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Abstract: Periodontitis is characterized by gingival regression, alveolar bone resorption and the
development of deep periodontal pockets that, if left untreated, can lead to tooth loss. Currently,
specific biomarkers are needed for the early, objective diagnosis, monitoring, and management of
periodontal patients. In this proteomic study, periodontal pocket tissues from patients with severe
periodontitis were analyzed in comparison to periodontally healthy sites with the aim of discovering
distinctive protein targets. Gingival tissues were fragmented using a motorized mechanical method
and mixture protein was separated via mono-dimensional gel electrophoresis. The examination of
protein bands using definite 1D image analysis software allowed for the detection of 22 differentially
expressed proteins between pathological and healthy samples that were identified through mass
spectrometry. A comparative assessment of these proteins with those previously reported in other
studies conducted on periodontal diseases in various types of oral specimens, such as gingival
crevicular fluid, dentin, tooth pulp, root canal content, salivary gland secretions, saliva, periodontal
ligament cells, and dental stem cells, highlighted a great number of significant common matches.
The discovery of a selective cluster of periodontitis-related biomarkers could become particularly
important before the clinical manifestation of the disease to promptly stop its progression for a timely
preventive diagnosis.

Keywords: periodontal diseases; periodontitis; proteomics; periodontal pocket tissue; protein
biomarkers; SDS-PAGE; mass spectrometry

1. Introduction

Periodontal diseases (PDs) comprise inflammatory disorders such as gingivitis, char-
acterized by limited inflammation of the periodontal soft structure, which could evolve
towards periodontitis, along with the progression of local inflammation [1]. Periodontitis is
a chronic inflammation of the periodontium, the teeth-supporting tissues, accompanied by
the loss of the periodontal ligament attachment and bony support, that can, if left untreated,
lead to gradual resorption and consequent teeth loss [2]. It is affected by both local, as well
as systemic etiological factors. It is caused by a complex interplay between bacterial infec-
tion (microorganisms adhering and growing on the tooth’s surface) and the host response,
often modified by behavioral factors [3]. The primary characteristic of the disease is the
chronic inflammation of the periodontal tissue, leading to the formation of deep periodontal
pockets (i.e., the pathognomonic lesion characterizing periodontitis) [4]. The classification
of periodontitis is based on the emphasis on the individual features of the disease and,
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therefore, on phenotype differences [5]. These resulted from various considerations, in-
cluding the identification of typical bacteria as etiologic agents, the presence of several
risk factors (smoking, genetic predisposition, systemic diseases, and low socioeconomic
status), the recognition of genetic susceptibility and targeted polymorphisms related to the
periodontitis severity [5]. The general classification system led to four different grades of
periodontitis: two more common forms, chronic and aggressive, representing destructive
periodontal disease with slow progression, or highly destructive forms characterized by
rapid progression, respectively, including unusual necrotizing conditions of the gingival or
periodontal tissues, rare periodontitis as a manifestation of genetic defects, and acquired
deficiencies of the host defense network or direct systemic diseases [6]. Two further forms
of periodontitis were added to the latest international classification scheme: periodontal
abscesses, acute lesions with pus formation inside the periodontal pocket, characterized by
rapid tissue destruction and a high risk of systemic diffusion, and endodontic-periodontal
lesions, which involve pathological interactions between the periodontal tissue and the pul-
pal of a tooth [7]. Moreover, based on the extent, periodontitis can be classified as localized
or generalized, while, according to the severity, it can be categorized into four different
stages (from stage I, corresponding to early/mild severity, to stage IV, corresponding to
very severe forms) [5].

Currently, PDs are increasing globally, with an estimated prevalence ranging from
20% to 50% worldwide [8,9]. Particularly, periodontitis represents one of the most common
diseases of the oral cavity, and its incidence significantly rises with age [10,11]. Furthermore,
as suggested by a growing body of literature, periodontitis may be associated with several
systemic diseases [12], including cardiovascular diseases [13-15], diabetes [16,17], acute
and chronic respiratory diseases [18,19], cancer [20], negative pregnancy outcomes [21],
and a greater risk of developing dementia [22]. To date, the diagnosis of periodontitis
is only established by clinical criteria based on the use of a periodontal probe to detect
attachment loss and pocket depth. These periodontal defects are the clinical expressions of
periodontitis, and the diagnosis is made on a quite subjective basis, considering periodontal
damage that has already occurred [5,23]. However, the etiopathogenesis of periodontitis
is not yet well defined, and reliable markers for early diagnosis and increasingly accurate
therapy are still lacking.

In the last few years, proteomic research has shed new light on modern dentistry,
helping the identification of candidate protein biomarkers and alterations in expression
patterns, leading to the discovery of potential targets for the diagnosis, prognosis, and treat-
ment of PDs, thus encouraging the advancement of personalized medicine [24]. Specifically,
oral clinical proteomics represents an attractive examination approach in periodontics;
therefore, it can be considered the future of periodontal diagnostics [25,26]. Different
oral specimens, such as periodontal pocket tissue [27,28], GCF [29,30], and tooth surface
collected material (TSCM) [31], have been progressively employed in our studies with the
aim of differentiating the proteomic profiles of these prominent samples.

The first purpose of this work was to analyze pocket-associated tissue samples ob-
tained from patients with severe periodontitis in comparison with tissue collected from
healthy sites, employing a novel method of protein extraction in an attempt to optimize
and increase protein recovery yields. Proteins were separated using sodium dodecyl
sulfate—polyacrylamide gel electrophoresis (SDS-PAGE) and identified via liquid chro-
matography/tandem mass spectrometry (LC-MS/MS). The results were compared with
those obtained both from our previous proteomic studies and from other proteomic inves-
tigations conducted on periodontitis in various oral samples, in addition to periodontal
gingival tissue, such as GCF, dentin, tooth pulp, root canal content, salivary gland secretion,
saliva, periodontal ligament cells/fibroblasts, and human dental stem cells, searching for
significant matches to strengthen and confirm the periodontitis-associated biomarkers
proposed up to now.
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2. Materials and Methods
2.1. Chemicals and Reagents

Dithiothreitol (DTT), 2X Laemmli sample buffer, Coomassie Blue G-250, and Precision
Plus Protein™ Standards Dual Blue were obtained from Bio-Rad Laboratories (Milan,
Italy). High-purity phosphate-buffer saline (PBS), urea, thiourea, iodoacetamide, Tris,
ammonium bicarbonate, trifluoroacetic acid, formic acid, and 3-[(3-Cholamidopropyl)-
dimethylammonio]-propane-sulfonate (CHAPS) were purchased from Merck KGaA (Milan,
Italy). Roche cOmpleteTM Protease inhibitors EDTA-free tablets were obtained from Roche
Italia (Milan, Italy). Precast gel Bolt™ 4-12% Bis-Tris Plus and MES SDS 10X running buffer
were obtained from Life Technologies Italia (Monza, MB, Italy). The trypsin used for protein
digestion was of gold mass spectrometry-grade and obtained from Promega Corporation
(Milan, Italy). The water used for electrophoresis and MS protocols was Versylene sterile
water (Fresenius Kabi, Verona, Italy). MS-purity solvents (acetone, methanol, glacial acetic
acid, and acetonitrile) were obtained from Carlo Erba Reagents (Milan, Italy).

