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Abstract
The aim of the study was to evaluate the effect of Lithium Chloride (LiCl) on animals submitted to
Monensin-potentiated periodontal bone loss. For that Wistar rats were submitted to experimental
periodontitis (EP) and received either 0.1ml/200g corn oil (vehicle), daily; or Monensin (Mon), receiving
10 mg/kg of Mon daily; or LiCl, receiving 150mg/kg of LiCl on alternate days; or Mon + LiCl. Naïve (N)
group was not submitted to any treatment. After euthanasia, maxillae were collected for macroscopic
and histological analyses, and for expression of bone markers and Wnt signaling. Molecular docking
assays were used for assessing the a�nity between Mon and WNT pathway components. It was seen
that EP caused bone loss and in�ammation in the periodontium which was potentiated by Mon. LiCl
protected bone and rescued the deleterious effects of Mon marked by reduction on bone loss, increase
on osteoblasts number (39%), and Runx2 (70%) and OPG (68%) gene expressions, concomitant with
reduction of osteoclasts in number (32%) and function (27%). LiCL increased the gene and protein
expressions of beta-catenin in animals with EP receiving Mon. In summary LiCl rescued the deleterious
effect of Mon on bone in animals with EP and stands as pharmacological tool to counteract the strong
inhibition of Wnt pathway. .

INTRODUCTION
Periodontitis is a highly prevalent chronic in�ammatory disease. Its etiology is multifactorial and
complex, where periodonto pathogenic bacteria stimulate in�ammation leading to bone loss [1]. This
in�ammatory bone loss can be explained by the effect of in�ammatory in�ltrate and cytokines
unbalancing molecular pathways, for instance, Wnt signaling [2].

WNT/beta-catenin pathway is a well-known pathway, related to cell proliferation and cancer, that has also
been highlighted as a regulator of bone metabolism, involved with the differentiation of osteoblasts [3].
The interaction between WNT proteins and their receptors (FZD and LRP5/6) inhibits the action of
Glycogen Synthase Kinase 3 Beta (GSK3b) favoring the accumulation of β-catenin in the cytoplasm
which can then translocate to the nucleus, stimulating the expression of genes such as Runx2 and
osteoprotegerin (OPG) related to osteoblastogenesis [4]. Physiologically, this pathway is inhibited by
Dickkopf-1 (DKK-1) and Sclerostin (SOST) [5]. Our group has already reported that the in�ammatory
process increases DKK-1 expression, reducing bone formation in models of periodontitis and
osteonecrosis of the jaws [6–8].

Knowing, therefore, the importance of the WNT pathway for bone metabolism, it becomes interesting to
evaluate the effect of drugs that modulate this pathway. LiCl has been drug used to prevent mood
swings and suicide, and also used as an adjunct in the treatment of depression [9], but has also shown
to be associated with the formation of bone tissue [10], precisely due to the inhibition of GSK3b, favoring
the accumulation of β-catenin in the nucleus and, therefore, stimulating osteoblastogenesis [11].
Monensin (Mon), in the other hand, is a natural compound isolated from Streptomyces cinnamonensis
and belongs to the group of ionophore antibiotics that bind to cations such as Na+, K + and Li+. Mon
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exhibits a broad spectrum of biological activities such as antimicrobial, antiproliferative, antiparasitic
and antiviral [12]. However, more recently, Monensin has been studied as a drug with anti-cancer
activity12, showing positive effect both in vitro and in vivo against melanoma cells [13], leukemia acute
myeloid [14] and prostate cancer [15]. Monensin blocks the phosphorylation of LRP6 inducing its
degradation, and more especially it inhibits β-catenin, thus turning off the WNT pathway [16].

Therefore, knowing that the blockage of Wnt signaling contributes to in�ammatory bone loss and that
bone resorption can be potentiated by the use of Wnt inhibitors, as Monensin, we have decided to
investigate if LiCl can rescue Wnt pathway activation since it was previously reported that other types of
GSK3b inhibitors have failed [16].

MATERIALS AND METHODS

Study design and ethical aspects
This is an experimental study using animal models of rats subjected to periodontitis. The experiments
had their protocols carried out based on the recommendations presented in the ARRIVE guidelines
(Animal Research: Reporting In Vivo Experiments guidelines) and began shortly after approval by the
Ethics Committee for the Use of Animals of the UFC (CEUA n°7128020620) (ANNEX A ), which is
governed by the Universal Declaration of Animal Rights (UNESCO – 27 January 1978) and the
International Ethical Guidelines for Biomedical Research Involving Animals (Council for International
Organizations of Medical Sciences – CIOMS).

Ligature-induced periodontitis model and Experimental
groups
This was a preclinical randomized and blinded study. For this, ninety male Wistar rats (Rattus
novergicus), with a body mass of approximately 200 grams in the 12th week of life were used for the
study. All animals received balanced commercial food and water ad libitum and remained under the
same environmental conditions of light/dark cycles of 12 hours and room temperature of 22°C
throughout the experiment.

Periodontitis was induced by placing a 3.0 nylon suture around the 2nd upper left molar [17] in a rat
previously anesthetized with Ketamine (80 mg/kg) and Xylazine (10 mg/kg), intraperitoneally. After the
placement of the ligature, a surgical knot was tied facing the buccal surface of the animal’s oral cavity.
At the end of the experiment (11th day), the animals were euthanized by an overdose of Ketamine (240
mg/kg) and Xylazine (30 mg/kg) administered IP.

