at increasing
the comparability of future studies, it is suggested to provide data for each sextant based
on a well-powered image sample.

The diagnostic performance between the included CNNs was found to be similar. In
general, our study results are basically in line with recently published studies of similar
methodologies for evaluating PBL on periapical radiographs [19–24,26,29]. For example,
Lee et al. [26] presented a model that could detect periodontally compromised premo-
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lars and molars with a diagnostic accuracy of 82.8% and 73.5%, respectively. As part
of the PBL assessment, Chen et al. [25] compared so-called fast and faster R-CNNs and
then determined the severity of PBL. Unfortunately, no detailed accuracy values were
provided [25]. Lee et al. [23] trained a machine learning model with precisely annotated
periapical radiographs, which also classified PBL according to the latest classification [13].
In this context, high AUC values of 0.89, 0.90, and 0.90 were obtained for stages I, II, and III,
respectively [23]. Another study with an accurate annotation process was introduced by
Chen et al. [29]. Here, the model based on deep CNN algorithms provided an accuracy of
97% for the detection of PBL on periapical radiographs and showed superior performance
compared to dentists. To the best of our knowledge, no study has compared multiple CNNs
for PBL detection on periapical radiographs. In the literature, there is only one similarly
designed study available that tested different CNNs to identify implant characteristics
on periapical radiographs [50]. When also considering studies that analyzed panoramic
X-rays for the presence of PBL, it can be concluded that the model metrics were found to be
similar [18,30–34,36–40]. For instance, Krois et al. [38] presented a deep feed-forward CNN
to detect PBL on image segments from panoramic radiographs. They chose binary decision
making to distinguish between the presence or absence of PBL by introducing a cut-off
value (20%, 25%, and 30%). A mean accuracy of 81% for PBL detection was achieved by the
utilized CNN. In addition, the panoramic radiographs were manually cropped, focusing on
a single tooth, and the images were flipped vertically by 180 degrees during pre-processing.
Subsequently, it can be seen from the results that the diagnostic performance was validated
in certain subgroups of teeth, with the highest accuracy value being reported for molars
(86%). The deep learning model proposed in the study of Jiang et al. [30] was also applied
to detect PBL on panoramic radiographs. The diagnostic performance of the model varied
between 71% and 81% for different tooth groups. Interestingly, lower accuracy values were
obtained not only for maxillary molars but also for mandibular anterior teeth, suggesting
that overlapping anatomical structures may negatively impact the diagnostic performance
for the anterior region in panoramic radiographs. Furthermore, the diagnostic performance
for each periodontal stage was compared between the model and dentists. At all stages, the
model achieved higher accuracy and sensitivity values compared to the dentists. Consider-
ing the reported results, it is worth noting that the author groups that accurately annotated
PBL or features of PBL on panoramic radiographs generally published more favorable
results [29,32,34,37].

This study has strengths and limitations. In view of the significant heterogeneity that
previous studies have shown not only in their data sets (e.g., excluding certain tooth groups,
the number of radiographs) but also in the evaluation method of diagnostic performance,
then the training of commonly used CNNs with a data set representative of all sextants
and the representation of their diagnostic performance with standardized variables can be
considered a strength of this study [24,41–43]. Establishing a representative image data set
for a particular finding with a relevant number of images can be considered a crucial factor.
When comparing studies in terms of the total number of periapical radiographs, our study
revealed a large data set (N = 21,819). Only Kearney et al. [51] utilized a larger data set, with
over 100,000 radiographs; however, this study differed from our study methodologically
by determining the clinical attachment level instead of PBL. Additionally, studies with
panoramic radiographs should be mentioned in this context. With the exception of Kim
et al. with more than 12,000 radiographs [37], almost all identified studies reported data
sets with less than 2000 panoramic radiographs [18,30–36,38–40]. Moreover, our study
allows the comparison of different CNNs for detecting PBL for each sextant. In addition,
the data set included periapical radiographs with a broad spectrum of dental pathologies
or restorations.

As a limiting factor of our study, the unbalanced image distribution across all sextants
should be discussed. Although the number of radiographs from the maxilla was found to
be similar to that of the mandible, less than half of the images were available from anterior
teeth compared to posterior teeth (Table 2), which possibly indicates an imbalance in the
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data set. The main reason leading to this unequal image distribution might be that under
clinical conditions, the justification of an indication for radiography varies between the
different sextants. In addition, moderate and severe PBL were also underrepresented. Such
imbalances may negatively influence the diagnostic performance of CNNs. Therefore,
it is crucial to safeguard a representative and well-balanced number of images for each
sextant and severity score in order to improve the metrics of the models. Furthermore,
this study utilized periapical radiographs only. However, both panoramic and periapical
radiographs are considered relevant for PBL assessment. As for the aspect of comparing
the diagnostic performance within different sextants, panoramic radiographs might be
considered less applicable, since overlapping anatomical structures could potentially limit
the diagnostic performance for the anterior region. Moreover, our data set was compiled
from anonymized periapical X-rays; thus, no conclusions can be drawn about further,
patient-specific diagnostic information. Additional diagnostic information, such as clinical
attachment loss and pocket depths, would be particularly helpful for the initial diagnosis
of periodontal disease, considering that the radiographic assessment of periodontal bone
defects of low depth and buccolingual width might be restricted [52]. Here, the radiographic
assessment of PBL becomes more relevant with further disease progression when the
extent of osseous lesions can be visualized more accurately [53]. Another limitation to be
mentioned is that we made a diagnosis for each image by distinguishing between a healthy
periodontium and teeth affected with PBL (score 0 vs. 1–3). Considering that none of the
five CNNs showed the hypothesized accuracy of 90%, this binary decision-making has to
be understood as a limitation, which also negatively influenced the metrics of the models.
It can be assumed that the precise annotation of PBL-related structures may increase the
performance of the CNNs [23,29]. However, exact image labelling is time-consuming and
requires extensive resources, especially with such large data sets. Nevertheless, it can be
expected that precisely annotated radiographs representing a large and balanced data set
would probably increase the precision of machine-based PBL detection.

5. Conclusions

In summary, the CNNs used showed nearly identical diagnostic performance in
detecting PBL on periapical radiographs. However, different outcomes were documented
among sextants, which can be primarily explained by the radiographic anatomy. With
regard to comparable projects in the future, it is expected that the diagnostic performance
can be further increased by precise annotations.
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Abstract: Human papilloma virus (HPV) is known as the main cause of cervical cancer. Data also
indicate its role in head–neck cancer, especially oropharyngeal cancer. The correlation between high-
risk HPV and oral cancer is still controversial. HPV-related lesions of the oral cavity are frequent and,
in most cases, benign. The primary aim of this study was to establish if there is a different follow-up
necessity between HPV-positive compared to HPV-negative oral lesions. The secondary aim was to
evaluate the recurrence of HPV-related lesions. All patients who underwent a surgical procedure of
oral biopsy between 2018 and 2022, with ulterior histopathological examination and HPV typing,
were examined. A total of 230 patients were included: 75 received traumatic fibroma as diagnosis,
131 HPV-related lesions, 9 proliferative verrucous leukoplakia, and 15 leukoplakia. The frequency
and period of follow-up varied in relation to HPV positivity and diagnosis. This study confirms what
has already been reported by other authors regarding the absence of recommendations of follow-up
necessity in patients with oral mucosal lesions. However, the data demonstrate that there was a
statistically significant difference in the sample analyzed regarding the follow-up of HPV-positive vs.
HPV-negative patients. It also confirms the low recurrence frequency of HPV-related oral lesions.

Keywords: oral HPV; oral pathology; follow-up

1. Introduction

Human papilloma viruses or HPVs (an acronym for “human papilloma virus”) are
non-enveloped DNA viruses belonging to the papillomaviridae family. They can infect not
only humans but also different animal species in a species-specific way [1].

HPVs are epitheliotropic viruses that can cause a variety of lesions at cutaneous and
mucosal sites; they can only replicate within epithelial cells. While on the skin, they are
generally associated with the development of benign hyperplastic lesions (warts); for some
HPVs with mucosal tropism, it has been widely demonstrated that they increase the risk
of neoplastic transformation of the infected site [2]. Indeed, it has been estimated that
high-risk HPV is present in 100% of cervical cancers worldwide [3]. In recent years, data on
the association between HPV and oropharyngeal cancer have emerged, with an estimated
80% of oropharyngeal cancers in the United States and Western Europe being attributed to
HPV [4].

Human papilloma viruses are divided into five genera, based on the analysis of their DNA:
alpha-papillomavirus, beta-papillomavirus, gamma-papillomavirus, nu-papillomavirus, and
mu-papillomavirus [5]. Due to their association with cancer, scientific research has mainly
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focused on the study of HPVs of the genus alpha. The biological mechanisms underlying
neoplastic development are widely known [2]; the role of HPV16 in the development of cervical
cancer has been demonstrated [3,6]. HPVs belonging to the genus alpha are classified according
to the risk of malignant transformation of the infected site into low risk and high risk.

The HPV genome has about 8000 base pairs that code for seven or eight early viral
proteins (E1, E2, E3, E4, E5, E6, E7, and E8), two late proteins (L1 and L2), and a “long
control region” (LCR) [2]. Since the virus does not code for its own DNA polymerase, it
needs the replicative mechanisms of the host cell in order to replicate. For this reason, viral
replication occurs only in cells undergoing mitosis [7].

In a healthy epithelium, basal cells exit the cell cycle soon after migrating to the
next layer, initiating a process of terminal differentiation. In the case of papilloma virus
infection, E6 and E7 stimulate cell cycle progression, and the normal differentiation process
is delayed [8]. Keratinocytes normally undergo terminal differentiation, but in the case of
HPV infection, E7 stimulates the progression from G1-phase to S-phase of the cell cycle
(the phase in which the cell’s genome replication occurs). The cell is stimulated to enter the
S-phase even in the absence of mitogenic signals [9].

E7 associates with pRb, p107, and p130 proteins, tumor suppressors belonging to the
retinoblastoma (Rb) family, which is involved in controlling cell cycle restriction. Since E7
alters their function, the cell is then stimulated to progress through the cell cycle [10]; E7
also causes accumulation of the tumor suppressor p16 in cells infected with HPV. For this
reason, p16 is considered a marker of HPV infection in some head and neck cancers [11].