2.2. Study Design and Patient Selection

This study was designed according to the last edition of the principles of the Helsinki
Declaration and was subjected to the appraisal of the local Ethic Committee of the Health
Service of the Emilia-Romagna region, which approved and registered the research project
(protocol number 3968/2017, registration number 315/2017) and supervised all procedures.
Patient enrollment was managed by a specialized periodontist at the Periodontology Unit
of Dentistry and Oral-Maxillofacial Surgery (Modena University Hospital, Italy). Eligible
subjects were asked to sign an informed consent form after receiving comprehensive
information about the study procedures. Subjects referred for dental and periodontal
therapy were selected, suffering from periodontitis (stage III or IV) [5], with the presence of
at least one pocket associated with a shallow intrabony defect suitable for treatment via
osseous resective surgery next to a healthy interproximal site with a normal probing depth
(PD < 3 mm). At screening, the following inclusion criteria were carefully considered:
aged between 18 and 70 years, non-smoker, no history of alcohol abuse, non-pregnant
or lactating, and a general medical history of good health. The exclusion criteria were
diabetes and/or other critical systemic diseases (i.e., cardiovascular diseases), bone-related
diseases, pregnancy, drug or alcohol abuse, and current drug and/or antibiotic prophylaxis
use. Upon the completion of cause-related therapy, the inclusion criteria were a full-mouth
plaque score (FMPS) and a full-mouth bleeding score (FMBS) of <15%, no bleeding on
probing (BoP) at experimental pathological and healthy sites, and high levels of patient
compliance and motivation [32]. A total of 12 subjects that met the above-mentioned
criteria, matched for age and gender (mean 52.6 years + 8.4, SD; 7 females/5 males), were
definitively enrolled in this study.

2.3. Dental-Periodontal Procedures and Samples Collection

Three months after completion of the preliminary dental and cause-related therapy,
the experimental area was treated with osseous resective surgery [33,34]. In compliance
with surgical therapeutic needs, the flap included the periodontal defect-associated site,
and the next gingival healthy tissue. Following elevation of the buccal and lingual split
thickness flaps, the pocket-associated interproximal tissues and the healthy interproximal
tissues at sites with normal probing depth (comprised in the resective secondary flap) were
harvested in sterile tubes and immediately frozen at -80 °C to preserve protein integrity
until proteomic analysis. Bone surgery was then performed, and the flaps were apically
positioned using a periosteal anchorage. Patients were followed up with a post-operative
supportive care program.

2.4. Tissue Proteins Extraction and Separation (SDS-PAGE)

Gingival tissue samples were first washed in PBS to remove any blood residue and
then shattered with a motorized pestle (Argos Technologies Inc., London, UK) until a fine
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homogenate was obtained. This was further solubilized via incubation for 1 h at room
temperature with constant shaking with 1 mL of lysis buffer (7 M urea, 2 M thiourea,
3% CHAPS, 40 mM Tris, pH 8.3, protease inhibitors) and then sonicated twice with an
ultrasonic homogenizer (Sonoplus HD model 2070, Bandelin Electronic, Berlin, Germany).
The samples were centrifuged at +4 °C for 10 min at 10,000x g and the supernatant was
allowed to precipitate overnight with acetone at —20 °C. Finally, the protein pellet obtained
via centrifugation at +4 °C for 15 min at 14,000 x g was resuspended in rehydration buffer
(6 M urea, 2 M thiourea, 4% CHAPS, 25 mM DTT). The samples were pooled (4 samples
per pool), thus obtaining 3 different pools for the healthy tissue samples and 3 distinct
pools for the pathological samples. The total protein content was quantified according to
the Bradford assay. The measurements were repeated 4 times/each to prove the effective
protein solubilization in the buffer and, at the same time, verify sample stability. Tissue
protein separation was carried out using SDS-PAGE, as previously described [30]. Briefly,
the tissue protein content (10 pg) was mixed with 2X Laemmli sample buffer and denatured
by heating at +95 °C for 5 min (Thermomixer Comfort, Eppendorf, Milan, Italy). Proteins
were then separated using precast gel Bolt'™ 4-12% Bis-Tris Plus and MES SDS 1X as
running buffer. Each pool was run in duplicate. The gels were stained with Coomassie
Blue G-250, and subsequently de-stained with a solution composed of 40% methanol/7%
glacial acetic acid until the gel background became transparent, thus highlighting the
protein bands.

2.5. Gel Image Acquisition and Analysis

Gel images were scanned and acquired using a calibrated imaging densitometer (GS-
800 model, Bio-Rad, Hercules, CA, USA), and lanes and bands were analyzed through
the use of integrated 1D image analysis software (QuantityOne, version 4.6.7, Bio-Rad),
[accessed 29 May 2023]. The software automatically detects the bands in the defined lanes
of the gel based on given parameters. Before band detection, lane-based background
subtraction was performed to remove the background from the image, minimizing the
noise density. Moreover, a normalization setting was applied to adjust for variability due
to gel staining. The relative abundance of the detected bands in each lane was measured
by calculating the area under their intensity profile curve, selecting the “Trace quantity’
attribute. The units were expressed as optical density (OD) x mm. Band density was
further evaluated using QuantityOne software and reported as an intensity trace plot. The
bands” molecular weights were estimated according to the molecular weight standards
(PrecisionPlus Dual Blue, Bio-Rad), which were run together with the tissue samples during
SDS-PAGE separation.

2.6. Mass Spectrometry Identification

The bands of interest were sliced from the gels with a surgical scalpel and the inside
proteins were digested with trypsin, as previously described [35]. Gel bands were de-
stained with a solution of acetonitrile/ammonium bicarbonate and subsequently reduced
using dithiothreitol and alkylated with iodoacetamide. Proteins were digested over night
at +37 °C with Trypsin MS-grade (Trypsin Gold, Promega, Italy). Finally, the obtained
peptides were extracted with a solution composed of acetonitrile/trifluoroacetic acid
and concentrated in a Concentrator Plus (Eppendorf Italia, Milan, Italy). Dry samples
were resuspended in acetonitrile/formic acid and then sonicated before MS analysis,
which was performed using a UHPLC-MS QExactive Hybrid Quadrupole-Orbitrap™
mass spectrometer (Thermo Fisher Scientific, Reinach, Switzerland) (LC-ESI-QO-MS/MS
System), as previously reported [36].

2.7. Data Analysis

The Mascot search engine (www.matrixscience.com) was used to analyze MS and
MS/MS data by peptide mass fingerprint and MS/MS ion search (accessed 21 July 2023).
Protein identification was based on raw MS/MS data from one or more peptides. The
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neXtProt database was accessed to detect peptide sequences, while the C-Rap database was
selected to identify the presence of any contaminants. Mascot files (.mgf) were searched
with Mascot, setting the following search parameters: taxonomy (Human), proteolytic
enzyme (trypsin; no more than one missed cleavage), fixed modification (carbamidomethy-
lation of Cysteine), variable modification (Methionine oxidation; Asparagine and Glutamine
deamidation), mass tolerance for precursor ions (10 ppm), mass tolerance for product ions
(0.05 Da), and false discovery rate (FDR) < 1%. Only proteins with a minimum of two
unique peptides and a statistically significant p-value (<0.05) were considered differentially
expressed. Protein identification was performed at least in duplicate using bands cut from
replicated gel lanes. Unpaired Student’s t-test was used to compare the following: the
different protein yields obtained from motorized and manual fragmentation, the protein
concentration data between healthy and periodontally affected tissue samples, and the
quantitative values of healthy and diseased-related protein bands (significance was set to a
p-value of < 0.05).