The animals were initially divided into 5 groups (n = 6 per group):

Naive Group (N): animals were not submitted to any treatment or procedure;
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Experimental periodontitis (EP) group: animals received corn oil (vehicle), by gavage, 30 min before
periodontitis induction, and daily for 11 consecutive days, until euthanasia;

Monensin (Mon) group: animals received 10mg/kg of Monensin (Sigma-Aldrich-San Luis, Missouri,
USA- No. M5273), by gavage, 30 min before the induction of periodontitis, and daily for 11
consecutive days, until euthanasia [16];

Lithium chloride (LiCl) group: animals received 150mg/kg of LiCl every other day by gavage for 11
days until euthanasia (Cequímica-Fortaleza, Ceará, Brazil) [18];

Monensin + Lithium Chloride Group (Mon + LiCl): animals received daily 10mg/kg of Mon and 150
mg/kg of LiCl every other day, by gavage, for 11 days until euthanasia.

For this study, 3 sets of experiments (n = 30 animals/set) were performed. The �rst set was used for
macroscopic analysis; 2nd set for histopathological histomorphometric studies and
immunohistochemistry assays; 3rd set for determination of gene expression by RT-PCR. In all sets of
experiments blood samples were collect for further dosage of serum levels of DKK1 and CTx.

Macroscopic analysis of the alveolar bone
After euthanasia, the maxillae were removed and �xed in 10% buffered formalin for 48 hours. They were
then dissected and separated into hemiarches, clari�ed in 2.5% sodium hypochlorite for 1 minute and
stained in 1% methylene blue for 10 seconds, in order to differentiate the bone tissue from the teeth
(Adapted from Goes et al.[19]).

Subsequently, the hemimaxillae were photographed. Bone resorption was measured considering the
difference between the area of cementum-enamel junction until bone crest in the region between the
�rst molar and third molars from the left and right sides, using the Image J® software (NIH, Bethesda,
Maryland, USA) [17].

Histopathological analysis of the periodontium
For this analysis, a new set of experiments was performed. After the euthanasia, the jaws were removed
and �xed in 10% neutral formaldehyde for 24 hours. Then, they were decalci�ed in 10% EDTA, neutral pH
[19], for four weeks. Subsequently, the material was embedded in para�n and 4 µm thick sections were
collected and stained with Hematoxylin-Eosin (HE).

For the microscopic analysis, the region between the 1st and 2nd molars was considered, assigning
scores ranging from 0–3, according to the intensity of the �ndings, considering the following aspects:
presence/intensity of cellular in�ltrate and state of preservation of the alveolar process and cementum
[20]. So that 0 was classi�ed as absent and 3 as high intensity of alteration.

Histometric analysis of alveolar bone
For this analysis, we used the same slides used for histological study. The slides that presented, in the
same histological section, dental root, interdental papilla and interproximal bone were selected. Images
were obtained from the interproximal region at 400x magni�cation [21]. The images were launched in the
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Image J® software (NIH, Bethesda, MD, USA) and an observer blinded to the groups performed the
osteoblast and osteoclast count by bone perimeter (N.Ob/B.Pm and N.Oc/B.Pm respectively) using the
Image J® software [8].

Immunohistochemistry for beta-catenin
Immunohistochemistry for beta-catenin was performed using the streptavidin–biotin–peroxidase
method in formalin-�xed, para�n-embedded tissues sections (4µm thick) and mounted on poly-L-
lysinecoated microscope slides. The sections were depara�nized and rehydrated through xylene and
graded alcohols. After antigen retrieval, endogenous peroxidase was blocked (30 min) with 3% (v/v)
hydrogen peroxide and washed in phosphate-buffered saline (PBS). Sections were incubated overnight
(4°C) with anti-beta-catenin (1:200 ABCAM®,Cambridge, MA, USA). The slides were then incubated with
the secondary antibody diluted 1:200 in PBS–BSA. After washing, the slides were incubated with avidin–
biotin–horseradish peroxidase conjugate for 30 min, following the manufacturer’s instructions. Beta-
catenin was visualized with the chromogen 3,3 diaminobenzidine (DAB), after 2 min of incubation.
Negative control sections were processed simultaneously as described above but with the �rst antibody
being replaced by 5% PBS–BSA. Slides were counterstained with hematoxylin, dehydrated in a graded
alcohol series, cleared in xylene, and coverslipped. The immunostained osteoblasts for beta-catenin of
�ve different areas of each section (from four specimens per group) were quanti�ed at 400x
magni�cation.

RNA isolation and quantitative PCR
In the third set of experiments, after euthanasia, the maxillae were collected, the gingival tissue removed
and the bone tissue was macerated in liquid nitrogen using Trizol (Thermo Fischer-Waltham,
Massachusetts, USA). The extracted mRNA was quanti�ed using Nanodrop (Thermo Fischer-Waltham,
Massachusetts, USA) and then transcribed using Superscript II (Invitrogen). Subsequently, the RT-PCR
assay was carried out using SYBR_green as a reference (ABI 7500 Fast; Applied Biosystems). The PCR
condition was 50°C for 2 minutes and 90°C for 10 minutes, then 40 cycles at 95°C for 15 seconds and
60°C for 1 minute, where the RT-PCR system at 7900HT from Applied Biosystems. To calculate the
results obtained, the threshold cycle method (Livak & Schmittgen [10]) was used, where they were
presented as an x-fold increase related to beta-actin. Primer sequences were as following (Table 1)