In a healthy epithelium, in case of uncontrolled cell proliferation, p53 induces cell
apoptosis. p53 is a tumor suppressor with a dual function: it is involved in DNA repair
or triggers apoptosis in cells with irreversible genome damage. Since E6 has the ability
to induce the degradation of p53, keratinocytes infected with HPV are predisposed to
accumulate gene mutations, which increase the possibility of malignant transformation.
The ability to degrade p53, however, is a peculiarity of high-risk HPV and plays a key
role in carcinogenesis. The role of E6 and E7 in the carcinogenesis process is evident in [6]
and [12–15].

Studies in the literature report differing data on the prevalence of oral HPV in healthy
subjects, with a median of 11% [16–18]. Several studies have tried to study the clearance of
oral HPV infections, but the comparison is difficult due to the different follow-ups used
by the various studies. Generally, the virus is completely eliminated over a period of
1–2 years [19]. However, in certain cases, high-risk HPV infection persists in basal layer
cells (for about 10 years) and causes squamous cell carcinomas of the oropharynx [20].

Several authors have analyzed the possible association between HPV and squamous
cell carcinoma of the oral cavity, as well as numerous oral potentially malignant disorders,
including lichen planus, leukoplakia, and erythroplakia. A recent meta-review of the
literature conducted on 52 studies, for a total of 2677 subjects with oral potentially malignant
disorders of the oral cavity, reports a prevalence of oral HPV of 22.5%, significantly higher
than the percentages reported for the healthy population [21]. In a systematic review
of the literature published in 2011, it was reported that patients with oral lichen planus
are five times more likely to have a HPV infection than healthy subjects [22]. In patients
with leukoplakia, the prevalence of HPV ranges from 20.2% to 24.7% in the proliferative
form [21]. Although the presence of HPV in leukoplasic lesions is frequent, several authors
suggest that the data available are simply not enough to demonstrate the causal role of the
virus in the development of leukoplakia nor the progression of this lesion to carcinoma [23].

In 2011, the IARC (International Agency for Research on Cancer) concluded that there
was sufficient evidence for a causal role of HPV16 in oral cancer, while the role of HPV18
was considered possible [24].

A meta-analysis that included more than 2500 patients with oral cancer reports a
prevalence of 23.5% of HPV-positive cancers, with a predominance of HPV16 (16% of cases)
and HPV18 (8% of cases) [25]. A 2021 study reports that HPV16 infection may increase
the risk of developing cancer in all oral cavity sites [26]. Lately, some authors have been
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recommending the use of narrow-band imaging for the early detection of oral squamous
cell carcinoma, which showed high reliability, but it seems that oral lichen planus may lead
to false positives [27].

A total of 82% of HPV-positive oropharyngeal carcinomas are due to HPV16 [28]. The
prevalence of HPV infection in oral cancer is significantly lower than in oropharyngeal
cancer. The reason for this different anatomical predisposition is not clear [29].

2. Materials and Methods

This study used a retrospective design. The primary aim of this study was to establish
if there is a different follow-up necessity between HPV-positive compared to HPV-negative
oral lesions. The secondary aim was to evaluate the recurrence of HPV-related lesions.

The population of this study was all the patients referred to the Dental Clinic of the
University of Padova for the presence of lesions in the oral cavity from 1 January 2018 to 31
December 2022 who received an excisional or incisional biopsy.

The inclusion criteria were patients with the following clinical–histological diagnoses:

• Traumatic fibroma;
• HPV-related lesions (squamous papilloma, condyloma acuminatum, and verruca vulgaris);
• Proliferative verrucous leukoplakia (PVL);
• Leukoplakia.

Patients who received a clinical–histological diagnosis different from the above-
mentioned ones were excluded.

Patients who did not respect the follow-up program were excluded.
Patients’ data were obtained from dental records. Age, sex, anatomical site of the

lesion, positivity or negativity to the high-risk HPV group, positivity or negativity to the
generic-risk HPV group, the frequency of follow-ups (e.g., follow-up at 4 months, 6 months,
12 months, etc.), and recurrence were recorded.

The molecular investigation for the search of HPV DNA was performed via a poly-
merase chain reaction (PCR) using a CE-IVD certified kit (Papilloma Virus Nested Kit,
Experteam s.r.l., Venice, Italy) following the user manual by the Cardiovascular Patholog-
ical Anatomy Unit, followed by gel electrophoresis on agarose gel (Ultrapure Agarose,
Thermo Fischer Scientific, Rome, Italy) and visualized using the fluorescence imaging
system Alliance 2.7 (UVITEC, Eppendorf, Milan, Italy).

The genomes identified were divided into two groups, as follows:

1. Human papilloma virus generic-risk genotypes (HPV gr): 6, 11, 16, 18, 31, 33, 35, 39,
40, 42, 43, 45, 51, 52, 53, 54, 56, 58, 59, 66, 67, 68, 70, 71, 72, 73, 81, 82, 84, and 85;

2. Human papilloma virus high-risk genotypes (HPV hr): 16, 18, 31, 33, 35, 52, and 58.

Patients were identified with a code, and the data concerning them, collected during
the study, were recorded, processed, and stored with this code only and not with the
patient’s name, in accordance with EU regulation 2016/679, known as GDPR (General Data
Protection Regulation), approved by the Institutional Review Board of Azienda Ospedaliera
di Padova (CESC CODE 162n/AO/21 date 23 September 2021).

Informed consent was obtained from all subjects involved in the study.
A database was created using Microsoft Excel 2023©. Patients were inserted into the

database in a completely anonymous form and were numbered with increasing prime
numbers. The database was organized in a way that included some key items (Table 1).

The first entry corresponds to the patient’s code, entered anonymously. The second
entry, “age”, indicates the age of the patient. The third entry, “sex”, indicates the sex of
the patient (M/F). The fourth entry, “exam date”, indicates the date on which the bioptic
examination was performed. The fifth entry, “diagnosis”, indicates the clinical–histological
diagnosis, indicated with capital letters of the alphabet, and each letter represents a specific
diagnosis; for example, the letter “A” indicates “traumatic fibroma of the oral mucosa”, the
letter “B” indicates “HPV-related lesion”, the letter “C” indicates “proliferative verrucous
leukoplakia (PVL)”, and the letter “D” indicates “leukoplakia” (Table 2).
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Table 1. The database created for the management of patients’ data.

Patient Age Sex
Biopsy
Date

Histological
Exam

Anatomical
Site

HPV hr HPV gr
Follow
Up 4 w

2
Months

3
Months

4
Months

Patient
122 61 M 11/01/21 D b 0 0 1 0 0 0

Patient
123 56 M 12/01/21 B b 0 0 1 0 0 0

Patient
124 47 F 15/01/21 A a 0 0 1 0 0 0

Patient
125 62 M 19/01/21 B d 0 1 1 0 0 0

Patient
126 23 F 04/02/21 B a 1 1 1 0 0 0

Patient
127 70 M 09/02/21 A k 0 0 1 0 0 0

Patient
128 64 F 09/02/21 B e 0 0 1 0 0 0

Patient
129 49 M 09/02/21 B h 0 1 1 0 0 0

Patient
130 65 F 09/02/21 A e 0 0 1 0 0 0

Patient
131 30 F 10/02/21 B g 1 1 1 0 0 0

Patient
132 18 M 23/02/21 B b 0 1 1 0 0 0

Patient
133 47 F 23/02/21 B f 1 1 1 0 0 0

Patient
134 48 M 02/03/21 B i 1 1 1 0 0 0

Patient
135 32 M 09/03/21 C a 1 0 1 1 0 0

Patient
136 59 F 15/03/21 B a 0 0 1 0 0 0

Patient
137 39 M 15/03/21 B c 0 0 1 0 0 0

Patient
138 16 M 16/03/21 B d 0 1 1 0 0 0

Table 2. The four clinical–histological diagnoses and the respective codes with which they were
reported in the database.

Code Diagnosis

1 A Clinical–histological picture compatible with traumatic fibroma of the oral mucosa

2 B

Clinical–histological picture compatible with HPV-related lesions 1

[Morphological findings compatible with viral cytopathic alterations (HPV) of the
oral mucosa: fragments of oral mucosa with epithelial hyperplasia and focal

hyperkeratosis and koilocytosis]

3 C Clinical–histological picture compatible with proliferative verrucous leukoplakia
of the oral mucosa (PVL, proliferative verrucous leukoplakia)

4 D Clinical–histological picture compatible with leukoplakia
1 To simplify the statistical analysis, all cases of squamous papilloma, verruca vulgaris, and condyloma acumina-
tum have been grouped under the heading “HPV-related lesions” (B).

The sixth entry, “anatomical site”, indicates the site where the sample was taken and in
the database, it is marked with lowercase letters of the alphabet, and each letter represents
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a specific site; for example, the letter “a” indicates “lateral margin of the tongue”, the letter
“b” indicates “retromolar trigon”, and so on, as can be seen in Table 3.

Table 3. The anatomical sites of the lesions and the respective code under which they were reported
in the database.

Code Anatomical Site

1 a Lateral margin of the tongue

2 b Retromolar trigone

3 c Hard palate mucosa

4 d Soft palate mucosa

5 e Buccal mucosa

6 f Vestibular gingiva of the upper maxilla

7 g Vestibular gingiva of the inferior jaw

8 h Tongue tip

9 i Dorsal surface of the tongue

10 j Ventral surface of the tongue

11 k Retrocommissure of lower lip

12 l Lingual gingiva of the upper maxilla

13 m Upper lip mucosa

14 n Lower lip mucosa

The seventh entry, “HPV hr”, indicates high-risk HPV positivity or negativity; positive
cases were marked with 1, and negative cases were marked with 0. The eighth entry, “HPV
gr”, indicates positivity or negativity to generic-risk HPV; positivity was indicated as 1,
and negativity was indicated as 0. The ninth entry, “4-week follow-up”, indicates whether
a follow-up visit at 4 weeks after the biopsy was performed. In case the visit took place, it
was marked with 1; otherwise, it was marked with 0. The tenth entry, “2-month follow-up”,
indicates whether there was a follow-up visit 2 months after the biopsy, and so on up to
5 years of follow-up. In case the visit took place, it was marked with 1; otherwise, it was
marked with 0.

Possible cases of recurrence of HPV-positive lesions were also evaluated. Cases of
recurrence were marked as “1r” during the various check-ups.