3. Results
3.1. Protein Quantification

Gingival tissue disruption via the motorized mechanical method resulted in 7-fold
greater total protein recovery than using a manual pestle (average concentration + standard
deviation, SD: 1.08 mg/mL =+ 0.27 vs. 0.36 mg/mL =+ 0.26, respectively, p-value = 0.0042).
The quantification of the total protein content, performed for each tissue sample after
protein extraction, showed a significantly higher protein amount in pocket-associated
tissues than in healthy tissue samples (average concentration & SD: 1.04 mg/mL =+ 0.32 vs.
0.61 mg/mL =+ 0.09, respectively, p-value = 0.0030).

3.2. Protein Separation and Bands Analysis

Protein separation via SDS-PAGE, and the subsequent densitometric analysis of the
protein bands with the QuantityOne 1D image analysis software revealed five bands that
were significantly overexpressed in periodontopathic samples vs. healthy tissue samples
(p-values < 0.05), as shown in Figure 1. The bands indicated by arrows were cut from the
gel for protein identification via MS analysis.
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(kDa) tissue tissue
Figure 1. SDS-PAGE separation. Representative gel image showing the comparison between tissue
samples from healthy and periodontal pocket-associated sites. Gradient gel 4-12% Bis-Tris, Coomassie
Blue staining. Lane 1, molecular weight marker expressed in kilodalton (All Blue precision protein
standard, Bio-Rad); Lanes 2-3, representative pools of healthy tissue sample, in duplicate; Lanes
4-5, representative pools of pathological tissue sample, in duplicate. All lanes originate from the
same original gel image. Arrows indicate the significantly different bands between healthy and
pathological samples.
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The relative quantities values of the selected bands (expressed as OD x mm and
reported as average & SD), as well as the statistical significance values resulting from the
comparison between healthy and pathological samples, are shown in Table 1.

Table 1. Quantitative statistical analysis of differential protein bands.

Band Relative Quantity (OD x mm) ? .
a p-Value
ID Healthy Tissue Periodontal Tissue
Band n.1 1.63 £ 0.02 1.90 £ 0.01 0.0004
Band n.2 0.29 £ 0.03 0.34 £0.04 0.0345
Band n.3 0.19 £ 0.01 0.24 £ 0.03 0.0067
Band n.4 0.13 £0.01 0.21 £ 0.03 0.0305
Band n.5 0.11 £ 0.01 0.14 £ 0.01 0.0349

2 Band ID corresponding to those reported in Figure 1. ® Relative quantity (OD x mm) of each significant band,
expressed as mean + SD for the two groups of samples. © p-values obtained via independent Student’ ¢-test
(significant p-value < 0.05).

Further examination of the bands, considering the intensity trace, is illustrated in
Figure 2. A representative lane from SDS-PAGE is shown for the periodontal tissue sample
(Figure 2a), along with the corresponding vertical plot graphic of the band intensities
(Figure 2b) and the inverted color image with respect to the original gray lane (Figure 2c).
Figure 2b,c were obtained using QuantityOne 1D image analysis software (Bio-Rad). The
five differential bands reflect most of the peaks with the highest intensity.

Bandn.1 oy Density trace| [D

Bandn.2 Lg

Bandn.3 T 7%

Bandnd & =

Band n.5

(@) (b) ©

Figure 2. Protein band analysis. Representative 1D gel lane obtained for periodontal tissue sample
(a); vertical plot graph showing the peaks of bands intensities (b); gel image with inverted color (c).
On the left are indicated the numbers of the differential bands. The density trace image (b) and the
color image (c) were acquired using QuantityOne 1D image analysis software.

3.3. Protein Identification by LC-MS/MS

The protein mixtures extracted from the significantly increased bands were subjected to
LC-MS/MS analysis, thus leading to the identification of 22 different proteins in periodontal
pocket tissue samples. The complete list of the recognized proteins is shown in Table 2.

Column 1 reports the identification code of each analyzed protein band, as indicated
in both Figures 1 and 2, and in Table 1. The second column refers to the primary accession
number of the identified protein provided via the neXtProt database. Column 3 shows
the primary protein’s full name (from the neXtProt database), and next, the gene name
is reported. Column 5 shows the theoretical protein mass derived from the MS analysis,
expressed in Dalton, while column 6 refers to the highest score obtained via the analysis
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using the Mascot search engine. Finally, the last two columns display the number of
significant matching peptides and the number of significant protein sequences, respectively.

Table 2. Upregulated proteins identified using LC-MS/MS analysis in periodontal tissue.

Band®  Acc. NumberP Protein Name © Gened Mass® Scoref  Mat. 8 Seq. M
n.1 NX_Q99715-1 Collagen alpha-1(XII) chain isoform Iso 1 COL12A1 334,138 127 5 5
NX_P12111-1 Collagen alpha-3(VI) chain isoform Iso 1 COL6A3 345,167 199 17 17
NX_P02751-1 Fibronectin isoform Iso 1 FN1 266,052 37 2 2
n.2 NX_P02452-1 Collagen alpha-1(I) chain isoform Iso 1 COL1A1 139,883 815 36 27
NX_Q05707-1 Collagen alpha-1(XIV) chain isoform Iso 1 COL14A1 194,478 254 14 13
n.3 NX_P12109-1 Collagen alpha-1(VI) chain isoform 2C2 COL6A1 109,602 330 13 12
NX_P08123-1 Collagen alpha-2(I) chain isoform Iso 1 COL1A2 129,749 499 26 17
NX_P12110-1 Collagen alpha-2(VI) chain isoform 2C2 COL6A2 109,709 55 3 3
n.4 NX_P13646-1 Keratin, type I cytoskeletal 13 KRT13 49,900 138 6 6
NX_P02533-1 Keratin, type I cytoskeletal 14 KRT14 51,872 91 5 5
NX_P013647-1 Keratin, type II cytoskeletal 5 KRT5 62,568 197 13 13
NX_P02538-1 Keratin, type II cytoskeletal 6A KRT6A 60,293 280 14 14
NX_P01857-1 Immunoglobulin heavy constant gamma 1 IGHG1 36,596 124 6 5
NX_P01859-1 Immunoglobulin heavy constant gamma 2 IGHG2 36,505 56 3 3
n.5 NX_P08670-1 Vimentin VIM 53,676 690 29 26
NX_P07355-1 Annexin A2 ANXA2 38,808 518 21 19
NX_P08727-1 Keratin, type I cytoskeletal 19 KRT19 44,079 442 26 22
NX_P04406-1 Glyceraldehyde-3-phosphate dehydrogenase =~ G3PDH 36,201 343 21 14
NX_P60709-1 Actin, cytoplasmic 1 ACTB 42,052 331 19 13
NX_Q9BXN1-1  Asporin ASPN 43,788 90 8 8
NX_P20774-1 Mimecan OGN 34,243 63 5 5
NX_Q5VTEO Fptggtll)ve elongation factor 1-alpha-like 3 EEFIAIP5 50,495 61 3 3

2 [dentification code of protein band, as reported in Figures 1 and 2, and in Table 1;® primary protein accession
number (neXtProt database; ¢ protein complete name (neXtProt database); d gene name; ¢ monoisotopic mass

from MS analysis (Da); { the highest score (Mascot search engine); 8 number of significant matching peptides;

" number of significant protein sequences.

