
Bioactive Materials 6 (2021) 3074–3084

Available online 9 March 2021
2452-199X/© 2021 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Lithium chloride promotes osteogenesis and suppresses apoptosis during 
orthodontic tooth movement in osteoporotic model via 
regulating autophagy 

Li Huang a,1, Xing Yin a,1, Jun Chen b, Ruojing Liu a, Xiaoyue Xiao a, Zhiai Hu a, Yan He c,d,*, 
Shujuan Zou a,** 

a State Key Laboratory of Oral Diseases, National Clinical Research Center for Oral Diseases, West China Hospital of Stomatology, Sichuan University, Chengdu, 610041, 
China 
b The Medical & Nursing School, Chengdu University, Chengdu, 610106, China 
c Laboratory for Regenerative Medicine, Tianyou Hospital, Wuhan University of Science and Technology, Wuhan, 430064, China 
d Department of Oral and Maxillofacial Surgery, Massachusetts General Hospital and Harvard School of Dental Medicine, Boston, MA, 02114, USA   

A R T I C L E  I N F O   

Keywords: 
Lithium chloride 
Autophagy 
Osteogenesis 
Orthodontic tooth movement 
Apoptosis 

A B S T R A C T   

Osteoporosis is a widely distributed disease that may cause complications such as accelerated tooth movement, 
bone resorption, and tooth loss during orthodontic treatment. Promoting bone formation and reducing bone 
resorption are strategies for controlling these complications. For several decades, the autophagy inducer lithium 
chloride (LiCl) has been explored for bipolar . In this study, we investigated the autophagy-promoting effect of 
LiCl on bone remodeling under osteoporotic conditions during tooth movement. Ovariectomy was used to induce 
osteoporosis status in vivo. The results showed that LiCl rejuvenated autophagy, decreased apoptosis, and pro-
moted bone formation, thus protecting tooth movement in osteoporotic mice. Furthermore, in vitro experiments 
showed that LiCl reversed the effects of ovariectomy on bone marrow-derived mesenchymal stem cells (BMSCs) 
extracted from ovariectomized mice, promoting osteogenesis and suppressing apoptosis by positively regulating 
autophagy. These findings suggest that LiCl can significantly decrease adverse effects of osteoporosis on bone 
remodeling, and that it has great potential significance in the field of bone formation during tooth movement in 
osteoporosis patients.   

1. Introduction 

Osteoporosis is a pathological condition wherein bone becomes weak 
and brittle, meaning that fracture can easily occur under normal and 
physiological conditions. Osteoporosis can occur in both sexes, butpost- 
menopausal Caucasian and Asian female individuals are at the highest 
risk [1]. In general, bone mass reaches its peak around the age of 30 
years. As aging occurs, the quantity of bone formation decreases faster 
than bone resorption occurs; the bone mass therefore starts to decrease, 
resulting in osteoporosis. Osteoporotic patients are characterized by 

abnormal bone metabolism, in which a decrease in alveolar bone density 
is also observed [2]. Currently, there is a concomitant increase in the 
number of adult or elderly patients seeking orthodontic treatment to 
align the teeth for a better bite or to prepare the residual teeth for 
prosthodontic treatments and implants. Hence, the proportion of or-
thodontic patients with preexisting osteoporosis is growing [3]. Ortho-
dontic tooth movement (OTM) is driven by force that initiates alveolar 
bone remodeling, characterized by bone formation on the tension side 
and bone resorption on the compression side. During orthodontic 
treatment, unbalanced alveolar bone remodeling is prone to occur in 
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osteoporotic patients, resulting in accelerated tooth movement, peri-
odontal tissue damage, and excessive alveolar bone resorption. This 
causes great harm to patients and leads to undesirable treatment out-
comes [4,5]. Poor alveolar bone mass in osteoporotic individuals causes 
risks in the stability of orthodontic treatment. Therefore, providing safe 
and effective orthodontic treatment and preventing complications in 
osteoporotic patients has become an urgent problem in orthodontic 
treatment. 