The data were analyzed using the statistical software R version 4.3.1 (R Foundation
for Statistical Computing, Vienna, Austria). The R software studied the periodicity of
follow-up frequencies in HPV-positive and HPV-negative patients. Dependency between
qualitative and quantitative variables under evaluation was also tested using a Z-Test. A
p-value lower than 0.05 was considered statistically significant.

3. Results

3.1. Sample Analysis

The total number of patients who underwent oral biopsy between 1 January 2018 and
31 December 2022 was 988, while the total number of samples on which HPV typing was
performed was 284. However, not all of them respected the inclusion criteria; therefore,
230 cases were included in this study (as stated in Section 2).

The data showed that the patients were mostly over 50 (median age): for both sexes,
the distributions are uniform and are concentrated between 42 and 67 years for women
and between 40 and 63 for men (Figure 1).
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Figure 1. Age distribution for each sex.

Of the 230 cases considered, the most frequent diagnosis was type B (HPV-related
lesions). Type C (PVL) and D (leukoplakia) were much rarer. Specifically, (Figure 2):

• A total of 75 cases of traumatic fibroma (A) (32.6% of total cases);
• A total of 131 cases of HPV-related lesions (B) (56.9% of total cases);
• A total of 9 cases of PVL (C) (3.9% of total cases);
• A total of 15 cases of leukoplakia (D) (6.5% of total cases).

Figure 2. Distribution of each diagnosis type in the analyzed sample.

Figure 3 shows how each type of diagnosis has a different age distribution. In the
case of “traumatic fibroma” (A), the age distribution is uniform; the median is around
55 years, which is slightly higher than the median age of “HPV-related lesions” (B). In this
case, however, the ages are less uniform, especially between the first and second quartiles,
indicating greater variability in younger patients. Precisely, 12 patients under the age of
20 were diagnosed with “HPV-related lesions”. As for “PVL” (C) and “leukoplakia” (D),
the distributions are much more concentrated on high values; both medians are positioned
around 65 years of age with few younger outliers.

The outlier case with PVL was a 32-year-old patient, while the two outliers diagnosed
with leukoplakia were 34 and 27 years old.

As can be seen from Figure 4, the most frequent anatomical sites for traumatic fibroma
were, in order, buccal mucosa, lateral margin of the tongue, and labial retro-commissure.
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Figure 3. Age distribution by diagnosis: traumatic fibroid (A), HPV-related lesions (B), PVL (C), and
leukoplakia (D).

 

Figure 4. Distribution of the anatomical sites according to the diagnosis.

Regarding HPV-related lesions, the most frequent sites were the dorsal surface of the
tongue, the mucosa of the soft palate, and the lateral margin of the tongue.

In PVL patients, the most affected sites were the hard palate mucosa, vestibular gingiva
of the upper maxillary, and buccal mucosa.

In patients with leukoplakia, the most frequent site was the retromolar trigone.

3.2. Follow-Up Comparison

Analyzing the comparison of follow-ups between HPV-positive lesions compared to
HPV-negative lesions, it emerges that:

• Patients diagnosed with traumatic fibroma (A) negative for both HPV hr and HPV
gr were seen only after 1 month for a check-up visit. Patients with positive HPV hr
received a further check-up after 6 months;

• Patients diagnosed with HPV-related (B) lesions negative for both HPV hr and HPV gr
were seen on average only after 1 month; those who tested positive for HPV gr were
seen after 1 and 6 months. The patients positive for HPV hr typing were generally
seen at 1, 6, and 12 months for check-ups;
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• Patients diagnosed with PVL (C) received, on average, periodic follow-ups every 4 months
in case of HPV positivity and follow-up every 6 months in case of HPV negativity;

• Patients diagnosed with leukoplakia (D) received periodic follow-ups every 6 months
regardless of the positivity or negativity of HPV.

A multinomial model was built, in which the database was divided between the
80% and 20% rules, and then the error was calculated on the smallest set of tests. The
output showed that there is a statistically significant difference between the number of
follow-up visits (“sum” variable) in all four groups. Positive and negative HPV cases have
a statistically significant difference in the number of follow-ups (p < 0.05) but are related to
histological types A, B, and C. There were no statistically significant data regarding sex and
age (p > 0.05).

3.3. Recurrence Rate of HPV-Related Lesions

Recurrence of HPV-related lesions occurred in 4.6% of cases; 50% relapsed at 12 months,
33.3% at 6 months, and 16.7% at 16 months. On average, relapses occurred within the first
year (Table 4).

Table 4. Recurrence cases of HPV-related lesions from 2018 to 2022.

Cases Age Sex Histological Diagnosis Anatomical Site HPV hr HPV gr Recurrence

1 Patient 22 58 F B a + + 12 months

2 Patient 23 84 M B c + + 16 months

3 Patient 168 81 F B b + + 12 months

4 Patient 176 41 M B c − + 12 months

5 Patient 179 63 F B g + + 6 months

6 Patient 194 20 M B c + + 6 months

4. Discussion

4.1. Oral Lesions Follow-Up

No data similar to those reported in this study are available in the literature: there are
no comparison articles available on a follow-up basis of patients presenting HPV-positive
or HPV-negative lesions. However, numerous studies [30–35] and systematic reviews
recommend a certain follow-up of some oral lesions, considering only the diagnosis.

A study that included 1566 samples compared the histological and clinical diagnosis
of oral lesions [36]. The study showed that in 31.5% of cases, the dentists’ clinical diagnosis
was wrong. Given the high error rate, good clinical practice should always consider the
submission of excised samples for histologic examination, which is why we also decided to
include recurrent benign lesions, such as traumatic fibromas [36].

There are no studies that report the follow-up necessity of traumatic fibromas, as
surgical excision is resolutive and has a low recurrence rate [37,38]. For this reason, patients
with traumatic fibromas were not included in a follow-up program but were seen after
4 weeks for a single check-up.

In a review published in 2021, Fiorillo et al. wanted to clarify the main features of
HPV-related lesions of the oral cavity, the symptoms, the treatment, and the approach to be
taken in HPV-positive patients. Given the high incidence rate of oropharyngeal carcinomas
due to HPV (in particular HPV16) and given the still controversial correlation between HPV
and oral cancer, the authors conclude not to underestimate HPV oral infections and suggest
a multidisciplinary approach in the treatment plan and the follow-up program. Therefore,
they propose a follow-up program carried out by different specialists (dentist, ENT, and
gynecologist); however, they do not provide any information on the timing within which it
should be carried out [34].
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The data from the current study show a statistically significant difference in follow-up
between patients diagnosed with HPV-related lesions with negative typing and patients
diagnosed with HPV-related lesions with HPV hr positive typing: particular attention was
paid to the last ones, who underwent a higher number of check-ups (at 1, 6, and 12 months).

Another review with conclusions similar to Fiorillo’s, published in 2019 by Orrù et al.,
reports that outpatient visits to the dentist often represent the “front line” of a diagnostic–
therapeutic pathway based on the evaluation of HPV-related lesions in the oral cavity. This
means that proper patient management can prevent the degeneration of viral lesions to
neoplastic ones, with obvious benefits for the patient [39]. Narrow-band imaging is a tool
that has the potential to discern a malignant transformation occurring in some lesions of the
oral cavity undergoing long-term follow-up. However, studies are available regarding the
use of narrow-band imaging on oral lichen planus or lichenoid lesions, but not HPV-related
lesions [40].

As for leukoplakia, data available in the literature indicate that the majority of patients
with leukoplakia are over 50 years of age, and only 1% of patients are under 30 [41,42]. Our
data are consistent with what has been reported regarding the leukoplakia-age distribution
(median age of 65).

In this review, Siracusa et al. (who used the keywords “follow-up”, “oral”, and “leuko-
plakia”) found that there are no consistent data regarding the follow-up to apply to patients
with leukoplakia. Therefore, they believe that it is necessary to standardize a protocol that
establishes the frequency and duration of follow-ups and the parameters to consider at
each check-up [31]. They also hypothesize that the low % of malignant transformation of
leukoplakia that they found (13%) is because few studies analyze extended follow-up over
time [31]. However, the % of malignant transformation was not evaluated by our study.

Another literature review that analyzed 24 studies, with a total of 12,703 cases of leuko-
plakia, reports that check-ups should be every 3 months [32]. Other authors recommend
lifelong follow-ups, with a frequency of 6 to 12 months [35]. A recent meta-analysis in
2020 [43], which considered 24 articles for a total of 16,604 cases of leukoplakia, repeats the
discrepancy between the follow-up of leukoplakia patients in the various studies, and their
analysis seems to be indicative of a necessity for internationally accepted guidelines for the
diagnosis and follow-up of leukoplakia cases.

From the data that emerged from this study, patients with leukoplakia had semestral
check-ups every 6 months, in line with the suggestions of some studies in the literature.

In a meta-analysis published in 2021 [33], 12 articles were considered, with 397 patients
diagnosed with PVL. The median age was 62.34 ± 0.12 years, consistent with the median
age of patients in this study, as can be seen from Figure 4. The median follow-up time for
the various studies was 79.3 months, with a range of 6–171 months, and 14.6% of cases
were HPV positive. Haro and his colleagues report that there is no univocity regarding
the treatment, definition of recurrence, and follow-up of patients diagnosed with PVL [33].
They recommend check-ups every 3 to 6 months with photographic documentation to
more easily detect clinical changes in the lesion and strongly advise motivating patients
to eliminate possible risk factors for the development of oral cancer, such as alcohol and
smoking. They conclude that further randomized, controlled, longitudinal, multicenter
trials are needed, with a longer follow-up period and a larger patient sample [33].

The mean follow-up of the patients considered by our study was every 4 months for
PVL and HPV-positive patients and every 6 months for PVL and HPV-negative patients.
The timing of our follow-up (4–6 months) is in line with some evidence in the literature.

An increasing number of epidemiological and molecular studies have demonstrated a
strong association between HPV and a large proportion of oral cancers of the oral cavity,
tongue, oropharynx, palate, tongue, and tonsils. The prevalence of HPV infection in
cancer varies widely based on the geographic region, the HPV DNA detection method
used, demographics, the type of clinical specimen used, and the anatomical location of the
tumor. Surprisingly, the incidence of HPV-related oral cancer is increasing rapidly (42–70%)
in younger populations, mainly in developed countries. High-risk HPV type 16 is the
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predominant type, accounting for more than 90% of HPV-related oral cancers. Therefore,
early detection is currently very important [44].