3.4. Protein Comparisons

A comparative evaluation of the proteins detected in the present work with those
characterized in our previous proteomic studies, conducted on patients with periodontitis,
highlighted some common identifications. A graphical illustration of the comparisons,
showing the overlapping proteins among the different oral samples analyzed, is provided
in Figure 3.

As evidenced in the diagram (Figure 3), 11 proteins overlap with our previous pro-
teomic studies. Of these proteins, ANXA2, ACTB, and VIM were identified in previous
periodontal tissues [27,28], as well as KRT13 and KTR19 [28]. These latter two proteins were
also detected in GCF [30]. Four additional proteins, namely two isoforms of immunoglobu-
lin heavy constant gamma, IGHG1 and IGHG2, and other two types of keratins, KRT6A
and KRT14, were previously identified in GCF [30], while PEF1 was previously found
only in TSCM [31]. Finally, the enzymatic protein GAPDH was detected in all previously
analyzed oral specimens from patients with periodontitis. The numbers reported in the
ellipse indicate the total number of proteins identified in each mentioned study.

Further protein matches were found by extending the comparisons towards pro-
teomics studies on PDs proposed by different authors and conducted on various types
of oral samples, as shown in Table 3. The literature search was essentially carried out
using the PubMed (MEDLINE), Scopus and Google Scholar databases using the following
keywords, proteomic-proteomics, periodontal disease, and periodontitis, in association
with the name of each protein identified in our present study. Table 3 reports the full names
of proteins and their abbreviated names (in round brackets), the different types of oral
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samples analyzed (periodontal pocket gingival tissue, GCF, TSCM, dentin, tooth pulp,
root canal content, salivary gland secretion, saliva, periodontal ligament cells/fibroblasts,
and human dental stem cells), the electrophoretic method used for protein separation,
the mass spectrometry platform employed for protein identification, and, finally, all the
corresponding bibliographic references.

PERIODONTAL PERIODONTAL
TISSUE TISSUE
(present study) (two previous studies)
22
28
IGHG1 ANXA2
IGHG2 ACTB
GCF 26 KRT6A vIM TSCM
KRT14  gRrT13 ¢
KRT19
GAPDH
PEF1

Figure 3. Protein overlap: Diagram showing the overlap of proteins identified in periodontal tissue
in the present work with our previous proteomic studies conducted in GCF, TSCM, and periodontal
pocket tissue samples from patients with periodontitis. The numbers in each ellipse refer to the total
number of proteins identified in the corresponding study. Complete data are available from [30] for
GCEF, [31] for TSCM and [27,28] for previous periodontal pocket tissue.
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Table 3. Protein comparisons and matches with the current proteomic literature.

Full and Abbreviated Protein Separation Identification/ o .

Name Type of Oral Sample Method Detection Platform Bibliographic Reference
Periodontal gingival tissue SDS-PAGE LC-MS/MS [37]-Badovinac et al. (2013)
Dentin SDS-PAGE LC-ESI-MS/MS [38]-Park et al. (2009)
Dentin SDS-PAGE + 2DE nano-LC-MS/MS [39]-Jagr et al. (2012)
Tooth pulp 2DE Q-ToF-MS/MS [40]-Eckhardt et al. (2014)
Tooth pulp 2DE MALDI-ToF [41]-Padkkonen et al. (2005)

. Dental pulp - nano-UPLC-MSF [42]-Oliveira Silva et al. (2020)

éogiﬁiiilpha_l(l) chain Root canal content - nano-LC-ESI-MS/MS [43]-Louriero et al. (2021)
PDL cells - 2D-LC-MS/MS [44]-Li et al. (2019)
PDL fibroblasts 2DE Ion-trap MS [45]-Reichenberg et al. (2005)
hPDLSCs - TMT-tag [46]-Li et al. (2021)
hPDLSCs 2DE 2-DE-MS [47]-Xiong et al. (2016)
PDLSCs + SHEDs - nano-LC-MS/MS [48]-Taraslia et al. (2018)
DPSCs SDS-PAGE LC-MS/MS [49]-Niehage et al. (2016)
Dentin SDS-PAGE LC-ESI-MS/MS [38]-Park et al. (2009)
Tooth pulp 2DE Q-ToF-MS/MS [40]-Eckhardt et al. (2014)

. . Tooth pulp 2DE MALDI-ToF [41]-Padkkonen et al. (2005)

%gi%%;‘lpha 1(VI) chain hPDLSCs - TMT-tag [46]-Li et al. (2021)
PDLSCs + SHEDs - nano-LC-MS/MS [48]-Taraslia et al. (2018)
DPSCs SDS-PAGE LC-MS/MS [49]-Niehage et al. (2016)
iDFCS - iTRAQ + LC-MS/MS [50]-Dou et al. (2017)
Periodontal gingival tissue SDS-PAGE LC-MS/MS [37]-Badovinac et al. (2013)
Dentin SDS-PAGE LC-ESI-MS/MS [38]-Park et al. (2009)

) . Root canal content - nano-LC-ESI-MS/MS [43]-Louriero et al. (2021)

(%’élﬁgiﬂpha 1(XI) chain PDL cells - 2D-LC-MS/MS [44]-Li et al. (2019)
PDLSCs + SHEDs - nano-LC-MS/MS [48]-Taraslia et al. (2018)
DPSCs SDS-PAGE LC-MS/MS [49]-Niehage et al. (2016)
iDFCS - iTRAQ + LC-MS/MS [50]-Dou et al. (2017)
Periodontal gingival tissue SDS-PAGE LC-MS/MS [37]-Badovinac et al. (2013)

Collagen alpha-1(XIV) chain
(COL14A1)

PDLSCs
iDFCS

nano-LC-MS/MS
iTRAQ + LC-MS/MS

[48]-Taraslia et al. (2018)
[50]-Dou et al. (2017)




Sci 2024, 6, 57

10 of 23

Table 3. Cont.

