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Background: In dental avulsion, delayed replantation usually has an uncertain prognosis. After tooth replantation, complex
inflammatory responses promote a return to periodontal tissue homeostasis. Various types of cytokines are produced in the
inflammatory microenvironment, and these cytokines determine the periodontal tissue response. This study aims to conduct in-
depth research on developing a novel root canal medicament, which employed methylcellulose hydrogel as a carrier system and
was loaded with clindamycin, acetazolamide and triamcinolone, to determine its triple action of antibacterial, anti-inflammatory
and anti-resorptive capabilities in delaying tooth replantation and to preliminarily explore its potential mechanisms of action.
Methods: The release concentration of the paste from human extracted root apices was determined using UV-spectrophotometry.
The cytotoxicity of corresponding drug concentrations on HPDLFs (human periodontal ligament fibroblasts) was assessed on
days 1, 3, 5, and 7 using the CCK-8 (cell counting kit-8) assay. The antibacterial activity against Fusobacterium nucleatum (X
nucleatum) was measured using the agar diffusion method. The gene and protein expression of inflammatory factors (IL-15
(interleukin-15), IL-6 (interleukin-6), TNF-« (tumor necrosis factor-o) and bone metabolism molecules (RANK (Receptor Acti-
vator of Nuclear Factor-xB), RANKL (Receptor Activator of Nuclear Factor-«B Ligand), OPG (Osteoprotegerin)) in HPDLFs
stimulated with Escherichia coli (E. coli) lipopolysaccharide were determined by ELISA (enzyme-linked immunosorbent as-
say) and RT-qPCR (real-time quantitative polymerase chain reaction), respectively. Furthermore, the rat delayed replantation
tooth models were established and the resorption of incisors was analyzed by micro-CT (micro-computed tomography) after 60
days. The degree of root inflammation and resorption was evaluated by hematoxylin-eosin (HE) staining, and the expression of
RANKL/OPG was assessed by immunohistochemical staining.

Results: The novel paste showed sustained slow release in root canals for 60 days. In vitro, the experiments demonstrated good cell
compatibility and antibacterial activity (p < 0.01). The paste suppressed the expression of IL-13, IL-6 and TNF-«, and down-
regulated the RNA and protein levels of RANKL and OPG in HPDLFs stimulated by E. coli (p < 0.05). In vivo experiments
revealed that the novel paste down-regulated the expression of RANKL and OPG, effectively preventing inflammatory root
resorption in rat delayed replantation teeth (p < 0.05).

Conclusion: The novel paste can inhibit inflammatory root resorption by modulating the RANKL/RANK/OPG signaling pathway
and has the potential to be used as an intracanal medicament for root canal treatment in delayed replantation teeth.
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Introduction

One of the most severe types of dental trauma is den-
tal avulsion, which is characterized by the total separation
of the tooth from the alveolar socket, leading to cementum
damage, infection of the root surface, and necrosis of the
periodontal ligament and pulp. The recommended course
of treatment for an avulsed tooth is prompt replantation. In
many cases, however, delayed replantation occurs. Severe
periodontal damage in avulsion injuries may lead to inflam-
mation or substitute root resorption after replantation [1],
among which inflammatory root resorption is the most com-
mon type with the worst prognosis [2] his type of resorption

may lead to early loss of replanted tooth (mean duration of
1.7 years) [3] and is the primary cause of premature tooth
loss following replantation.

Inflammatory root resorption is triggered by abnor-
mal osteoclast activity with root and periodontal tissue
loss. The current consensus suggests that two premises
are essential for its development: initial injury and sub-
sequent constant stimulation, including bacteria infection
and certain inflammatory mediators [4]. Traumatic injury
damages the protective layer mainly consisting of cemen-
tum, leading to dentine exposure and bacteria infection,
which finally causes the significant increase of inflamma-
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tory factors and activation of osteoclasts that directly exac-
erbates resorption by producing more cytokines (e.g., IL-6
(interleukin-6), TNF-« (tumor necrosis factor-«) and IL-
15 (interleukin-17)), mostly affecting Receptor Activator
of Nuclear Factor-xB Ligand (RANKL)/Receptor Activa-
tor of Nuclear Factor-xB (RANK)/Osteoprotegerin (OPG)
system. RANKL is a ligand for RANK (Receptor Activa-
tor of Nuclear Factor-xB), which is required for osteoclast
generation, and OPG is a decoy receptor for RANKL.

One of the most popular intracanal drugs is calcium
hydroxide (CH) because of its outstanding antibacterial
properties [5]. However, there are different opinions re-
garding its limited efficacy in preventing inflammatory root
resorption [6]. Some studies suggest that calcium hydrox-
ide increases ankylosis and replacement resorption, while
other studies propose that due to its inherent toxicity and ir-
ritability, direct contact with tissues after resorption may
exacerbate inflammatory responses [7-9]. Additionally,
CH has the disadvantage of increasing tooth brittleness and
requiring multiple dressing changes.

