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Abstract Background: Methimazole is an antithyroid drug. It has side effects on many tissues.
Bone marrow-derived mesenchymal stem cells (BM-MSCs) are promising in the field of tissue
regeneration.

Objective: To investigate the capacity of BM-MSCs on odontogenic differentiation and dentin
regeneration at different time intervals in methimazole treated rats.

Methods: Twenty-eight male albino rats were classified as: Group I: got distilled water. Group II:
obtained therapeutic dosage of methimazole as pro-drug “Neo-Mercazole®”. Group III: received
methimazole then solitary injection of BM-MSCs at day 21. Group IV: obtained methimazole
and single injection of BM-MSCs at the beginning of the experiment. Light microscope was used
to examine specimens. Recently formed collagen and B-catenin-immunoreactivity area% were
appraised histomorphometrically and statistically.

Results: Histological examination of odontoblasts and dentin illustrated normal structure in
Group I and nearly normal features in Group IV. Group II demonstrated discontinuation of odon-
toblastic layer and areas of different stainability in dentin. Group III showed an evidently wide
layer of odontoblast-like cells and distinct dentinal tubules. Masson’s trichrome results of dentin
in Groups I &IV showed apparently equal areas of new and old collagen. Group II illustrated
old collagen mainly. Group III explored new collagen only. B-catenin-immunoreactivity was strong
in Groups I & IV, mild in Group II and moderate in Group III. Statistical results revealed that the
highest mean of newly formed collagen area% was in Group III, followed by Group I, Group IV
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then Group II respectively. Regarding B-catenin-immunoreactivity area%, the highest mean was
recorded in Group I, subsequently Group IV, next Group III then Group II.
Conclusions: Methimazole has destructive consequences. BM-MSCs have a time-based increased
capacity for odontogenic differentiation and regeneration of dentin.
© 2021 The Author. Production and hosting by Elsevier B.V. on behalf of King Saud University. Thisis an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Odontoblasts are specialized post-mitotic cells that belong to
pulp cells and act as nociceptors along with their main role
in dentin formation (Kawashima and Okiji, 2016).

B-catenin is expressed in nucleus and cytoplasm of odonto-
blasts. It regulates transcriptional factor “Runt-related tran-
scription factor 2” which is master regulator of odontoblast
differentiation. Also, B-catenin is fundamental for expression
of dentin sialophosphoprotein, dentin matrix protein 1, alka-
line phosphatase and bone sialoprotein which are responsible
for dentin matrix formation and mineralization (Han et al.,
2014; Miyashita et al., 2017).

Methimazole “antithyroid drug” is active metabolite of car-
bimazole. Some studies recorded declination in thyroid hor-
mones at second, fourth and sixth week post-treatment by
methimazole (Choi and Jee, 2015; Sakr et al., 2012; Tatara
et al., 2017).

Many adverse effects of methimazole were recorded such as
impairment of calcium and protein metabolism as well as
declined concentration of different amino acids (Tatara et al.,
2017). Moreover, methimazole negatively affects expression of
different markers responsible for survival, proliferation and
function of different hard tissue forming cells like osteoblasts
and odontoblasts (Aghajanian et al., 2017; White et al., 2016).

Bone marrow-derived mesenchymal stem cells (BM-MSCs)
are very important population among adult stem cells due to
their promising outcomes (Aghajanian et al, 2017;
Saraswathi and Saravanakumar, 2010). BM-MSCs can differ-
entiate into odontogenic lineage and significantly participate to
odontoblast population by expressing odontoblast-specific
marker “dentin sialoprotein” (Zheng et al., 2019).

From this perspective, this study was performed to explore
histological structure of odontoblasts and dentin along the
course of methimazole administration and potential effect of
BM-MSCs at disparate time intervals.

2. Materials and methods

Ethical statement
.Experiment steps were approved by Research Ethics Com-
mittee at Future University in Egypt, (FUE.REC (22)/11-2020).