4.2. Recurrence Rate of HPV-Related Oral Lesions

Data in the literature report a rare recurrence rate for HPV-related lesions (papilloma,
warts, and condiloma) [45–47]. Likewise, a very low recurrence rate was found by our data:
only 4.6% of HPV-positive lesions recurred, and on average, it happened within the first
12 months (50% of cases at 12 months, 33.3% at 6 months, and 16.7% at 16 months).

4.3. Limits of This Study

The main limitations of this study, as well as the reasons why it was not possible to fill
the gap in the literature, are represented by the size of the sample examined and the time
interval in which the follow-ups took place. In this study, the follow-ups of 230 patients
were evaluated. The number of follow-ups and their frequencies were considered from the
time of diagnosis (time 0) until 1 June 2023; therefore, not all cases could have the same
follow-up period. The maximum possible follow-up window for 2018 cases was 66 months.
However, 2022 patients had a maximum possible follow-up window of 18 months (Table 5).

Table 5. Maximum possible follow-up window.

Year
Maximum Follow-Up Period (Starting from

the Date of Diagnosis until 1 June 2023)

2018 66

2019 54

2020 42

2021 30

2022 18

5. Conclusions

The literature is full of studies that analyze HPV-related lesions, leukoplakia, and
proliferative verrucous leukoplakia on several levels, but there is a lack of parameters
and time indications regarding the management of a follow-up program. Therefore, a
standardized protocol that sets follow-up parameters and allows the interface of several
professional figures is needed to ensure the most effective therapeutic pathway.

In conclusion, although this study confirms what has already been reported by other
authors regarding the criticalities present in the follow-up of these patients, it shows that
there was a statistically significant difference in the sample under analysis regarding the
follow-up of HPV-positive vs. HPV-negative patients. It also confirms the low frequency of
recurrence of HPV-positive oral lesions and clarifies epidemiological aspects in accordance
with data available in the literature.
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Abstract: Periodontitis is a chronic inflammatory disease. We have previously shown that salivary
DNA is higher in patients with periodontitis. Neutrophil extracellular traps (NETs) are involved in
the pathogenesis of chronic inflammatory diseases. The objective of this case–control study was to
compare patients with periodontitis and healthy controls regarding the salivary concentrations of
extracellular DNA and NET components. Unstimulated saliva samples were collected from 49 pa-
tients with periodontitis and 71 controls before an oral examination. Salivary extracellular DNA
was isolated and quantified fluorometrically and using PCR. NET-associated markers were assessed
using ELISA. We have found significantly higher concentrations of salivary extracellular DNA in
samples from periodontitis patients (five-times higher for supernatant and three times for pellet). Our
results show that patients also have three-times-higher salivary nucleosomes and NET-associated
enzymes—myeloperoxidase and neutrophil elastase (both two-times higher). Neutrophil elastase and
salivary DNA in the pellet correlated positively with the pocket depth/clinical attachment level in pe-
riodontitis patients (r = 0.31—weak correlation; p = 0.03 and r = 0.41—moderate correlation, p = 0.004).
Correlations between salivary extracellular DNA and NET enzymes were positive and significant.
Based on our results, the higher salivary extracellular DNA in periodontitis seems to be related to
components of NETs, albeit with weak to moderate correlations indicating that NETs are produced in
periodontitis and can play a role in its pathogenesis similarly to other inflammatory diseases. Further
studies should prove this assumption with potential diagnostic and therapeutic consequences.

Keywords: inflammation; alarmins; cell-free nucleic acids; biomarkers; immunogenic cell death

1. Introduction

Despite decades of research, the etiopathogenesis of periodontitis is incomplete. The
consequence is the lack of a specific causal treatment, and so scaling and root planing are
still used as the primary approach [1]. Periodontitis is a chronic inflammatory disease, and
despite the undoubted role of periodontal microbial pathogens, it can potentially share
some of the pathomechanisms that are involved in inflammatory diseases affecting other
joints or tissues [2]. Neutrophils play an important role in innate immunity and in chronic
inflammation, including periodontitis [3]. The neutrophilic inflammation that potentially
starts as a response to pathogens is successfully targeted in several diseases [4], and it is
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likely that similar processes are ongoing in the periodontium. Proving this in a clinical
study can pave the way for new therapeutic targets and interventions.

Neutrophils have several very different weapons to control infections. Neutrophil
extracellular traps (NETs) have been described as an antimicrobial mechanism used in the
fight against microorganisms [5]. However, it has become clear that NETs are also involved
in the vicious cycle of sterile inflammation [6]. Especially, if not degraded completely and
quickly, NETs and NET components are recognized by Toll-like receptors on immune cells.
It is not completely clear which components are relevant, but NETs are not only produced
as a consequence of inflammation, but are also able to induce inflammation, including
NET formations [7]. This vicious cycle seems to be involved in the pathogenesis of various
chronic inflammatory diseases [8] and can be partly responsible for the inflammation of the
periodontium as well [9].

NETs are web-like structures composed of extracellular DNA, partially in the form
of nucleosomes, but also neutrophil enzymes, including myeloperoxidase and neutrophil
elastase [10,11]. These can be analyzed with immunohistochemistry and are observed
in biopsies from periodontitis patients [12]. A common way to quantify NETs is the
measurement of extracellular DNA. Whether any of these components are important for the
pathogenesis of inflammatory diseases is not known. The most important proof of the role
of NETs comes from a recent experimental study indicating that mice not able to produce
NETs or mice treated to better cleave NETs have reduced symptoms of ligation-induced
periodontitis [13]. The clinical part of their study analyzed NET-associated biomarkers in
serum and gingival crevicular fluid, but not in saliva.

Saliva is a noninvasive diagnostic fluid that can easily be collected, even at home by
patients, without the need for trained personnel. This is of importance for screening, but
also for monitoring disease progression [14]. We and others have shown that salivary DNA
is higher in periodontitis [15–17]. This increased DNA can originate from the necrosis or
apoptosis of damaged mucosal tissue, but also from activated immune cells undergoing
NETosis or NETs production [18]. This is not yet clear, based on the published literature
on salivary extracellular DNA. Inside the cell, the DNA is protected in the nucleus and in
the mitochondria. These types of DNA can be released by different mechanisms and can
induce different immune responses [19]. It is, thus, important to quantify the subtypes of
DNA in addition to the total extracellular DNA in saliva.

In plasma, the preparation of cell-free extracellular DNA requires a two-centrifugation
protocol to remove cells and cell debris. The centrifugation force and proper handling of
the supernatant after centrifugation affect the quality and quantity of the analyzed nucleic
acids [20]. It has been shown that at least a part of the DNA is in extracellular vesicles
that protect the DNA from degradation [21]. On the other hand, it is not completely clear
what is in the pellet after the second spin. Whether these are large vesicles or organelles
from damaged cells is not clear [22]. However, the further specificity contributed to by the
analysis of the vesicles in addition to the DNA itself can be very helpful in the analysis of
fetal or tumor DNA.

The aim of this case–control study is to compare patients with periodontitis and
healthy controls regarding the salivary concentrations of extracellular DNA and NET
components, including nucleosomes, neutrophil elastase, and myeloperoxidase. We hy-
pothesize that salivary extracellular DNA in periodontitis originates from NETs and that
periodontitis is associated with increased salivary extracellular DNA as well as the analyzed
NET components.

2. Materials and Methods

2.1. Patients

This is a report from an observational single-center case–control study. Unstimulated
saliva samples were collected at a dental clinic from consecutive patients with periodontitis
(n = 49) and from healthy controls recruited from patients, healthcare personnel, and family
members (n = 71). The diagnostic procedure leaned on the actual diagnostic criteria for
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chronic periodontitis [1] and were conducted by one examiner (OR) under the guidance of
senior experts in periodontology (EK, BN). The clinical recruitment and examination took
place at a single center—the Department of Dental Hygiene at the Prešov University in
2018–2019. The basic characteristics of the participants are shown in Table 1. The patients
were instructed to abstain from eating and drinking at least one hour before sampling.
Saliva was collected without any external stimulation by drooling and spitting into sterile
tubes. The samples were processed immediately. Routine periodontal examinations,
including papillary bleeding index (PBI), clinical attachment level (CAL), and probing
pocket depth (PD), were conducted after saliva collection as already described [23]. The
inclusion criteria included PD > 3 mm on at least 4 teeth with a BOP and CAL of 3 mm. The
exclusion criteria were systemic diseases requiring pharmacological or surgical treatments
or any other oral pathology. The study was approved by the ethics committee of the
Institute of Molecular Biomedicine, Comenius University on 7 March 2018 (Registration
number 2018-3-1). All participants signed an informed consent form.

Table 1. Patient characteristics included in the study.

Groups Healthy Controls Periodontitis

Number of subjects (n) 71 49
Age (years) 31.6 ± 9.5 48.5 ± 9.4

Papillary bleeding index 17.4 ± 11.8 41.0 ± 22.3
Probing depth (mm) 0.6 ± 0.4 6.2 ± 1.6

Clinical attachment level - 3.2 ± 1.6
Bleeding on probing - 1.4 ± 0.8

2.2. Salivary DNA

Fresh saliva was centrifuged at 1600× g for 10 min at 4 ◦C to spin down the cells. The
supernatant was transferred into clean tubes, frozen, and transported into the laboratory.
Thawed samples were used for another centrifugation at 16,000× g for 10 min at 4 ◦C
to spin down the cell debris. From this processing step, both the supernatant and the
pellet were used for DNA isolation with the protocol from the manufacturer (QIAmp
DNA Mini kit, Qiagen, Hilden, Germany). The quantification of extracellular DNA was
conducted using a fluorometric approach (Qubit high sensitivity dsDNA assay, Thermo
Fisher Scientific, Waltham, MA, USA) and using quantitative PCR targeting unique nuclear
and mitochondrial sequences as previously described [24]. PCR efficiency was between 90%
and 110% based on the analyses of the standard dilutions. A melting curve analysis was
conducted with the PCR products to confirm the specificity of the reaction. The coefficients
of variation for the technical variability were 3% for fluorometry and 10% for PCR; the
concentrations were expressed as ng/mL or genome equivalents (GE)/mL, respectively.