Table 1
Primer sequences

ß-actin s: TGAGCTGACCAGTTCCCTCT ß-actin as: AAGCTCGCTCCTGTGAGTTC

ß-catenin s:TGAGCTGACCAGTTCCCTCT ß-catenin as: AAGCTCGCTCCTGTGAGTTC

Runx2 s: CCTTCCCTCCGAGACCCTAA Runx2 as: ATGGCTGCTCCCTTCTGAAC

OPG s: CAAAGGCAGGGCATACTTCCT OPG as: CCAGTGCTAGGTGCTTCTCTG

Blood collection and biochemical analysis
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At the time of euthanasia of all experimental sets, after anesthesia, 2ml of blood was collected from
each animal, by cardiac puncture, for biochemical analysis of Dickkopf protein 1 (DKK1) and C-
telopeptide of collagen (CTx) by means of ELISA according to the manufacturer's guidelines Abebio®
(Wuhan, China).

Molecular docking with Wnt pathway components
The molecular docking technique was employed to analyze the interaction mode between monensin and
the proteins involved in WNT pathway. This computational method can e�ciently predict the binding
mode and a�nity between two molecules [23, 24].

• Monensin and proteins’ structure preparation
The chemical structure of monensin was obtained from the PubChem database, identi�ed by ID 441145
(Fig. 1). Subsequently, the protonation state was determined using the MarvinSketch program© 25. The
β-catenin and LRP6 proteins from the WNT pathway were chosen as targets for molecular docking
calculations based on literature references16. Their three-dimensional structures were obtained from the
Protein Data Bank (PDB) with codes 1qz7 (resolution of 2.2 Å) and 3s8v (resolution of 3.1 Å),
respectively.

As a pre-processing step for molecular docking, the protonation state of the proteins at pH 7.4 was
determined using the PDB2PQR software [26]. Additionally, hydrogen atoms, water molecules, and small
existing molecules present in the original PDB �les were removed. Furthermore, only the E3 and E4
domains of the extracellular portion of the LRP6 protein were taken into consideration.

• Molecular docking calculations
Docking molecular assays were performed using the DockThor software [27, 28]. The structural regions
were constrained to known interaction sites of other inhibitors reported in the literature, with the grid
centered on these regions, the coordinates, and other parameters of which are presented in Table 2. A
total of 24 poses were generated and ranked by the binding a�nity score provided by DockThor, which
utilizes the DockTScore program for this purpose [29]. The best poses were manually inspected using
Pymol and Discovery Studio [30].

Table 2
Box's dimensions and positioning parameters.

PDB Grid center Grid Size

X Y Z X Y Z

1QZ7 19.648 1.249 7.772 24 24 24

3S8V -14.51 8.27 -7 23 24 25

Statistical analysis
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Quantitative data were submitted to the Shapiro-Wilk normality test. Parametric data were submitted to
the ANOVA test, followed by Tukey and expressed as Mean ± SEM. Non-parametric data were submitted
to the Kruskal-Wallis test followed by Dunn and expressed as a median (minimum-maximum). All
analyzes were performed using the statistical software GraphPad Prism 6.0®, considering a signi�cance
level of 95% (p < 0.05).

RESULTS

Lithium Chloride mitigates bone loss potentiated by
Monensin
The model of experimental periodontitis (EP) induced by ligature was marked by bone loss, root
exposure and furcation lesion (Figs. 2A and D), with increase on osteoclast number (Fig. 2B) and on CTx
serum levels (Fig. 2C). It was also seen an important in�ammatory in�ltrate on the periodontium of these
animals (Table 3). The treatment with LiCL signi�cantly attenuated bone loss (Figs. 2A and D) with
reduction on the number and function of osteoclasts (Figs. 2B and C), compared to EP. LiCl also reduced
periodontal in�ammation (Table 1). Meanwhile Monensin potentiated bone loss (Fig. 2D), increasing the
number of osteoclasts (Fig. 2A) as well as CTx levels (Fig. 2C) (p < 0.05). A greater in�ammatory in�ltrate
on periodontium was observed in these animals (Table 1). However, the use of LiCl in the group of
animals with EP receiving Mon was able to signi�cantly mitigate bone loss by 28% (p < 0.05), reducing
the number of osteoclasts by 32% (Fig. 2B) and CTx serum levels by 27% (Fig. 2C) compared to Mon
group. LiCL also improved the histological aspects of the periodontal tissue with Mon was used
(Table 3). Taken together, LiCl was able to protect bone tissue by reduction on osteoclast number and
activity in animals with periodontitis receiving Monensin.

Table 3
Histopathological analysis of the periodontium.

Escore (0–3) Experimental groups (n = 6/group)

N EP Mon LiCl Mon + LiCl

(1) Absence 0 0 0 0 0

(2) Discrete 0 0 0 4 1

(3) Moderate 0 2 1 2 4

(4) Intense 0 4 5 0 1

Median

(extreme values)

0 (0–0) 3(2–3)δ 3(2–3) 1(1–2)* 2(1–3)#

Values presented in absolute number of animals/score and in median (extreme values).
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N = Naive; PE = experimental periodontitis; LiCl = Lithium chloride; Mon = Monensin.

(δ) Indicates the statistical difference compared to the Naive group (N);

(*) Indicates the statistical difference compared to the experimental periodontitis (EP) group;

(#) Indicates statistical difference compared to Monensin (Mon).

Kruskal-Wallis test followed by Dunn (p < 0,05).

