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Abstract

Background. Materials used for vital pulp therapy should support the natural healing and regenera-
tion of the dental pulp. Ideally, these materials should be biocompatible, bioactive, non-toxic, and non-
carcinogenic. Although numerous medicaments are currently available on the market, none fully meet all
the criteria required for an ideal material. In recent years, calcium silicate-based materials, known for their
bioactivity and biocompatibility, have gained widespread use in dental practice.

Objectives. This in vivo study investigated the tissue response and biological characteristics of mineral
trioxide aggregate (MTA) — NeoPUTTY ™ as well as TheraCal PT® and TheraCal LC®, following subcutane-
ous implantation in rats.

Material and methods. Twenty adult male albino rats were randomly assigned according to the sac-
rifice time (2 or 4 weeks) into 2 equal groups, which were further subdivided into 4 subgroups based
on the material used. Four incisions were made on the back of each rat to create 4 pockets, into which
polyethylene tubes were implanted. Three tubes were filled with biomaterials, while the 4 was left empty
as a control. After sacrifice, the samples were analyzed histopathologically, histomorphometrically, and for
gene expression of vascular endothelial growth factor (VEGF) and interleukin-6 (IL-6).

Results. Moderate inflammation was the predominant tissue response to NeoPUTTY. TheraCal LC dem-
onstrated the formation of a thick connective tissue capsule with moderate chronic inflammatory cell
infiltration. In contrast, TheraCal PT showed a mild inflammatory response and a lower area percentage
of collagen fibers in the capsule as compared to NeoPUTTY and TheraCal LC. NeoPUTTY and TheraCal LC
were associated with higher VEGF and IL-6 expression levels than those observed in the TheraCal PT and
control groups.

Conclusions. TheraCal PT appears to be a promising material for direct pulp capping, owing to its favor-
able biocompatibility when tested in vivo in comparison with NeoPUTTY and TheraCal LC. These findings
may assist clinicians in selecting appropriate materials for direct pulp capping, as TheraCal PT demonstrated
greater biocompatibility with respect to its effects on the surrounding tissues.
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Highlights
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* Vital pulp therapy materials should promote pulp healing and regeneration.
* Calcium silicate-based materials are widely used due to their bioactivity and biocompatibility.

aggregate — MTA) and TheraCal LC.

TheraCal PT demonstrated superior in vivo biocompatibility in comparison with NeoPUTTY (mineral trioxide

TheraCal PT shows potential as a promising material for direct pulp capping.

¢ Further studies are required to evaluate additional properties before clinical application.

Introduction

Dental caries in children is one of the most prevalent
chronic degenerative diseases worldwide.! Its progres-
sion may result in irreversible damage to the dental pulp,
potentially leading to the premature loss of deciduous or
permanent teeth. One of the primary goals of pediatric
dentistry is to maintain deciduous teeth in an intact and
functional state until the eruption of their permanent suc-
cessors.? Vital pulp therapy is commonly used treatment
aimed at maintaining the vitality of carious teeth and pre-
serving the health of the supporting tissues, thereby al-
lowing deciduous or permanent teeth to be retained for
as long as possible.?

Ideally, a pulp-capping material should promote the
natural healing and regeneration of the dental pulp. It
should be biocompatible, bioactive, non-toxic, and non-
carcinogenic. In addition, it should exhibit adequate seal-
ing ability, dimensional stability, an appropriate setting
time, and good handling characteristics. Although nu-
merous medicaments are currently available on the mar-
ket, none fully meet all the criteria required for an ideal
pulp-capping material.* In recent years, calcium silicate-
based materials, known for their bioactivity and biocom-
patibility, have gained widespread use in pediatric dental
practice.

Mineral trioxide aggregate (MTA) is one of calcium
silicate-based materials that has been used in clinical
practice for more than 2 decades. It has demonstrated
high clinical effectiveness as a pulp-capping material ow-
ing to its excellent sealing ability, biocompatibility, and
bioinductive and regenerative properties.® Despite these
advantages, MTA has several drawbacks, including a long
setting time, poor handling characteristics, high solubil-
ity, potential for tooth discoloration, and relatively high
cost.” Consequently, several other calcium silicate-based
materials have been developed to overcome these limita-
tions while maintaining the favorable properties of MTA.

TheraCal LC® is a light-cured, resin-modified, calcium
silicate-based cement. It has been reported to stimulate
hydroxyapatite precipitation and dentin bridge forma-
tion.® The material is supplied in a syringe, eliminating
the need for mixing and simplifying handling. As com-
pared to MTA, TheraCal LC exhibits lower solubility.® Its

polymerization is associated with minimal heat genera-
tion, which may reduce adverse pulpal effects when used
as a pulp-capping material. However, the presence of res-
in components that may remain partially unpolymerized
could potentially have adverse effects on the pulpal tissue,
particularly as its interaction with the pulp has not been
extensively investigated.'©

TheraCal PT® is a newer calcium silicate-based mate-
rial; it is a dual-cured, resin-modified cement. It was in-
troduced as a biocompatible material intended to main-
tain tooth vitality by acting as a protective barrier for the
dental pulp. Similar to TheraCal LC, it is supplied in a sy-
ringe, eliminating the need for mixing, and is character-
ized by low solubility and a short setting time. In addition,
its dual-curing capability represents a potential advantage
over TheraCal LC, as it enables its use in procedures such
as pulpotomy in primary molars. However, there is still
limited evidence regarding its effectiveness and biocom-
patibility.!!

