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Abstract

Orthodontically induced inflammatory root resorption (OIIRR) is an undesirable complication of orthodontic treatment (OT)
with an ambiguous aetiologic mechanism. This study aimed to identify OIIRR-associated biomarkers in the gingival crev-
icular fluid (GCF) using proteomic analysis. In this randomized clinical trial, the upper first premolars (UFP) were exposed
either to light or heavy force. The GCF was collected at 1 h, 1 day, 7 days, 14 days, 21 days, and 28 days following force
application. After extraction of UFP, roots were imaged and resorption premolar, was used to deliver either light forcecraters
were measured. Proteomic analysis of GCF was performed using 2D gel electrophoresis with MALDI-TOF/TOF MS/MS.
Results were further analyzed by bioinformatics analyses showing the biological functions and predicted pathways. The
predicted canonical pathways showed that the expression of immunoglobulin kappa (IGKC), neutrophil gelatinase-associated
lipocalin (NGAL), neurolysin mitochondrial (NEUL), keratin, type II cytoskeletal 1 (K2C1), S100-A9, and the extracellular
calcium-sensing receptor (CASR) were significantly associated with a range of biological and inflammatory processes. In
conclusion, up-regulation of SI00A9, CASR, and K2C1 suggested a response to force-related inflammation, chemotactic
activities, osteoclastogenesis, and epithelial cell breakdown. Meanwhile, the up-regulation of IGKC, NGAL, and K2C1
indicated a response to the inflammatory process, innate immunity activation, and epithelial cell breakdown.

Keywords Gingival crevicular fluid (GCF) - Proteomic - Root resorption

Introduction

Orthodontically induced inflammatory root resorption
(OIIRR) is an undesirable and unpredictable complication
of orthodontic treatment (OT) (Nieto-Nieto et al. 2017).
Despite many attempts in the last decades to understand the
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nature of OIIRR, however, its aetiologic mechanism is still
ambiguous. Nevertheless, it is agreed that the etiology for
the development and progression of this condition is multi-
factorial involving patient- and treatment-related factors.
Force magnitudes and duration were the most evident-asso-
ciated factors (Currell et al. 2019).

The OIIRR is typically symptomless, but when the root
structure loss is significant, clinical symptoms emerge with
tooth mobility as the worst one (Dudic et al. 2009; Brezniak
and Wasserstein 2019). Therefore, the clinical significance
of root resorption is closely correlated to its early detec-
tion, using various methods to evaluate both the orthodon-
tic and biological issues that may lead to root resorption

pielace ¢lloll ay .
Ay &) Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s13205-023-03572-5&domain=pdf
http://orcid.org/0000-0002-5705-0223

157 Page2of16

3 Biotech (2023) 13:157

(Dindaroglu and Dogan 2016). The most common methods
for detecting OIIRR clinically are two-dimensional (2D) and
three-dimensional radiographs, i.e., cone-beam computed
tomography. However, both methods cannot assess whether
resorption is stopped or still active (Samandara et al. 2019).

Gingival crevicular fluid (GCF) is one of the biological
fluids that can reflect the ongoing biological process in situ
through the analysis of its content and composition as well
as flow rate (Barros et al. 2016). The use of GCF biomark-
ers for the prediction, diagnosis, and monitoring of differ-
ent dental and periodontal conditions has shown a positive
potential as an effective, non-invasive, and safe tool. In addi-
tion, recent data suggested a therapeutic measure from the
validated GCF biomarkers to overcome OIIRR (Buduneli
2019).

The discovery and identification of novel biomarkers are
highly aided by advanced molecular biology tools, including
proteomic strategies and mass spectrometry (MS) (Khurs-
hid et al. 2016; Ghallab 2018). In orthodontics, comparative
proteomics MS can be used to monitor and compare GCF
proteome profiles and identify potential OIIRR biomarkers
(Rody et al. 2014). Most of the previous studies for early
detection of OIIRR have been performed to test individ-
ual biomarkers that are representative of a single biologi-
cal pathway. To the best of our knowledge, limited studies
have employed GCF proteomics analysis to detect possible
diagnostic biomarkers for OIIRR. Therefore, this clinical
trial aimed to identify candidate biomarkers, with differ-
ent proteome profiling in GCF, associated with early OIIRR
which could help orthodontists precisely predict, diagnose,
and monitor OT.

Materials and methods
Study design and settings

This two-arm split-mouth, randomized-controlled clinical
trial was approved by the Ethics Committee of the College
of Dentistry, University of Baghdad (ID #023,418, January
9, 2019) with clinical trial registration #NCT04291443 on
02/03/2020. The study commenced from November 2018
to June 2020. All participants were provided with compre-
hensive methodological information during enrollment and
written informed consent was gathered before the study was
started.

Study population and outcomes

Adult patients attended to College of Dentistry, the Univer-
sity of Baghdad seeking OT and analogous positive controls
of periodontitis patients were recruited.
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1. Inclusion criteria

Adult (18-32 years), with no history of any medical dis-
ease/condition, who needed bilateral extraction of upper first
premolar (UFP) as a part of OT. Patients had impacted third
molars exhibiting good oral hygiene and a healthy periodon-
tium (Chapple et al. 2018), and no radiographic signs of
pre-existing apical root resorption of the teeth were included
in the study. Both UFPs should have two roots, with nearly
similar shapes and nearly equal lengths and are normally
positioned within the arch.