Given the limitations of the existing drug, the develop-
ment of intracanal medicament has emerged as our top pri-
ority and osteoclastogenesis suppression remains a signifi-
cant therapeutic strategy for this disease. According to Mo-
hammadi et al. [10], the local administration of antibiotics
as a more efficient drug delivery strategy in endodontics
prevents the possibility of systemic allergic reactions. Fol-
lowing short-term treatment, clindamycin has been shown
to effectively treat facultative and stringent anaerobic bacte-
ria infestations in the root canal and dentinal tubules without
tooth discolouration [11], making it a first-line antimicro-
bial agent for dental infections [12]. Corticosteroids play a
crucial role in reducing inflammation and exerting immuno-
suppressive effects [13]. The activation and migration of in-
flammatory cells are all inhibited by corticosteroids, which
also prevent the generation of these chemicals. Carbonic
anhydrase is a key player in the activity of bone resorp-
tion, and can generate hydrogen ions via catalyzing reaction
between carbonic acid and water, leading to a decrease in
the pH of Howship’s lacunae. Other resorption-related en-
zymes can be released and activated when the pH is acidic.
Acetazolamide (ACZ), by inhibiting the activity of carbonic
anhydrase, prevents the synthesis of hydrogen ions. This
pH modulation helps alleviate the resorption reaction. Ad-
ditionally, several investigations have shown that acetazo-
lamide inhibits the resorption of tooth roots [14]. Methyl-
cellulose is widely used in the pharmaceutical field for de-
laying drug release and reducing dosing frequency. Its hy-
drogel possesses excellent biocompatibility and injectabil-
ity, making it extensively utilized for delivering low con-
centrations of intracanal medications in the oral field.

Therefore, this study employed methylcellulose hy-
drogel as a carrier system loaded with clindamycin, aceta-
zolamide and triamcinolone to prepare an injectable paste,
aiming at determining the triple action of antibacterial, anti-
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inflammatory and anti-resorptive capabilities of this novel
paste in delaying tooth replantation and preliminarily ex-
ploring its potential mechanisms of action.

Materials and Methods

Medicament Preparation

The novel intracanal medicaments used in this study
were prepared in methylcellulose hydrogels. First, 5% ac-
etazolamide, 5% clindamycin and 1% triamcinolone ace-
tonide were dispersed in 3 mL of sterile water and shocked
for 90 minutes under continuous ultrasonic. Then, methyl-
cellulose powder (C6333, Macklin, Shanghai, China) was
gradually added to the medication solution under controlled
vigorous stirring to create a creamy injectable texture of
medicine paste. A methylcellulose placebo paste and a
commercial calcium hydroxide paste (M813702, Macklin,
Shanghai, China; C799356, Macklin, Shanghai, China)
were also used as controls in this study.

In Vitro Study
Medicament Release through Apical Foramen

Fourteen single-rooted incisors were selected from the
department’s collection of teeth of patients. The removed
teeth were maintained in saline at 4 °C before the study.
Teeth with caries, fractures, resorptions, calcifications in
the canal, and the slightest variant anatomy were excluded.
A diamond bur with a cylindrical shape was used to remove
the crowns from every tooth. Each sample had a speci-
fied length of 15 mm. Instruments made by Mtwo (VDW,
Munich, Germany) with a 40.06 taper were used to create
the root canals. After each instrument, the canals were al-
ternatively irrigated with 2 mL 0.9% sterile saline and 2
mL 1% sodium hypochlorite solution. After flushing the
root canal with 6 mL saline to eliminate the Ethylene Di-
amine Tetraacetic Acid (EDTA), the smear layer was elim-
inated by rinsing it with 2 mL 17% EDTA solution. Fi-
nally, a dental air-water pistol was used to dry the root sur-
faces, and then dental absorbent points were used to dry the
canals. Except for the apical third region, the entire root
was painted with nail polish. The coronal access cavities
were sealed with temporary restorative material, then the
root canals were filled with 0.03 mL unique intracanal med-
ications. After that, a rubber ring was used to insert the api-
cal third of the root into 24-well plates that contained 1 mL
deionized water in each well. Up to the scheduled analysis
time, the plate was kept in a 37 °C oven. After that, speci-
mens of 1 mL deionized water were withdrawn periodically
at 1, 5, 10, 15, 20, 30, 40, 50 and 60 days, replaced with
fresh deionized water each time. The absorbance value of
acetazolamide was analyzed by an ultraviolet spectropho-
tometer (Lanbda365, PerkinElmer, Waltham, MA, USA) at
265 nm. The concentration of acetazolamide was calculated
by the standard curve method.
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Cell Culture

Human third molar teeth were removed from three
healthy individuals aged 18 to 24 years and their periodon-
tal ligaments were used to create human periodontal liga-
ment fibroblasts (HPDLFs). In STR (specialized technol-
ogy resources) identification, a combination of PCR (poly-
merase chain reaction) amplification and electrophoresis
analysis was used to analyze the DNA fingerprint of the tar-
get cell. We further compared and found that the standard
human cell line did not have cross contamination within the
species. The culture method was used for detection and
was not contaminated with Mycoplasma. The Affiliated
Stomatological Hospital of Nanjing University School of
Medicine (Nanjing, China) approved the study (Ethical No.
PY2017023). The patients and their families have signed
informed consent and the research was conducted by the
Declaration of Helsinki. The origin of HPDLFs is the pe-
riodontal ligament in the middle third of the root surface.
The tissue was separated from the surface using a sterile
blade, washed three times in PBS containing 2% penicillin
and streptomycin and put into a culture container. The ad-
hered tissue was dissolved in 5 mL Dulbecco modified Ea-
gle medium (DMEM) at 37 °C with 5% CO and supple-
mented with 20% fetal bovine serum (FBS), 1% penicillin
and streptomycin. The media was replaced every five days
once the cells attained around 80% confluence. Then the
cells were separated with 0.25% trypsin and subcultured in
DMEM containing 10% FBS, with DMEM replacements
occurring every two days. Cells from passages 3 to 8 were
employed in the research.