2.3. ELISA Assays

Nucleosomes were quantified using the cell death-detection ELISA kit (Roche, Basel,
Switzerland). Arbitrary units (AUs) were used for the quantification since no consensus
quantitative standard was available. The kit was based on the sandwich assay using
antibodies against DNA and histones. Myeloperoxidase and neutrophil elastase were
assessed using the corresponding DuoSet ELISA kits (R&D Systems, Minneapolis, MN,
USA). Intra-assay and inter-assay coefficients of technical variation were below 5% and
10%, respectively.

2.4. Statistical Analysis

A comparison between the groups was conducted using a Student’s t-test. The correla-
tion analysis was performed using a Pearson correlation test. This was enabled by the lack
of significant differences between the observed and normal distributions as tested using
the goodness-of-fit test for normality. p-values less than 5% were considered significant.
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The results are presented as the mean ± standard deviation. A statistical analysis was
conducted using XLStatistics 5.71 (Rodney Carr, XLent Works, Deakin University, War-
rnambool, Victoria, Australia). A multivariate analysis was conducted using the general
liner model within SPSS version 21 (IBM, Armonk, NY, USA) taking into account age, sex,
and the groups of patients.

3. Results

Patients with periodontitis and the healthy controls were not matched for age or
gender, but were included in the study, consecutively explaining why there were significant
differences in both factors. Healthy controls were younger and included more women
(Table 1). PBI and PD were significantly higher in patients with periodontitis than in the
healthy controls (p < 0.001). This was confirmed using a multivariate analysis with age
and sex as covariates. Group (the classification into healthy controls and patients with
periodontitis) was a highly significant factor affecting both the PBI (F = 17.4, eta = 0.33) and
PD (F = 244.6, eta = 0.87).

Periodontitis is associated with higher total salivary extracellular DNA (Figure 1A,B).
Despite the high variability, the difference in comparison to the healthy controls was
statistically significant with an average of 582 ± 1023 ng/mL vs. 100 ± 259 ng/mL (t = 3.7,
p < 0.001) for the supernatant. A similar significant difference was found in the pellet—
272 ± 384 ng/mL vs. 81 ± 231 ng/mL (t = 3.3, p < 0.01). Nuclear DNA quantified using
real-time PCR revealed similar outcomes. In comparison to the healthy controls, patients
with periodontitis had a higher copy number of nuclear DNA in the saliva supernatant
(Figure 2A, t = 3.2, p < 0.01) as well as in the pellet (Figure 2B, t = 2.4, p < 0.05). While
the interindividual variability for mitochondrial DNA was even higher than for nuclear
DNA, the average copy number of mitochondrial DNA was more than three-times higher
in patients with periodontitis than in healthy controls (Figure 3A, t = 3, p < 0.01 for
supernatant, Figure 3B, t = 2.9, p < 0.01 for pellet). The differences between the groups
were all confirmed, even when controlled for the age and sex of the patients. The relevant
eta-squared coefficients for the group factor in all types of analyzed DNA were between
0.10 and 0.19 with p-values lower than 0.001.
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Figure 1. Total extracellular DNA in saliva supernatant (A) and pellet (B) samples from healthy
controls and patients with periodontitis. **—p < 0.01, ***—p < 0.001.
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Figure 2. Nuclear extracellular DNA in saliva supernatant (A) and pellet (B) samples from healthy
controls and patients with periodontitis. *—p < 0.05, **—p < 0.01.
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Figure 3. Mitochondrial extracellular DNA in saliva supernatant (A) and pellet (B) samples from
healthy controls and patients with periodontitis. **—p < 0.01.

The semi-quantitative ELISA for nucleosomes showed that the saliva of patients
with periodontitis contained more nucleosomes than the saliva from the healthy controls
(Figure 4A, t = 3.7, p < 0.001). The quantitation was limited by the lack of a quantitative
standard, but the final concentration was likely three-times higher in the periodontitis
vs. healthy controls. Myeloperoxidase and neutrophil elastase as neutrophil enzymes
were also higher in the saliva from patients vs. controls. On average, both enzymes
were two-fold more abundant in the saliva from patients with periodontitis (Figure 4B,
t = 5.9, p < 0.001 for myeloperoxidase; Figure 4C, t = 6.4, p < 0.001 for neutrophil elas-
tase. When controlled for the age and sex of the participants, the differences between the
groups remained the major significant contributor to the variability for nucleosomes (F = 8,
eta = 0.07, p < 0.01), myeloperoxidase (F = 15.5, eta = 0.0.13, p < 0.001), and neutrophil elas-
tase (F = 19.1, eta = 0.15, p < 0.001). Among all the measured biochemical parameters, age
significantly affected only neutrophil elastase based on the multivariate analysis (F = 6.2,
eta = 0.05, p < 0.05). The correlation between age and neutrophil elastase in the saliva was
positive, weak, and significant (r = 0.33, p < 0.05).
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Figure 4. Salivary nucleosomes (A), myeloperoxidase (B), and neutrophil elastase (C) in saliva
samples from healthy controls and patients with periodontitis. ***—p < 0.001.

The correlation matrix of the clinical and salivary parameters analyzed in this study in
samples from patients with periodontitis is shown in Table 2. A moderate correlation can be
observed between PD/CAL and total salivary DNA in the pellet (r = 0.41, p < 0.01). None
of the NETs markers or DNA correlate with the PBI, except for a weak negative correlation
with nucleosomes (r = −0.32, p < 0.03). Moderate positive correlations exist between
salivary DNA and NET-associated markers (Table 3). Total DNA in the supernatant weakly
positively correlates with myeloperoxidase (r = 0.37, p < 0.001) and neutrophil elastase
(r = 0.38, p < 0.001). Similarly, the DNA in the pellet is moderately associated with the
neutrophil enzymes (r = 0.48, p < 0.001 for myeloperoxidase and r = 0.47, p < 0.001 for
neutrophil elastase). Regarding the subcellular origin of the DNA, nuclear DNA, similarly
to total DNA, correlates weakly positively with myeloperoxidase (r = 0.35, p < 0.001 for the
supernatant and r = 0.39, p < 0.001 for the pellet) and moderately with neutrophil elastase
(r = 0.45, p < 0.001 for the supernatant and r = 0.55; p < 0.001 for the pellet). Mitochondrial
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DNA correlates moderately positively with myeloperoxidase (r = 0.42, p < 0.01 for the
supernatant and r = 0.45; p < 0.001 for the pellet), but not with neutrophil elastase. The
associations with nucleosomes were statistically not significant.

Table 2. Correlation matrix between clinical and biochemical parameters. Bold correlations are
statistically significant and weak or moderate. s—supernatant, p—pellet.

Total
ecDNA—s

Total
ecDNA—p

Nc
ecDNA—s

Nc
ecDNA—p

Mt
ecDNA—s

Mt
ecDNA—p

Myeloperoxidase
Neutrophil

Elastase
Nucleosomes

Age r 0.02 0.02 0.09 0.12 −0.09 0.04 −0.06 0.33 −0.09
p 0.91 0.92 0.53 0.43 0.55 0.77 0.69 0.02 0.53

PBI
r −0.08 0.00 −0.12 −0.17 −0.02 0.04 0.10 0.07 −0.32
p 0.58 0.98 0.40 0.24 0.92 0.78 0.48 0.61 0.03

Probing depth r 0.26 0.41 0.24 0.28 0.28 0.28 0.26 0.31 −0.07
p 0.08 0.00 0.10 0.06 0.05 0.05 0.07 0.03 0.64

Clinical
attachment

level

r 0.25 0.41 0.24 0.28 0.29 0.29 0.28 0.31 −0.08
p 0.08 0.00 0.11 0.06 0.05 0.05 0.06 0.03 0.61

Table 3. Correlation matrix between salivary DNA and other components of neutrophil extracellular
traps. Bold correlations are statistically significant. s—supernatant, p—pellet.

Total
ecDNA—s

Total
ecDNA—p

Nc
ecDNA—s

Nc
ecDNA—p

Mt
ecDNA—s

Mt
ecDNA—p

Myeloperoxidase r 0.38 0.47 0.35 0.39 0.42 0.45
p 0.01 0.00 0.02 0.01 0.00 0.00

Neutrophil
elastase

r 0.37 0.48 0.45 0.55 0.17 0.25
p 0.01 0.00 0.00 0.00 0.24 0.08

Nucleosomes
r 0.13 0.04 0.17 0.13 −0.04 −0.09
p 0.36 0.80 0.25 0.38 0.77 0.55

4. Discussion

Our results are in line with previous, published findings of higher salivary extracellular
DNA in patients with periodontitis [15,16,23]. The outcomes of our case–control study
were confirmed using a multivariate analysis controlling for age and sex as covariates.
Despite the lack of ideal matching in this study, the differences in salivary DNA and other
NET components between the groups were proved to be independent of these factors and
remained highly significant. To better characterize the subcellular origin of the salivary
extracellular DNA, PCR targeting nuclear and mitochondrial DNA was used. The outcome
suggests that both nuclear and mitochondrial DNA contribute to the difference in total
salivary DNA, although the majority of salivary extracellular DNA is of a nuclear origin
and the quantity of copies is higher for mitochondrial DNA by orders of magnitude. The
various types of DNA in saliva correlate with neutrophil enzymes. This is in line with the
hypothesis that NETs are an important source of salivary extracellular DNA in periodontitis.
Similarly, the findings of higher nucleosomes and neutrophil enzymes as components of
NETs in saliva from patients with periodontitis further strengthen this hypothesis.

The extracellular or cell-free DNA in plasma is widely studied and there are already
clear consensus protocols for the processing of blood and plasma samples [25,26]. No
such widely accepted protocols exist for saliva and salivary extracellular DNA. We, thus,
applied the EDTA blood plasma protocol for saliva. The extracellular DNA is usually
isolated from the supernatant after the second centrifugation. We decided to also isolate the
DNA from the pellet containing cell debris described by some as microparticle-associated
DNA [27]. The direct comparison shows that the pellet DNA in periodontitis patients
shows similar differences to the true cell-free or extracellular DNA in the supernatant.
Further analyses of the microparticles are needed in the future to better characterize their
origins, including tests analyzing the presence of NETs in this compartment. Whether they
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might play a direct role in the pathogenesis of periodontitis is not clear. This aspect of the
study is novel and can be seen as preliminary, given the lack of any previous analyses of
microparticle-associated DNA in saliva.