2.1. Isolation and culture of BM-MSCs

Isolation and culture of BM-MSCs were performed as men-
tioned in our previous study (Rabea, 2020).

2.2. Animals and study design
A total of 28 adult healthy male albino rats weighing 180-

200gm were purchased and housed at animal breeding colony
at Faculty of Medicine-Cairo University.

After acclimatization for 1 week, categorization of rats ran-
domly into 4 equal groups was done.

Group I: received distilled water “vehicle” (5 ml/kg b.wt/day)
for 42 days by intra-gastric intubation (Nampoothiri et al., 2015).

Group II: received methimazole in form of pro-drug “Neo-
Mercazole® 5 mg” (Amdipharm Mercury, Australia) through
intra-gastric intubation. Therapeutic dosage (1.35 mg/kg b.wt/
once/day) was deliquesced in distilled water (5 ml) and applied
for 42 days (Sakr et al., 2017).

Group III: received methimazole as formerly described and
at day 21, each animal was injected once at tail vein by BM-
MSCs (1x107) in phosphate buffered saline (1 ml) under anes-
thesia via inhalation of ether (Elsaadany et al., 2017).

Group 1V: received methimazole as described formerly.
Concurrently at starting of methimazole administration every
rat got solitary BM-MSCs injection as mentioned previously
(Elsaadany et al., 2017).

2.3. Sacrifice of animals

Over dosage of ketamine was applied to euthanize all rats
(Shredah and El-Sakhawy, 2014).

2.4. Specimens preparation and staining

To examine mandibular molars in the jaws, the two halves of
mandible were dissected sagittaly, fixed, decalcified and sec-
tions were prepared for hematoxylin and eosin (H&E) and
Masson’s trichrome stain (Arima et al., 2019; Bancroft, 2002;
Bancroft and Layton, 2013; Shredah and El-Sakhawy, 2014),
as well as for B-catenin immunolocalization as mentioned pre-
viously in our study (Rabea, 2020).

Examination of tissues was done using light microscope
(Olympus® BX 60, Tokyo, Japan). Both, odontoblasts and
dentin were photographed at 400 x magnification.

Anti-B-catenin antibody was chosen due to great role of B-
catenin in differentiation of odontoblasts and dentin formation
(Han et al., 2014; Miyashita et al., 2017).

2.5. Histomorphometric analysis

Histomorphometric analysis was carried out by using image J
software. For measuring area% of newly formed collagen and
B-catenin-immunoreactivity; 7 images from 7 different fields in
each slide of Masson’s trichrome and immunolabeled sections
were used. Images were transformed into grey delineated one
and areas of interest were masked by a blue binary color.

2.6. Statistical analysis

One-way ANOVA test was chosen to compare different stud-
ied groups followed by post hoc test “Least Significant Differ-
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ence”. Probability value (P-value) < 0.001 designates highly
significant results whereas; P-value < 0.05 points to significant
results. Utilized software was Statistical Package for the Social
Sciences 20 (SPSS® Inc., Chicago, USA).

3. Results
3.1. Histological results

3.1.1. Group 1

Histological inspection of Group I showed normal structure of
odontoblasts and dentin. Odontoblasts formed a continuous
layer that lined pulp periphery. They exhibited tall columnar
shape with polarized cell bodies (oval nuclei were basally
located). Their processes were extended into dentin. Adjacent
to odontoblasts’ cell bodies; there was a definite apparently
wide layer of predentin at pulpal surface of dentin. Dentin
showed well-defined parallel dentinal tubules and intertubular
dentin (Fig. 1a).

3.1.2. Group 11

Examination of Group II histological sections showed discon-
tinuation of odontoblastic layer. Some odontoblasts were
detached from dentin and became desquamated in pulp tissue.
Most of odontoblasts apparently lost their cell height and
appeared shrunken. Some cells had pyknotic and hyperchro-
matic nuclei. Obviously very narrow, discontinued and ill-
defined layer of predentin was observed. Dentin represented
ill-defined dentinal tubules and intertubular dentin as well as
areas of different stainability (Fig. 1b).