Cytotoxicity Test

The cell counting kit-8 (CCK-8) technique was used
to determine the cytotoxicity of various doses of the new
drugs using HPDLFs. The tested drugs were prepared by
dilution in DMEM to various concentrations (180 pg/mL,
140 pg/mL, 100 pg/mL, 60 pg/mL, 40 pg/mL, and 20
pg/mL). 96-well plates were filled with 7103 cells. Fol-
lowing a 24-hour incubation period, 100 micro-litres of
fresh DMEM and 100 micro-litres of media supplemented
with various medication dilutions were introduced. Af-
ter 1, 3, 5 and 7 days of incubation, 10 uL. CCK-8 so-
lution (C0038, Beyotime, Shanghai, China) was added to
each well. Then the absorbance value at 450 nm wave-
length was determined using a microplate reader (Spectra-
MAXM3, Molecular Devices, Sunnyvale, CA, USA). Five
experiments were repeated per sample group. We measured
cell viability (cell viability = (total number of cells — num-
ber of dead cells)/total number of cells x 100%).

Antimicrobial Assay

To evaluate the antimicrobial activity of the novel
drug, the agar plate diffusion method was performed on
Porphyromonas gingivalis (P. gingivalis) (ATCC: 33277).
The bacteria were supplied by The Affiliated Stomatolog-
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ical Hospital of Nanjing University School of Medecine.
The experimental drug was obtained by diluting the pre-
pared paste with sterile water to the same concentrations as
2.2.4. Firstly, P. gingivalis was inoculated with BHI liquid
medium (containing heme chloride and vitamin K3) for ac-
tivation for 3 days. The medium was stored in an anaerobic
culture bag at 37 °C. Then 100 pL P. gingivalis were taken
and the concentration was adjusted to 0.5 Mcfarland Stan-
dard. The prepared bacteria were seeded with the Columbia
blood agar plate medium evenly. A cylindrical container of
6mm in diameter was placed at the center of the plate. Fi-
nally, 100 pL 100 pg/mL drug solution and sterile water
are placed into the container. The plates were incubated in
anaerobic conditions at 37 °C for three days. Zone of in-
hibition was measured with vernier caliper three times and
the average was reported.

Treatment of Lipopolysaccharide (LPS)-Stimulated
HPDLFs with the Drug

After the HPDLFs were stimulated by E. coli
lipopolysaccharide (LPS) with or without medication, the
expression levels of IL-13, IL-6, TNF-«, RANKL and OPG
were assessed by enzyme-linked immunosorbent assay
(ELISA) and RT-gPCR Detecting System. Six-well plates
were used to seed the HPDLFs of 1 x 10° cells per well
followed by 12 hours adhesion. Then they were either
given a 100 pg/mL medication solution or were stimulated
with E. coli LPS (10 pg/mL) for 48 hours. After stimu-
lation, ELISA kits were used to measure the presence of
IL-18 (EHO01, Excell, Shanghai, China), IL-6 (EH004,
Excell, Shanghai, China), TNF-a (EH009, Excell, Shang-
hai, China) and RANKL and OPG (H5813c, H1341c Elab-
science, Wuhan, China) in the cell supernatant. The as-
say was completed according to the manufacturer’s instruc-
tions. Three duplicates of each experiment were carried out.
Utilizing the Trizol reagent (R411-01/02, Vazyme, Nanjing,
China), total RNA was isolated from the cells. Then, cDNA
was created using Hiscript III RT SurperMix reagent (R323-
01, Vazyme, Nanjing, China).

Real-time polymerase chain reaction (RT-PCR) was
carried out utilizing Roche LightCycler 96 RT-PCR System
and Taq Pro Universal SYBR Master Mix reagent (Q712-
02/03, Vazyme, Nanjing, China). The list of the primers is
as follows:

IL-18 F: 5-ATGGCAGAAGTACCTGAGCTCGC-

3
R: 5'-ACACAAATTGCATGGTGAAGTCAGTT-3'.
IL-6 F: 5’-GAAAGCAGCAAAGAGGCACT-3';
R: 5-TTTCACCAGGCAAGTCTCCT-3'.
TNF-a F: 5 -ATGAGCACTGAAAGCATGATCCGG-
3/

R: 5-GCAATGATCCCAAAGTAGACCTGCCC-3'.
RANKL F: 5'-ACCAGCATCAAAATCCCAAG-3;
R: 5’-CCCCAAAGTATGTTGCATCC-3'.

OPG F: 5'-TGTGCGAATGCAAGGAAG-3;
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R: 5-TGTATTTCGCTCTGGGGTTC-3'.

GAPDH F: 5'-CCATGGAGAAGGCTGGGG-3';

R: 5-CAAAGTTGTCATGGATGACC-3'.

The typical PCR settings were 30 seconds at 95 °C,
followed by 40 cycles of 10 seconds at 95 °C and 30 seconds
at 60 °C. The 2~ 2AC method was used to analyze relative
gene expression. The tests were carried out three times.