The findings of this study indicate that NETs are the likely source of higher salivary
DNA in periodontitis. However, the proof is missing. An interventional study with
the blocking of NET production in patients with periodontitis is needed. The recently
published experiments using genetic models as well as pharmacological interventions are
convincing [13], but are based on an animal model of ligature-induced periodontitis, which,
despite being widely used, has a different pathogenesis than the human disease [28]. This
does not have to be an issue for the evaluation of NETs and NET-associated extracellular
DNA as biomarkers of periodontitis. Answering the research questions related to the
etiopathogenesis of the disease with a model that does not recapitulate the relevant disease
pathomechanisms is, however, cumbersome.

In the literature, there are several reviews published about the role of NETs in peri-
odontitis [9,29,30]. At the same time, however, there are virtually no human studies on
NETs in saliva. One exception could be the study that focused on rheumatoid arthritis
associated with periodontitis [31]. However, looking into the methods, the authors rather
measured the total salivary DNA, but presented the concentration as NETs. Other studies
analyzed NETs, but in biopsies from mice or patients, and not in saliva [32,33]. Interestingly,
some authors measured NETs in blood serum/plasma from patients with periodontitis and
found that circulating NETs were higher in patients vs. controls suggesting the systemic
effects of this presumably local oral disease [32,34,35]. On the contrary, in patients with
rheumatoid arthritis, these complexes presented as serum NETs correlated positively with
PD [35].

The current trend is to use a combined ELISA with antibodies against myeloperoxidase
and DNA for the assessment of NETs [36]. However, there are several technical obstacles
that likely lead to a low specificity of the assay, as previously described in detail [37]. In our
study, the quantitative aspects of this assay, even if using in vitro-produced NETs, were
very limited, and it seemed it was not a local laboratory issue. This can explain why this
ELISA is still not commercially used, despite hundreds of laboratories around the world
working on NETs’ production, degradation, and their role in pathogenesis. In addition, the
lack of a correlation between salivary nucleosomes and DNA or the negative correlation
with PBI require further investigations, as any attempt to explain this based on the present
results is pure speculation.

Based on our results, it is likely that increased salivary extracellular DNA in peri-
odontitis stems from NETs. It is, however, not clear what should be the source of the
NETs. It has been shown that some periodontal pathogens induce the formation of NETs
when interacting with neutrophils [38]. Other pathogenic bacteria induce the formation of
reactive oxygen species by neutrophils instead of NETs [39]. This is not mutually exclusive.
Our previous research focused on oxidative stress markers in saliva in periodontitis [40,41].
This could be the consequence of bacteria- or NET-induced inflammation.

This study had several important limitations. The groups were not matched and,
thus, a comparison could be biased. Dental plaque or oral hygiene indices were not
included in the analysis as the study focused on the periodontal status. The changing
classification of periodontitis was not reflected as staging and grading was not conducted.
The observational nature of our study did not allow us to draw a conclusion regarding
the causality of the identified associations. The concentrations of markers in saliva were
neither normalized to salivation, which was not assessed, nor to total proteins, which could
be biased, as well as shown for other biomarkers [42]. This study should test the practical
applicability of the markers, which, if used in clinics, should be reported as the original
concentrations. On the other hand, this study seems to be the first to study NET markers in
saliva and not in serum or gingival crevicular fluid. A direct comparison of the different
diagnostic fluids is needed to evaluate the specific advantages. The easy and non-invasive
nature of saliva sampling makes saliva the most likely fluid to be used in the practice. The
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observed effects were convincing and consistent. A novel aspect is also the inclusion of
total, nuclear, and mitochondrial DNA, which have divergent immune effects [43].

In conclusion, our results confirm that salivary extracellular DNA is high in periodon-
titis, regardless of its subcellular origin. In conjunction with the observed weak to moderate
correlations of other analyzed NET components with the periodontal status, it is likely that
NETs play a role as being a source of salivary extracellular DNA in periodontitis. Whether
this association is causative and whether these NETs are involved in the pathogenesis of
this chronic inflammatory disease is not clear. Future studies should test NET-targeting
drugs for the treatment or prevention of periodontitis.
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Abstract: Hepatitis C virus (HCV) infection is a global health concern with significant systemic
implications, including a range of oral manifestations. This review aims to provide a comprehensive
overview of the oral and dental pathologies related to HCV, the etiopathogenetic mechanisms
linking such conditions to HCV and the impact of direct-acting antiviral (DAA) therapy. Common
oral manifestations of HCV include oral lichen planus (OLP), periodontal disease, and xerostomia.
The pathogenesis of these conditions involves both direct viral effects on oral tissues and indirect
effects related to the immune response to HCV. Our literature analysis, using PubMed, Scopus, Web
of Science, and Google Scholar, suggests that both the HCV infection and the immune response
to HCV contribute to the increased prevalence of these oral diseases. The introduction of DAA
therapy represents a significant advancement in HCV treatment, but its effects on oral manifestations,
particularly OLP, are still under evaluation. Although a possible mechanism linking HCV to OSCC is
yet to be determined, existing evidence encourages further investigation in this sense. Our findings
highlight the need for established protocols for managing the oral health of patients with HCV, aiming
to improve outcomes and quality of life.

Keywords: hepatitis C; extra-hepatic manifestations; oral mucosa; oral cavity

1. Introduction

Hepatitis C virus (HCV) infection is a critical public health issue, affecting millions
worldwide. It is primarily known for its impact on liver function, but its systemic nature
means that its effects can be far-reaching, including the oral cavity [1].

The global burden of HCV is substantial, with varying prevalence rates across dif-
ferent regions. The introduction of direct-acting antivirals (DAAs) has revolutionized
the treatment landscape [2]. However, the oral implications of HCV, particularly in the
context of oral lichen planus (OLP), xerostomia, and Sjögren’s syndrome-like manifesta-
tions, periodontal diseases, and head and neck squamous cell carcinoma (HNSCC) require
further exploration.

This narrative review seeks to elucidate the various oral manifestations of HCV, with a
special focus on OLP [3]. Drawing from a range of sources, including a detailed cohort study
on the impact of DAAs on HCV-related OLP, this review aims to provide a comprehensive
overview of the current state of knowledge in this field [4].
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1.1. Pathophysiology

HCV is a small, enveloped RNA virus from the Flaviviridae family [5]. It primarily
targets hepatocytes, leading to chronic inflammation, fibrosis, and potentially cirrhosis or
hepatocellular carcinoma [6]. Beyond the liver, HCV affects various systems, including the
oral cavity [7]. The virus’s interaction with the immune system is critical for its persistence
and the development of extrahepatic manifestations, such as OLP [8].

1.1.1. Viral Entry and Replication

HCV entry into liver cells involves interactions between viral envelope proteins (E1
and E2) and host cell receptors like CD81, SR-B1, CLDN1, and OCLN, facilitating endocy-
tosis [9]. Once inside, the viral RNA genome is released and translated into a polyprotein,
which is cleaved into structural and non-structural proteins. The non-structural proteins
form a replicase complex that synthesizes new viral RNA, highlighting the virus’s depen-
dence on the host’s lipid metabolism and VLDL synthesis pathway [10–12].

1.1.2. Immune Response and Liver Damage

HCV infection triggers the innate immune system via pattern recognition receptors,
leading to the production of type I and III interferons (IFNs). These IFNs induce an
antiviral state in hepatocytes and activate immune cells like NK cells and macrophages [13].
The adaptive immune response involves B-cells producing specific antibodies and T-cells
targeting infected hepatocytes [14]. Chronic HCV infection often results in an insufficient
T-cell response, leading to persistent inflammation, hepatocyte injury, and the activation of
hepatic stellate cells, promoting fibrosis [15]. HCV evades the immune response through
rapid mutation, the suppression of IFN pathways, and the induction of immune cell
exhaustion, complicating viral clearance [16,17].

1.1.3. Chronic Infection and Fibrosis

Chronic HCV infection maintains liver inflammation, activating hepatic stellate cells
(HSCs) to produce excessive extracellular matrix, leading to fibrosis and cirrhosis [18,19].
This process is mediated by cytokines like TGF-β and involves interactions between HSCs,
immune cells, and liver epithelial cells. Chronic inflammation and oxidative stress perpetu-
ate fibrosis, disrupting liver architecture and function [20,21]. Advanced fibrosis results in
cirrhosis, impairing liver function and causing complications such as portal hypertension
and liver failure [22].

1.1.4. Extrahepatic Manifestations

HCV’s systemic effects include immune complex formation, cryoglobulinemia, and
direct viral effects on various tissues. These mechanisms lead to conditions like mixed
cryoglobulinemia syndrome, neuropsychiatric disorders, thyroid dysfunction, renal dis-
ease, pulmonary conditions, dermatological manifestations, and ocular diseases [23–26].
Cryoglobulinemia, involving immunoglobulins that precipitate in the cold, can cause or-
gan damage through hyperviscosity syndrome or immune-mediated mechanisms [27].
Research shows HCV RNA in B-cells, indicating viral replication within these cells. This in-
teraction with the immune system, particularly through the CD81 receptor on B-cells, plays
a significant role in HCV pathogenesis and the development of cryoglobulinemia, which is
closely linked to lymphoproliferative disorders and an increased risk of non-Hodgkin’s
lymphoma [28,29].

2. Oral Manifestations

OLP, xerostomia, and periodontal disease have been reported as oral manifestations in
patients with HCV infection. These associations are thought to be mediated through both
direct viral effects on oral tissues and indirect effects related to the immune response to
HCV [30].
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The relationship between HCV and these oral manifestations is underpinned by both
direct viral effects and the virus’s impact on the immune system, leading to inflammatory
and autoimmune responses within the oral cavity [31]. The advent of direct-acting an-
tivirals (DAAs) has begun to change the landscape, with emerging evidence suggesting
improvements in oral health outcomes among treated individuals [32].

2.1. OLP

OLP is a chronic inflammatory condition of the mucous membranes, often presenting
with white, lacy patches, or red, swollen tissues [33]. A significant body of research has
explored the association between OLP and HCV infection, with varying prevalence rates
reported globally [1]. This association has been a subject of significant research interest,
leading to new insights into pathogenesis and management [34]. The global prevalence of
HCV in patients with OLP is reported to be variable, with a recent meta-analysis indicating
that OLP patients have a four-fold higher frequency of HCV compared to controls. This
prevalence exhibits geographical variability. When analyzing the prevalence of OLP in
HCV-infected patients across different geographic regions, the African and Southeast Asian
regions showed the highest odds ratios of 8.57 and 7.73, respectively. In contrast, studies
from the European region did not demonstrate a significant association (OR 2.08 [0.95–4.52]).
On a country level, Iraq and Egypt exhibited nearly ten-fold increases in risk, highlighting
significant regional variations [35]. This study also suggested that geographical variability
could be due to immunogenetic influences, such as different HCV genotypes and human
leukocyte antigens (HLA). HCV genotypes 1a and 1b are most common in LP patients
with HCV, varying by region. For example, in India, 70% of LP patients had genotype 1b
compared to 34.1% in donors [35]. Genotype 3 is predominant in the UK, and genotype 4 is
prevalent in Egypt.