3.1.3. Group III

Examination of Group III histologically illustrated perceptibly
wide layer of pre-odontoblasts. Continuous evidently wide
layer of apparently numerous odontoblast-like cells was iden-
tified; some cells were tall columnar with basally located oval
nuclei while others were cuboidal. Cells’ processes were
extended into dentin. Ostensibly narrow but well-defined con-
tinuous layer of predentin was detected. Distinct dentinal
tubules and intertubular dentin were observed (Fig. lc).

3.1.4. Group IV

Histological examination of Group IV demonstrated almost
normal histological structure of both odontoblast-like cells
and dentin. Pre-odontoblastic layer and incessant layer of
odontoblast-like cells were spotted. Odontoblast-like cell bod-
ies were tall columnar and displayed basal oval nuclei while
their processes were protracted into dentin. Allegedly wide,
continuous and distinct predentin layer was present. Well-
demarcated parallel dentinal tubules and intertubular dentin
were noticed in dentin (Fig. 1d).

3.2. Masson’s trichrome results

Dentin in all groups was examined. Group I & Group IV
exemplified some areas of newly formed collagen and appar-
ently equivalent areas of old collagen (Fig. 2a and d). On the
other hand, Group II showed mainly old collagen except for
evidently very narrow predentin layer and peritubular dentin
in perceptibly few dentinal tubules which presented new colla-

gen (Fig. 2b). However, only newly formed collagen was seen
in Group III (Fig. 2¢).

3.3. Immunohistochemical results

Strong B-catenin-immunoreactivity was detected in odonto-
blasts and odontoblast-like cells (nuclear and cytoplasmic) as
well as dentin of Groups I & IV respectively (Fig. 3a and d).
Group II illustrated mild nuclear and cytoplasmic B-catenin-
immunoreactivity in odontoblasts. Dentin revealed mild (-
catenin-immunoreactivity (Fig. 3b). Moderate p-catenin-
immunoreactivity was exemplified in odontoblast-like cells
(nuclear and cytoplasmic) as well as dentin of Group III
(Fig. 3c¢).

3.4. Statistical results

There was statistically high significant difference between stud-
ied groups regarding area% of new collagen and B-catenin-
immunoreactivity as follows:

3.4.1. Newly formed collagen area%s

Studied groups were arranged in descending order as follows:
Groups 111, I, IV then II respectively (Table 1 and Fig. 4a).

3.4.2. B-catenin-immunoreactivity area%s

The descending order of studied groups was: Groups I, IV, 111
then II respectively (Table 2 and Fig. 4b).

4. Discussion

Methimazole has many undesired effects as it attenuates activ-
ities of antioxidant enzymes which results in creation of oxida-
tive stress condition that culminates by cellular damage (Al-
Amoudi et al., 2016; Sakr et al., 2015).

In regenerative medicine BM-MSCs play important role
not only due to their ability of differentiation among multiple
lineages and self-renewal property but also, because they resist
hypoxia-induced apoptosis and oxidative stress-induced senes-
cence (El-Badawy et al., 2016).

Male albino rats were exploited in herein research to evade
effect of female hormones (Souza et al., 2014).

In present research, ordinary histological features of odon-
toblasts and dentin recorded in results of Group I are in line
with those of (Han et al., 2014).