Lithium chloride rescues the deleterious effect of Monensin
on osteoblasts
EP signi�cantly reduced the number of osteoblasts on the periodontal tissue (Figs. 3A and D) (p < 0.05).
LiCL reversed the low number of osteoblasts (Fig. 3A) with the increase on Runx2 and OPG gene
expression compared to EP (p < 0.05). Monensin signi�cantly reduced the number and function of
osteoblasts (Fig. 3A-C). In the other hand, when LiCl was used in the animals with EP receiving Mon, it
was seen an increase on osteoblast count by 39% marked by increase on Runx2 (+ 70%) and OPG (+ 
68%) gene expressions. Con�rming that LiCl was effective in stimulating osteoblasts even in animals
with periodontitis receiving Mon.

Lithium chloride counteracts Mon-induced Wnt signaling
inhibition
Considering Wnt signaling play an important role on osteoblastogenesis and function and that LiCl and
Mon are modulators of Wnt signaling, we have decided to investigate the behavior of Wnt pathway under
administration of LiCl + Mon.

Dkk-1 is a Wnt antagonist and it has already been shown, by our group, its role on periodontal bone loss
[9]. However, there was no difference between the groups treated with either LiCl and/or Mon (p > 0.05)
(Fig. 4A). indicating lack their lack of action over this component.

Beta-catenin is an effector key molecule of Wnt pathway. LiCl increased both Beta-catenin gene and
protein expressions (Figs. 4B - D). Mon drastically reduced the expression of Beta-catenin of both gene
and protein. The use of LiCl in animals with EP receiving Mon restored the expression on Beta-catenin
compared to Mon group.

The molecular interaction mode between monensin and the
β-catenin and LRP6 proteins
Initially, concerning the β-catenin protein, poses 12 and 9 assumed by monensin were identi�ed as the
most favorable at the binding site, displaying binding energies of -9.3 kcal/mol and − 7.5 kcal/mol,
respectively. All poses exhibited the same conformation, with an RMSD of 0.3 Å, therefore, the pose 12
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was chosen (Fig. 5A). Monensin binds to an exposed cavity located within the armadillo repeat domain.
Within this site, crucial interactions occur with the residues Lys508 and Arg469. Lys508 forms a
hydrogen bond with the oxygen adjacent to the carbon of the ligand's pyran ring end, while Arg469
interacts with the adjacent oxygen of the ligand's central pyran ring. Additionally, the residues Cys429
and Cys466 establish alkyl-type interactions with the carbons linked to the furan and pyran rings.

In the LRP6 protein, it was observed that poses 2 and 7 were the most favorable, displaying binding
energies of -8.2 kcal/mol and − 7.8 kcal/mol, respectively. These poses showed different conformations,
with an RMSD of 2.7 Å. Following a manual analysis, pose 2 was selected (Fig. 5B). Monensin binds to
the interface of the E3 and E4 domains, establishing hydrogen interactions between the carbonyl
oxygens and the adjacent oxygen, speci�cally with Arg638 and Arg639. Additionally, alkyl interactions
occur between the pyran ring carbon at the end and the residues Ile681 and Tyr706, along with π-alkyl
interactions involving residues His834, Tyr875, and Ala640.

DISCUSSION
In this study, the model of ligature-induced periodontitis was effective due to the intense bone resorption
caused, con�rming the previous �ndings of our group[8, 21–22, 31–33]. LiCl, a Wnt agonist, protected
bone tissue, reduced osteoclast count and increased the number of osteoblasts. While Mon, a Wnt
antagonist, potentiated bone loss and in�ammation, marked by the increase on the number of
osteoclasts, and reduction in osteoblast counts, also affecting their function. However, when the use of
LiCl in animals with periodontitis receiving Monensin was able to reverse their deleterious effect on bone
tissue.

In this study, Mon potentiated bone loss induced by periodontitis. Mon is an ionophore antibiotic that has
recently been indicated as a drug with anti-cancer action [12], precisely because it inhibits the canonical
WNT pathway by blocking of the LRP5/6 receptor and beta-catenin [16]. Molecular docking analyses
revealed the high a�nity of monensin for the above-mentioned proteins. Furthermore, it was identi�ed
that monensin forms a hydrogen bond with Lys508 of beta-catenin, a hotspot known to interact with
other inhibitors [34]. With the LRP6 receptor, it was observed that monensin interacts with residues
Ile681, Tyr706, and Tyr875, components of a hydrophobic patch crucial for interactions with its biological
inhibitor, DKK-1[35, 36].

In bone tissue, the blockage of Wnt is related reduction on OPG leading to higher interaction between
RANK/RANKL [37] improving osteoclastogenesis and bone resorption [8], as con�rmed our �ndings.
However, from the best of our knowledge, this is the �rst time that the effect of Monensin has been
evaluated on periodontal bone loss.

As demonstrated, LiCl protected bone tissue of animals submitted to periodontitis. This agent has been
used to treat mental disorders, but considering its inhibition of GSK3b [38–41], LiCl induces activation of
WNT pathway. In bone tissue, the activation of WNT signaling causes GSK3b inhibition, allowing the
accumulation of beta-catenin in the cytoplasm, which then, gain accesses the nucleus and stimulates



Page 11/21

the expression of genes such as Runx2, the main transcription factor of osteoblasts and OPG, a marker
of osteoblast function [42] corroborating our �ndings.