In Vivo Study
Delayed Tooth Replantation Rat Model

We bought 18 male wistar rats (Charles River Ani-
mal Technology Co., Ltd., Beijing, China) weighing from
250 to 300 g. The animal experiments were conducted
in cooperation with Nanjing Agricultural University and
carried out in compliance with the guidelines of the Nan-
jing Agriculture University’s Animal Ethics Committee
(PZW2020010). The rats were divided into three groups
(n = 6) as the following rules: In Group I, calcium hy-
droxide (CH) paste was injected into the canals; In Group
II (the control group), the canals were filled with placebo
paste made of methylcellulose; In Group III (the experi-
ment group), the canals were filled with the novel medica-
ment. To simulate dental avulsion, the animals were anes-
thetized by inhalation with isoflurane (2-2.5%). Subse-
quently, the PDL (periodontal ligament) fibers were cut and
the teeth were shaken loose, then the right central incisors
of the maxilla were removed. A retrograde method with an
ISO 15 K-File (Dentsply) was used to extract the pulp af-
ter 60 minutes. Each canal was cleansed using 2 mL 1%
sodium hypochlorite solution and 0.9% sterile saline. The
root canals in three groups were then filled with the CH
paste, methylcellulose placebo paste or innovative medica-
tion, respectively. The root canals were then dried with ster-
ile absorbent paper points and the sockets were flushed with
saltwater to get rid of the blood clot and foreign materials.
The teeth were subsequently placed back into their proper
sockets. The crowns of the replanted teeth were sanded by
2 mm to prevent them from slipping out. 20,000 U.I. Peni-
cillin G benzathine was administered intramuscularly to all
animals in one dosage.

Micro-CT (Micro-Computed Tomography)

All animals were put to death by carbon dioxide poi-
soning 60 days after the replantation. A surgical scissor
was used to separate the maxilla, and a #15 scalpel blade
was used to remove the replanted incisor from the right
side of the bone. The anatomical components were pre-
served in a 10% formaldehyde solution. Two samples from
each group were chosen for micro-CT study. The samples
were scanned using a micro-CT scanner with a 9-m reso-
lution (SkyScan 1176, Bruke, Billeric, MA, USA). NRe-
con software (version 1.6.9.8, Bruker, Billerica, MA, USA)
and Data Viewer software (version 1.5.0.2, Bruker, Biller-
ica, MA, USA) respectively showed the generated data as
two-dimensional and three-dimensional pictures.
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Fig. 2. The proportion of ACZ released at various time points.
N =3 in each group.

Histological and Immunohistochemical Analysis

The anatomical components were preserved in a 10%
formaldehyde solution for 48 hours at room temperature.
Then samples were placed in a 10% EDTA solution, and
the EDTA was replaced every two days until the tissue
decalcification process was finished. The samples that
had been decalcified underwent many steps of dehydration
with ethanol, diaphanization, and paraffin embedding be-
fore being cleaned with running water. Within the longi-
tudinal plane of the root, each sample was divided into 40
segments, each measuring 5 m. Hematoxylin-eosin (HE)
were used to stain a particular portion. The other part was
stained with OPG and RANKL immunohistochemistry. For
the immunohistochemical analysis, the samples were ex-
posed to OPG antibody (GB11151-100, Servicebio, Chang-
sha, China) and RANKL antibody (23408-1-AP, Protein-
tech, Wuhan, China) at the dilution of 1:100, immunostain-
ing with streptavidin-biotin. Pannoramic Desk (2.2.0 soft-
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Fig. 3. CCK-8 (cell counting kit-8) tests of HPDLFs (human periodontal ligament fibroblasts) exposed to various test substance
quantities (0, 20, 40, 60, 100, 140, 180 pg/mL) on days 1, 3, 5 and 7. The standard deviation of the mean is used to present data.
Substantial differences from control are shown by *p < 0.05, ****p < 0.0001. N = 3 in each group.
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Fig. 4. Zone of inhibition of different concentrations (0, 20, 40,
60, 100, 140, 180 pg/mL) against Fn (Fusobacterium nuclea-
tum) in blood agar medium. Bar graphs displaying the sizes of
the zones of inhibition brought about by several drugs used to treat
Fn. Data were shown as mean + standard deviation (SD), ns, no

significance, **p < 0.01, ***p < 0.001. N = 3 in each group.

ware, 3DHISTECH, Budapest, Hungary) and Pannoramic
Scanner software (panoramic 250, 3DHISTECH Ltd., Bu-
dapest, Hungary) were used to take all of the pictures of
the histological sections. The middle third of the palatal
root face and its surrounding tissues were the subjects of the
analysis since it included cementum and PDL and had not
been surgically injured. In order to do a histomorphometric
study, Image J software (version 2.1.2, National Institutes
of Health, Bethesda, MD, USA) was used to determine the
lengths and areas of each kind of root resorption. The mea-
surements were expressed as percentages and were based
on the middle third of each root. Image J (1.36 software,
NIH Image J system, Bethesda, MD, USA) was used to as-
sess the results of an immunohistochemical investigation to
determine the expression of OPG and RANKL.

Statistical Analysis

Standard deviation (SD) was used to represent all data
as mean values. The data were examined with one-way
analysis of variance (ANOVA) using the SPSS 18.0 soft-
ware (IBM SPSS Statistics, Chicago, IL, USA). Dunnett’s
test was used to evaluate comparisons between the groups.
Furthermore, statistical significance was determined by p <
0.05.

Results

Medicament Release

The maximum absorption wavelength was detected
by ultraviolet spectrophotometer at 265 nm. The standard
curve equation was drawn with drug concentration as X-
axis and peak area as Y-axis: ACZy = 0.13 + 0.06x, R? =
0.963 (Fig. 1). The data acquired were used to generate an
in vitro drug release plot of time against the cumulative per-
centage of drug release, which showed a regulated release
over 60 days. The cumulative drug release increases over
time (Fig. 2).