NeoPUTTY™ is a new pre-mixed, bioactive, bioceram-
ic, calcium silicate-based material. According to the man-
ufacturer, this multipurpose MTA stimulates hydroxy-
apatite formation, promoting bioactivity and supporting
tissue healing. NeoPUTTY is dimensionally stable with
no shrinkage, providing a reliable seal and minimizing
bacterial infiltration. Unlike conventional MTA, it exhib-
its immediate washout resistance, allowing the final resto-
ration and crown cementation to be performed immedi-
ately after placement.!? The putty-like material is supplied
in a syringe with a plunger tip, enabling easy and rapid
application while minimizing waste and reducing cost.
Additionally, NeoPUTTY has no staining potential, since
tantalum oxide is used for radiopacity instead of bismuth
oxide, the primary cause of tooth discoloration associated
with MTA. Being resin-free, the material may also have
enhanced biocompatibility and bioactivity.!?

In general, newly developed materials with modi-
fied composition should be thoroughly evaluated before
clinical use. Given the lack of data on the interaction
of NeoPUTTY with the pulpal tissue, and limited infor-
mation available for TheraCal PT and TheraCal LC, this
study aimed to investigate the in vivo biocompatibility
of TheraCal PT, TheraCal LC and NeoPUTTY, following
subcutaneous implantation in rats.
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Material and methods

The pulp-capping materials used in the study were as
follows: TheraCal PT (ThPT; BISCO, Schaumburg, USA);
TheraCal LC (ThLC; BISCO) and NeoPUTTY (NPU;
Avalon Biomed, Houston, USA). The composition of the
materials is described in Table 1.

Study design and animals

According to the guidance and approval of the Insti-
tutional Animal Care and Use Committee of Cairo Uni-
versity (CU-IACUC), this experiment was conducted
in the animal house of the Faculty of Medicine, Cairo
University, Giza, Egypt, in accordance with the ARRIVE
guidelines for in vivo animal research. Twenty adult male
albino rats weighing 150—-200 g were obtained from the
animal house. The animals were housed in temperature-
controlled rooms, and provided with food and water
ad libitum. The care and maintenance of the experi-
mental animals conformed to the International Guiding
Principles for Biomedical Research Involving Animals.
The rats were randomly divided into 2 groups (n = 10 per
group) according to the sacrifice time points — 2 weeks
and 4 weeks. These groups were further subdivided into 4
subgroups according to the material used (Table 2).

Table 1. Pulp-capping materials used in the study
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Sample size

According to a previous study,!® a total sample of 20 rats
(10 rats per group) was considered sufficient to detect
an effect size of 1.23 with a statistical power of 0.80, us-
ing a two-sided hypothesis test and a significance level (a)
of 0.05. The sample size was calculated using the G*power
program (https://www.psychologie.hhu.de/arbeitsgrup-
pen/allgemeine-psychologie-und-arbeitspsychologie/
gpower).!4

Sample preparation

The 3 test materials were placed in sterile polyethylene
tubes. TheraCal PT and TheraCal LC were light-cured for
20 s, using a light-curing unit (PenCure, J. Morita, Kyoto,
Japan).

Anesthesia and the surgical protocol

The animals were anesthetized with an intraperitoneal
injection of ketamine (80 mg/kg of body weight (b.w.)) and
xylazine hydrochloride (8 mg/kg b.w.). The back of each
animal was shaved and disinfected with 10% betadine
antiseptic solution (Mundipharma Egypt, Cairo, Egypt).
Four incisions, 2 cm in length, were made on the back
of each rat to create 4 pockets, into which polyethylene

Commercial name Manufacturer Composition

TheraCal PT Schau?r‘wsbcucr)iq USA synthetic Portland cement calcium silicate particles in a hydrophilic matrix 2000004394
BISCO, . - o -
TheraCal LC Schalmblrg) USA tricalcium silicate particles in a hydrophilic monomer 2000004742
NeoPUTTY Aqifs:oBéoSSesl inorganic powder of tricalcium/dicalcium silicate in an organic medium 2020070101
Table 2. Study grouping
Groups Sacrifice time Subgroups
polyethylene tubes filled with NeoPUTTY MTA
MTA subgroup 1 (n = 10 tubes)
TheraCal LC subaroun 1 polyethylene tubes filled with TheraCal LC
Group 1 group (n =10 tubes)
2 weeks
(n=10) polyethylene tubes filled with TheraCal PT
TheraCal PT subgroup 1
(n =10 tubes)
empty polyethylene tubes (control)
control subgroup 1 (n = 10 tubes)
polyethylene tubes filled with NeoPUTTY MTA
MTA subgroup 2 (n = 10 tubes)
TheraCal LC subaroun 2 polyethylene tubes filled with TheraCal LC
Group 2 group (n =10 tubes)
4 weeks
(n=10) TheraCal PT subaroun 2 polyethylene tubes filled with TheraCal PT
group (n =10 tubes)
empty polyethylene tubes (control)
control subgroup 2 (n = 10 tubes)

MTA — mineral trioxide aggregate.
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tubes were implanted. Three tubes were filled with the
biomaterials under study, while the 4" was left empty as
a negative control of the histological reaction. The tubes
were placed with at least 2 cm distance between them to
avoid interference in the tissue response. The skin was
closed using 4/0 silk sutures (ISMC, Belbais, Egypt).