Moreover, the association is strong in the Eastern Mediterranean (OR 5.51) but not in
Europe (OR 1.47). Some studies detected HCV RNA in skin and oral mucosa, suggesting
possible epithelial tropism. The lymphotropic nature of HCV, causing B-lymphocyte
expansion and autoimmune responses, might contribute to LP. Increased oxidative stress
in HCV patients also plays a role [35].

The pathogenesis of OLP in HCV-infected patients is complex and not fully understood.
It is suggested that HCV replicates in the oral mucosa, leading to a localized immune
response. The presence of HCV-specific T lymphocytes in the oral mucosa of OLP patients
implies the potential involvement of HCV in its pathogenesis. There is also evidence of
circulating antibodies to epithelial antigens in some patients with HCV-associated OLP,
although their precise role in disease development remains unclear [8]. A recent review
suggested that the pathogenesis of OLP involves a complex interplay of immune responses,
with dysbiosis in the oral microbial community and altered immune pathways potentially
playing a significant role. In particular, pathways involved in defense against bacterial
infection and inflammatory responses are activated in OLP-associated microbiomes [36].
Molecular studies have found HCV RNA in oral lichen tissue, indicating sporadic HCV
replication in these lesions. However, the exact mechanism by which HCV contributes to
OLP remains to be fully elucidated [37]. In fact, the association between HCV and oral
lichen planus (OLP) may be due to the virus’s ability to replicate in the skin and oral
mucosa. While HCV replication is predominantly observed in hepatocytes, some studies
have detected viral RNA in the skin and oral mucosa of patients with chronic hepatitis
C, regardless of the presence of lichen planus (LP) lesions. However, other studies have
failed to find HCV RNA in these tissues, indicating that evidence supporting the epithelial
tropism of HCV is currently insufficient [38].

The cytokine profile in HCV-associated OLP suggests an immune response character-
ized by excessive production of Th1 cytokines following an ineffective antiviral immune
response [39].

Various studies have examined the roles of different cytokines in this context:
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a. Th1 cytokines and immune response: El-Howati et al. emphasize the role of CD8+
cytotoxic and CD4+ Th1 polarized T-cells in OLP, noting the involvement of other
Th subsets such as Th9, Th17, and Tregs in the disease’s pathogenesis. They suggest
that both direct effects of HCV on the immune system and broader dysregulation
contribute to OLP [40]. Studies have consistently shown an increased production of
Th1 cytokines, including TNF-alpha, which indicates a strong Th1-mediated immune
response [39].

b. Role of CD8+ cytotoxic T-cells: CD8+ T-cells are crucial for targeting HCV-infected
cells. However, the high mutation rate of HCV often leads to immune escape, resulting
in chronic infection. This mechanism is well-documented and highlights the challenges
in clearing the virus [41].

c. Helper T-cells and sustained Th1 response: Helper T-cells assist in maintaining the
function of CD8+ T-cells and in cytokine production. In chronic HCV infection, this
leads to a sustained Th1 response, which can become dysregulated over time. This
prolonged response contributes to the pathology observed in OLP [42].

d. Th9, Th17, and regulatory T-cells (Tregs): Th9 and Th17 cells are associated with
inflammation and tissue damage, which are characteristic of chronic infections. Studies
have shown that these cells contribute to the immunopathogenesis of OLP [42]. Tregs
help maintain immune tolerance and prevent autoimmune responses. Their altered
function during HCV infection is a significant factor in the disease progression [42].

e. Salivary cytokine profiles in OLP patients: Research on salivary cytokine profiles in
OLP patients has found higher concentrations of IL-2, IL-23, and TGF-β, suggesting
these cytokines play a role in OLP pathogenesis [43]. Askoura et al. reported elevated
levels of IL-33, IL-17, and IL-25 in HCV patients, indicating their involvement in
inflammation and the progression of fibrosis [44].

f. Cytokines and disease prognosis: Zhu et al. highlighted a set of cytokines/chemokines
correlated with disease prognosis in chronic liver disease, which is relevant for un-
derstanding OLP associated with HCV [45]. Vičić et al. reviewed the immunopatho-
genesis of lichen planus, emphasizing the complex interplay of immune cells and
inflammatory pathways in HCV-associated OLP [46].

g. Impact of HCV eradication on cytokine profiles: Radmanić et al. evaluated the impact
of HCV eradication on cytokine and growth factor profiles, providing insights into
potential changes in the cytokine environment in OLP following HCV treatment [47].

In summary, as shown in Figure 1, while different studies focus on various cytokines
and immune responses, the overarching theme is the multifaceted immune dysregulation
driven by both antiviral and inflammatory responses in HCV-associated OLP.

Figure 1. Aetiopathogenic hypotheses of the relationship between HCV infection and OLP.
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The variable effect of antiviral therapy, including interferon-alpha (IFN-alpha) with or
without ribavirin on OLP has been noted, with some patients experiencing an improvement
in OLP lesions following HCV treatment [48]. This suggested a potential direct role
of HCV in the pathogenesis of OLP, although this is not a consistent finding across all
patients. In fact, some studies reported that OLP occurred, exacerbated, and persisted
during IFN treatment for hepatitis C, even when serum HCV RNA became negative. The
improvement of the lesions of OLP after the discontinuation of therapy suggests a role
of IFN in inducing or worsening these lesions in some patients [45,49]. Moreover, the
combination of interferon (IFN) and ribavirin (RBV) achieve sustained virological response
(SVR) rates of only 40–50% in patients with genotype 1 and is associated with significant side
effects (gastrointestinal, hematological, and psychiatric). The currently developed IFN-free,
direct-acting antivirals (DAAs) used to treat HCV infection have low side effect profiles and
high efficacy (SVR > 90) [50]. Some recent studies have reinforced the notion that modern
DAAs improve OLP clinical outcomes in HCV-infected patients. This evidence supported
the hypothesis that successful antiviral therapy against HCV led to improvements in OLP
symptoms [4,51]. A study conducted by our research group emphasized that OLP-HCV
patients displayed more severe clinical symptoms at baseline and greater erosive areas
compared to non-HCV-OLP patients. Post-DAA treatment, the clinical progression in
OLP-HCV patients mirrored that of the non-HCV-OLP group, reinforcing the detrimental
impact of HCV on OLP. Interestingly, ulcerative lesions increased temporarily after DAA
treatment but improved significantly thereafter. Following HCV eradication, some patients
achieved complete mucosal healing, underscoring the potential of DAAs to improve both
hepatic and extra-hepatic manifestations of HCV. These findings suggest that HCV acts
as a pathogenic cofactor in OLP, advocating for routine HCV testing in severe OLP cases,
especially in regions with high HCV prevalence like Italy. Further research with larger
samples is needed to validate these results and explore the underlying mechanisms [4].

2.2. Xerostomia and Sjögren’s Syndrome-like Manifestations

The molecular mechanisms underlying xerostomia associated with HCV infection
involve a multifactorial process. Lymphocytic infiltrates in the salivary glands of HCV-
infected patients are typically diffuse and predominantly consist of CD8+ T-cells, although
some studies have reported a predominance of CD4+ T-cells, but to a lesser extent than in
Sjögren’s syndrome (SS) [52].

HCV-infected individuals present a higher prevalence of liver involvement and cryo-
globulinemia compared to SS patients. Patients with HCV-related salivary gland dysfunc-
tion usually lack primary SS antibodies, such as anti-SSA and anti-SSB, showing, on the
other side, high levels of other autoantibodies like ANA, ACA, dsDNA, and RF [52]. In
a very preliminary study, Aceti et al. have explored the relationship between HCV and
Sjögren’s syndrome (SS), searching for a potential overlap in clinical features between
HCV-related salivary gland dysfunction and SS, concluding that HCV may have no role
in the autoimmune organ damage responsible for Sjogren’s syndrome [53]. On the other
side, another early study by Arrieta et al. reinforced the hypothesis that HCV infects and
replicates in the epithelial cells of salivary glands of patients with Sjogren’s syndrome or
chronic sialadenitis, although the underlying pathogenic mechanisms were not clear [54].
The study conducted by Brito-Zerón et al. investigates how the hepatitis C virus (HCV) in-
fluences the immunological profile of Sjögren’s syndrome (SS) patients, analyzing 783 cases.
The findings reveal that SS patients with HCV exhibit distinct immunological character-
istics. In fact, the prevalence of HCV infection in patients with Sjögren’s syndrome (SS)
varies widely based on classification criteria. HCV-driven autoimmune response in SS
is marked by a high prevalence of mixed cryoglobulins, positive rheumatoid factor (RF),
monoclonal gammopathy, and low C4 levels. Significant differences in serum monoclonal
expression were noted, with SS-HCV patients showing a threefold higher prevalence of
circulating monoclonal immunoglobulins (mIgs), predominantly mIgMκ, linked to mixed
cryoglobulinemia. SS-HCV patients also exhibited a more restrictive monoclonal expression
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compared to the diverse profiles in SS patients without HCV, indicating HCV’s role in
clonal B-cell selection [55].