Cytotoxicity Test

From 100 pg/mL to 20 ng/mL, the materials exhibited
excellent biocompatibility, with cell viability above 90%
on days 1, 3, 5 and 7 (p > 0.05, Fig. 3), which is above
the 70% survival rate advised by global standards for as-
sessing medicinal products (ISO 10993-5). At 140 pg/mL
and 180 pg/mL, the materials displayed good biocompat-
ibility on day 1 and 3. On the other hand, on days 5 and
7, a concentration of 140 pg/mL resulted in reductions of
62.7% and 59.1% in cell survival, respectively (p > 0.05,
Fig. 3). Up to a concentration of 180 pg/mL, the increased
cytotoxicity was seen; on day 5, the percent of cell viability
dropped by 50% (*p < 0.05, Fig. 3). On day 7, a wors-
ening of the drug’s impact on cell viability was saw, with
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Fig. 5. Impact of medicine on IL-173, IL-6 and TNF-a expression in HPDLFs cells. (A) Real-time polymerase chain reaction (RT-
PCR) was used to analyze the mRNA levels of IL-18 (a), IL-6 (b) and TNF-« (c) after cells were treated with lipopolysaccharide (LPS)
(10 pg/mL) with or without medication (100 pg/mL) for 48 hours. (B) ELISA (enzyme-linked immunosorbent assay) was used to quantify
IL-18 (a), IL-6 (b) and TNF-« (c) in a conditioned culture medium after 48 hours. The results were displayed as means £ SD (n = 6).
ns, no significance, **p < 0.01, ***p < 0.001, ****p < 0.0001. N = 3 in each group. Note: IL-17, interleukin-13; IL-6, interleukin-6;

TNF-«, tumor necrosis factor-a; HPDLFs, human periodontal ligament fibroblasts; LPS, lipopolysaccharide.

the cell survival rate falling to 20.6%. Therefore, 20—100
pg/mL concentrations of the materials might be suitable for
subsequent cell experiments.

Antimicrobial Assay

The minimum inhibition zones (mm?) against Fn
(Fusobacterium nucleatum) were measured to assess the
antibacterial action of the test drugs at various dosages
(Fig. 4). Anunmistakable circular band encircling the med-
ications was the inhibitory halo. Drugs in all concentra-
tions showed clear inhibition zones. From 140 pg/mL to 20
pg/mL, the inhibitory zone size significantly increased with
higher drug concentration (p < 0.05): 50.87 £ 0.15 mm at
140 pg/mL, 48.73 + 0.70 mm at 100 pg/mL, 46.57 + 0.49
mm at 60 pg/mL, 41.00 £ 0.56 mm at 40 pg/mL, 36.43 +
0.84 mm at 20 pg/mL. Nevertheless, there was no statisti-

cally noteworthy variation among the 140 pg/mL and 180
pg/mL categories for the diameter of the inhibition zone (p
> 0.05).

Impact of Medication on HPDLF Cells’ Expression
of IL-15, IL-6 and TNF-« after being Exposed to LPS

We measured the levels of IL-143, IL-6 and TNF-« at
both the mRNA and protein levels in HPDLFs cells stim-
ulated by LPS to ascertain the effect of the medication on
the production of inflammatory cytokines. We conducted
cell cytotoxicity and antibacterial experiments using vari-
ous concentrations of medicament dilutions and found that
a concentration of 100 ng/mL exhibited effective antibacte-
rial properties and satisfactory long-term cell compatibility
(Fig. 5). The mRNA levels of IL-14, IL-6 and TNF-« were
shown to have significantly increased after 48-hour expo-
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sion in HPDLFs cells. (A) RT-PCR was used to analyze the RANKL and OPG mRNA levels after cells were stimulated with LPS (10
png/mL) with or without medication (100 pg/mL) for 48 hours. (a) RANKL. (b) OPG. (c) RANKL/OPG. (B) At 48 hours, ELISA was
used to quantify secreted RANKL and OPG in a conditioned culture medium. (a) RANKL. (b) OPG. (c) RANKL/OPG. The data were
shown as means £ SD. ns, no significance, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. N = 3 in each group.

sure to LPS in comparison to the control category, accord-
ing to the findings of RT-qPCR (p < 0.01, Fig. 5). When
the medication was added to the culture medium, it pre-
vented LPS from stimulating the release of inflammatory
cytokines. The protein levels of IL-13, IL-6 and TNF-
« were considerably higher in the LPS category relative to
the control category (p < 0.01, Fig. 5), supporting the RT-
gPCR findings. When compared to the LPS category, treat-
ment with the medication significantly decreased the levels
of the proteins IL-14, IL-6 and TNF-« (p < 0.01, Fig. 5).