Postoperative care

Postoperatively, each animal received intramuscular
injections of 10 mg/kg b.w. of amoxicillin and flucloxa-
cillin (Flumox®; Eipico, 10th of Ramadan City, Egypt) to
prevent secondary bacterial infection, and 10 mg/kg b.w.
diclofenac potassium (Cataflam®; Novartis, Cairo, Egypt)
for postoperative analgesia. In addition, a topical antibi-
otic spray containing neomycin (Bivatracin®; Egyptian
Company for Advanced Pharmaceulticals, Cairo, Egypt)
was applied to prevent local infection.

Animal sacrifice

The animals were euthanized by an intracardiac over-
dose of sodium thiopental (80 mg/kg b.w.) at 2 or 4 weeks
after implantation, according to the experimental group.

Samples of skin and subcutaneous tissues containing
the implants were excised with a safety margin of 1 cm.
The tissues from one side of the tube interface were im-
mediately fixed in 10% neutral buffered formalin for his-
topathological analysis. The tissues from the other side
of the tube interface were frozen in liquid nitrogen and
stored at -70°C for subsequent RNA extraction and gene
expression analysis.'®

Histopathological and histomorphometric
analysis

The formalin-fixed tissue samples were dehydrated us-
ing ascending grades of alcohol, and then embedded in
paraffin wax. The paraffin blocks were sectioned into
5-um-thick slices and stained with hematoxylin and eosin
(H&E) and Masson’s trichrome (MT).

The H&E-stained sections were examined and photo-
graphed using a light microscope equipped with a digital
camera (Leica, Heerbrugg, Switzerland) at magnifications
of x10, x40 and x100. The acquired images were ana-
lyzed using the Image] software, v. 1.53d (https://image;j.
net/ij).’¢ All quantitative analyses were performed on all
animals (N = 20). For each animal, 3 non-serial sections
were examined for each material, and the mean value was
calculated. Morphometric analyses were conducted by
a single calibrated and blinded examiner.

Number and density of inflammatory cells

The number of inflammatory cells was estimated
within the connective tissue capsules. For the detection
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of inflammatory cell number and density, The H&E-
stained sections were examined using a light microscope
equipped with a digital camera (Leica) at x40 magnifica-
tion. An image of a standardized field of the capsule in
close proximity to the tube opening was captured.!” The
acquired images were analyzed using the Image]J software,
v. 1.53d (https://imagej.net/ij).!® For each field, the total
number of inflammatory cells, including neutrophils,
lymphocytes, plasma cells, macrophages, and giant cells,
was determined. The density of inflammatory cells (the
number of cells per square millimeter of the capsule) was
then calculated by dividing the total number of inflamma-
tory cells by the total area of the capsule field, as previ-
ously described.!”-1?

Grade of connective tissue capsule inflammation

According to the number of inflammatory cells, the in-
flammatory reaction was graded as follows: Grade 0 — no
inflammatory cells detected; Grade 1 — fewer than 25 cells
detected; Grade 2 — 25—125 cells detected; and Grade 3 —
more than 125 cells detected.?*?!

Grade of inflammation extension

The histological images were also graded according to
the extent of inflammatory cell spread within the connec-
tive tissue capsule and the surrounding connective tis-
sue as follows: Grade 0 — no inflammatory cells detected;
Grade 1 - inflammatory cells confined to the area of the
capsule adjacent to the implanted tubes; Grade 2 — in-
flammatory cells restricted to the capsule without exten-
sion into the surrounding connective tissue; and Grade 3
— inflammatory cells extending beyond the capsule into
the surrounding connective tissue.??

Capsule thickness

For the evaluation of capsular thickness, the H&E-
stained sections were examined using a light microscope
equipped with a digital camera (Leica) at x10 magnifica-
tion. The acquired images were analyzed using the Image]
software, v. 1.53d (https://imagej.net/ij).!® The thickness
of the central part of the capsule was measured in 3 non-
serial sections, and the mean value was calculated for
each material.”®

Area percentage of collagen fibers within the capsule

The MT-stained sections were examined using a light
microscope equipped with a digital camera (Leica) at x40
magnification. The acquired images were analyzed using
the Image] software, v. 1.53d (https://imagej.net/ij).!¢ The
area percentage of collagen fibers within the capsule was
measured in the MT-stained sections using Image], as
previously described.”
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Quantitative real-time polymerase chain
reaction (qRT-PCR) assays

Quantitative real-time polymerase chain reaction
(qRT-PCR) assays were performed using a real-time
thermal detection system with total RNA, the iScript™
one-step RT-PCR kit with SYBR® Green (Bio-Rad Labo-
ratories, Hercules, USA), and specific primers. The gene-
specific primer sequences used for amplification are listed
in Table 3. f-actin was used as the internal control. Rela-
tive gene expression levels of vascular endothelial growth
factor (VEGF) and interleukin-6 (IL-6) were quantified
using the 2724CT method.