As a highly conserved intracellular catabolic process in evolution 
[6], autophagy can regulate cellular processes such as apoptosis, path-
ogen clearance, and inflammation to preserve normal physiological 
activities. Autophagy is also reportedly involved in the incidence and 
development of osteoporosis [6–8]. The autophagy level decreases 
significantly with aging, especially in terminally differentiated cells such 
as osteocytes and osteoclasts [9,10]. Decreasing the level of autophagy 
in bone can disturb the balance between osteoblastogenesis and osteo-
clastogenesis, leading to reduced osteogenic activity and resulting in a 
variety of bone metabolic diseases, including osteoporosis [11,12]. 
Hence, regulating autophagy may be a promising way to remodel 
osteoporotic bone. Bone marrow-derived mesenchymal stem cells 
(BMSCs) are multipotential cells and play a crucial role in bone ho-
meostasis, and their role in the pathogenesis of osteoporosis has 
attracted considerable attention [13]. Recent studies have shown that 
increased BMSCs autophagy favors cellular self-renewal and differenti-
ation and facilitates osteogenesis activity in bone [14–16]. However, the 
potential cellular mechanisms of osteogenesis and bone formation that 
are regulated by autophagy remain unclear. 

Lithium chloride (LiCl) has been prescribed for the treatment of bi-
polar disorder for decades [17], and it reportedly has a neuroprotective 
function by promoting autophagy in vitro [14,18,19]. Furthermore, a 
previous study indicated that LiCl increased bone mass and improved 
fracture healing in vivo [20]. Zhu et al. considered that LiCl could 
stimulate the proliferation of human BMSCs [21]. LiCl regulates BMSC 
osteogenesis, thereby increasing the bone mass of mice via activation of 
the Wnt signaling cascade by inhibiting GSK-3β [16,22]. In addition, 
LiCl has been reported to prevent BMSCs apoptosis induced by serum 
deprivation through autophagy induction [23]. As an activator of 
autophagy, the role of LiCl in autophagy and its relationship with 
apoptosis and bone remodeling during OTM in ovariectomized mice has 
not been clearly elucidated. 

Therefore, this study aimed to determine whether LiCl could upre-
gulate osteogenic differentiation, suppress apoptosis in BMSCs and 
promote bone formation, protect tooth movement in ovariectomized 
mice by upregulating autophagy. This was investigated under osteopo-
rotic conditions both in vitro and in vivo. 

2. Materials and methods 

2.1. Animal experiments and study design 

The use of C57BL/6 mice in this study was approved by the Ethics 
Committee of Sichuan University. All procedures were performed in 
accordance with the guidelines of the Animal Care Committee of 
Sichuan University (Ethical number: WCHSIRB-D-2018-059). A total of 
42 female C57BL/6 mice (7 weeks old) were purchased from Dashuo 
Biology Technology (Chengdu, China) and acclimated under a 12-h 
light/dark cycle in a controlled environment (25–28 ◦C) for one week. 
The mice were randomly allocated into two groups: the sham operation 
group (n = 15) and the ovariectomy (OVX) group (n = 27). 

To create osteoporotic conditions, bilateral ovariectomy was per-
formed. Before ovariectomy, the body weights of all the mice were 
measured. The mice were anesthetized with 0.04 mg/g sodium pento-
barbital (Propbs Biotechnology, Beijing, China) by intraperitoneal in-
jection, and a towel was placed on the body, except the surgical area, to 
maintain the body temperature. To perform ovariectomy, the animal 
was placed in the supine position on a customized surgical table. Hair 

removal and sterilization of the surgical area were performed using an 
animal shaver and iodophor. A 1 cm abdominal incision was made to 
expose and verify the ovaries on both sides, followed by ligating the 
oviduct and removing both ovaries. The wound was sewed layer by layer 
using 6-0 absorbable sutures. Animals in the sham operation group 
underwent all surgical procedures except for ligation of the oviduct and 
vessels and the excision of ovaries. The mice were then placed on an 
electric blanket and examined every 15 min until all mice fully recov-
ered from anesthesia. 