FNual;e;nd Abbreviated Protein Type of Oral Sample ij&‘:ﬂsgon g::;ltfil;itlp(;z form Bibliographic Reference
Periodontal gingival tissue SDS-PAGE LC-MS/MS [37]-Badovinac et al. (2013)
Dentin SDS-PAGE LC-ESI-MS/MS [38]-Park et al. (2009)
Dentin SDS-PAGE + 2DE nano-LC-MS/MS [39]-Jagr et al. (2012)
Tooth pulp 2DE Q-ToF-MS/MS [40]-Eckhardt et al. (2014)
Collagen alpha-2(I) chain Tooth pulp 2DE MALDI-ToF [41]-Paékkonen et al. (2005)
(COL1A2) Dental pulp - nano-UPLC-MSE [42]-Oliveira Silva et al. (2020)
Root canal content - nano-LC-ESI-MS/MS [43]-Louriero et al. (2021)
hPDLSCs - TMT-tag [46]-Li et al. (2021)
PDLSCs + SHEDs - nano-LC-MS/MS [48]-Taraslia et al. (2018)
DPSCs SDS-PAGE LC-MS/MS [49]-Niehage et al. (2016)
Dentin SDS-PAGE LC-ESI-MS/MS [38]-Park et al. (2009)
Collagen alpha-2(VI) chain PDLSCs + SHEDs - nano-LC-MS/MS [48]-Taraslia et al. (2018)
(COL6A2) DPSCs SDS-PAGE LC-MS/MS [49]-Niehage et al. (2016)
iDFCS - iTRAQ + LC-MS/MS [50]-Dou et al. (2017)
Dentin SDS-PAGE LC-ESI-MS/MS [38]-Park et al. (2009)
Tooth pulp 2DE Q-ToF-MS/MS [40]-Eckhardt et al. (2014)
Collagen alpha-3(VI) chain hPDLSCs 2DE 2-DE-MS [47]-Xiong et al. (2016)
(COL6A3) PDLSCs + SHEDs - nano-LC-MS/MS [48]-Taraslia et al. (2018)
DPSCs SDS-PAGE LC-MS/MS [49]-Niehage et al. (2016)
iDFCS - iTRAQ + LC-MS/MS [50]-Dou et al. (2017)
GCF 1DE LC-ESI-MS/MS [51]-Huynh et al. (2015)
GCF SDS-PAGE nano-LC-ESI-MS/MS [52]-Ngo et al. (2009)
Fibronectin Saliva SDS-PAGE LC-MS/MS [53]-Wu et al. (2016)
(FN) PDL fibroblasts 2DE Ion-trap MS [45]-Reichenberg et al. (2005)
PDLSCs + SHEDs - nano-LC-MS/MS [48]-Taraslia et al. (2018)
DPSCs SDS-PAGE LC-MS/MS [49]-Niehage et al. (2016)
Periodontal pocket tissue 2DE LC-MS/MS [28]-Monari et al. (2015)
. GCF SDS-PAGE LC-ESI-QO-MS/MS [30]-Bellei et al. (2022)
&el;i}tg) type I cytoskeletal 13 GCF - TMT-tag + LC-MS/MS [54]-Tsuchida et al. (2013)
GCF - LC-ESI-MS/MS [55]-Silva-Boghossian et al. (2013)
GCF 1D SDS-PAGE nano-LC-ESI-MS/MS [56]-Choi et al. (2011)
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Table 3. Cont.

FNualrlne;nd Abbreviated Protein Type of Oral Sample ijft;rs;wn g::;ltfil;itlp(;z form Bibliographic Reference
Periodontal gingival tissue SDS-PAGE LC-MS/MS [57]-Liu et al. (2022)
GCF SDS-PAGE LC-ESI-QO-MS/MS [30]-Bellei et al. (2022)
GCF - TMT-tag + LC-MS/MS [54]-Tsuchida et al. (2013)
Keratin, type I cytoskeletal 14 GCF - LC-ESI-MS/MS [55]-Silva-Boghossian et al. (2013)
(KRT14) GCF 1D SDS-PAGE nano-LC-ESI-MS/MS [56]-Choi et al. (2011)
Dentin SDS-PAGE + 2DE nano-LC-MS/MS [39]-Jagr et al. (2012)
Tooth pulp 2DE Q-ToF-MS/MS [40]-Eckhardt et al. (2014)
PDLSCs + SHEDs - nano-LC-MS/MS [48]-Taraslia et al. (2018)
Periodontal gingival tissue SDS-PAGE LC-MS/MS [57]-Liu et al. (2022)
Keratin, type I cytoskeletal 19 Periodontal pocket tissue 2DE LC-MS/MS [28]-Monari et al. (2015)
(KRT19) GCF SDS-PAGE LC-ESI-QO-MS/MS [30]-Bellei et al. (2022)
GCF - LC-ESI-MS/MS [55]-Silva-Boghossian et al. (2013)
GCF - TMT-tag + LC-MS/MS [54]-Tsuchida et al. (2013)
GCF - LC-ESI-MS/MS [55]-Silva-Boghossian et al. (2013)
Keratin, type II cytoskeletal 5 GCF 1D SDS-PAGE nano-LC-ESI-MS/MS [56]-Choi et al. (2011)
(KRT5) Dentin SDS-PAGE + 2DE nano-LC-MS/MS [39]-Jagr et al. (2012)
Tooth pulp 2DE Q-ToF-MS/MS [40]-Eckhardt et al. (2014)
PDLSCs + SHEDs - nano-LC-MS/MS [48]-Taraslia et al. (2018)
GCF SDS-PAGE LC-ESI-QO-MS/MS [30]-Bellei et al. (2022)
. GCF - LC-ESI-MS/MS [55]-Silva-Boghossian et al. (2013)
%E’Ir{?;&)type Il cytoskeletal 6A Dentin SDS-PAGE + 2DE nano-LC-MS/MS [39]-Jagr et al. (2012)
Tooth pulp 2DE Q-ToF-MS/MS [40]-Eckhardt et al. (2014)
SHEDs - nano-LC-MS/MS [48]-Taraslia et al. (2018)
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Table 3. Cont.

FNual;e;nd Abbreviated Protein Type of Oral Sample ij&‘:ﬂsgon g::;ltfil;itlp(;z form Bibliographic Reference
Periodontal gingival tissue SDS-PAGE LC-MS/MS [37]-Badovinac et al. (2013)
GCF SDS-PAGE LC-ESI-QO-MS/MS [30]-Bellei et al. (2022)
GCF SDS-PAGE nano-LC-ESI-MS/MS [52]-Ngo et al. (2010)
GCF - LC-ESI-MS/MS [55]-Silva-Boghossian et al. (2013)

Immunoglobulin heavy constant GCF 1D SDS-PAGE nano-LC-ESI-MS/MS [56]-Choi et al. (2011)

1 Dentin SDS-PAGE + 2DE nano-LC-MS/MS [39]-Jagr et al. (2012)

E"’Iglrgal) Tooth pulp 2DE Q-ToF-MS/MS [40]-Eckhardt et al. (2014)
Tooth pulp 2DE MALDI-ToF [41]-Padkkonen et al. (2005)
Dental pulp - nano-UPLC-MSE [42]-Oliveira Silva et al. (2020)
Root canal content - nano-LC-ESI-MS/MS [43]-Louriero et al. (2021)
Salivary gland secretion PAGE LC-ESI-MS/MS [58]-Siqueira et al. (2008)
PDLSCs + SHEDs - nano-LC-MS/MS [48]-Taraslia et al. (2018)
Periodontal gingival tissue SDS-PAGE LC-MS/MS [37]-Badovinac et al. (2013)
GCF SDS-PAGE LC-ESI-QO-MS/MS [30]-Bellei et al. (2022)

Immunoglobulin heavy constant GCF - Label-free LC-MSE [59]-Bostanci et al. (2010)
5 Dentin SDS-PAGE + 2DE nano-LC-MS/MS [39]-Jagr et al. (2012)

?IaG“;I“G‘z) Tooth pulp 2DE Q-ToF-MS/MS [40]-Eckhardt et al. (2014)
Dental pulp - nano-UPLC-MSE [42]-Oliveira Silva et al. (2020)
Root canal content - nano-LC-ESI-MS/MS [43]-Louriero et al. (2021)
Saliva SDS-PAGE LC-MS/MS [53]-Wu et al. (2016)
Periodontal gingival tissue SDS-PAGE LC-MS/MS [37]-Badovinac et al. (2013)
Periodontal pocket tissue 2DE LC-MS/MS [28]-Monari et al. (2015)
GCF - LC-ESI-MS/MS [55]-Silva-Boghossian et al. (2013)

Vimentin GCF - ELISA and PCR [60]-Shindo et al. (2023)

(VIM) Dentin SDS-PAGE LC-ESI-MS/MS [38]-Park et al. (2009)
Dentin SDS-PAGE + 2DE nano-LC-MS/MS [39]-Jagr et al. (2012)
Tooth pulp 2DE Q-ToF-MS/MS [40]-Eckhardt et al. (2014)
Tooth pulp 2DE MALDI-TOF [41]-Padkkonen et al. (2005)

Root canal content

nano-LC-ESI-MS/MS

[43]-Louriero et al. (2021)
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Table 3. Cont.