Speci�cally, in the periodontium, previous studies have con�rmed our �ndings regarding the
osteoprotective effect of LiCl. It has been described that LiCl reduces ligature-induced bone loss in
estrogen-de�cient rats, improving the trabecular area with high expression of bone markers [18]. In an
orthodontic tooth movement model, LiCl reduced root resorption and minimized periodontal ligament
cell death [43]. Lithium accelerated healing of apical periodontitis in an animal model [40, 44] showed
that LiCl caused an increase in osteogenic markers, such as Runx2 and Osterix.

Acknowledging the great effects of LiCl and Mon on bone tissue, we have decided to investigate if LiCl
could rescue the monensin-potentiated bone loss in animals with periodontitis. In this study, it was seen
that LiCl reversed bone loss, reducing osteoclasts counts and CTx serum levels. Meanwhile, it restored
the number and activity osteoblasts in animals with periodontal bone loss potentiated by Monensin. It is
noteworthy, that other types of GSK3b inhibitors, such as BIO and CHIR99021, were unable to reverse the
inhibition of Wnt signaling caused by Mon [16].

In order to explain these �nding, and considering that LiCL and Mon directly interact with Wnt signaling,
molecular assays were performed. Dkk-1 is an antagonist of Wnt pathway, stimulated by in�ammation,
has been report to contribute to in�ammatory bone [8]. Despite the high levels of Dkk-1 in animals with
periodontitis, there was no change after the treatments, indicating the neither LiCl or Mon has Dkk-1 as a
target.

Downstream the pathway it was evaluated to role of beta-catenin, and both genetic and protein
expressions were restored by the use of LiCl in animals with periodontitis receiving Mon [16, 45]. It has
been reported that Mon inhibits beta-catenin but LiCl can provide a greater expression of beta-catenin, in
turn. LiCl directly compete with magnesium ions for the binding site of this GSK3b, promoting its
inhibition [46] and also can, indirectly, through phosphorylation in the Ser9 amino acid, act as a
pseudosubstrate, inactivating GSK3b [47]. Taken together both direct and indirect effect of LiCl inhibiting
GSK3b may stimulate a greater beta-catenin accumulation rescuing Wnt pathway and protecting bone
tissue. Moreover, Monensin, as an ionophore can bind to Na+, K + and Li+, facilitating their entry into the
cell [48–50], thus we suggest that Mon favor the entry of Li + into the cell potentiating GSK3b inhibition
with beta-catenin accumulation (Fig. 6). However, more studies are needed to con�rm this hypothesis.

CONCLUSION
In summary, the results of this study showed that LiCl signi�cantly mitigated bone loss potentiated by
Monensin in experimental periodontitis, due to a strong inhibition of GSK3b. Therefore, LiCl can be an
important pharmacological tool to restore Wnt activation in condition where this pathway has been
intensively blocked.



Page 12/21

Declarations
Acknowledgments: We are grateful to the Nucleus of Study in Microscopy and Image Processing
(NEMPI) from the Faculty of Medicine of Federal University of Ceará (UFC) for all histology and digital
imaging services. As well as Brazilian National Council for Scienti�c and Technological Development
(CNPq) for �nancial support (process #402349/2021-0).

Funding: This study was funded by Brazilian National Council for Scienti�c and Technological
Development (CNPq) for �nancial support (grant number #402349/2021-0).

Data availability: All data are available and presented on the manuscript. 

Author contribution: All authors contributed to the study conception and design. Material preparation,
data collection and analysis were performed by Anderson Chagas, Sthefane Gomes, Denis Oliveira, Khalil
Viana, Jennifer Chaves, Conceição Martins, Vanessa Costa, Gisele Angelino, Sislana Azevedo. Molecular
docking assays were performed by Diego Almeida, João Martins Sena. The �rst draft of the manuscript
was written by Delane Gondim, Renata Leitão, Mirna Marques, Paula Goes and all authors commented
on previous versions of the manuscript. All authors read and approved the �nal manuscript.

Ethics approval: The experimental protocol was approved by the Institutional Committee of Animal Care
and Use of the School of Medicine, Federal University of Ceará, Fortaleza, Ceará, Brazil (Permit Number:
7128020620).

Informed consent: For this type of study, formal consent is not required.

Con�ict of interest: The authors declare no competing interests.

References
1. Usui M, Onizuka S, Sato T, Kokabu S, Ariyoshi W, Nakashima K (2021) Mechanism of alveolar bone

destruction in periodontitis - Periodontal bacteria and in�ammation. Japanese Dent Sci Rev 57:201–
208. https://doi.org/10.1016/j.jdsr.2021.09.005

2. Hienz SA, Paliwal S, Ivanovki S (2015) Mechanisms of Bone Resorption in Periodontitis. J Immunol
Res article 615486. https://doi.org/10.1155/2015/615486

3. Napimoga MH, Nametala C, da Silva FL, Miranda TS, Bossonaro JP, Demasi APD et al (2014)
Involvement of the Wnt-β‐catenin signalling antagonists, sclerostin and dickkopf‐related protein 1, in
chronic periodontitis. J Clin Periodontol 41:550–557. https://doi.org/10.1111/jcpe.12245

4. Liu F, Kohlmeier S, Wang CY (2008) Wnt signaling and skeletal development. Cell Signal 20:999–
1009. https://doi.org/10.1016/j.cellsig.2007.11.011

5. Baker PJ (2005) Genetic control of the immune response in pathogenesis. J Periodontol 76:2042–
2046. https://doi.org/10.1902/jop.2005.76.11-S.2042