II. Exclusion criteria

Patients with tooth impaction other than third molars.
Smoker individuals and patients on anti-inflammatory drugs
within the last 3 months and during the study. Pregnant/lac-
tating female or on contraceptives, history of bruxism and
clenching, previous OT, traumatized, carious and dentally
restored UFP, any oral pathology, and those who are not
willing to consent.

The primary outcomes were the degree of root resorption
and the associated GCF biomarkers following the applica-
tion of orthodontic force. The secondary outcome was meas-
uring protein levels in the GCF.

Randomization and masking

A split-mouth study design was followed with an allocation
ratio of 1:1 (right and left sides). A simple randomization
method was used in which the two forces were consecutively
applied on each side among participants by the main investi-
gator (H.S.MS.). GCF and extracted teeth were coded by the
main investigator and blindly analyzed by another investiga-
tor and an independent bio-statistician.

Interventions and measurements

The root length (mm) of UFP and pre-existing apical root
resorption of the extracted teeth were assessed radiographi-
cally. Additionally, demographic data, study model, and
photographs were collected. All participants received full-
mouth ultrasonic scaling and polishing with oral hygiene
instructions 2 weeks before OT. Baseline data were obtained
before the placement of elastic separators and 2 weeks fol-
lowing ultrasonic scaling and polishing. GCF samples were
conducted at 1 h, 1 day, 7 days, 14 days, 21 days, and 28 days
following force application. At the endpoint of the trial,
extractions of the UFP were carried out.

Bilateral sectional fixed orthodontic appliances were
bonded on the molars and UFP, which consisted of TPA fab-
ricated from 1-inch hard stainless-steel wire. This was sol-
dered with the 0.022-inch slot Roth bands cemented on the
Ist molars and a self-ligating bracket with a 0.022" x0.028"
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slot size was bonded on UFP using light-cured bond cement.
A cantilever spring, 0.016” and 0.019"” x 0.025" TMA wires,
extended from the 1% molar to the UFP, bypassing the 2nd
premolar, was used to deliver either light force (LF) (25 g) or
heavy force (HF) (225 g), respectively (Fig. 1 I). Each spring
was prepared on a study model before the day of bonding,
and a coil with an internal diameter of 3 mm was integrated
next to the ipsilateral 1°" molar. The spring was activated
and adjusted to be loaded to the decided magnitude. The
measurement was done via a strain gauge that measures to
the nearest gram. To inhibit extra forces on the UFP, light-
curing band cement material was added onto the mandibular
1* molars’ occlusal surfaces to open the bite lightly. During

28 days, there was no reactivation to the spring nor ortho-
dontic appliance was bonded on the mandibular arch.

GCF collection for proteomics analysis

GCF samples were collected by infraclavicular method
during the day between 9:00 am and 2:30 pm using Perio-
Paper™ for healthy periodontium and PerioColpaper™
strips for periodontitis patients (OraFlow Inc. New York,
USA) from four sides (mesiobuccally, distobuccally,
mesiopalataly, and distopalataly) per tooth (Saloom et al.
2017). GCF elution, processing, and storage followed the
procedure described in a previous study (Saloom et al.
2017; Mohammed-Salih and Saloom 2022).
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Fig. 1 A Heavy force (225 g) side using 0.019”x0.025" TMA wire,
B occlusal view of the appliance with a trans-palatal arch in situ, and
C light force (25 g) side using 0.016” TMA wire. D Fiji (Image-J,
Inc.) software was used to analyze a straight-on 2D root image to

measure the surface area of resorption craters at each determined site.
The pink delineated area indicates the total area of the analyzed site
(i.e., cervical), and the blue delineated areas indicate the resorption
craters at each site (scale bar 1 mm)
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Teeth extraction and imaging method for root
resorption quantification

On day 28, extractions of the UFP were performed only with
forceps avoiding any contact to the cervical root cementum.
Processing, disinfection, storage, and imaging of the teeth
were performed as previously described (Malek et al. 2003;
Chutimanutskul et al. 2006). The resorption crater's surface
area was measured by absolute straight-on images using Ste-
reozoom Microscope (Nikon SMZ 745 T, Model C-LEDS,
China) with 10 Xx. Buccal, palatal, mesial, and distal root
surfaces were photographed using a digital camera (Q Imag-
ing, Surrey, Canada). Three images per surface were taken in
the cervico-apical direction which was divided into cervical,
middle, and apical thirds. Buccal, palatal, distal, and mesial
surfaces for each third were determined, namely buccal cer-
vical (BC), buccal middle (BM), buccal apical (BA), pala-
tal cervical (PC), palatal middle (PM), palatal apical (PA),
mesial cervical (MC), mesial middle (MM), mesial apical
(MA), distal cervical (DC), distal middle (DM), and distal
apical (DA). Each resorption crater area was encircled and
measured together with the whole surface area using soft-
ware (Fiji, Image-J, Inc.) (Fig. 1 II). The teeth were allocated
into high resorption (HR) and low resorption (LR) groups
according to the total percentage of resorption surface area
per tooth. Subsequently, GCF samples for the HR group
(HRO to HR6) and LR group (LRO to LR6), in addition,
to the periodontitis group, were prepared for proteomics
analysis.