Degenerative changes detected in Group II of this study
could be attributed to enhancement effect of methimazole on
production of tumor necrosis factor alpha through increasing
of oxidative stress which in turn inhibits expression of bone
morphogenetic protein-2 and bone morphogenetic protein-9
genes which have key role in odontoblastic differentiation
(Bashandy, 2018; Wang et al., 2017; Yanget al., 2015). Also,
oxidative stress promotion, down regulation of antioxidant
enzymes activities, reactive oxygen and nitrogen species accu-
mulation as well as lipid peroxidation reinforcing are conse-
quences of methimazole intake that lead to damage of
biomolecules like phospholipids, DNA and proteins (Sakr
et al., 2015). Different stainability of dentin detected in Group
I of herein study might be due to imbalance of minerals as an
adverse outcome of methimazole on hard tissue mineralization
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Fig. 1 H&E-stained sections: (a)- Group I showing: continuous layer of tall columnar odontoblasts with basal oval nuclei (A). Definite
apparently wide layer of predentin (B). Dentin with well-defined parallel dentinal tubules (C) and intertubular dentin (D). (b)- Group 11
showing: discontinued odontoblastic layer (A). Some detached and desquamated odontoblasts (B). Most of odontoblasts apparently lose
their cell height and appear shrunken (C). Some cells have pyknotic and hyperchromatic nuclei (D). Obviously very narrow, discontinued
and ill-defined layer of predentin (E). Dentin with ill-defined dentinal tubules and intertubular dentin (F) as well as areas of different
stainability (G). (c)- Group III showing: perceptibly wide layer of pre-odontoblasts (A). Continuous evidently wide layer of apparently
numerous odontoblast-like cells with some cells have tall columnar shape and basally located oval nuclei (B) while others are cuboidal (C).
Ostensibly narrow but well-defined continuous layer of predentin (D). Distinct dentinal tubules (E) and intertubular dentin (F). (d)- Group
IV showing: pre-odontoblastic layer (A). Incessant layer of tall columnar odontoblast-like cells with basal oval nuclei (B). Allegedly wide,

continuous and distinct predentin layer (C). Well-demarcated parallel dentinal tubules (D) and intertubular dentin (E), (x400).

(Ferretti et al., 1992). It was proved that total alkaline phos-
phatase as well as phosphorus and calcium levels can be
reduced under influence of methimazole (Ben Amara et al.,
2012). It is well known that alkaline phosphatase enzyme plays
important role in formation and maintenance of dentin (Han
et al., 2014). Additionally, methimazole adversely affects
expression of dentin matrix protein 1 as well as transient recep-
tor potential vanilloid type 4 “calcium ion channel” present in
odontoblasts which leads to reduction of channel permeability
and thus decreased influx of calcium ions (Aghajanian et al.,
2017; White et al., 2016). Moreover, methimazole can reduce
concentration of serum osteocalcin “dentin formation marker”
by over 21% (Tatara et al., 2017; Zeichner-David, 2006).
Group III in current study revealed many reparative fea-
tures which are in agreement with those of (Lei et al., 2013;
Saraswathi and Saravanakumar, 2010). Our results could be
clarified according to the fact that after 2 weeks of BM-
MSCs administration in vivo some of them become differenti-

ated into odontoblast-like cells as they expressed odontoblast-
specific marker ‘“‘dentin sialoprotein” along with beginning of
reparative  tubular  dentin  formation  (Chmilewsky
et al., 2014; Lei et al., 2013). Moreover, oxidative stress acti-
vates cellular tumor antigen p53 which is principle for BM-
MSCs self-renewal and stemness (Katagiri et al., 2016). Fur-
thermore, BM-MSCs possess pro-survival/proliferative effects
on resident pulp stem cells. In addition, BM-MSCs attenuate
production of reactive oxygen and nitrogen species as well as
interferon-gamma “‘inflammatory molecule” in accompani-
ment with secretion of antioxidants, anti-inflammatory media-
tors as well as growth factors which result in improvement of
angiogenesis, cell survival and immune modulation (Chen
et al., 2008; Iyer and Rojas, 2008; Kaneko et al., 2019;
Mumaw et al., 2015; Uccelli et al., 2008).