Page 13/21

�. Sousa LH, Linhares EV, Alexandre JT, Lisboa MR, Furlaneto F et al (2016) Effects of atorvastatin on
periodontitis of rats subjected to glucocorticoid-induced osteoporosis. J Periodontol 87:1206–1216.
https://doi.org/10.1902/jop.2016.160075

7. Sousa LH, Moura EV, Queiroz AL, Val D, Chaves H, Lisboa M et al (2017) Effects of glucocorticoid-
induced osteoporosis on bone tissue of rats with experimental periodontitis. Arch Oral Biol May;
77:55–61. 10.1016/j.archoralbio.2017.01.014

�. Lima MDR, Lopes AP, Martins C, Brito GA, Carneiro VC, Goes P (2017) The effect of Calendula
o�cinalis on oxidative stress and bone loss in experimental periodontitis. Front Physiol 8:440.
https://doi.org/10.3389/fphys.2017.00440

9. Goes P, Dutra C, Lösser L, Hofbauer LC, Rauner M, Thiele S (2019) Loss of Dkk-1 in Osteocytes
Mitigates Alveolar Bone Loss in Mice With Periodontitis. Front Immunol 10:2924.
https://doi.org/10.3389/�mmu.2019.02924

10. Livak KJ, Schmittgen TD (2001) Analysis of relative gene expression data using real-time
quantitative PCR and the 2 – ∆∆CT method. Method 25(4):402–408.
https://doi.org/10.1006/meth.2001.1262

11. Felber W, Bauer M, Lewitzka U, Müller-Oerlinghausen B (2018) Lithium clinics in Berlin and Dresden:
a 50-year experience. Pharmacopsychiatry 51(05):166–171. https://10.1055/a-0633-3450

12. Posch AT, de Avellar-Pinto JF, Malta FS, Marins LM, Teixeira LN, Peruzzo DC et al (2020) Lithium
chloride improves bone �lling around implants placed in estrogen-de�cient rats. Arch Oral Biol
111:article104644. https://doi.org/10.1016/j.archoralbio.2019.104644

13. Leng Y, Liang MH, Ren M, Marinova Z, Leeds P, Chuang DM (2008) Synergistic neuroprotective
effects of lithium and valproic acid or other histone deacetylase inhibitors in neurons: roles of
glycogen synthase kinase-3 inhibition. J Neurosci 28(10):2576–2588.
https://doi.org/10.1523/JNEUROSCI.5467-07.2008

14. Urbaniak A, Reed MR, He�in B, Gaydos J, Piña-Oviedo S, Jędrzejczyk M, MacNicol AM (2022) Anti-
glioblastoma activity of monensin and its analogs in an organoid model of cancer. Biomed
Pharmacother 153:article113440. https://doi.org/10.1016/j.biopha.2022.113440

15. Xin H, Li J, Zhang H, Li Y, Zeng S, Wang Z, Deng F (2019) Monensin may inhibit melanoma by
regulating the selection between differentiation and stemness of melanoma stem cells. PeerJ
7:e7354. https://doi.org/10.7717/peerj.7354

1�. Yusenko MV, Trentmann A, Andersson MK, Ghani LA, Jakobs A, Paz MFA, Klempnauer KH (2020)
Monensin, a novel potent MYB inhibitor, suppresses proliferation of acute myeloid leukemia and
adenoid cystic carcinoma cells. Cancer Lett 479:61–70.
https://doi.org/10.1016/j.canlet.2020.01.039

17. Vanneste M, Huang Q, Li M, Moose D, Zhao L, Stamnes MA, Henry MD (2019) High content
screening identi�es monensin as an EMT-selective cytotoxic compound. Scienti�c reports. ;9(1):1–
15. https://doi.org/0.1038/s41598-018-38019-y



Page 14/21

1�. Tumova L, Pombinho AR, Vojtechova M, Stancikova J, Gradl D, Krausova M, Korinek V (2014)
Monensin Inhibits Canonical Wnt Signaling in Human Colorectal Cancer Cells and Suppresses
Tumor Growth in Multiple Intestinal Neoplasia MiceMonensin Inhibits Wnt/β-Catenin Signaling. Mol
Cancer Ther 13:812–822. https://doi.org/10.1158/1535-7163.MCT-13-0625

19. Goes P, Lima APS, Melo IM, Rêgo ROCC, Lima V (2010) Effect of Atorvastatin in radiographic density
on alveolar bone loss in wistar rats. Braz Dent J 21:193–198. https://doi.org/10.1590/S0103-
64402010000300003

20. De Souza Malta F, Napimoga MH, Marins LM, Miranda TS, de Oliveira FB, Posch AT et al (2020)
Lithium chloride assuages bone loss in experimental periodontitis in estrogen-de�cient rats. Clin
Oral Invest 24(6):2025–2036. https://doi:10.1007/s00784-019-03067-9

21. Keklikoglu N (2004) The localization of Fos B, a member of transcription factor AP-1 family, in rat
odontoblasts and pulpal undifferentiated ectomesenchymal cells. Folia Histochem Cytobiol 42:191–
193

22. Leitão RFC, Ribeiro RA, Chaves HV, Rocha FAC, Lima V, Brito GAC (2005) Nitric oxide synthase
inhibition prevents alveolar bone resorption in experimental periodontitis in rats. J Periodontol 76
956 – 63. https://doi.org/10.1902/jop.2005.76.6.956