GCF proteomics analysis

Determination of protein concentration using Bradford
assay

All steps for protein quantification by Bradford assay were
performed according to a previous work of Mohammed-
Salih and Saloom (Mohammed-Salih and Saloom 2022).
Experiments were run in triplicate.

Determination of GCF proteins purity by SDS-PAGE

To assess the purity and integrity of the GCF proteins, an
SDS-PAGE was run as described by Mansor and coauthors
(Mansor et al. 2020). First, 2 pug of each GCF sample was
mixed with SDS-reducing buffer (1:1) and denatured at
95 °C for 5 min. Samples were then electrophoresed in a
5% stacking gel followed by 12% resolving gel at 100 V for
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50 min using Mini-Protean III System (Bio-Rad Laborato-
ries, Hercules, CA, USA). In the first lane of each gel, Pre-
cision Plus Protein™ Dual Color Standards (Bio-rad Labo-
ratories, Hercules, CA, USA) were loaded to estimate the
molecular weight (MW) of resolved proteins. Silver staining
was performed as previously described (Yan et al. 2000).

Two-dimensional gel electrophoresis with MALDI-TOF/TOF
MS/MS

GCF samples of the orthodontic group at TO, T4, and T6
time-points and the periodontitis group were further ana-
lyzed by 2D gel electrophoresis coupled with MALDI-TOF/
TOF MS/MS. The samples were subjected to 2DE for their
2D protein separation and extraction. The 2DE was run in
quadruplicate for each group.

A. First-dimensional separation/isoelectric focusing Pro-
tein separation was done according to their isoelectric point
(pD. Ettan IPGphor II Isoelectric Focusing (IEF) System
and 7 cm immobile pH gradient strips (IPG) (GE Health-
care, Chicago, IL, USA), pH 4-7, were used. Each sample
was thawed and gently vortexed for 30 s. Then, 80 pg of
protein was mixed with 45uL thiourea rehydration solution.
The sample was collectively employed for at least 12 h on
the strips using gradual pipe-turning onto the rehydration
tray. Then, strips were transported on the ceramic collec-
tor before the Ettan IPGphor II device was electrically ori-
ented using the following program: 500 V/1 h, 1000 V/1 h,
5000 V/1 h, 8000 V/1 h, and lastly at 29,000 V/1 h at 20 °C.
IEF was done at S0Amp.

B. Second-dimensional separation Before loading on 12%
PAGE, the IPG strips were incubated in 10 mL equilibra-
tion buffer. The SDS running buffer was applied to the strips
for rinsing followed by loading into the second-dimension
gel. The electrophoresis of the gel was carried out using the
Ruby SE 600 electrophoresis system (GE Healthcare, Chi-
cago, IL, USA) at 20 °C. The overlay polyacrylamide gel
was removed and replaced with the SDS running buffer until
it was assembled. A 0.5% warm agarose replaced the run-
ning SDS buffer which covered the gel to seal the strip. The
parameters for electrophoresis were rendered at 12% SDS-
PAGE for 15 min at 10 mA/gel and 3.5 h at 20 mA/gel using
Precision Plus Protein™ Dual Color Standards Ladder (10-
250 kDa). The gel was fixed overnight with 40% methanol
and 10% acetic acid in H,O. Staining was done with a silver
staining solution as previously described (Al-Obaidi et al.
2017).
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Gel image acquisition

The stained gels, SDS-PAGE and 2DE, were digitally visual-
ized by Calibrated Densitometer GS-800 Mode gel scanner
(Biorad Laboratories, Hercules, CA, USA) supplied with soft-
ware Quantity one-4.6.9 (Basic). The 2DE gels images were
automatically analyzed using the Progenesis SameSpot 3.1v
(Nonlinear Dynamic Ltd., Durham, NC, USA) software. After
evaluating the existence of every spot in all gels, the number
of spots was counted for each condition.

MALDI-TOF/TOF MS/MS and database query
1. In-gel digestion

The chosen spots were excised manually in a clean lami-
nar airflow safety cabinet from the 2DE gels. Then, they were
washed [50% of Acetonitrile (ACN) in 100 mM of (NH,)
HCO;] and reduced to a 60 °C water bath containing a reduc-
tion solution [100 mM of DTT in 100 mM of (NH,) HCO;]
for 30 min. The reduced samples were placed in a solution
of alkylates [55 mM of IAA in 100 mM of (NH,) HCO,]
and incubated in darkness for 20 min, allowed to dry for 1 h
with the ScanSpeed MiniVac Evaporator (Saur, Reutlingen,
Germany). This was followed by washing and incubating
in 100%ACN for 15 min. Samples were digested by adding
7 pg/pL trypsin solution and incubated at 30 °C for 24 h.
The digested peptides were mixed and spun with 100%ACN;
ScanSpeed MiniVac Evaporator (Saur, Reutlingen, Germany)
was used for drying the collected supernatants for 1 h. The
resultant dried peptides were stored at — 80 °C for further MS
analysis.