Table 3. Primer sequences of all studied genes

Primer sequence from 5' to 3'

forward: 5'-CACGACAGAAGGGGAGCAGAA-3'

veek reverse: 5'-TGCGGATCTTGGACAAACAAAT-3'

forward: 5'-TCCTACCCCAACTTCCAATGCTC-3'

o reverse: 5'-TTGGATGGTCTTGGTCCTTAGCC-3"
) forward: 5'-GTGACATCCACACCCAGAGG-3'
Practin reverse: 5'-~ACAGGATGTCAAAACTGCCC-3'

Statistical analysis

Data obtained from both the histomorphometric analy-
sis and the RT-PCR assays, estimated at 2 and 4 weeks,
was expressed as mean t+ standard deviation (M +SD).
Normally distributed parametric data was analyzed using
one-way or two-way analysis of variance (ANOVA) tests.
Tukey’s post hoc test was applied for multiple pairwise
comparisons when the ANOVA results were statistically
significant. Non-parametric data was analyzed using the
Kruskal-Wallis test followed by Dunn’s post hoc test for
statistically significant results. A p-value <0.05 was con-
sidered statistically significant. Statistical analysis was
performed using the Statistical Package for the Social Sci-
ences (SPSS), v. 15.0 (SPSS Inc., Chicago, USA).

Results

Histopathological results

Group 1 (two-week interval)

H&E staining:

MTA subgroup 1 (Fig. 1A, 1B) and TheraCal LC sub-
group 1 (Fig. 1C, 1D) revealed a thick connective tissue
capsule with a moderate inflammatory reaction. The ag-
gregations of chronic inflammatory cells were observed
within the unorganized fibrous connective tissue contain-
ing numerous plasma cells and lymphocytes, along with
some fibroblasts. Mineralization was observed in both
groups (Fig. 1A, 1C). At higher magnification, congested
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blood vessels were evident in the MTA subgroup 1
(Fig. 1B), while multinucleated giant cells were observed
in the TheraCal LC subgroup 1 (Fig. 1D). TheraCal PT
subgroup 1 exhibited a mild inflammatory reaction with
a thinner capsule. The remnants of the implanted material
were also observed (Fig. 1E, 1F). The control subgroup 1
showed more organized connective tissue with a mild in-
flammatory reaction and few lymphocytes (Fig. 1G, 1H).
Fibroblasts were observed in all subgroups of group 1.

MT staining:

MTA subgroup 1 (Fig. 2A) and TheraCal LC subgroup 1
(Fig. 2B) revealed slightly stained, thin and irregularly ar-
ranged collagen fibers within the inflammatory capsule.
TheraCal PT subgroup 1 showed prominent deposition
of thin, irregular collagen fibers (Fig. 2C). The control sub-

T

Fig. 1. Histopathological examination of the subcutaneous connective tissue
responses to all the tested pulp-capping materials and the empty tube
(control) in rats at 2 weeks (group 1); hematoxylin and eosin (H&E) staining

A, B = MTA subgroup 1 (A - moderate inflammatory reaction, the tissue
packed with inflammatory cells, with multiple areas of mineralization
(triangle), B — congested blood vessels (red arrow)); C, D - TheraCal LC
subgroup 1 (C — moderate inflammatory reaction, the tissue packed

with inflammatory cells, with few areas of mineralization (triangle),

D - multinucleated giant cells (yellow star)); E, F — TheraCal PT subgroup
1 (E = mild inflammatory reaction, remnants of the material (M), F — some
inflammatory cells); G, H — control subgroup 1 (mild inflammatory reaction,
inflammatory cells). Cells observed: white arrow — lymphocytes; yellow
arrow — fibroblasts; blue arrow — plasma cells.

A, C, E, G x40 magnification; B, D, F, H X100 magnification.
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Fig. 2. Histopathological examination of the subcutaneous connective
tissue responses to all the tested pulp-capping materials and the empty
tube (control) in rats at 2 weeks (group 1); Masson’s trichrome (MT)
staining

A = MTA subgroup 1; B - TheraCal LC subgroup 1; C — TheraCal PT
subgroup 1; D - control subgroup 1; slightly stained collagen in

a meshwork arrangement (black arrow), associated with congested vessels
(red arrow) in all subgroups (A-D).

x40 magnification.

group 1 showed mild collagen fiber deposition (faint blue)
with fibroblasts and a few capillaries (Fig. 2D). Congested
blood vessels were observed in all subgroups of group 1.

Group 2 (four-week interval)

H&E staining:

MTA subgroup 2 revealed a relatively thick fibrous cap-
sule with limited organization and mild peri-capsular fi-
brosis, along with some congested capillaries (Fig. 3A, 3B).
TheraCal LC subgroup 2 showed disorganized reaction-
ary tissue with edema between collagen fibers and scat-
tered inflammatory cell infiltration (Fig. 3C, 3D). Thera-
Cal PT subgroup 2 demonstrated a relatively organized
fibrous capsule with several active fibroblasts character-
ized by swollen, large nuclei and abundant cytoplasm. A
marked decrease in inflammatory cell infiltration with
mild peri-capsular fibrosis was also observed (Fig. 3E,
3F). The control subgroup 2 exhibited uniform collagen
fiber formation. Collagen fibers were thin and discrete,
with mild inflammatory infiltrate, mainly represented by
lymphocytes and interspersed fibroblasts (Fig. 3G, 3H).

MT staining:

MTA subgroup 2 (Fig. 4A) and TheraCal LC subgroup 2
(Fig. 4B) revealed several fibroblasts within a band
of dense collagen fibers, which stained lighter with tri-
chrome as compared to the collagen fibers observed in
mature granulation tissue. Fibroblasts and blood vessels
were also present, and inflammatory cells, mainly lym-
phocytes, were evident. TheraCal PT subgroup 2 (Fig. 4C)
and the control subgroup 2 (Fig. 4D) showed deposition
of regularly arranged collagen fibers, along with evidence
of newly formed blood vessels.