At 8 weeks after surgery, when osteoporosis model was established 
[24], the body weights of all mice were measured again. Orthodontic 
appliances were mounted according to our previous studies [22,25]. 
Briefly, a mouth-gag was customized and applied to facilitate the 
insertion of the OTM device. A customized nickel titanium coil spring, 
which generates approximately 10 g of force (measured by a vernier) to 
move the molar toward the incisor (Fig. 2b), was fixed with GRENGLOO 
(ORMCO, Orange, CA, USA) between the right maxillary first molar and 
incisor, except at the incisal edge. The animal conditions and appliances 
were monitored daily during the study. A soft diet was provided and 
pain management was performed on signs of discomfort 3 days after 
device placement. The 27 mice in the ovariectomy group were randomly 
divided into two subgroups: the OVX group (n = 15) and LiCl group (n =
12). The latter group was administered with LiCl (200 mg/kg/d [22,26, 
27], dissolved in ddH2O) via gavage for 14 days. Mice in the OVX and 
sham groups received the same volume of vehicle (ddH2O) during the 
experimental period. Four mice from each group were randomly 
selected and sacrificed at 3, 7, and 14 days after OTM. 

2.2. Micro-computed tomography (micro-CT) analysis 

To confirm the osteoporotic condition of mice created by bilateral 
ovariectomy, cervical dislocation was performed in three mice from 
each of the sham and OVX groups eight weeks after surgery to detect the 
parameters of the femoral head and alveolar bone via micro-CT scan. 
The trabecular bone in the central region of the femoral head (480 μm ×
480 μm × 480 μm) and interradicular area of the right maxillary first 
molar (350 μm × 350 μm × 350 μm) were chosen as regions of interest 
(ROI) for analysis. To study the alveolar bone remodeling initiated by 
OTM, the mice were sacrificed 3, 7, and 14 days after orthodontic ap-
pliances were placed, and the alveolar bones were scanned. A cube of 
trabecular bone (150 μm × 150 μm × 150 μm) at the apical part of the 
distal buccal root of the maxillary right first molar was chosen as the ROI 
for analysis. 

All scans were performed with a micro-CT 50 system (Scanco Med-
ical, Bruttisellen, Switzerland) in a standard resolution mode with a 
resolution of 2048 × 2048 pixels and isotropic voxel size of 8 μm. All 
images were used to reconstruct three-dimensional images. The 
following structural parameters of the ROI were calculated: alveolar 
bone resorption (the area from the cemento-enamel junction to the 
alveolar bone crest of the maxillary right first molar was defined); bone 
mineral density (BMD); trabecular spacing (Tb.Sp); bone volume over 
total volume (BV/TV); trabecular number (Tb.N) and OTM distance 
(distance between the nearest two landmark points a and b in the crowns 
of the first and second molars). 

2.3. Specimen processing 

After two weeks of OTM, all the animals were sacrificed. The right 
maxillary bones were dissected, fixed in 4% paraformaldehyde for 24 h, 
and decalcified in freshly prepared 10% ethylenediaminetetraacetic acid 
(EDTA) at room temperature for 4 weeks. Following dehydration and 
paraffin embedding, 4-mm serial sections along the coronal plane of the 
femoral metaphysis and along the sagittal plane of the upper first molar 
were cut with a microtome (HM 355S; Microm International, Walldorf, 
Germany). 
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2.4. Histology analysis 

To observe morphological changes, samples were stained with he-
matoxylin and eosin (H&E) according to the manufacturer’s instructions 
(G1120; Solarbio, Beijing, China). Alkaline phosphatase (ALP) activity 
was detected with NTM buffer (1 M Tris, 2 M MgCl2, 5 M NaCl, Tween 
20, and ddH2O) and NBT/BCIP solution (Thermo Scientific, San Jose, 
CA,USA). A leukocyte acid phosphatase kit (386A-1 KT, Sigma-Aldrich, 
St. Louis, Missouri, USA) was used to detect tartrate-resistant acid 
phosphatase (TRAP) activity. Three sections per mouse in each group 
were stained with H&E, ALP, and TRAP. Each stained slide was selected 
at intervals of at least three sections. Slides from all individuals were 
stained and analyzed. 