2. Protein desalting and identification

The dried peptides were substituted in the desalting solu-
tion of TA30 (0.1%TFA in 30%ACN), using Zip-Tip Cul8
(Millipore, Bedford, MA, USA). To determine the identity of
the peptides, the purified desalted peptides were analyzed by
Ultraflextreme MALDI-TOF/TOF MS/MS (Bruker, Bremen,
Germany), a positive-ion mode reflector. All spectra were
baseline processed using Bruker Flex-Analysis software (ver-
sion 3.3) and then analyzed using MASCOT search engine
version 3.5 (Matrix Science: http://www.matrixscience.com,
Boston, MA, USA) using taxonomy Homo sapiens entries
against the SwissProt database to identify the abundant pro-
teins of interest. The parameters used for database searches
were as follows: trypsin was set as the enzyme with one
missed cleavage allowed, with a 1.0 Da fragment mass toler-
ance, 200 ppm a peptide mass tolerance, and peptide charge
(+1,+2, and + 3), the variable modification was methionine
oxidation, the fixed modification was carbamidomethylation,
and monoisotopic as mass values.

Bioinformatics analyses
Hierarchical clustering/heat map

All significant proteins were clustered and presented in a
heat map generated by Genesis software (Sturn et al. 2002)
to visualize the abundance pattern of the significantly altered
proteins. Distinct patterns were seen in the altered abun-
dance GCF proteins following orthodontically induced
inflammatory root resorption for both heavy and light forces
(HF and LF). The red boxes represented upregulated pro-
teins, while down-regulated proteins were shown in green.
The higher intensity of the color is proportionate to the
higher protein abundance.

Gene ontology (GO) enrichment

For functional classification, Gene Ontology (GO) enrich-
ment analysis was performed by the Protein Analysis
Through Evolutionary Relationships (PANTHER) classifica-
tion system. PANTHER includes all annotations provided by
the Gene Ontology Consortium (http://geneontology.org) to
enable the identification of genes or proteins datasets related
to their specific molecular functions, roles in biological pro-
cesses, and roles as cellular components (Mi et al. 2012).

Ingenuity Pathway Analysis (IPA) software

Ingenuity Pathways Analysis (IPA) (Ingenuity® Systems,
Redwood City, CA, USA) software (www.ingenuity.com)
was used to analyze the predicted canonical pathways of
altered abundance GCF proteins following orthodontically
induced inflammatory root resorption for both heavy and
light forces (HF and LF). Results were imported into the IPA
software. The “Core Analysis of IPA” was used to interpret
the data in the context of biological processes, pathways and
networks (Mahmood et al. 2021). Both up-and-down-regu-
lated proteins were defined as value parameters for the analy-
sis. Each protein was mapped and overlaid onto a global
molecular network developed from information contained
in the Ingenuity Knowledge Base. The network of proteins
was then algorithmically generated based on their connectiv-
ity. Right-tailed Fisher’s exact test was used to calculate a p
value to indicate the probability of each biological function
assigned to the network was due to chance.

Statistical analysis

For descriptive statistics, means, median, standard
deviations, standard errors, frequencies, and percent-
ages were used. Normality distribution was checked by
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Shapiro-Wilk’s test. Accordingly, a two-tailed unpaired
t test to test the root length difference between the buc-
cal and palatal roots of one side compared to that on the
other side. While ANOVA was used for multiple com-
parisons of significant differences within groups. The
Mann—Whitney U test was used to test the significance
of the differences in total resorption percentage between
force groups. Freidman test and Games—Howell post hoc
test were used to compare the significance of the differ-
ences in resorption percentage within each group. A p
value < 0.05 was assigned as the significant level at a 95%
confidence interval. Statistical Package for the Social Sci-
ence (SPSS, version 22, IBM, New York, USA) was used
for data analysis.

Results
Demographic characteristics

A total of 102 patients were assessed for eligibility, and 38
participants were recruited and divided into OT (rn=20) and
periodontitis (n=18) groups (Fig. 2). Demographic data for
all patients at baseline and a comparison of root length and
any pre-existing apical root resorption of UFP are illustrated
in Table 1.

Quantification of relative root resorption surface
area

For the HF group, the highest percentage of surface resorp-
tion was observed at the BC, BA, PC, and PA surfaces. In
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Table 1 Demographic characteristics and length of roots, and presence/absence of resorption of orthodontic participants

Baseline characteristics

P value (two-
tailed unpaired

1 test)
Age (year) (mean +SD)
Orthodontic group 21.1+3.1
Periodontitis group 46.53+9.5
Gender (frequency, percentage)
Orthodontic group Male 7 (38.9)
Female 11 (61.1)
Periodontitis group Male 10 (52.6)
Female 8(47.4)
Periodontal parameters (Mean + SD)
Orthodontic group Bleeding on probing 0.00
Periodontitis group Bleeding on probing 0.32+0.20
Clinical attachment loss 8.50+0.24
Probing pocket depth 5.39+0.15
Radiographic (CBCT)
Root length (mm) (Mean +SD) Buccal root Right 11.06+0.61 0.878
Left 11.09+0.46
Palatal root Right 10.47+0.48 0.656
Left 10.53+0.40
Root resorption index (Score 0) (Frequency, Buccal root Right 18 (100)
percentage) Left 18 (100)
Palatal root Right 18 (100)
Left 18 (100)

addition, the BC showed severe resorption (29%) of the
total site surface area. Further, 37% of the PA surfaces were
resorbed (Table 2). Whereas in the LF group, less than 2%
of the BC sites were resorbed and the BA sites of the root LF
exhibited minor resorption (< 1.5%) of the total site surface
area (Table 2). For HF intra-group comparisons, there was
a significant increase in the percentage of resorption at dif-
ferent sites of BM and PM surfaces (Table 2). Furthermore,
the buccal sites showed a significant resorption percentage
as compared to other sites, whereas no significant differ-
ence between the BM and BA sites. On the palatal sites,
the PA showed a significant resorption percentage than the
remaining sites with no significant difference between the
PC and PM sites (Table 2). A comparison of the percent-
age of resorption between the force groups at different sites
showed significant differences between the groups at all sites
except the MC surface (Table 3).