FNual;e;nd Abbreviated Protein Type of Oral Sample ij&‘:ﬂsgon g::;ltfil;itlp(;z form Bibliographic Reference
Saliva - LC-MS/MS [61]-Bostanci et al. (2018)
PDL fibroblasts 2DE Ion-trap MS [45]-Reichenberg et al. (2005)
hPDLSCs 2DE 2-DE-MS [47]-Xiong et al. (2016)
PDLSCs + SHEDs - nano-LC-MS/MS [48]-Taraslia et al. (2018)
DFCs + DPSCs + DPCs 2DE MALDI-ToF-MS [62]-Patil et al. (2014)
DFCs + DPCs 2DE MALDI-ToF/ToF [63]-Guo et al. (2013)
DPSCs 2DE MALDI-ToF/ToF [64]-Akpinar et al. (2014)
Periodontal pocket tissue 2DE ESI-Q-ToF [27]-Bertoldi et al. (2013)
Periodontal pocket tissue 2DE LC-MS/MS [28]-Monari et al. (2015)
GCF - TMT-tag + LC-MS/MS [54]-Tsuchida et al. (2013)
Dentin SDS-PAGE LC-ESI-MS/MS [38]-Park et al. (2009)
Dentin SDS-PAGE + 2DE nano-LC-MS/MS [39]-Jagr et al. (2012)
Annexin A2 Tooth pulp 2DE Q-ToF-MS/MS [40]-Eckhardt et al. (2014)
(ANXA2) Tooth pulp 2DE MALDI-TOF [41]-Paékkonen et al. (2005)
Dental pulp - nano-UPLC-MSE [42]-Oliveira Silva et al. (2020)
PDL fibroblasts 2DE Ion-trap MS [45]-Reichenberg et al. (2005)
hPDLSCs - TMT-tag [46]-Li et al. (2021)
hPDLSCs 2DE 2-DE-MS [47]-Xiong et al. (2016)
PDLSCs + SHEDs - nano-LC-MS/MS [48]-Taraslia et al. (2018)
DFCs + DPCs 2DE MALDI-ToF/ToF [63]-Guo et al. (2013)
Periodontal pocket tissue 2DE LC-MS/MS [28]-Monari et al. (2015)
GCF SDS-PAGE LC-ESI-QO-MS/MS [30]-Bellei et al. (2022)
GCF SDS-PAGE nano-LC-ESI-MS/MS [52]-Ngo et al. (2010)
Glyceraldehyde-3-phosphate- GCF 1D SDS-PAGE nano-LC-ESI-MS/MS [56]-Choi et al. (2011)
dehydrogenase TSCM SDS-PAGE LC-ESI-QO-MS/MS [31]-Bergamini et al. (2021)
(G3PDH) Dentin SDS-PAGE LC-ESI-MS/MS [38]-Park et al. (2009)
Dentin SDS-PAGE + 2DE nano-LC-MS/MS [39]-Jagr et al. (2012)
Tooth pulp 2DE Q-ToF-MS/MS [40]-Eckhardt et al. (2014)

Tooth pulp 2DE MALDI-TOF [41]-Padkkonen et al. (2005)
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Table 3. Cont.

FNual;e;nd Abbreviated Protein Type of Oral Sample ij&‘:ﬂsgon g::;ltfil;itlp(;z form Bibliographic Reference
Dental pulp - nano-UPLC-MSF [42]-Oliveira Silva et al. (2020)
Root canal content - nano-LC-ESI-MS/MS [43]-Louriero et al. (2021)
Saliva - LC-MS/MS [61]-Bostanci et al. (2018)
PDL cells - 2D-LC-MS/MS [44]-Li et al. (2019)
PDL fibroblasts 2DE Ion-trap MS [45]-Reichenberg et al. (2005)
PDLSCs + SHEDs - nano-LC-MS/MS [48]-Taraslia et al. (2018)
DFCs + DPSCs + DPCs 2DE MALDI-ToF-MS [62]-Patil et al. (2014)
Periodontal pocket tissue 2DE ESI-Q-ToF [27]-Bertoldi et al. (2013)
Periodontal pocket tissue 2DE LC-MS/MS [28]-Monari et al. (2015)
GCF SDS-PAGE nano-LC-ESI-MS/MS [52]-Ngo et al. (2010)
GCF - LC-ESI-MS/MS [55]-Silva-Boghossian et al. (2013)
GCF 1D SDS-PAGE nano-LC-ESI-MS/MS [56]-Choi et al. (2011)
Dentin SDS-PAGE + 2DE nano-LC-MS/MS [39]-Jagr et al. (2012)
Actin, cytoplasmic 1 Tooth pulp 2DE Q-ToF-MS/MS [40]-Eckhardt et al. (2014)
(A CTiB) Tooth pulp 2DE MALDI-ToF [41]-Paakkonen et al. (2005)
Dental pulp - nano-UPLC-MSE [42]-Oliveira Silva et al. (2020)
Root canal content - nano-LC-ESI-MS/MS [43]-Louriero et al. (2021)
Salivary gland secretion PAGE LC-ESI-MS/MS [58]-Siqueira et al. (2008)
Saliva - LC-MS/MS [61]-Bostanci et al. (2018)
PDL fibroblasts 2DE Ion-trap MS [45]-Reichenberg et al. (2005)
PDLSCs + SHEDs - nano-LC-MS/MS [48]-Taraslia et al. (2018)
DPSCs 2DE MALDI-ToF/ToF [64]-Akpinar et al. (2014)
Asporin Dentin SDS-PAGE LC-ESI-MS/MS [38]-Park et al. (2009)
(ASPN) Dentin SDS-PAGE + 2DE nano-LC-MS/MS [39]-Jagr et al. (2012)
Tooth pulp 2DE Q-ToF-MS/MS [40]-Eckhardt et al. (2014)
Periodontal gingival tissue SDS-PAGE LC-MS/MS [57]-Liu et al. (2022)
Mimecan (or Osteoglycin) Dentin SDS-PAGE LC-ESI-MS/MS [38]-Park et al. (2009)
(MIME) Dentin SDS-PAGE + 2DE nano-LC-MS/MS [39]-Jagr et al. (2012)
Tooth pulp 2DE Q-ToF-MS/MS [40]-Eckhardt et al. (2014)
SHEDs - nano-LC-MS/MS [48]-Taraslia et al. (2018)
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Table 3. Cont.