15pum

Fig. 3. Histopathological examination of the subcutaneous connective tissue
responses to all the tested pulp-capping materials and the empty tube
(control) in rats at 4 weeks (group 2); hematoxylin and eosin (H&E) staining

A, B - MTA subgroup 2 (A — mild inflammatory reaction with some inflammatory
cells and congested capillaries (red arrow), B — mild peri-capsular fibrosis

(red asterisk)); C, D — TheraCal LC subgroup 2 (C - disorganized reactionary
tissue with edema (black asterisk), D — chronic inflammatory cell infiltrate);

E, F = TheraCal PT subgroup 2 (E - well-organized reactionary tissue with dense
collagen fibers, occasionally infiltrated by lymphocytes, F - active fibroblasts);

G, H - control subgroup 2 (thin reactionary tissue with organized collagen
fibers, fibroblasts and a mild inflammatory reaction). Cells observed: white
arrow — lymphocytes; yellow arrow - fibroblasts; blue arrow — plasma cells.

A, G E, G x40 magnification; B, D, F, H X100 magnification.

15 pm

Fig. 4. Histopathological examination of the subcutaneous connective tissue
responses to all the tested pulp-capping materials and the empty tube
(control) in rats at 4 weeks (group 2); Masson’s trichrome (MT) staining

A — MTA subgroup 2; B - TheraCal LC subgroup 2; C — TheraCal PT subgroup 2;
D - control subgroup 2; collagen fibers forming a mesh (black arrow) amongst
inflammatory cells, blood vessels (red arrow) in all subgroups (A-D).

x40 magnification.
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Number and density of inflammatory cells

Statistically significantly lower mean values for both
the number and density of inflammatory cells were re-
corded in the control subgroup, followed by the TheraCal
PT subgroup, as compared to the TheraCal LC and MTA
subgroups at both observational time points (group 1 and
group 2). No significant difference was found between the
TheraCal LC and MTA subgroups at either time point.
A statistically significant time-dependent decrease in the
number and density of inflammatory cells was observed
in the TheraCal PT, TheraCal LC and MTA subgroups
(Table 4, Fig. 5A, 5B, Supplementary Table 1).

137

Capsule thickness

A statistically significantly lower mean value of the
capsule thickness was recorded in the control subgroup,
followed by the TheraCal PT subgroup, as compared to
the TheraCal LC and MTA subgroups at both observa-
tional time points (group 1 and group 2). No significant
difference was found between the TheraCal LC and MTA
subgroups at either time point. A statistically significant
time-dependent increase in the capsule thickness was ob-
served in all subgroups (Table 4, Fig. 5C, Supplementary
Table 1).

Table 4. Two-way ANOVA results for the number and density of inflammatory cells, the capsule thickness, and the area percentage of collagen fibers within

the capsule

MTA subgroup 1

TheraCal LC subgroup 1

group 1 TheraCal PT subgroup 1

Number

of inflammatory
cells

") MTA subgroup 2

TheraCal LC subgroup 2

control subgroup 1

group 2
TheraCal PT subgroup 2

control subgroup 2
MTA subgroup 1
TheraCal LC subgroup 1
group 1

TheraCal PT subgroup 1
Density

of inflammatory
cells MTA subgroup 2

[n/mm?]
TheraCal LC subgroup 2
TheraCal PT subgroup 2

control subgroup 1

group 2

control subgroup 2
MTA subgroup 1

TheraCal LC subgroup 1
group 1
TheraCal PT subgroup 1

Capsule thickness control subgroup 1

[mm] MTA subgroup 2

TheraCal LC subgroup 2
group 2
TheraCal PT subgroup 2

control subgroup 2
MTA subgroup 1

TheraCal LC subgroup 1
group 1
TheraCal PT subgroup 1
Area percentage
of collagen fibers
within the capsule

(%]

control subgroup 1
MTA subgroup 2

TheraCal LC subgroup 2
group 2
TheraCal PT subgroup 2

control subgroup 2

90.4 +29.7* 939
92.0 £33.8" 10.70
46,5 £14.28 449
18.8 £6.6° 207
727 0.000*
36.1 +1.75 053
384 +7.28C 226
120 £3.2° 101
834250 0.80
0.973 +0.320" 0.101
0.991 +0.364" 0.115
0501 +0.1538 0.048
0202 +0.071° 0.022 5000
000%
0.388 +£0.018°¢ 0.006
0414 +0.077% 0.024
0.129 +£0.034° 0011
0.089 +0.027° 0.009
20,68 +6.318C 2.00
26.03 +4.198 132
11.43 £2.60° 0.82
5204127 040 200 010k
38.06 +6.00" 1.90 ' ‘
42,51 £5.40* 1.71
21.59 +1.808C 057
15.89 £2.340 0.74
55.85 +3.76/ 119
63.06 +7.26" 230 s 0000t
50.20 +£9.43EC 298 ) ’
4232 +1.68° 168
68.66 +4.79" 152
73.05 +5.874 186
26.03 0.000%
60.74 +9.278 293
50.70 +2.18¢ 0.69

M = mean; SD - standard deviation; SE - standard error; * statistically significant; means with different superscript letters are significantly different.
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Area percentage of collagen fibers within the capsule
(MT stain)

Two-way ANOVA revealed no significant interaction
between treatment and time, while a significant differ-
ence was detected among the different kinds of treatment
within each time period. Therefore, one-way ANOVA
was used to compare the subgroups at each time point.