Determination of protein concentration in GCF

The highest protein concentrations were detected at 14 days
for HR (0.95+0.08 pg/uL) and LR group after 21 days
(0.94 +0.06 pg/uL). The lowest average value showed after
1 day and 28 days in HR and LR groups (0.55+0.06 and

0.52 +£0.02 pg/uL, respectively). The protein concentra-
tion of the periodontitis group was 0.49 +0.04 pg/uL. For
both resorption groups, the GCF-protein concentration
was decreased following immediate force application with
a sharp increase after 7 days and 14 days in LR and HR
groups, respectively. Protein concentration continued to
gradually decline in the LR group till the 28 days, whereas
in the HR group, a sharp decrease in protein concentra-
tion occurred at 21 days followed by a slight increase after
28 days (Supplementary Fig. 1).

Proteomics analysis

The results indicated that all GCF gels exhibited protein
spots with the highest intensity closely clustered together in
the pI region (pH 5-6) and two distinct regions of spots with
MW around 10-15 kDa and 25-100 kDa were resolved. The
HR group showed the highest total number of protein spots
after 14 days and 28 days after force application followed by
the periodontitis group. The least number of total spots was
associated with the LR group 14 days following force appli-
cation. After computerized analysis, the matching of each
spot in all gels with a significant difference (P <0.05) had
more than 1.5-fold changes, and the total number of protein
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Table 2 Descriptive statistics

Intervention % (Mean =+ SD) 95% CI Comparison p value
of the percentage of root
resorption for each force level Lower bound Upper bound (within-group)
evaluated at three sites per
surface LF (n=18)
Buccal cervical 1.68 +1.41 0.98 2.38
Buccal middle 1.44+1.45 0.72 2.16
Buccal apical 1.02+1.18 0.43 1.61
Total 1.38+1.36 1.01 1.75
Palatal cervical 0.72+1.25 0.10 1.34
Palatal middle 1.34+1.38 0.65 2.02
Palatal apical 1.34+1.36 0.66 2.02
Total 1.13+1.34 0.77 1.50
Mesial cervical 1.32+0.91 0.86 1.77
Mesial middle 1.63+1.05 1.11 2.15
Mesial apical 1.05+1.07 0.52 1.58
Total 1.33+1.02 1.05 1.61
Distal cervical 0.82+1.14 0.25 1.39
Distal middle 1.14+0.89 0.70 1.58
Distal apical 1.64+1.88 0.70 2.57
Total 1.20+1.39 0.82 1.58
HF (n=18)
Buccal cervical 29.43+9.12 24.89 33.97* BC vs BM 0.00
Buccal middle 597+6.18 2.90 9.04 BC vs BA 0.00
Buccal apical 4.60+4.76 223 6.97 BM vs BA 0.74
Total 13.33+13.36 9.69 16.98
Palatal cervical 241+2.97 0.93 3.88 PC vs PM 0.06
Palatal middle 6.09+5.88 3.17 9.01 PC vs PA 0.00
Palatal apical 36.85+7.84 32.95 40.75* PM vs PA 0.00
Total 15.12+16.63 10.58 19.65
Mesial cervical 3.77+3.30 2.13 5.41
Mesial middle 5.83+4.70 3.49 8.16
Mesial apical 5.32+4.03 3.31 7.32
Total 4.97+4.07 3.86 6.08
Distal cervical 5.69+4.86 3.27 8.11
Distal middle 5.59+3.76 3.72 7.46
Distal apical 5.18+3.77 3.30 7.05
Total 5.49+4.09 4.37 6.60

*significance at p <0.05 by ANOVA, ** significance at p <0.05 by Games—Howell post hoc test

spots was equal to 39 spots (Fig. 3). Twenty nine were clini-
cally resolved and excised from the gels for analysis. Spot
profiles were electronically expressed and clinically resolved
on each gel with their log normalized volume together with
experimental pI and MW (Table 4).

Identification of proteins using MALDI-TOF/TOF MS/MS
analysis

Out of 19 spots, it was able to detect eight identified pro-
teins. The identified proteins were as follows immuno-
globulin kappa (IGKC) and its isoform (spots 648 and
1068, respectively) with a base peak at 1797.919 m/z ratio
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for both spots, neutrophil gelatinase-associated lipocalin
(NGAL; spot 1115, peak at 1432.002 m/z ratio), neuroly-
sin mitochondrial (NEUL; spot 649, peak at 724.117 m/z
ratio), keratin, type II cytoskeletal 1 (K2C1) and its iso-
forms (spot 1315 and 1328; base peaks at 725.736 and
1143.569 m/z ratio, respectively), and S100-A9 (spot 1320;
base peak value at 1863.948 m/z ratio). The last identi-
fied protein was the extracellular calcium-sensing recep-
tor (CASR; spot 1356, base peak at 1884.829 m/z ratio).
Table 4 shows the summary for these identified proteins
that were cited from UniProt Knowledgebase/SwissProt/
Proteomes at the molecular level.
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Table 3 Difference in resorption percentage between force groups at
different sites