Impact of Medicine on LPS-Stimulated RANKL and
OPG Expression in HPDLFs Cells

We noticed changes in the expression of
RANKL/OPG in HPDLFs cells after LPS stimulation
and medication treatment. The mRNA expression of
RANKL in the LPS group was significantly higher than in

the control group, according to the RT-PCR findings (p <
0.05, Fig. 6A). The mRNA expression of OPG, however,
was considerably reduced in the LPS cohort (»p < 0.01,
Fig. 6A). These results implied that the RANKL/OPG
ratio was upregulated in the LPS group when compared
to the control category (p < 0.01, Fig. 6A). A small
reduction in mRNA expression of RANKL was seen when
the medication was added to LPS-stimulated HPDLFs
cells, but this difference was not statistically different
from the LPS cohort (p > 0.05, Fig. 6A). The medication
group, in contrast to the LPS group, showed a significantly
higher level of OPG expression, which is remarkable (p
< 0.01, Fig. 6A). The medicine may be able to reduce
the RANKL/OPG ratio in the LPS group, according to
this evidence (p < 0.05, Fig. 6A). Outcome of ELISA
experiments were consistent with the findings observed
in the RT-PCR analysis. However, treatment with the
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Transaxial micro-CT images

(a)
The novel
medicament group

(b)
The calcium
hydroxide group

(c)
The
methylcellulose

group
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Sagitta micro-CT images

Fig. 7. 60 days following delayed tooth replantation, representative transaxial and sagitta micro-computed tomography images
of each group were taken using CTAn software (version 1.17.7.2, Skyscan, Kartuizersweg, Belgium). Red arrows indicate sections

showing damage to the root. (a) The novel medicament group. (b) The calcium hydroxide group. (c) The methylcellulose group.

Table 1. Resorption lengths as a percentage of total root length in each experimental group [M (P25, P75), %].

Inflammatory resorption
Control 11.08 (10.93, 18.55)

CH 0.02%## (0.02, 0.02) 24.23% (12.82, 35.07) 5.35% (1.34, 10.62)
0.01**** (0.01, 0.01) 6.13**** (0.01, 7.87) 3.01* (1.07,7.87)

*P (Drug vs. Control) < 005: ****P (Drug vs. Control) < 00001: #P (CH vs. Control) <0-055 ####P
(CH vs. Control) < 0.0001. N = 6 in each group. CH, calcium hydroxide.

Replacement resorption

70.12 (64.00, 79.15)

Surface resorption

10.19 (2.47, 11.02)

Groups

Drug

medication effectively reduced RANKL protein levels and
increased OPG expression, resulting in a downregulation
of the RANKL/OPG ratio (Fig. 6B).

Micro-CT Analysis

The micro-CT examination of the three intracanal
medications used to treat the delayed replanted right max-
illary incisors. The innovative medication group displayed
a reasonably intact root form, with just a small region of
root resorption, as shown in Fig. 7a, which displays sam-
ple transaxial and sagitta micro-CT images for every group.
In contrast, the calcium hydroxide group showed compro-
mised root integrity, with a noticeable amount of absorption
observed (Fig. 7b). The methylcellulose group displayed
significant damage to the root shape, with a wide range
of root resorption observed (Fig. 7c). When compared to
the normal control group, all groups demonstrated a certain
degree of ankylosis, with the calcium hydroxide group ex-
hibiting the most pronounced degree of ankylosis.

Histological Analysis

All experimental animals tolerated the surgical proce-
dure. However, two teeth in the methylcellulose group were
excluded from analysis due to root fracture during exodon-
tia. In the methylcellulose (Control) group, severe root re-
sorption was observed in all specimens (90.08%~91.00%,
Table 1, Fig. 8D). Three specimens primarily displayed
replacement resorption accompanied by localized inflam-
mation resorption (Fig. 8A). In two of these specimens,
a significant presence of active osteoclasts was observed
around the areas of bone resorption (Fig. 8A). Additionally,
a reduction in the number of periodontal ligament fibers
was observed in all samples, with a disorganized pattern
(Fig. 8A).

In the calcium hydroxide (CH) group, moderate lev-
els of root resorption were observed (20.26%~52.03%, Ta-
ble 1, Fig. 8D), with a larger extent of root damage com-
pared to the novel medicament group. All samples exhib-
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A The methylcellulose group B The calcium hydroxide group
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Fig. 8. Representative histological images of the different groups. (A) Inflammatory resorption of the methylcellulose group: (a)
Increased dentine depth was compromised by active inflammatory resorption (rectangle). Scale bar: 100 pm. (b) Active clastic cells
(arrow) and inflammatory infiltrating in connective tissue. Scale bar: 20 um. (B) Replacement resorption of the calcium hydroxide
group: (a) Extensive ankylosis and scattered disorganized connective tissue (rectangle). Scale bar: 100 pm. (b) Replacement resorption
areas (arrow). Scale bar: 20 um. (C) Periodontal ligament healing of the novel medicament group: (a) Periodontal ligament healing in
the resorption area (rectangle). Scale bar: 100 um. (b) Periodontal fiber junction (arrow). Scale bar: 20 um. (D) The length percentage
of inflammatory absorption and replacement absorption areas in different groups. ns, no significance, *p < 0.05, ****p < 0.0001. N =
6 in each group.

ited different degrees of replacement resorption, without  being replaced by osseous tissue (Fig. 8B). Two categories
any signs of inflammatory resorption, among which, four =~ showed no residual fibrous connective tissue and alveolar
samples showed severe replacement resorption with surface ~ bone tissue filled the PDL area instead (Fig. 8B).
resorption affecting multiple sites (Fig. 8B). In all samples,

collagen fibers were disorganized, with some fibrous tissue
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Fig. 9. Effects of medicament on RANKL and OPG expression in delayed tooth replantation rat model.
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(A) Representative

immunohistochemical images of the different groups. (a,b,c) RANKL. (d,e,f) OPG. Immunohistochemically positive cells (arrows);

root (R); periodontal ligament (PDL). Scale bar: 50 um. (B) Mean optical density values with immunohistochemical images and the

RANKL/OPG ratio of the different groups. N = 6 in each group. ns, no significance, *p < 0.05, **p

0.0001.