One-way ANOVA for the 2-week subgroups showed
a statistically significantly lower mean value in the con-
trol subgroup 1, followed by the TheraCal PT subgroup
1, as compared to the TheraCal LC and MTA subgroups
1. Similarly, one-way ANOVA for the 4-week subgroups
demonstrated a statistically significantly lower mean
value in the control subgroup 2, followed by the Thera-
Cal PT subgroup 2. No statistically significant difference
was found between the TheraCal LC and MTA subgroups
at either observational time point (group 1 and group 2)
(Table 4, Fig. 6, Supplementary Table 1).

(control 4 weeks) - (control 2 weeks)-
MTA 2 weeks) - (control 2 weeks
MTA 4 weeks) - (control 2 weeks |
TheraCal LC 2 weeks) - (control 2 weeks
TheraCal LC 4 weeks) — (control 2 weeks; |——
TheraCal PT 2 weeks) - (control 2 weeks
TheraCal PT 4 weeks) - (control 2 weeks |
2 weeks) - (control 4 weeks; |
MTA 4 weeks) - (control 4 weeks !
TheraCal LC 2 weeks) - (control 4 weeks; !
TheraCal LC 4 weeks) - (control 4 weeks; !
TheraCal PT 2 weeks) — (control 4 weeks, !
TheraCal PT 4 weeks) - (control 4 weeks
(MTA 4 weeks) - (MTA 2 weeks,
TheraCal LC 2 weeks) — (MTA 2 weeks,
TheraCal LC 4 weeks) — (MTA 2 weeks
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Fig. 5. Tukey's post hoc test results
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Grade of connective tissue capsule inflammation and
the grade of inflammation spread into the adjacent
connective tissue

Regarding group 1 (2-week time point), most speci-
mens in the control subgroup 1 exhibited Grade 1 con-
nective tissue capsule inflammation, whereas the majority
of specimens in the TheraCal PT, TheraCal LC and MTA
subgroups 1 showed Grade 2 inflammation. A statisti-
cally significantly lower value was observed in the con-
trol subgroup 1 as compared to the other groups, while
no statistically significant difference was found among the
TheraCal PT, TheraCal LC and MTA subgroups 1. At the
4-week time point (group 2), all specimens in the control
subgroup 2 and the TheraCal PT subgroup 2 exhibited
Grade 1 inflammation. The majority of specimens in the
TheraCal LC subgroup 2 showed Grade 2 inflammation,
whereas half of the specimens in the MTA subgroup 2 ex-
hibited Grade 1 inflammation and the other half showed

. ] I
—— i

|
100 40 -30 -20 -10 0 10 20 30 40

50 50

A - density of inflammatory cells; B — number of inflammatory cells; C — capsule thickness.
95% confidence interval (Cl). If an interval does not contain zero, the corresponding means are significantly different.

MTA - control

TheraCal LC - control

TheraCal PT - control

TheraCal LC - MTA

TheraCal PT - MTA

TheraCal PT = TherCal LC
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Fig. 6. Tukey's post hoc test results for the area percentage of collagen fibers within the capsule

A - at 2 weeks; B — at 4 weeks.

95% Cl. If an interval does not contain zero, the corresponding means are significantly different.
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Table 5. Kruskal-Wallis test results for the grade of connective tissue capsule inflammation and the grade of inflammation spread into the adjacent

connective tissue

Grade (n)
Parameter Group Subgroup

MTA subgroup 14
group 1
Grade of connective

tissue capsule
inflammation

control subgroup 18

MTA subgroup 24
group 2

control subgroup 28

MTA subgroup 14

group 1

Grade of inflammation
spread into the
adjacent connective
tissue

control subgroup 18

MTA subgroup 24
group 2

control subgroup 28

TheraCal LC subgroup 1#
TheraCal PT subgroup 1#

TheraCal LC subgroup 2*
TheraCal PT subgroup 28

TherCal LC subgroup 1#
TherCal PT subgroup 18

TherCal LC subgroup 2*
TherCal PT subgroup 2°

p-value

1

© O

0.000*

w v o O O O
o

0.001*

> o o
- o o N u N

0.000%

N U O O VW 1O O O O O O N

w u»u NN O

0.000*

O 0 O O o o

(@}

* statistically significant; means with different superscript letters are significantly different.

Grade 2 inflammation. The differences between the Ther-
aCal PT subgroup 2 and both the TheraCal LC subgroup
2 and the MTA subgroup 2 were statistically significant,
while the difference between the MTA and TheraCal LC
subgroups 2 was not statistically significant (Table 5, Sup-
plementary Table 2).

At both observational time points, most specimens in
the control and TheraCal PT subgroups exhibited Grade
1 inflammation spread into the adjacent connective tis-
sue, whereas most specimens in the TheraCal LC and
MTA subgroups exhibited Grade 3. The differences be-
tween the TheraCal PT subgroup and both the Thera-
Cal LC and MTA subgroups were statistically significant,
while the difference between the MTA and TheraCal LC
subgroups was not statistically significant at either obser-
vational time point (group 1 and group 2) (Table 5, Sup-
plementary Table 2).

A statistically significant decrease in both the grade
of inflammation and the grade of inflammation spread
into the adjacent connective tissue was observed over
time in all subgroups (Table 5, Supplementary Table 2).