Light force vs heavy force P value by
Mann—Whitney
U test
Buccal/Cervical 0.00
Buccal/Middle 0.03
Buccal/Apical 0.03
Palatal/Cervical 0.02
Palatal/Middle 0.00
Palatal/Apical 0.00
Mesial/Cervical 0.07
Mesial/Middle 0.00
Mesial/Apical 0.00
Distal/Cervical 0.00
Distal/Middle 0.00
Distal/Apical 0.00

Differential abundance of identified proteins in 2D gel
electrophoresis

The IGKC and its isoform were considered abundant pro-
teins that were resolved in different spots and exhibited
different profiles between groups. The spot with ID:648
showed down-regulated protein profile (fold change=7.1,

Fig.3 A representative 2DE
electrophoretic gel after silver

P =0.003, Supplementary Table 1) in the resorption
groups after force application in comparison to the base-
line. Whereas its level in the periodontitis group was
higher than HR and LR at TO, T4 and T6 (Fig. 4A). Addi-
tionally, the other spot (1068) exhibited a different profile
among all groups (fold change =6.3, P=0.001, Supple-
mentary Table 1) (Fig. 4B). NGAL also showed changes
in its profile (fold change =5.7, P =0.007, Supplementary
Table 1); it was upregulated in HR than LR group. How-
ever, its level in both resorption groups was higher than in
the periodontitis group at all time-points. The only iden-
tified upregulated protein in the LR group after 14 days
of force application was the NEUL (fold change =9.7,
P=0.011, Supplementary Table 1). It was down-regulated
in the HR group throughout the trial, while in the peri-
odontitis group, its level was higher than in other groups
(Fig. 4A). K2C1 and its isoform (fold change =4.4; 5.9,
P=0.013; 0.00001, respectively), S-100 and extracellular
CASR (fold change =5.8; 5.0, P=0.0008; 0.013, respec-
tively) (Supplementary Table 1) were the three upregu-
lated proteins in HR group after force application. In the
LR group, these proteins were returned to their normal
level after 28 days. These proteins revealed a low level in
the periodontitis group in comparison to the other groups
at different time-points (Fig. 4A).

staining showing the resulting
image of all GCF samples [high
resorption (HR) and low resorp-
tion (LR) (in 3 time-points, 0,
baseline; 4, 14 days; 6, 28 days);
and periodontitis], analyzed by
Progenesis SameSpot software.
Black circles indicate the identi-
fied spots. Protein spots are
differentially expressed in all
replicas of all groups with sig-
nificant differences [ANOVA,

P <0.05] and fold changes > 1.5
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Bioinformatics analyses

Clustering of the altered abundance proteins The heat map
was then generated using Genesis software to show the
abundance pattern of proteins and their changes in LR, HR,
and CP at TO, T4, and T6. Distinct abundance patterns are
seen in all groups ranging from LR and HR compared to CP
(Fig. 4B).

Top biological functions of the significantly identified pro-
teins Detailed information on the significantly altered abun-
dance proteins and their respective Gene Ontology functions
are outlined in Table 5. Briefly, the significantly altered pro-
teins were involved in major biological processes, molecu-
lar functions, and cellular components derived from the GO
database namely extracellular space, defense response, cell
recognition, innate immune response, calcium ion transport,
peptide metabolic process, and epidermal cell differentia-
tion.

Figure 4C shows a graphical representation of the pre-
dicted molecular relationships between the identified pro-
teins which linked them to the top four biological functions.
Overall, the up-regulation of IGKC, S100-A9 and CASR
downregulation of NGAL, NEUL and keratin, K2C1 were
significantly associated with inflammatory response, plaque
psoriasis, degranulation of neutrophils, oscillation of Ca*",
and signal transduction.

Discussion

The OT-associated OIIRR is a common pathological prob-
lem with undesirable consequences; therefore, its early
detection is crucial for achieving satisfactory outcomes. This
study aimed to identify OIIRR-associated GCF biomarkers
exhibiting specific differential protein profiling follow-
ing different OF applications. Eight spots (IGKC, NGAL,
NEUL-mitochondrial, K2C1, S100-A9 and CASR) were
identified, using MALDI-TOF/TOF MS/MS, with differen-
tial protein profiling in each time point as compared to the
baseline. Most of these proteins were related to the inflam-
matory process, immune triggering factors, and mechanical
stress. Although, these proteins were previously detected in
GCEF of patients with gingivitis and periodontitis. However,
their expressions of OIIRR have received limited attention.

Results indicated downregulation of IGKC and its iso-
form in resorption groups after 14 days of force applica-
tion but upregulated in the periodontitis group. The IGKC
functions as an adaptive immune response enhancer that
influences oral microbiota by interfering with bacterial
adherence and metabolism (Zouali 2017; Figueredo et al.
2019). This is consistent with this study in which the protein
downregulation in resorption groups after force application

was detected, while in periodontitis, it was highly expressed.
The NGAL is another protein identified which possesses
the ability to form a complex with bacterial MMP-9, thus
mediating innate immunity response (Nasioudis and Wit-
kin 2015; Westerlund et al. 1996). In addition, IL-1p was
found to upregulate NGAL in human epithelial cells and
is involved in the pathogenesis and severity of periodontal
disease (Nakajima et al. 2019; Morelli et al. 2014; Tan et al.
2020). In the current study, the level of NGAL was down-
regulated after 14 days of force application in the resorption
groups, followed by up-regulation after 28 days. Whereas its
level was down-regulated in the periodontitis group com-
pared to healthy subjects. Upregulation of NGAL at 28 days
could be an indicator of an ongoing immunological response
to the bone remodeling process. A recent study showed that
the incidence and severity of the disease are strongly associ-
ated with increased levels of NGAL and clinical parameters,
as well as serum and salivary IL-1f and IL-10 (Tan et al.
2020).