2.5. Immunohistochemistry (IHC) staining 

Alveolar bones were fixed in 4% paraformaldehyde for 48 h at 4 ◦C. 
After decalcification in 15% EDTA at room temperature for 3 weeks, 
sections were prepared for IHC staining. Samples were incubated with 
Beclin-1 (dilution 1:500, ab62557, Abcam, Cambridge, UK), OPG 
(dilution 1:400, R1608-4, Huabio, Hangzhou, China), and RANKL 
(dilution 1:500, ab169966, Abcam) overnight at 4 ◦C. The area and the 
integrated optical density (IOD) of positive expression were photo-
graphed with a microscope and quantified using the Image-Pro Plus 6.0 
analytic system (Media Cybernetics, Bethesda, MD, USA). The MOD was 
calculated as MOD = IOD/Area. The ratio of OPG/RANKL was calcu-
lated to evaluate the osteoclastic activity. Data were calculated based on 
three random locations from one slide and three independent 
experiments. 

2.6. TUNEL staining 

Terminal deoxynucleotidyl transferase 2-deoxyuridine 5-triphos-
phate nick end labeling (TUNEL) assay was performed according to the 
protocol (Beyotime, Shanghai, China) to detect cell apoptosis. Slides 
were scanned at 100 × focusing areas with the highest MVD. Then, at 
200 × magnification, five fields per sample were randomly chosen to 
quantify TUNEL-positive cell number per 100 cells. 

2.7. BMSCs culture and osteogenic differentiation 

Sham and OVX mouse BMSCs were isolated and cultured as previ-
ously described [28]. Bone marrow was flushed out with Minimum 
Essential Medium α (MEM α, Gibco, Thermo, San Jose, CA, USA), sup-
plemented with 100 U/mL penicillin and 100 mg/mL streptomycin 
(Hyclone, Utah, Logan, USA). The suspension was then plated in a cul-
ture flask and cultured at 37 ◦C in a 5% CO2 incubator. The medium was 
changed every 3 days. When 80–90% confluence was reached, the pri-
mary BMSCs were collected with 0.25% trypsin–EDTA (Hyclone) and 
passaged. The second passage of BMSCs was selected for subsequent 
experiments [29,30]. To study the molecular mechanism of autophagy, 
BMSCs were treated with 5 mM LiCl (L4408, Sigma-Aldrich, St. Louis, 
Missouri, USA) [31,32] and 5 mM 3-Methyladenine (3-MA, M9281, 
Sigma-Aldrich) for 24 h [33,34] to mediate autophagy. 

To induce osteogenic differentiation, BMSCs were cultured in an 
osteogenic medium (50 μM ascorbic acid, 10 mM β-glycerophosphate, 
and 10− 7 M dexamethasone), which was replenished every 3 days. After 
a 7-day incubation period, the cells were determined by ALP activity 
assay (Beyotime). For ALP quantitative analysis, BMSCs were collected 
using an ALP assay kit (Beyotime), and the optical density (OD) was 
measured at 405 nm. After a 14-day incubation period, cells were 
stained with alizarin red S (Solarbio) according to the manufacturer’s 
instructions. The results are presented as a percentage of the positive 
staining area per field of view (magnification, 100 × ). 

2.8. Cell proliferation assay 

The Cell Counting kit-8 (Dojindo, Kumamoto, Japan) was used to 
profile the effect of LiCl on BMSC proliferation. Briefly, the second 
passage BMSCs were seeded in 96 well plate and cultured in a 5% CO2 
incubator at 37 ◦C for 24 h. After that, LiCl (0, 1, 2, 5, 10 mM) supple-
mented with minimum essential medium (MEM) α was used to treat cells 
for another 24 h, followed by 3 h incubation in 10 μL CCK-8 solution 
supplemented with fresh MEM α at 37 ◦C in the dark. The absorbance 
was measured at 450 nm using a microplate reader (VariOskan Flash 
3,001, Thermo Fisher Scientific). 