In the novel medicament (Drug) group, the extent of
root resorption is the mildest among all the groups (Table 1,
Fig. 8D). Only two samples displayed obvious replacement
resorption, with resorption length percentages of 49% and
12%, respectively, and the remaining groups showed minor
and localized surface resorption and replacement resorp-
tion (Fig. 8C). Most of the time, the collagen fibers in the
periodontal fibrous tissue were disorganized, but in other
spots, they showed a parallel alignment with the root sur-
face (Fig. 8C). In one category, the region of root resorption
saw the periodontal ligament reconnect to the root surface
(Fig. 8C). There were no instances of root ankylosis or ac-
tive osteoclasts observed in any of the samples.

Immunohistochemical Analysis

In the root resorption lacunae and disorganised
periodontal ligament, immunohistochemical examination
showed extensive expression of RANKL and OPG. Further
cellular localization studies showed that both PDL fibrob-
lasts and macrophages were capable of secreting RANKL,

< 0.01, ##%p < 0.001, ***%p <

while osteoblasts and PDL fibroblasts exhibited predomi-
nant expression of OPG (Fig. 9A). When the immunostain-
ing intensities of the various categories were evaluated, it
was found that CH and Drug groups had significantly lower
RANKL immunoreactivity as well as higher OPG stain-
ing than the control group (p < 0.05, Fig. 9B). As a re-
sult, the RANKL/OPG ratio was down-regulated (p < 0.05,
Fig. 9B).

Discussion

Inflammatory root resorption is widely recognized as
the primary cause of treatment failure in delayed tooth re-
plantation. Currently, it is widely accepted that this pro-
cess involves complex chemical signaling pathways, which
stimulate osteoclast-mediated cellular activities including
activation/fusion, adhesion, and phagocytosis [15]. Due
to its antibacterial characteristics and capacities to induce
mineralization, calcium hydroxide (CH) is frequently used
in clinical practice to prevent or attenuate root resorption
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brought on by bacterial infection. However, CH has lim-
itations including a lack of anti-inflammatory properties,
reduced dentin fracture resistance with long-term usage,
and the need for multiple medication changes [10]. There-
fore, it is crucial to develop more efficacious root canal
medicaments to combat tooth root resorption. The objec-
tive of this study is to utilize current insights into the patho-
logical mechanisms and design an innovative injectable
sustained-release paste. We have found early data suggest-
ing that this new paste affects osteoclast activity through the
RANKL/RANK/OPG path through both in vitro as well as
in vivo investigations, thus exerting an inhibitory effect on
tooth root resorption.

In vitro, antimicrobial experiments have demonstrated
the remarkable antibacterial efficacy of the novel paste
within the root canal system. Fouad et al. [16] reported
that dental pulp or periapical infections arising from den-
tal trauma are primarily caused by facultative and strictly
anaerobic bacteria. Additionally, Nagata ef al. [17] as-
sessed the microbial makeup of developing teeth with dam-
age, revealing the presence of Actinomyces in 33.34% of
the root canals. Therefore, in our study, Actinomyces was
selected for agar diffusion experiments to verify the an-
tibacterial activity of combining clindamycin with various
drugs. The results indicated a concentration-dependent an-
tibacterial effect of the paste within a specific range. Inter-
estingly, elevated concentrations of antibiotic medication
beyond this range did not result in stronger antimicrobial
activity. It follows that root canal disinfection does not re-
quire the use of larger doses of antibiotic medicine. These
results are in line with an analysis by Cunha ef al. [18]
that looked at the effectiveness of clindamycin in cleaning
up biofilms inside dentinal tubules. The results can be ex-
plained by either the saturation of antibiotic-bacterial target
binding at maximum bactericidal concentration or reaching
the limit of their mechanism of action. Additionally, bac-
terial peculiarities in terms of drug resistance may enable
survival even in the presence of high antibiotic concentra-
tions. Unfortunately, the pharmacokinetics of drugs in the
periapical region remain elusive [19], warranting further re-
search to determine whether a concentration of 100 ug/mL
clindamycin is sufficient to inhibit bacterial growth in the
periapical tissues.

It is critical to analyse the cytotoxicity of intracanal
medications in addition to their antibacterial properties.
This is because immature permanent teeth with broad api-
cal foramen frequently sustain dental trauma [20]. Facili-
tating direct contact between the medicament and periapical
tissues through the patent apical foramen. Hence, possess-
ing biocompatible properties is important for materials used
in replanted teeth to create an optimal microenvironment
for healing. The HPDLFs play dual roles in local inflam-
matory and immunological responses as essential immune
regulatory cells and structural components [21]. Further-
more, their functions can be regulated by the microenvi-
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ronment [22]. According to the study’s results, the paste’s
cytotoxicity was shown to rely on both the level of con-
centration and length of exposure, with greater concentra-
tions and longer exposure durations resulting in increasing
toxicity. Numerous studies have demonstrated that reduc-
ing drug concentrations can mitigate cytotoxic effects [23—
26]. Ferreira MB, Dubey N and others compared the cyto-
toxicity of clindamycin with common intracanal antibiotics
such as minocycline and metronidazole and found that the
clindamycin group exhibited superior cell viability [27,28].
Mori GG and colleagues [29] confirmed the favorable bio-
compatibility of acetazolamide through subcutaneous tis-
sue injection in rats. Existing research has shown that high
doses of corticosteroids in root canals are unlikely to cause
systemic side effects [30], indicating good biocompatibility
of corticosteroids in root canals [31]. In the field of den-
tistry, methylcellulose hydrogel has excellent biocompati-
bility [32] and injectability. They are extensively used for
controlled delivery of low-concentration intracanal med-
ications [33]. Despite variations that may occur due to
differences in materials and methods [34], the trend is to
use lower concentrations of intracanal medicaments while
maximizing therapeutic efficacy. This study found that a
100 ug/mL dilution significantly inhibited bacterial growth
without causing any toxicity to HPDLFs based on antimi-
crobial and cytotoxicity assessments. This finding provided
support for subsequent foundational experiments.