Full and Abbreviated Protein Separation Identification/

Name Type of Oral Sample Method Detection Platform Bibliographic Reference

Putative elongation factor

1-alpha-like 3 TSCM SDS-PAGE LC-ESI-QO-MS/MS [31]-Bergamini et al. (2021)
(PEF1)

PDL: periodontal ligament; TSCM: tooth surface collected material; hPDLSCs: human periodontal ligament stem cells; SHEDs: stem cells from human exfoliated deciduous teeth; DPSCs:
dental pulp stem cells; iDFCs: immortalized dental follicle cells; DPCs: dental papilla cells; 2DE: two-dimensional gel electrophoresis; 1DE: mono-dimensional gel electrophoresis;
LC: liquid chromatography; MS/MS: tandem mass spectrometry; ESI: electro spray ionization; MALDI-ToF: matrix-assisted laser desorption/ionization-time-of-flight; UPLC-MSE:
ultra-performance LC-MS in data-independent analysis mode; TMT-tag: tandem mass tag; QO: Quadrupole Orbitrap; iTRAQ: isobaric tag for relative and absolute quantitation.
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4. Discussion

At present, the clinical manifestation of periodontitis is usually recognized late, af-
ter the destruction of periodontal gingival tissue, which is basically caused by chronic
inflammation, interference from host agents, and genetic and environmental factors. The
diagnosis is performed considering periodontal damage that has already occurred, and,
therefore, periodontal therapy is largely focused on the dysbiotic ecosystems that trigger
the disease [65]. Furthermore, the treatment of periodontitis is not standardized, as it varies
depending on each individual patient and on the subjective evaluation of the periodontist
treating [66]. In this regard, the advanced concept of personalized medicine is becoming
increasingly worthy of importance as it could provide better prognostic methods than
conventional treatments. Markedly, an early diagnostic system based on selective biomark-
ers able to predict periodontitis and guide therapeutic planning is required for the timely
identification and management of this disease.

In this study, the proteomic profile of periodontal pocket tissue was compared with
that of a related healthy site with the purpose of identifying protein biomarkers associ-
ated with periodontitis. Tissue proteins were successfully extracted using an innovative
motorized mechanical method that allowed for the disruption of hard tissues (such as
connective tissue) and, consequently, the recovery of a greater protein number for a more
complete protein cluster. Using SDS-PAGE coupled to QuantityOne 1D image analysis
software (Figure 1, Table 1, and Figure 2), and through LC-MS/MS analysis, 22 upregulated
proteins were found in periodontitis-affected sites in comparison to periodontally healthy
gingival sites (Table 2). Each protein was first compared with our previous proteomic
studies (Figure 3) and then with contemporary proteomics literature (Table 3), highlighting
noteworthy protein correspondences.

4.1. Collagens and Fibronectin

The gingival connective tissue is primarily composed of collagens, fibronectin, pro-
teoglycans, and osteonectin. During the development of periodontitis, several changes
occur in the molecular composition of gingival connective tissue, as well as structural
degenerative modifications, starting with significant supporting tissue destruction, inflam-
matory lesions, and collagens degradation, thus leading to the loss of connective tissue
and bone support [67]. However, the junctional epithelium, acting as a barrier site, is able
to maintain its regenerative capability in response to damage. Constructive changes have
been established at the level of the fibrotic periodontal pocket wall, such as endothelial
and connective tissue cell proliferation and new formations of capillaries, fibroblasts, and
collagen fibers [68]. Higher expression levels of collagens found in pocket tissue samples
may stimulate periodontal regeneration. In accordance with our results, Badovinac et al.
reported the upregulation of COL1A1, COL1A2, COL12A1, and COL14A1 in pathologi-
cal gingival tissue from severe generalized aggressive periodontitis, and, differently, the
downregulation of COL6A1, COL6A2, and COL6A3 [37].

FN is a multifunctional glycoprotein that mediates inflammation, wound healing, and
tissue repair (UniProt database). Moreover, it is implicated in mediating some cellular
activities and interactions with the extracellular matrix, such as cell growth, differentiation,
adhesion, and migration. It binds to a great variety of molecules, comprising heparin, fibrin,
integrin, and collagen [69]. Cellular FN is produced in various tissues by resident cells, such
as bone, connective, and periodontal tissues. While periodontal inflammation progresses,
the gingival tissue deteriorates since the inflammation extends deep into the supporting
connective tissues [67]. Hence, the uncovering of high levels of FN in periodontal pocket
sites could be due to a tentative to restore the structure of the injured matrix tissue by
the organization and regulation of cellular processes, in a cooperative interaction with
collagens. In addition, in severe periodontitis, alterations in the fibrillar morphology and
distribution of FN have been observed in the cementum, thus positively influencing the
regeneration, homeostasis, and connective tissue attachment onto periodontally affected
root surfaces [70].
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4.2. Type I and Type II Cytoskeletal Keratins

Keratins are cytoskeletal filamentous proteins with a key role as mechano-protectors,
showing mechanical and nonmechanical functions in epithelia, including the support
and maintenance of epithelial cell structural integrity, gene transcription, regulation of
cell growth and migration, protein synthesis, stress signaling, as well as protection from
apoptosis and cellular injury (UniProt database). In our study, we found the overexpression
of five different keratin forms in periodontal pocket tissue, namely KRT13, KRT14, KRT19,
KRT5, and KRT6A. Type II keratins, KRT5 and KRT6A, are involved, respectively, in the
conservation of the skin barrier in response to mechanical stress, forming intermediate fila-
ments in the basal epidermis, and in wound healing, activating the follicular keratinocytes
after injury (neXtProt database). Also in this case, the high presence of these proteins in the
inflamed and injured periodontal gingival sulcus may function in replacing damaged cells
and tissues. In a recent proteomic study, KRT14 and KRT19 were found to be upregulated
in periodontal gingival tissue from the periodontitis group compared to the healthy group,
which is in agreement with our findings [57].

4.3. Immunoglobulins Heavy Constant Gamma

IGHG1 and IGHG2 are membrane-bound or secreted glycoproteins produced by B-
lymphocytes that participate in immune response versus pathological agents and have a
role in tissue protection against bacteria (The Human Protein Atlas and UniProt databases).
Therefore, the high expression of immunoglobulins in periodontally diseased tissue can
be reasonably attributed to an intrinsic defense mechanism against the polymicrobial
environment of the periodontal pocket, thus counteracting subgingival dysbiosis, which
leads to tissue destruction. Similar results were found in a proteomic analysis of gingival
tissue from aggressive periodontitis using label-free quantitative LC-MS/MS, where both
IGHG1 and IGHG2 resulted in upregulation compared to healthy tissue samples [37].

4.4, Vimentin

VIM is a type III cytoskeletal intermediate filament protein expressed in mesenchymal
cells, comprising fibroblasts, endothelial cells, neutrophils, and lymphocytes. Along with
tubulin-based microtubules and actin-based microfilaments, ir constitutes the cytoskeleton
and stabilizes cytoskeletal interactions. Essentially, VIM has relevant roles in various cell
processes, including cell motility, adhesion, and migration, as well as being responsible for
maintaining cell shape, plasticity, and integrity of the cytoplasm. Moreover, VIM filaments
bind and stabilize type I collagen mRNAs for COL1A1 and COL2A2 (UniProt database).
Recent studies have demonstrated that the implications of VIM go beyond structural
and cytoskeletal functions as it is involved in several pathophysiological conditions, e.g.,
autoimmune and inflammatory diseases, infections, and immune response, where it acts as
a ligand at the cell surface. The VIM signaling network can directly detect pathogens and
mobilize antimicrobial and host responses [71]. Elevation of VIM in infected periodontal
pocket tissue found in this study, and already reported in previous proteomic works [28,37],
could be associated with VIM immune activity. Recently, the release of citrullinated VIM
has been demonstrated in a mouse model of periodontitis, hypothesizing a correlation with
the promotion of periodontal bone resorption [60].