2.9. Transmission electron microscopy (TEM) analysis 

BMSCs from the sham, OVX, and LiCl groups were digested and 
washed, primary fixed in 2.5% glutaraldehyde overnight, and post-fixed 
in 1% osmium tetroxide for 1 h. After rinsing with phosphate-buffered 
saline (PBS), the samples were progressively dehydrated in a graded 
series of ethanol solutions (50%, 70%, 80%, 90%, 95%, and 100%), 
embedded in resin, and prepared for ultrathin sections. The sections 
were then stained with uranyl acetate and lead citrate. Finally, the ul-
trastructure of the BMSCs was analyzed using HT7700 TEM (Hitachi, 
Tokyo, Japan). 

2.10. Apoptosis analysis 

BMSCs were harvested and prepared according to the instructions of 
the Annexin V FITC Apoptosis Detection Kit (Dojindo). BMSCs were 
digested, washed, suspended in PBS, and counted to ensure 1 × 105 cells 
for detection. The cell suspension was incubated with Annexin V-FITC 
and kept in the dark at room temperature for 15 min. Then, propidium 
iodide was added to the cell suspension, and apoptosis was detected by 
flow cytometry (BD Biosciences, Franklin Lakes, NJ, USA). 

2.11. Quantitative real-time polymerase chain reaction (RT-PCR) 

Total RNA was extracted with TRIzol reagent (Invitrogen, Carlsbad, 
CA, USA). RNA was reverse transcribed to cDNA using the Transcription 
First-Strand cDNA Synthesis Kit. The reaction conditions were as fol-
lows: 42 ◦C for 60 min, 70 ◦C for 5 min, and 4 ◦C. RT-PCR was performed 
in 20 μL reactions using SYBR® Premix Ex TaqTM kit (TaKaRa Bio, Otsu, 
Japan) and the ABI 7300 Real-Time PCR System (Applied Biosystems, 
USA). The housekeeping gene GAPDH was used as the control. The 
primer sequences are shown in Table 1. The relative mRNA expression 
levels were calculated using formula 2− ΔΔCT. 

2.12. Western blotting analysis 

Protein levels were detected using western blotting. The primary 
antibodies used in this study were RUNX2 (dilution 1:1000; ET1612-47, 
Huabio), ALP (dilution 1:2,000, ET1601-21, Huabio), BMP2 (dilution 

Table 1 
Sequences of primers used in PT-PCR.  

Gene Forward primer sequence (5′–3′) Reverse primer sequence (5′–3′) 

Gapdh AGGTCGGTGTGAACGGATTTG TGTAGACCATGTAGTTGAGGTCA 
Runx2 GCCGGGAATGATGAGAAC TGGGGAGGATTTGTGAAGA 
Bmp2 CCACCCCAAGACACAGTT GCACGTCCATTGAGAGAGT 
Opn GAGCGAGGATTCTGTGGA TCGACTGTAGGGACGATTG 
Atg8/ 

LC3 
GTCAGATCGTCTGGCTCGG GCTCCTATGGGGTTAGGGTC 

Beclin- 
1 

CTGTAGCCAGCCTCTGAAA CCTCTTCCTCCTGGGTCT 

p62 CAGCACAGGCACAGAAGA GTCCCACCGACTCCAAG 
Opg GTTTCCCGAGGACCACAAT CCATTCAATGATGTCCAGGAG 
Rankl TGAAGACACACTACCTGACTCCTG CCCACAATGTGTTGCAGTTC 
Sp7 GCTGGAGAGGGAAAGGG GCCGAACAACCCAAAACT  

L. Huang et al.                                                                                                                                                                                                                                  



Bioactive Materials 6 (2021) 3074–3084

3077

1:1000; ER80602, Huabio), Sp7/Osterix (dilution 1:10,000; ab22522, 
Abcam), LC3B (dilution 1:1000; ET1701-65, Huabio), p62/SQSTM1 
(dilution 1:10,000; ab91526, Abcam), Beclin-1 (dilution 1:10,000; 
ab62557, Abcam), and GAPDH (dilution 1:5000; ER1706-83, Huabio). 
Blots were incubated with horseradish peroxidase-conjugated goat anti- 
rabbit IgG secondary antibody (dilution 1:10,000, L3012, SAB, College 
Park, MA, USA). After normalization to GAPDH, the intensity of each 
band was quantified using ImageJ (National Institutes of Health, 
Bethesda, MA, USA). 