Quantitative RT-PCR analysis

Regarding the VEGF mRNA gene expression levels,
statistical analysis demonstrated a statistically signifi-
cantly lower mean value in the TheraCal PT subgroup
as compared to the TheraCal LC and MTA subgroups at
both observational time points. A statistically significant
lower value was also detected in the MTA subgroup as
compared to the TheraCal LC subgroup. A statistically

significant decrease in VEGF gene expression over time
was observed in the TheraCal PT and TheraCal LC sub-
groups (Table 6, Fig. 7, Supplementary Table 3).

Statistical analysis of mRNA gene expression of IL-6 re-
vealed a statistically significantly lower mean value in the
TheraCal PT subgroup as compared to both the TheraCal
LC and MTA subgroups, while no significant difference
was detected between the TheraCal LC and MTA sub-
groups at either observational time point. A statistically
significant decrease in IL-6 gene expression was observed
for all 3 materials over time (Table 6, Fig. 7, Supplemen-
tary Table 3).

Discussion

Vital pulp therapy is a promising individualized treat-
ment approach for managing irreversible pulpitis and
promoting dentin bridge formation. Biocompatibility is
an essential characteristic that must be considered in the
case of the materials applied directly to the exposed pulp
tissue.?* Materials intended for direct pulp capping should
be non-cytotoxic to dental pulp stem cells and bioactive
in promoting odontogenic differentiation. However, in vi-
tro cell culture assays cannot fully predict in vivo tissue
responses. Therefore, in addition to cytotoxicity tests,
animal studies and clinical evaluations are necessary to
safeguard against the potential adverse effects of newly
introduced dental materials.?

Subcutaneous implantation in vivo is considered
one of the most reliable methods for assessing the
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Table 6. Two-way ANOVA results for vascular endothelial growth factor (VEGF) and interleukin-6 (IL-6) gene expression

Subgroup

MTA subgroup 1 0.3757 £0.0723° 0.0229
TheraCal LC subgroup 1 0.6205 +0.05158 0.0107
group 17
TheraCal PT subgroup 1 0.3015 +0.0339* 0.0163
control subgroup 1 (ke 0
VEGF 433 0.007*
MTA subgroup 2 0.3492 +0.0282°¢ 0.0089
TheraCal LC subgroup 2 0.5475 +0.0309¢ 0.0124
group 28
TherCal PT subgroup 2 02271 +0.0394° 0.0098
control subgroup 2 " 0
MTA subgroup 1 037 +0.018 0.003
TheraCal LC subgroup 1 0.38 +0.058 0015
group 17
TheraCal PT subgroup 1 0.29 +0.03¢ 0.008
control subgroup 1 (e 0
I-6 MTA subgroup 2 0.27 +0.03¢ 0.010 1543 0.000*
TheraCal LC subgroup 2 0.29 +0.03¢ 0.009
group 28
TherCal PT subgroup 2 0.22 +0.02°P 0.007
control subgroup 2 (& 0
* statistically significant; means with different superscript letters are significantly different.
trol 4 weeks) - (control 2 week —— —=
ool wes)-nizuels N e ; B & ;
MTA 4 weeks) - (control 2 weeks ] | —— |
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Fig. 7. Dot plot showing Tukey's post hoc test results for gene expression
A - vascular endothelial growth factor (VEGF); B - interleukin-6 (IL-6).

95% Cl. If an interval does not contain zero, the corresponding means are significantly different.

biocompatibility of dental materials.?*?” Based on this
concept, the present study aimed to evaluate the biological
characteristics of MTA (NeoPUTTY), Theracal LC and
Theracal PT, following subcutaneous implantation in rats.

The pulp-capping material extruded from the opening
of the polyethylene tube comes into direct contact with
the surrounding tissues, triggering an inflammatory re-
sponse similar to that observed in vital pulp therapy. Inert
polyethylene tubes were used for implantation, since they
allow the tested material to remain in close apposition to
the tissues.?® An additional empty tube was implanted
as a control to standardize variables, minimize selection
bias, and neutralize the potential confounding factors that

could affect the results.?® The follow-up periods were set
at 2 and 4 weeks, following Silva-Herzog et al., who re-
ported that 14 days are sufficient to evaluate the initial
phase of material biocompatibility.?

At 2 weeks, the inflammatory responses observed in
the control subgroup 1 and in all the evaluated materials
(NeoPUTTY, TheraCal LC and TheraCal PT) were more
pronounced than those observed at 4 weeks. In addition
to the potential toxic effects of the implanted materials
and the tube material, the surgical trauma induced during
tube insertion might also contribute to this response.®
Giraud et al. suggested that there exists a dynamic
equilibrium between inflammation and regeneration, and



Dent Med Probl. 2026;63(1):131-143

that this balance may shift toward either regeneration
or inflammation, depending on the restorative material
used.®!