More or less normal histological features were illustrated in
Group IV of current research. This result could be explained
according to Goldberg (2019) and Lei et al. (2013) who stated
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Fig. 2 Masson’s trichrome-stained sections: (a)- Group I showing: dentin with some areas of newly formed collagen (A) and apparently
equivalent areas of old collagen (B). (b)- Group II showing: mainly old collagen in dentin (A). New collagen in evidently very narrow
predentin layer (B) and peritubular dentin in perceptibly few dentinal tubules (C). (c)- Group III showing: only newly formed collagen in
dentin (A). (d)- Group IV showing: some areas of newly formed collagen (A) and apparently equivalent areas of old collagen (B) in dentin,

(x400).

that after 6 weeks of BM-MSCs administration the number of
differentiated cells increases greatly and the differentiated cells
become fully matured and produce reactionary dentin which
has structure close to that of secondary regular dentin.

Masson’s trichrome fallout and statistical results of new
collagen area% in Group I of the current study might be
accredited to continuous process of dentin formation, as rate
of secondary dentin formation in erupted tooth is 0.5 pm/day
(Bleicher, 2014). Predentin as well as newly formed secondary
dentin contain mainly newly synthesized immature collagen
(type I11), (Goldberg et al., 2012). Additionally, mature dentin
demonstrates that 90% of its organic component is mature col-
lagen (type I) and the remaining is in form of immature colla-
gen (type III) in addition to collagen type V as well as non-
collagenous proteins (Kawashima and Okiji, 2016).

In this research, Group II fallouts of Masson’s trichrome
and statistics of new collagen area% might be attributed to
reinforcement effect of methimazole on matrix metallopro-
teinases formation that cleave collagen I, II and III
(Bashandy, 2018; Yaoita, 2019).

It was reported that some of BM-MSCs become differenti-
ated while others possess regenerative function through their

paracrine effect (Wang et al., 2015). Therefore, results of both
Masson’s trichrome and statistics of new collagen area% of
Group III in present research might be ascribed to regenerative
action of BM-MSCs as they exhibit pro-survival/proliferative
effects on tenant pulp stem cells by means of their paracrine
effect which includes secretion of cytokines and growth fac-
tors, in addition to modulation of inflammation (Chen et al.,
2008; Iyer and Rojas, 2008; Kaneko et al., 2019; Mumaw
et al., 2015; Uccelli et al., 2008). Moreover, BM-MSCs differ-
entiate into odontoblast-like cells and differentiated cells
express odontoblast-specific marker “dentin sialoprotein” in
conjunction with enhancement of dentinogenesis and initiation
of reparative tubular dentin formation. This newly formed
dentin contains mainly immature collagen (type III),
(Chmilewsky et al., 2014; Goldberg, 2019; Lei et al., 2013).
Both of Masson’s trichrome and statistics results of new
collagen area% of Group IV in this research could be clarified
by dramatic increase of differentiated cells which also become
fully matured after 6 weeks of BM-MSCs administration as
well as reactionary dentin formation in which its structure clo-
sely resembles that of secondary regular dentin which contains
primarily mature collagen (type I) while immature collagen
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Fig. 3  B-catenin-stained sections of studied groups, displaying different immunoreactivity patterns in dentin (A), different patterns of
nuclear and cytoplasmic immunoreactivity in odontoblasts (B) and odontoblast-like cells (C). (a)- Group I presenting: strong
immunoreactivity. (b)- Group II exhibiting: mild immunoreactivity. (c)- Group III revealing: moderate immunoreactivity. (d)- Group IV

illustrating: strong immunoreactivity, (x400).

Table 1 Displaying the range values, mean = SD, ANOVA and Least Significant Difference post hoc results of newly formed

collagen area% in different studied groups.