Although the physiological role of NEUL is known (Rioli
et al. 1998); however, its pathological role is still elusive
despite experimental models indicating its correlation with
angiogenesis and tumor growth (Paschoalin et al. 2007), sep-
sis (Piliponsky et al. 2008), stroke (Rashid et al. 2014), and
metabolic disorders (Cavalcanti et al. 2014). Neuronal regu-
lation for bone formation observed in distant bones of the
skeleton suggests that neuropeptides, similar to the mechani-
cal loading effect, have a crucial role through RANKL/
OPG pathway in suppressing bone resorption (Sample et al.
2008; Yoo et al. 2014). Interestingly, in this study, NEUL
was found to be upregulated in LR group after 14 days of
force application and in the periodontitis group as well,
while the opposite was observed in HR group throughout
the trial. This could be due to that the resorption activity, in
HR group, may be enhanced through RANKL/OPG path-
way associated with continuous downregulation of NEUL
enzyme. In previous investigations comparing protein con-
tent between periodontitis and healthy subjects, K2C1 was
highly expressed in the GCF of periodontitis patients which
potentially reflects periodontal tissue destruction (McLaugh-
lin et al. 1996; Silva-Boghossian et al. 2013). In the current
study, the heavy buccally directed force in HR group may
accelerate the junctional epithelium destruction; thereby,
expression of K2C1 was upregulated.

S100A9 is the protein of interest in several proteomics
studies correlating its level in periodontal diseases compared
to healthy periodontium (Wei et al. 2019). Proteomics and
transcriptomic studies showed controversies about the level
of salivary S100A9 in periodontitis patients (Haigh et al.
2010; Salazar et al. 2013; Karna et al. 2019). However, most
of the proteomics studies indicated up-regulation of SI00A9
expression which is strongly related to the severity of perio-
dontitis (Choi et al. 2011; Kido et al. 2012; Silva-Boghossian
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et al. 2013; Carneiro et al. 2012). However, other studies
indicated that SI00A9 was highly upregulated in patients
with healthy periodontium (Preiano et al. 2018; Yaprak et al.
2018). This could be due to the regulatory role of SI00A9
in protecting the healthy periodontium as a tissue response
to microbial invasion. The results of this study suggested
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that SI00A9 enhanced severe osteoclastogenesis and osteo-
clast/odontoclast differentiation in response to HF applica-
tion. While, in LR group, S100A9 is mostly related to bone
remodeling rather than inflammation in response to mechan-
ical loading. CASR was another highly expressed protein in
HR group. CASR was found to be expressed in human PDL
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«Fig.4 A Summary of up-and-downregulation of identified proteins at
different time-points, with the color-coded comparison of their abun-
dance between the resorption groups (HR, high resorption; LR low
resorption) and periodontitis (P). Color-coded: red indicates the high-
est protein expression; yellow indicates less than the highest and blue
indicates the least expression. B Heat maps showing a distinct pat-
tern in the altered abundance GCF proteins following orthodontically
induced inflammatory root resorption for both heavy and light forces
(HF and LF). All significant proteins were clustered in a heat map
generated by Genesis software. The protein abundances are presented
in red (upregulated) and green (down-regulated). C Illustration of the
molecular correlations between the proteins with a different abun-
dance that linked them to the top biological functions in response to
the expression of proteins in the highly resorbed teeth compared to
the respective baseline. Nodes in red represent upregulated proteins,
while green nodes represent down-regulated proteins. Nodes with
various shapes represent the functional class of the proteins. Edges
with various labels describe the nature of the relationship between the
nodes

cells (Koori et al. 2014) and dental pulp cells (Mizumachi
et al. 2017; Chen et al. 2019). Koori et al. (2014) indicated
that up-regulation of CASR is contributing to the prolifera-
tion and osteo/odontogenic differentiation of human PDL
stem cells. In addition, the CASR triggers several signal-
ing downstream, thereby triggering different intracellular
cascades (Brown and MacLeod 2001). For instance, the
CASR guides myeloid osteoclast precursors' migration to
bones allowing bone remodeling to initiate (Boudot et al.

2010). CASR has been hypothesized to regulate immune
function by regulating the activation of the inflammasome
pathway (Lee et al. 2012). Canton et al. (2016) concluded
that CASR can act at injury and inflammation sites in the
migration to and acquisition of antigens, thereby helping
the immune surveillance function of antigen-presenting cells
and cell death by pyroptosis (Canton et al. 2016). These find-
ings could explain the increased expression of CASR in this
study, particularly in HR resorption group after 14 days of
fore application followed by a sharp decrease in its expres-
sion at the end of the study.