23. Goes P, Melo IM, Silva LMCM, Benevides NMB, Alencar NMN, Ribeiro RA, Lima V (2014) Low-dose
combination of alendronate and atorvastatin reduces ligature‐induced alveolar bone loss in rats. J
Periodontal Res 49:45–54. https://doi.org/10.1111/jre.12077

24. Goes P, Dutra CS, Lisboa MR, Gondim DV, Leitão R, Brito GA, Rego RO (2016) Clinical e�cacy of a 1%
Matricaria chamomile L. mouthwash and 0.12% chlorhexidine for gingivitis control in patients
undergoing orthodontic treatment with �xed appliances. J Oral Sci 58:569–574.
https://doi.org/10.2334/josnusd.16-0280

25. Gschwend DA, Good AC, Kuntz ID (1996) Molecular docking towards drug discovery. Journal of
molecular recognition. JMR 9(2):175–186. https://doi.org/10.1002/(sici)1099-
1352(199603)9:2<175::aid-jmr260>3.0.co;2-d

2�. Morris GM, Lim-Wilby M, Clifton (2008) N J) 443:365–382. https://doi.org/10.1007/978-1-59745-
177-2_19

27. Dolinsky TJ, Czodrowski P, Li H, Nielsen JE, Jensen JH, Klebe G et al (2007) PDB2PQR: Expanding
and upgrading automated preparation of biomolecular structures for molecular simulations. Nucleic
Acids Res 35:W522–W5. 10.1093/nar/gkm276

2�. Schrodinger LLC (2015) The PyMOL Molecular Graphics System, Version 1.8. ChemAxon.
MarvinSketch Software. Version 23.12. https://chemaxon.com/marvin. Accessed: November 2023

29. De Magalhães CS, Almeida DM, Barbosa HJC, Dardenne LE (2014) A dynamic niching genetic
algorithm strategy for docking highly �exible ligands. Inf Sci 289:206–224.
https://doi.org/10.1016/j.ins.2014.08.002

30. Santos KB, Guedes IA, Karl ALM, Dardenne LE (2020) J Chem Inf Model 60(2):667–683.
https://doi.org/10.1021/acs.jcim.9b00905. Highly Flexible Ligand Docking: Benchmarking of the



Page 15/21

DockThor Program on the LEADS-PEP Protein-Peptide Data Set

31. Guedes IA, Barreto AMS, Marinho D, Krempser E, Kuenemann MA, Sperandio O, Dardenne LE et al
(2021) New machine learning and physics-based scoring functions for drug discovery. Sci Rep
11(1):3198. https://doi.org/10.1038/s41598-021-82410-1

32. Alexandre JTM, Sousa LHT, Lisboa MRP, Furlaneto FA, do Val DR, Marques M, Goes P (2018) Anti-
in�ammatory and antiresorptive effects of Calendula o�cinalis on in�ammatory bone loss in rats.
Clin Oral Invest 22(6):2175–2185. https://doi:10.1007/s00784-017-2308-7

33. França ALDQ, Chaves HV, Freire JMDO, de Sousa LHT, Pimenta AT, Lima MAS, Bezerra MM (2022)
Molecular docking study and antireabsorptive activity of a semi-synthetic coumarin derivative from
Platymiscium �oribundum in the ligature-induced periodontitis in rats: The involvement of heme
oxygenase-1. Clin Oral Invest 26:1701–1711. https://doi:10.1007/s00784-021-04143-9

34. Carneiro DTO, da Silva MD, Vasconcelos KVP, Dias R, Costa V, Vasconcelos RF, Goes P (2024)
Chenopodium Ambrosioides Linn Mitigates Bone Loss in Rats with Periodontitis. J Dent (Shiraz)
25(1):59–67. 10.30476/dentjods.2023.95767.1891

35. Nalli M, Di Magno L, Wen Y, Liu X, D'Ambrosio M, Puxeddu M, Parisi A, Sebastiani J, Sorato A,
Coluccia A, Ripa S, Di Pastena F, Capelli D, Montanari R, Masci D, Urbani A, Naro C, Sette C, Orlando V,
La D'Angelo S (2023) Novel N-(Heterocyclylphenyl)benzensulfonamide Sharing an Unreported
Binding Site with T-Cell Factor 4 at the β-Catenin Armadillo Repeats Domain as an Anticancer Agent.
ACS Pharmacol translational Sci 6(7):1087–1103. https://doi.org/10.1021/acsptsci.3c00092

3�. Cheng Z, Biechele T, Wei Z, Morrone S, Moon RT, Wang L, Xu W (2011) Crystal structures of the
extracellular domain of LRP6 and its complex with DKK1. Nat Struct Mol Biol 18(11):1204–1210.
https://doi.org/10.1038/nsmb.2139

37. Ren Q, Chen J, Liu Y (2021) LRP5 and LRP6 in Wnt Signaling: Similarity and Divergence. Front cell
Dev biology 9:670960. https://doi.org/10.3389/fcell.2021.670960

3�. Bao J, Yang Y, Xia M, Sun W, Chen L (2021) Wnt signaling: An attractive target for periodontitis
treatment. Biomed Pharmacother 133:110935. 10.1016/j.biopha.2020.110935Epub 2020 Nov 20.
PMID: 33227711

39. Wong SK, Chin KY, Ima-Nirwana S (2020) The skeletal-protecting action and mechanisms of action
for mood-stabilizing drug lithium chloride: current evidence and future potential research areas.
Front Pharmacol 11:430. https://doi.org/10.3389/fphar.2020.0043