Newly formed collagen area% Group I Group II Group IIT Group 1V ANOVA p-value
Mean +SD 44.62+0.09 2.91+0.08* 96.99 £ 0.08%° 42.60+0.09° 224.669 <0.001**
Range 44.5-44.7 2.8-3 96.9-97.1 42.5-42.7

Superscript letters according to Least Significant Difference post hoc test designate, a: significant difference versus Group I, b: significant difference

versus Group II; c: significant difference versus Group II1.
**: High significance at p-value < 0.001

(type III) is restricted to predentin and newly formed dentin
(Goldberg, 2019; Goldberg et al., 2012; Kawashima and
Okiji, 2016; Lei et al., 2013).

In herein study, results of immunohistochemical examina-
tion and statistical results of B-catenin-immunoreactivity area
% of Group I might be attributed to important role of Wnt/
B-catenin signaling pathway in controlling differentiation of
odontoblasts and formation of dentin matrix as well as its min-
eralization (Han et al., 2014; Miyashita et al., 2017).

Results of immunohistochemical examination and statisti-
cal results of area% of B-catenin-immunoreactivity recorded

in Group II of this study could be ascribed to oxidative stress
condition created by methimazole that impedes Wnt/fB-catenin
signaling pathway. Accordingly these events inhibit odonto-
blasts differentiation, reduce their viability, down regulate pro-
duction of dentin matrix and interfere with its mineralization
(Bashandy, 2018; Han et al., 2014; Miyashita et al., 2017;
Ramazzotti et al., 2019).

In this research, results of immunohistochemical examina-
tion and statistical results of B-catenin-immunoreactivity area
% illustrated in Group III might be explained by the fact that
secretion of antioxidant molecules as well as angiogenic factors
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Fig. 4

(a)- Bar chart showing values of means and SD for newly formed collagen area% in all studied groups. *P < 0.05, **P < 0.001

(b)- Bar chart displaying values of means and SD for B-catenin-immunoreactivity area% in all studied groups. **P < 0.001.

Table 2 Presenting the range values, mean = SD, ANOVA and Least Significant Difference post hoc results of B-catenin-

immunoreactivity area% in different studied groups.

p-catenin- Group I Group 11 Group 11T Group IV ANOVA p-value
immunoreactivityarea%

Mean + SD 97.91+0.07 22.9140.08* 48.61 £0.08° 95.51+£0.09°" 116.397 <0.001%**
Range 97.8-98 22.8-23 48.5-48.7 95.4-95.6

Superscript letters according to Least Significant Difference post hoc test designate; a: significant difference versus Group I; b: significant difference

versus Group II; c: significant difference versus Group III.
**: High significance at p-value < 0.001.

by BM-MSCs contributes to regeneration/repair. In addition,
stemness of BM-MSCs is maintained during regeneration of
tissues suffering from oxidative stress (Prockop, 2017). More-
over, throughout tissue regeneration stemness of BM-MSCs is
accompanied by activation of many signaling pathways like
Wnt/B-catenin (Pal and Das, 2017). Wnt/B-catenin signaling
can influence BM-MSCs to differentiate into odontoblast-
like cells (Goldberg, 2017; Miyashita et al., 2017).

In present research, results of immunohistochemical exam-
ination and statistical analysis of B-catenin-immunoreactivity
area% of Group IV might be ascribed to different genes
expression which exhibit biological functions like Wnt/f-
catenin signaling during early BM-MSCs stages of differentia-
tion as well as up regulation of their expression during tissue
regeneration and repair in time dependent manner (Arvidson
et al., 2011; Goldberg, 2017; Liu et al., 2019).

More inquiries are needed for applying BM-MSCs strategy
on patients receiving methimazole.

5. Conclusions

Methimazole has damaging impact not only on structure of
odontoblasts and dentin but also on their homeostasis.

Over time, BM-MSCs have up-regulated competence to
improve destruction induced by methimazole through odonto-
genic differentiation and dentin regeneration.

For clinical implication, conservative dental treatment for
methimazole-treated patients must be with special care.
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