Moderate inflammation was the characteristic tissue
response to MTA, which decreased after 4 weeks of ex-
posure to the material. These findings are consistent
with those of Shahi et al., who reported the presence
of collagen fibers, fibrosis and persistent inflammatory
cell infiltration after 21 days.?? Inflammation may result
from multiple factors; however, the initial inflammatory
response can be triggered by factors such as cytokine
production (e.g., IL-1 and IL-6), as well as the high pH
and setting temperature of the material.>® The formation
of calcium deposits in the subcutaneous connective tissue
indicates the osteoinductive potential of the tested mate-
rial.** The mineralization observed in the MTA subgroup
may be attributed to the reaction between calcium ions
from calcium hydroxide and carbon dioxide present in
the connective tissue. Calcium hydroxide is formed from
calcium phosphate and calcium oxide released during the
setting reaction of MTA .32

The histological examination and histomorphometric
analysis of the TheraCal LC subgroup 1 demonstrated the
presence of a thick connective tissue capsule with moder-
ate aggregations of chronic inflammatory cells. The resin
component of TheraCal LC may lead to the release of re-
sidual monomers, which can diffuse into the surrounding
tissues, exert cytotoxic effects and stimulate the produc-
tion of pro-inflammatory cytokines.! It has been sug-
gested that TheraCal LC may shift the biological balance
toward inflammation, whereas resin-free materials tend
to exhibit anti-inflammatory properties and promote tis-
sue regeneration.?* Similarly, the histological examination
of TheraCal LC used in primary teeth with deep carious
lesions and symptoms of reversible pulpitis revealed the
disruption of the odontoblastic layer, fibrosis and dystro-
phic calcification, along with varying degrees of pulpitis
in the examined specimens, indicating that none of the
samples presented completely healthy pulp tissue.*®

In addition to Portland cement powder, TheraCal LC
contains a hydrophilic resin monomer, a hydrophobic
resin monomer and a hydrophilic fillers.** Methacrylate
resin components can adversely affect cell membranes by
disrupting the lipid bilayer. Previous studies have dem-
onstrated that the exposure of human dental pulp stem
cells to TheraCal LC results in impaired cellular metabo-
lism and the formation of inadequate tissue bridges.?”3
Furthermore, the cells cultured in the media containing
TheraCal LC exhibit markedly elevated levels of IL-8.%
Evidence of mineralization was observed in the Thera-
Cal LC subgroup, which is consistent with the findings
of Hinata et al., who evaluated the ability of TheraCal LC
to form apatite-like precipitates at 7, 14, and 28 days after
subcutaneous implantation in rats.® Although TheraCal
LC has been reported not to produce calcium hydrox-
ide during hydration, calcium ion release and calcium
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phosphate deposition have been detected on its surface.3¢
This phenomenon may be attributed to the resin-mod-
ified nature of TheraCal LC, which limits ion exchange
with the surrounding environment. Consequently, the
water absorption and calcium ion release associated with
cement hydration may be restricted due to limited ion
transport across and within the resin matrix.

The TheraCal PT subgroup demonstrated a mild in-
flammatory response that decreased over time, along
with a lower percentage area of collagen fibers within
the fibrous capsule as compared to the MTA and Thera-
Cal LC subgroups. These findings suggest that TheraCal
PT exhibits a lower cytotoxic effect on the surrounding
tissues. The present results are consistent with those re-
ported by Rodriguez-Lozano et al., who found that the
number of viable cells in the TheraCal LC-treated group
was lower than in the TheraCal PT-treated group, as de-
termined by an apoptosis/necrosis assay.*! The cytotoxic-
ity of TheraCal LC has been hypothesized to result from
the unpolymerized resin monomers that remain after po-
lymerization.*>*3 Additionally, some studies have shown
that cured TheraCal LC releases specific additives, such
as ethyl 4-(dimethylamino)benzoate and camphorqui-
none.** The primary human pulp fibroblasts exposed to
camphorquinone have demonstrated an increase in the
production of reactive oxygen species (ROS).*% This evi-
dence suggests that the light-curing components released
from TheraCal LC may contribute to cell death by enhanc-
ing the generation of ROS. The absence of mineralization
observed in the TheraCal PT group could be attributed
to its composition. According to the manufacturer’s data-
sheet, TheraCal PT is a resin-modified calcium silicate
cement composed of poly(ethylene glycol) dimethacrylate
(PEGDMA) (10-30%) and bisphenol A-glycidyl methac-
rylate (Bis-GMA) (5-10%). However, the datasheet does
not explicitly mention the presence of calcium in its for-
mulation.?

Pulpal fibroblasts have been shown to play a significant
role in the initiation of inflammatory responses.® In ad-
dition, pro-inflammatory cytokines such as VEGF and IL-
6, as well as complement fragments C3a and C5a, have
been reported to promote the recruitment and activation
of cells within an inflammatory microenvironment.>°
Consistent with these findings, the results of the present
study demonstrated that MTA and TheraCal LC induced
higher levels of VEGF and IL-6 release as compared to the
TheraCal PT and control groups. Similarly, TheraCal LC
has been reported to increase the secretion of VEGF and
IL-6 from pulpal fibroblasts in vitro.>!

Although numerous studies have investigated the bio-
logical characteristics and biocompatibility of calcium
silicate-based cements, including those evaluated in the
present study, the rapid introduction of new materials to
the market necessitates the continuous and updated bio-
logical as well as chemical-mechanical profiling of each
formulation prior to clinical application. This highlights
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the importance and relevance of animal studies as
an initial approach for evaluating novel materials. How-
ever, these findings should be interpreted with caution, as
the performance of the tested materials may be influenced
by several extrinsic factors under clinical conditions.

Conclusions

The findings of the present study demonstrated that
TheraCal PT exhibited superior biocompatibility in vivo
in comparison with NeoPUTTY (MTA) and TheraCal
LC. Therefore, TheraCal PT may be considered a promis-
ing material for direct pulp capping. Nevertheless, further
studies are recommended to evaluate the additional prop-
erties of these materials before their widespread clinical
application.
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