Several authors have already highlighted the absence of HCV infection in primary
SS [56]. For this reason, according to the 2016 American-European Consensus Criteria,
evidence of HCV infection is an exclusion criterion for the classification of a patient as
having primary SS [57]. A recent study by Maldonado et al. highlighted that HCV-infected
patients with xerostomia demonstrated diffuse lymphocytic infiltrates in their salivary
glands, predominantly composed of CD8+ T-cells. These infiltrates were associated with
significant increases in the number of inflammatory cells, suggesting an ongoing inflamma-
tory response. The study observed chronic sialadenitis and salivary gland (SG) fibrosis in
HCV-infected patients, indicative of sustained tissue damage and remodeling in response
to chronic inflammation. Analysis of saliva composition revealed significant changes in
sodium and mucin 5b levels. Saliva alterations suggest that HCV infection impacts salivary
gland function and contributes to the sensation of dry mouth. Submandibular glands in
HCV patients showed significant ultrasonographic abnormalities relative to the parotid
glands, further supporting the presence of glandular pathology. The research indicated that
all HCV patients examined exhibited low saliva flow, pointing to SG hypofunction, which
explained the xerostomia symptoms. No significant correlation was found between the
degree of lymphocytic infiltrates and the duration of HCV chronic infection. However, there
was a positive correlation observed between HCV RNA-positive epithelial cells and the
years of HCV infection, highlighting a direct viral contribution to SG pathology. Moreover,
patients with HCV showed changes in markers of SG acinar and ductal function, consistent
with the observed low saliva flow and xerostomia. The study concluded that HCV infection
can cause xerostomia through mechanisms distinct from Sjögren’s syndrome. This distinct
pathophysiology, reported in Figure 2, has implications for the diagnosis and treatment of
xerostomia in HCV-infected individuals. Other viruses, such as hepatitis D virus, HIV-1,
human T-cell leukemia virus type 1, and SARS-CoV-2, have also been associated with SG
pathology and have provided comparative insights into the viral mechanisms affecting the
SGs [52].

Figure 2. Aetiopathogenic hypotheses of the relationship between HCV infection and Xerostomia
and Sjögren’s syndrome-like manifestations.

2.3. Periodontal Disease

Some studies have reported that periodontal conditions are exacerbated by HCV
infection by an alteration of the immune response, leading to a more severe progression of
gum disease [58,59]. The virus exhibits lymphotropism, being traceable in fluids like saliva
(though transmission through saliva is debated due to inconsistent detection of viral RNA).
The presence of HCV in saliva might be influenced by the periodontal status, with higher
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AST levels observed in patients with chronic periodontal disease [60]. Furthermore, HCV
antigens and antibodies were studied in gingival crevicular fluid (GCF), with viral RNA
and anti-HCV antibodies detected in the GCF of infected patients, suggesting a role as a
source of HCV contamination in saliva [61]. Periodontal inflammation increases GCF flow
and bleeding, facilitating viral migration from blood to GCF and saliva. Studies have found
a high prevalence of HCV RNA in GCF, often higher than in saliva [62]. The presence of
HCV in GCF probably involves infected leukocytes, necessitating further research into the
molecular and cellular characteristics of GCF in HCV patients [63].

Malone et al. found that periodontal disease increased the risk of developing Alzheimer’s
disease and related dementias (ADRD) among HCV patients, suggesting a link between
oral health and neurodegenerative diseases in the context of HCV infection. The presence
of periodontal disease was associated with a higher incidence rate of ADRD and an earlier
development of these conditions in HCV patients compared to those without periodontal
disease [64]. Nagao and Tsuji investigated the impact of HCV eradication on oral lichen
planus (OLP) and the load of periodontal pathogens. Although it can be considered a pilot
study, with only four cases presented, they found that the eradication of HCV not only
improved OLP lesions but also reduced the number of periodontal pathogens, emphasizing
the potential systemic benefits of HCV treatment on oral health [59]. Azatyan et al. explored
clinical and morphological lesions of the oral mucosa and periodontium in viral hepatitis
C, underlining the significant changes in the dental and periodontal status of patients with
HCV. This study directly addresses the oral manifestations in HCV patients, providing
clinical insights into the impact of HCV on oral health [65].

Some other studies have expanded our understanding of the etiopathogenetic mecha-
nisms linking periodontal diseases with viral liver diseases, particularly focusing on the
role of microbiome and inflammatory processes. Chandran et al. provided a comprehensive
review of the role of various viruses in periodontal disease. The review categorizes the
impact of viral infections on the etiopathogenesis of periodontal disease, emphasizing the
need for a better understanding of viral contributions to disease progression [66]. Gheorghe
et al. (2022) discussed the dental and periodontal status of patients with hepatitis B/D. They
suggested that maintaining good oral and periodontal health can limit the pathological
effects of these liver diseases. They also proposed that a similar interplay could exist in
HCV-related liver diseases [67]. All pathogenetic mechanisms are shown in Figure 3.

Figure 3. Aetiopathogenic hypotheses of the relationship between HCV infection and periodontitis.
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2.4. Head and Neck Squamous Cell Carcinoma

Recent studies have investigated the relationship between OSCC and HCV infection,
providing insights into the molecular mechanisms involved and potential impacts on
patient survival. Marconi et al. focused on the role of c-Myc in OSCC, indicating its
significance in tumor prognosis and stem cell renewal. While it did not directly connect to
HCV, the exploration of molecular pathways in OSCC offers insights into potential areas
where HCV-related mechanisms might intersect, especially considering the role of c-Myc
in various cancers, including those potentially influenced by viral infections [68]. Direct
prevalence numbers linking OSCC specifically with HCV infection are less commonly
reported and vary significantly based on population studies and the specific criteria used
for diagnosing OSCC. However, studies proposed HCV infection as a risk factor for the
development of OSCC, potentially due to its role in promoting chronic inflammation and its
effects on cellular pathways related to cancer development [69]. In the study of Nagao et al.
involving 60 patients, 35% developed multiple primary cancers (MPCs), with a notably
higher incidence (62.5%) among those with HCV infection compared to those without
(25%). The analysis revealed HCV as a significant risk factor for MPCs alongside primary
OSCC, HCC being prevalent among HCV-positive cases. Age over 70, staging IV, and HCV
positivity were identified as significant risk factors. The findings underscore the importance
of comprehensive medical treatment for HCV-infected OSCC patients in Japan to mitigate
the risk of developing HCC and suggest the necessity of monitoring for MPCs beyond the
liver, especially given the observed hyperinsulinemia in HCV-positive patients [7]. A study
by Fu-Hsiung Su et al. [70] highlighted a significant association between HCV infection
and an increased risk of oral cavity cancer. Conducted within a Taiwanese population, this
nationwide cohort analysis reveals that individuals with HCV are at a notably higher risk of
developing oral cavity cancer compared to those without viral hepatitis. This association is
particularly pronounced among adults aged 40–49, underscoring the importance of vigilant
oral health monitoring in HCV-infected patients to potentially mitigate cancer risk. The
incidence of oral cavity cancers was 2.28-fold higher among patients with HCV alone than
non-viral hepatitis group (6.15 versus 2.69 per 10,000 person-years). After adjusting for
sociodemographic covariates, HCV alone was significantly associated with an increased
risk for oral cancer. However, the study does not specify whether the study population also
suffered from liver cirrhosis. This aspect is not negligible when conducting a study of this
type and therefore limits the results. In a 2004 study on an Italian cohort of 402 patients
with OLP, the relative risk of OSCC for patients with HCV as compared with those without
HCV infection was 3.16 (0.8–12.5) [69]. However, although four out of nine patients with
OSCC were HCV-infected, the increased risk was not significant, possibly because of low
statistical power.

A meta-analysis by Borsetto et al. synthesized evidence on HCV’s link to head and
neck squamous cell carcinoma (HNSCC), including cancers of the oral cavity, oropharynx,
hypopharynx, and larynx. Eight studies were analyzed, showing significant risk associa-
tions for oral cavity (RR = 2.13), oropharynx (RR = 1.81), and larynx cancers (RR = 2.57).
Hypopharyngeal cancer also showed a trend towards risk elevation (RR = 2.15), though it
was not statistically significant. The study underscores the importance of monitoring HCV-
infected patients for early HNSCC detection and raises awareness of potential undiagnosed
HCV in HNSCC patients [71]. All pathogenetic mechanisms are shown in Figure 4.
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Figure 4. Aetiopathogenic hypotheses of the relationship between HCV infection and HNSCC.

3. Materials and Methods

3.1. Search Strategy

An exploratory literature search was conducted using major scientific databases,
including PubMed, Scopus, Web of Science, and Google Scholar, to identify relevant
publications on the oral manifestations of HCV infection. The search covered literature
published up to April 2023. Search terms used included “hepatitis C virus”, “HCV”,
“oral manifestations”, “oral health”, “oral lichen planus”, “xerostomia”, and “periodontal
disease”, with various combinations of these terms. Boolean operators (AND, OR) were
employed to broaden the search.

3.2. Selection Criteria

Given the narrative review’s aim to provide a comprehensive overview, studies were
selected based on their relevance to the topic of oral manifestations associated with HCV
infection. This included original research articles, review papers, case reports, and clinical
trials. There were no strict inclusion or exclusion criteria based on study design or language
to ensure a broad and inclusive selection of the literature. However, preference was given
to studies that significantly contributed to understanding the relationship between HCV
infection and oral health outcomes.

3.3. Data Collection

The data collection process involved summarizing key findings from the selected
studies, focusing on types of oral manifestations reported, the prevalence among HCV-
infected individuals, diagnostic approaches, and treatment outcomes. This process was
more qualitative, aiming to capture the breadth of knowledge rather than quantitatively
synthesizing data.

3.4. Analysis Method

A narrative synthesis was employed to organize and present the findings. This ap-
proach allowed for a flexible interpretation of the diverse body of literature, highlighting
themes and patterns regarding oral manifestations of HCV infection, and discussing diag-
nostic challenges and treatment strategies.

The main results are summarized in diagrams created using RStudio (version 2024.04.2+764).

3.5. Ethical Considerations

As this review is based on the analysis of previously published data, no specific ethical
approval was required. Nevertheless, the review was conducted with a commitment
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to ethical integrity, ensuring respect for the original sources and their contributions to
the field.

4. Conclusions

The comprehensive review elucidates the potential intricate association between HCV
infection and its diverse oral manifestations, notably oral lichen planus, xerostomia, and
periodontal disease, underscoring the systemic impact of HCV beyond hepatic involve-
ment. Given the present state of the scientific literature, clinical recommendations of dental
practice for HCV patients have to be wide and unspecific, as there is no clear evidence for a
specific type of conduct. Such findings encourage the need for heightened vigilance and
regular oral health assessments among patients with chronic HCV infections, facilitating
early diagnosis and timely intervention. Further studies are yet needed to reach complete
scientific evidence. Future research directions should aim at unraveling the underlying
pathophysiological mechanisms linking HCV to oral health conditions and refining treat-
ment protocols to encompass comprehensive care strategies that address both hepatic and
extrahepatic manifestations of HCV, ultimately enhancing patient outcomes and quality
of life.
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