40. Naruse H, Itoh S, Itoh Y, Kagioka T, Abe M, Hayashi M (2021) The Wnt/β-catenin signaling pathway
has a healing ability for periapical periodontitis. Sci Rep 11:1–9. 10.1038/s41598-021-99231-x

41. Snitow ME, Bhansali RS, Klein PS (2021) Lithium and therapeutic targeting of GSK-3. Cells 10:255.
https://doi.org/10.3390/cells10020255

42. Maeda K, Kobayashi Y, Koide M, Uehara S, Okamoto M, Ishihara A, Marumo K (2019) The regulation
of bone metabolism and disorders by Wnt signaling. Int J Mol Sci 20:5525. 10.3390/ijms20225525

43. Ueda-Ichinose Y, Hotokezaka H, Miyazaki T, Moriishi T, Hotokezaka Y, Arizono K, Yoshida N (2022)
Lithium reduces orthodontically induced root resorption by suppressing cell death, hyalinization, and



Page 16/21

odontoclast formation in rats. Angle Orthod. https://doi.org/10.2319/072221-578.2

44. Pan J, He S, Yin X, Li Y, Zhou C, Zou S (2017) Lithium enhances alveolar bone formation during
orthodontic retention in rats. Orthod Craniofac Res 20:146–151. https://doi.org/10.1111/ocr.12190

45. Isani MA, Gee K, Schall K, Schlieve CR, Fode A, Fowler KL, Grikscheit TC (2019) Wnt signaling
inhibition by monensin results in a period of Hippo pathway activation during intestinal adaptation in
zebra�sh. Am J Physiology-Gastrointestinal Liver Physiol 316(6):G679–G91.
https://doi:10.1152/ajpgi.00343.2018

4�. Ryves WJ, Harwood AJ (2001) Lithium inhibits glycogen synthase kinase-3 by competition for
magnesium. Biochem Biophys Res Commun 280(3):720–725. 10.1006/bbrc.2000.4169

47. Beurel E, Grieco SF, Jope RS (2015) Glycogen synthase kinase-3 (GSK3): regulation, actions, and
diseases. Pharmacol Ther 148:114–131. https://doi:10.1016/j.pharmthera.2014.11.016

4�. Frank G, Riddell SA, Brian GC (1987) Ion transport through phospholipid bilayers studied by
magnetisation transfer; membrane transport of lithium mediated by. Monensin J Chem Soc Chem
Commun ;1890–1891

49. Prabhananda BS, Kombrabail MH (1992) Monensin-mediated transports of H+, Na+, K + and Li + 
ions across vesicular membranes: T-jump studies. Biochim Biophys Acta 1106(1):171–177.
10.1016/0005-2736(92)90236-f

50. Prabhananda BS, Kombrabail MH (1998) Relative magnitudes of the rate constants associated with
monensin-mediated H+, Na + and K + translocations across phospholipid vesicular membranes.
Biochimica et Biophysica Acta (BBA)-Biomembranes. 1370:41–50. https://doi:10.1016/s0005-
2736(97)00243-5

Figures

Figure 1

Chemical structure of Monensin.
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Figure 2

Lithium Chloride mitigates alveolar bone loss potentiated by Monensin. A) Alveolar bone loss; B)
Osteoclast count/bone perimeter (N.Oc./B.Pm); C) Serum CTx levels; D) Macroscopic and Histological
aspect of the periodontal tissue. (δ) indicates the statistical difference compared to the Naive (N) group;
(*) indicates the statistical difference compared to the Experimental Periodontitis (EP) group; (#)
indicates statistical difference compared to Monensin (Mon) group. ANOVA and Tukey tests (p<0.05).
AB=alveolar bone; G=gingiva; D=dentin; PL=periodontal ligament; C=cementum; *=in�ammatory in�ltrate.
Black arrows indicate Osteoclasts. 40X and 400x magni�cation, HE staining.
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Figure 3

Lithium Chloride rescues the deleterious effect periodontitis and Monensin on osteoblasts. A)
Osteoblast count/bone perimeter (N.Ob./B.Pm); B) Runx2 mRNA expression; C) OPG mRNA expression ;
D) Histological aspect of the periodontal tissue. (δ) indicates the statistical difference compared to the
Naive (N) group; (*) indicates the statistical difference compared to the Experimental Periodontitis (EP)
group; (#) indicates statistical difference compared to Monensin (Mon) group. ANOVA and Tukey tests
(p<0.05). Black arrows indicate Osteoblasts. 400x magni�cation, HE staining.
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Figure 4

Lithium Chloride stimulates Wnt signaling reactivation. A) Serum DKK-1 levels; B) Beta-catenin mRNA
expression; C) Immunopositive osteoblast cells count/mm2; D) Immunohistochemical aspect of
hemimaxillae. ANOVA and Tukey tests. (p<0.05) (δ) indicates the statistical difference compared to the
Naive (N) group; (*) indicates the statistical difference compared to the experimental periodontitis (EP)
group; (#) indicates statistical difference compared to Monensin (Mon) group. ANOVA and Tukey tests
(p<0.05). Black arrows indicate immunopositive staining. 400x magni�cation.
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Figure 5

Molecular interaction of Monensin with Wnt pathway. A) Binding mode between β-catenin (cyan) and
Monensin (pink); B) Binding mode LRP6 and Monensin
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Figure 6

Proposed mechanism for LiCl to rescue Wnt signaling in animals receiving Monensin under an
in�ammatory condition