Bioinformatics analyses revealed that inflammatory
response was activated by the up-and downregulation of
IGKC, S100-A9, CASR, NGAL, and K2C1 which eventu-
ally affected the oscillation of Ca®*, degranulation of neutro-
phils, plaque psoriasis, and signal transduction. As reported
in other previous studies, root resorption from orthodontic
complications induced oral inflammatory responses (Lee
and Lee 2016; Umashetty et al. 2015). During periodonti-
tis, studies found increased calcium released from shallow
regions of the alveolar bone and eventually flowing into the
GCF, reflecting the progression of inflammation (Kuraji
et al. 2021). Moreover, neutrophil infiltration is the estab-
lished hallmark of acute inflammation as well as immune
system modulation during periodontitis. Neutrophils are also
acknowledged as important players in chronic inflammatory

Table 5 Top, significant gene ontology (GO) enrichment from the altered abundance of proteins in LR, HR, and CP at TO, T4, and T6

Rank Gene ontology (GO) Proteins P value
TO
1 GO0:0,005,615 Extracellular space S100A9, KRT1, KRT1 (isoform), NGAL IGKC,IGKC (isoform) 4.02E-02
2 GO0:0,042,742 Defense response to bacterium IGKC, IGKC (isoform) 4.23E-02
3 GO0:0,008,037 Cell Recognition IGKC, IGKC (isoform) 4.57E-02
4 GO0:0,045,087 Innate immune response IGKC, IGKC (isoform) 4.71E-02
5 GO0:0,006,816 Calcium ion transport CASR 4.91E-02
6 GO0:0,006,518 Peptide metabolic process NEUL 4.99E-02
T4
1 GO0:0,005,615 Extracellular space S100A9, KRT1, KRT1 (isoform), NGAL IGKC,IGKC (isoform) 4.02E-02
2 GO0:0,042,742 Defense response to bacterium IGKC, IGKC (isoform) 4.34E-02
3 GO0:0,009,913 Epidermal cell differentiation KRT1, KRT1 (isoform) 4.47E-02
4 GO0:0,045,087 Innate immune response IGKC, IGKC (isoform) 4.61E-02
5 GO0:0,006,816 Calcium ion transport CASR 4.88E-02
6 GO0:0,006,518 Peptide metabolic process NEUL 4.94E-02
T6
1 GO0:0,005,615 Extracellular space S100A9, KRT1, KRT1 (isoform), NGAL IGKC,IGKC (isoform) 4.12E-02
2 GO0:0,042,742 Defense response to bacterium IGKC, IGKC (isoform) 4.42E-02
3 GO0:0,009,913 Epidermal cell differentiation KRT1, KRT1 (isoform) 4.45E-02
4 GO0:0,045,087 Innate immune response IGKC, IGKC (isoform) 4.71E-02
5 GO0:0,006,816 Calcium ion transport CASR 4.94E-02
6 GO0:0,006,518 Peptide metabolic process NEUL 4.99E-02
The GO was analyzed using PANTHER classification system (http://geneontology.org)
s @ Sprnger
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disorders, including periodontitis and psoriasis (Hajishen-
gallis et al. 2016). To date, no studies have reported on the
OIIRR effects on psoriasis, but our analyses showed that
changes in the expression of S100-A9, NGAL, and K2C1
were associated with plaque psoriasis. The oral psoriasis
symptoms include small red dots in the mouth, bleeding,
oral lesions, and tooth decay. Most cases of oral psoriatic
lesions are often underdiagnosed, because they are asymp-
tomatic, but the increased oral mucosal lesions during peri-
odontitis confirmed the diagnosis of oral psoriasis (Ganzetti
et al. 2014). Hence, there is an increased association between
periodontitis and oral psoriasis, which may suggest common
underlying pathogenic risk factors. In addition, changes in
the expression of CASR and NEUL were associated with
signal transduction. It remains largely unknown how NEUL
is involved in signal transduction during OIIRR. However,
the signal transduction between pro-inflammatory cytokines
and mediators is one of the mechanisms regulating the
increased susceptibility to periodontitis (Souza et al. 2012).
Interestingly, the changes in the expression of this protein
during OIIRR-induced oral inflammatory events are highly
associated with the pathogenesis of periodontitis.

The small sample size is one of the limitations that affect
the generalizability of the results. The tiny volume of GCF
and evaporation issues along with rapid protein denaturation
are common problems associated with this biofluid. Fur-
ther, OIIRR is a multi-factorial condition; therefore, with-
out a standardized study design that considered all these
confounders, false-positive biomarkers may be identified.
However, the results of this study were promising and sup-
portive of using the biomarkers available in GCF as a safer
alternative to radiographs. Identification of root resorption
non-invasively with biomarkers is highly important as it can
enable orthodontists to achieve optimum OT with minimum
adverse effects.

Overall, S100A9, CASR, and K2C1 up-regulation sug-
gested a response to force-related inflammation, chemotactic
activities, and osteoclastogenesis enhancement along with
epithelial cell breakdown during the early phase of OT.
Meanwhile, the up-regulation of IGKC, NGAL, and K2Cl1
indicated a response to the inflammatory process, innate
immunity activation, and epithelial cell breakdown. Clini-
cally, these proteins could be used as predictive/diagnostic
biomarkers for OIIRR to avoid undesirable consequences of
this condition. Further validations for the identified proteins
will be recommended for future research to overcome this
study's limitation and to ensure the diagnostic significance
of the identified potential protein biomarker.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s13205-023-03572-5.
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