2.13. Statistical analysis 

All data in this study are reported as the mean ± standard deviation 
(SD) for at least three independent experiments. Student’s t-test or 
analysis of variance (ANOVA) was used for comparisons between two 
groups or among multiple groups. Two-way ANOVA was used for 
comparisons between groups at different time points. Analyses were 
performed using the statistical package SPSS 11.5 (SPSS, Chicago, IL, 
USA). Differences were considered significant at P < 0.05. 

3. Results 

3.1. Ovariectomy induced osteoporosis in mice 

To assess the osteoporosis caused by bilateral ovariectomy, we 
compared the body weight gain and trabecular bone density of both the 
femur head and alveolar bone between the OVX and sham groups. Eight 
weeks post-operation, the weight gain of OVX mice was significantly 
higher than that of the sham group (Fig. 1b). Osteoclasts are clearly 
visible in the cancellous bone of both groups (Fig. 1c, indicated with 
black arrows). Micro-CT revealed a sparser trabecular bone in the 
femoral head of the OVX group (Fig. 1d). Meanwhile, the BMD and BV/ 
TV of the OVX group were decreased, Tb. Sp value was increased 
(Fig. 1e). When observing the microarchitectural changes in alveolar 
bone, we found that the trabecular parameters (BMD, BV/TV, and Tb.N) 
of OVX mice were significantly decreased compared with those of the 
sham group (Fig. 1f and g). All results indicated obvious bone mass loss 
and trabeculae deterioration in the femoral head and alveolar bone of 
mice that underwent bilateral ovariectomy (Supplementary Tables 1–3). 

3.2. Ovariectomy negatively affected the OTM in mice 

As shown in the CT reconstruction images (Fig. 2d), alveolar bone 
resorption was observed. Alveolar bone resorption area in the OVX 

Fig. 1. Effect of ovariectomy on body weight gain and bone trabecular parameters in mice. a, a flowchart of the in vivo study. b, The weight gain in the sham 
and OVX groups. c, H&E staining of metaphysis showed in the sham and OVX mice. The black arrows indicated osteoclasts. d, The regions of interest (ROI) in the 
femur head of the sham and OVX groups. e, The bone volume/total volume (BV/TV) ratio, trabecular separation (Tb.Sp) and trabecular number (Tb.N) of the femur 
head of ROIs in the OVX and sham groups. f, Images of 2D and 3D of alveolar bone by rebuilding of micro-CT in the sham and OVX mice. The red boxes indicated ROI 
in alveolar bone. g, The bone mineral density (BMD), bone volume/total volume (BV/TV) ratio and trabecular number (Tb.N) in the ROI of alveolar bone in OVX and 
sham groups. Data represent means ± S. D (n = 3). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of 
this article.) 
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group was significantly larger than that in the sham group on both days 
7 and 14 (Fig. 2e). Meanwhile, the BV/TV at the ROI was statistically 
lower in the OVX group than in the sham group (Fig. 2g), indicating that 
the OVX group experienced more bone resorption during OTM. More-
over, the upper first molars of the OVX group moved greater distances 
than those in the sham group (Fig. 2h, Supplementary Table 4), indi-
cating that the tooth moved faster. In addition, H&E slides on day 14 
showed obvious hyaline changes (Fig. 2c, indicated with a solid yellow 
box) on the pressure side of the periodontal ligament and hyper-
cementosis (Fig. 2c, indicated with dotted yellow box) around the apex 

area in the OVX group. The results indicated that preexisting osteopo-
rosis conditions produced adverse effects on OTM in mice. 