The resolution of Actinomyces infection does not
mean the termination of resorption. Inflammatory root
resorption is a process driven by the interaction be-
tween bacterial infection, tissue damage, and the host re-
sponse. Therefore, in addition to employing antibacte-
rial approaches, considering therapeutic strategies that may
modulate osteoclast activity is logically sound in anti-
resorptive treatment.

To learn more about how the paste affects inflamma-
tory and osteoclastic components in the inflammatory mi-
croenvironment, we employed a high concentration of LPS
from Escherichia coli to stimulate HPDLFs. High doses
of LPS have been shown to stimulate osteoclast develop-
ment and trigger inflammatory responses in several inves-
tigations [35-37]. TNF-q, IL-15 and IL-6 expression were
all elevated in our research after LPS stimulation, and the
RANKL/OPG ratio also increased. The RANKL/OPG ratio
was fully reversed after treatment with the paste, which also
suppressed the production of inflammatory factors brought
on by LPS. Additionally, the new drug’s partial potential
to prevent osteoclastogenesis is revealed by its suppressive
impact on LPS-induced TNF-a, IL-15 and IL-6 produc-
tion. The results were further supported by in vivo ani-
mal experiments. The RANKL/OPG ratio significantly de-
creased in the new paste group, falling below 1, according
to immunohistochemical staining of periodontal tissues and
teeth collected 60 days after replantation. Furthermore, the
presence of sporadic, atypical connective tissue around the
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teeth suggested a later possibility of new bone growth. His-
tological examination (HE staining) and micro-CT analy-
sis demonstrated that rats treated with the novel paste dis-
played improved root integrity without apparent signs of
inflammation-induced resorption. Numerous studies have
increasingly shown that osteoclast-mediated dental root re-
sorption is regulated by the RANKL/RANK/OPG signal-
ing pathway [38,39]. Particularly, RANK acts as a recep-
tor carried by osteoclasts, whereas RANKL activates os-
teoclasts by functioning as a ligand for the RANK recep-
tor. On the other hand, OPG, sometimes referred to as os-
teoprotegerin, inhibits osteoclastogenesis. To manage the
resorption process, this route dynamically modulates the
ratio of RANKL to OPG [40]. During the host’s inflam-
matory response, TNF-« and IL-6 are potent osteoclasto-
genic factors [41], inducing osteoclast differentiation by
mediating RANKL stimulation through autocrine mecha-
nisms [42]. Studies conducted both in vitro as well as in
vivo have shown that they can encourage the production
of osteoclasts, which can enhance root resorption [43,44].
However, only in the presence of IL-1 can osteoclasts in-
duced by TNF-« form resorption lacunae on dentin [44].
In summary, TNF-a, IL-1, and IL-6 work synergistically
to increase the ratio of RANKL/OPG and subsequent stim-
ulation of osteoclast differentiation [45]. Treatment with
the novel paste suppresses inflammation and the activa-
tion of the RANKL/RANK/OPG pathway, thereby reduc-
ing inflammation-related root resorption. To clarify the par-
ticular chemical pathways at play, more research is neces-
sary.

Additionally, research findings showed that the cal-
cium hydroxide group can also inhibit inflammatory resorp-
tion. However, it is associated with a more widespread oc-
currence of replacement resorption in the root and a higher
frequency of ankylosis within 60 days. Although these
complications cannot be entirely avoided with the use of
novel medication, they can reduce the severity of replace-
ment resorption and delay the progression of ankylosis, thus
prolonging the functional lifespan of replanted teeth [46].
Furthermore, in vitro simulations of drug release from the
apical foramen demonstrated that the paste exhibits excel-
lent sustained-release capabilities. As a result, there is no
need to often change medications throughout the 60 days
that the International Association of Dental Traumatology
(IADT) advises [47] lowering the chance of infection recur-
rence. A potential medium for intracanal sustained-release
therapy, as shown by prior investigations, is the methylcel-
lulose system. Additionally, the apical foramen and denti-
nal tubules of the tooth itself have anatomical features that
impede the quick release of medicament from the canal.
However, further clinical trials are required to validate these
findings. However, this study is a single center, small sam-
ple study, which may limit the generalization of research
results and further research is needed to confirm.
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Conclusion

In summary, our study developed a novel sustained-
release intracanal paste using methylcellulose as a carrier
and incorporating clindamycin, acetazolamide, and triam-
cinolone as constituents, which demonstrated excellent an-
tibacterial activity and biocompatibility in vitro and signif-
icant anti-inflammatory and anti-resorptive effects both in
vitro and in vivo. Consequently, the novel intracanal paste
shows promising therapeutic potential in delayed teeth re-
plantation anti-resorption treatment.
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