4.5. Annexin A2

ANXA2 is a calcium-dependent multicompartmental membrane-binding protein with
a wide range of important intracellular membrane-related functions, such as repair events,
regulation of membrane fusion, vesicle trafficking, membrane organization, and the for-
mation of ion channels (Transporter Classification Database). It may be involved in heat
stress responses and osteogenesis and has been proposed to have a role in the exocytosis
of intracellular proteins to the extracellular domain, as well as in endocytosis, via the
recruitment of peripheral membrane proteins. Additionally, it is involved in epithelial
cell motility, fibrinolysis, cell-matrix interactions and the linkage of protein-membrane
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complexes to the actin cytoskeleton (neXtProt database). ANXA?2 is considered to be a
pleiotropic protein: it can promote the adhesion, entry, and proliferation of bacteria into
host cells. Then, in the later stages of acute inflammation, it contributes to starting the
angiogenesis process, which, in turn, stimulates tissue repair; otherwise, if dysregulated, it
can lead to chronic inflammation [72]. Since severe periodontitis is a condition presenting
with a complex inflammatory microenvironment, we can assume that the overexpression
of ANXA2 detected in the periodontal pocket tissue might be due to an attempt to resolve
the inflammation status and heal the gingival tissue, namely a double function of defense
and tissue repair.

4.6. Glyceraldehyde-3-Phosphate-Dehydrogenase

G3PDH is a pivotal enzyme in glycolysis. It also has a valuable function in innate
immunity via the production of type I interferon and the promotion of TNF-induced NF-kB
activation (UniProt DB). Furthermore, G3PDH modulates the organization and assembly of
the cytoskeleton and participates in nuclear events, such as transcription, RNA transport,
DNA replication, and apoptosis (The Human Protein Atlas DB). Interestingly, G3PDH
was always found to be upregulated in our previous proteomic studies conducted on
periodontal pocket tissue [27,28], GCF [30], and TSCM [31] from patients with severe
periodontitis. This finding has been rewardingly confirmed in the present study.

4.7. Actin, Cytoplasmic 1

ACTB is a highly conserved scaffold protein present in various cell types as a compo-
nent of the cytoskeleton and as a mediator of internal cell contraction and motility (InterPro
database). ACTB polymerization produces filaments that form cross-linked networks in
cell cytoplasm. It also localizes in the nucleus, playing a key role in gene transcription
regulation and the repair of damaged DNA (UniProt database). The meaning of elevated
amounts of ACTB in periodontally diseased sites, as well as the high presence of keratins
and VIM, could indicate a dynamic, powerful activity of tissue retrieval and renovation
through the relationships of different proteins with similar functions.

4.8. Asporin

ASPN, also known as periodontal ligament-associated protein 1 (PLAP-1), is an ex-
tracellular tissue-specific matrix protein belonging to the Class I small leucine-rich repeat
proteoglycan family (UniProt database). It binds calcium and type I collagen, and is im-
plicated in osteoblast-driven collagen biomineralization, osteoarthritis, cancer, and PDL
mineralization [73]. Based on its functions, it is not surprising to observe an increased
expression of ASPN in periodontitis, with it being a disease characterized by the destruction
of the PDL and periodontal tissue. We can assume that the high presence of ASPN could
have a role in collagen calcification and mineralization at the PDL level, with the purpose
of restoring the homeostasis of the tooth-supporting system. Supporting this assumption, a
recent study conducted using an animal model of periodontitis showed alterations to PDL
structures and acceleration of bone loss in mice lacking PLAP-1/asporin. These results
highlight the effectiveness of ASPN in maintaining the morphology and strength of collagen
fibrils against mechanical stress and load forces (such as occlusal force) in PDL [74].

4.9. Mimecan

MIME, also called osteoglycin and osteoinductive factor (OIF), is a small leucine-rich
proteoglycan capable of inducing bone formation in combination with TGF-b1 or TGF-b2.
Its expression can be modulated by different cytokines and growth factors. MIME takes
part in various biological processes, e.g., as a regulator of collagen fibrillogenesis, cellular
growth, angiogenesis, and inflammation (InterPro database). Additionally, it acts as a
significant regulator during odontogenesis [75]. In accordance with our outcomes, Liu et al.
demonstrated increased levels of MIME in inflamed periodontal gingival tissue collected
from patients with periodontitis when compared to healthy control subjects [57].
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4.10. Putative Elongation Factor 1-Alpha-like 3 Isoform (PEF1)

PEF1 is a translation/elongation factor protein encoded in humans by the gene EEF1A1P5.
During the elongation phase of protein biosynthesis, PEF1 mediates the GTP-dependent
binding of aminoacyl-tRNA to the A-site of the 80S ribosome, allowing for the ubiquitous
expression of the protein (NIH website). It putatively binds actin filaments and microtubules
to modulate cytoskeleton organization. It is predicted to participate in apoptosis, contributing
to the regulation of cell growth and immune response (UniProt). Increased levels of PEF1
were previously reported in TSCM samples of periodontopathic patients [31].

Limitations

This study has some limitations that need to be mentioned, such as the low number
of initial cases. Moreover, the identified proteins demand further investigation (for exam-
ple, by 2DE) and validation (such as by Western blot and /or enzymatic immunosorbent
assay). On the other hand, as protein expression is a dynamic process, particularly in the
periodontium, the complete understanding of functional changes at the periodontal tissue
proteome level will require a combination of metabolic labeling through complementary
approaches, like metabolomics. Additionally, it would be pertinent to also compare peri-
odontally healthy subjects with those presenting with periodontitis. Future perspectives
will be directed towards analyzing more accessible samples, such as saliva, the collection
of which is totally non-invasive, safe, and quantitatively abundant, focusing on possible
common identification and considering a larger number of cases. This would allow us
to confirm and expand the panel of periodontitis biomarkers for a more comprehensive
assessment of the disease.

5. Conclusions

In summary, most of the results are consistent with a defense-oriented inflammatory
response and the regenerative tendency of the injured tissue. The identified proteins are
essentially scaffold proteins (structural or regulatory proteins of the cytoskeleton) involved
in tissue repair, bone regeneration/mineralization, osteogenesis, and immune response
against infectious microorganisms. These proteins could be specific for periodontitis, while
proteins with defensive/protective roles towards tissue lesions, implicated in wound heal-
ing and inflammation, might reasonably also be present in other inflammatory conditions
involving the oral cavity (such as gingivitis). These findings contribute to increasing our
understanding of periodontal tissue regeneration and repair at the molecular level. Collec-
tively, the detected proteins could constitute a pattern of informative oral biomarkers, which
could be applied to improve the diagnosis of the disease (such as through the development
of an early clinical diagnostic test) or be of interest for targeted therapy. Constant advances
in tissue isolation, as well as in protein separation and sequence analysis through proteomic
technologies, promise to bring significant innovations to the field of dental sciences.
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