3.3. LiCl promoted bone formation and alleviated bone resorption in 
osteoporotic alveolar bone during OTM 

To evaluate how LiCl affects osteoporotic alveolar bone remodeling 
during OTM, we performed ALP staining (Fig. 3a), which is a hallmark of 
osteogenesis, and TRAP staining (Fig. 3c), which represents osteoclastic 
activities. On day 14, ALP expression in the OVX group was the lowest, 

Fig. 2. Ovariectomy increased OTM distance and bone resorption in mice. a, a flowchart of the in vivo study. b, Orthodontic tooth movement (OTM) model. 
The left yellow arrow indicated the right upper first molar. The right yellow arrow indicated the upper incisor. c, Representative images of H&E staining of tooth 
movement on day 14 in the sham and OVX mice. The solid yellow box at the pressure side indicated hyaline change. The dotted yellow box at the tension side 
indicated hypercementosis. TS, the tension side; CS, the compressive side; PL, periodontal ligament; R; root. d, Three-dimensional reconstruction of the maxilla 
samples from the sham and OVX groups. Vertical bone resorption was indicated by the red-marked area. Scale bar: 1 mm e, Quantification of vertical bone resorption 
in different groups. f, Sagittal view of landmark point locations and method for the measurement of OTM distance in micro-computed tomography images. Landmark 
points a and b were indicated. The red box indicated ROI in alveolar bone. g, The value of BV/TV around the apical part of the distal buccal root of the maxillary right 
first molar. h, The OTM distance in the sham and OVX groups. Data represent means ± S. D (n = 3). (For interpretation of the references to colour in this figure 
legend, the reader is referred to the Web version of this article.) 
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indicating very poor bone formation activity (Fig. 3b). The ALP-positive 
area in the LiCl group was significantly higher than that in the OVX 
group (Fig. 3b), suggesting that 14-day consecutive administration of 
LiCl could effectively restore bone formation in preexisting osteoporotic 
alveolar bone. 

On the compression side, multinucleated cells, osteoclasts, appeared 
around the resorption lacunae in the alveolar bone (Fig. 3c). On day 7, 
when fast OTM occurred in all groups, the number of TRAP-positive cells 
in the sham, OVX, and LiCl groups was similar. As OTM slowed down on 
day 14, the number of TRAP-positive cells in the sham and LiCl groups 

Fig. 3. LiCl promoted bone formation and inhibited bone resorption during OTM in alveolar bone. a, Representative images of ALP staining in the tension area 
on day 14 of OTM in different groups.Box area showed high-magnification images in different groups respectively. b, Quantitative analysis of the ALP activity. c, 
TRAP-positive cells in the pressure area on day 7 and 14 in different groups. d, Quantitative analysis of the TRAP positive cell number. Data represent means ± S. D 
(n = 3). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 4. LiCl promoted autophagy, inhibited apoptosis and osteoclastogenesis during OTM in mice. a, Immunohistochemical staining of Beclin-1 in the tension 
area of OTM in different groups on day 7 and day 14. b, Immunohistochemical staining of OPG and RANKL in the tension area during OTM in different groups on day 
14. c, TUNEL examination of cell apoptosis in the tension side area on day 3. Green fluorescence represents apoptotic cells. d, The MOD of Beclin-1 in the tension area 
on day 7 and day 14. e, The ratio of OPG/RANKL in the tension area during OTM on day 14. f, Quantification analysis of the apoptotic cells. Data represent means ±
S. D (n = 3). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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was reduced by half compared to that on day 7. In contrast, the number 
of TRAP-positive cells in the OVX group was the highest among the three 
groups (Fig. 3d). These results implied that LiCl treatment could help 
limit bone resorption under osteoporotic conditions to a level similar to 
that observed in healthy individuals. 

3.4. LiCl promoted autophagy and inhibited apoptosis and 
osteoclastogenesis in alveolar bone during OTM 

As demonstrated in previous studies, we confirmed that osteoporosis 
(OVX group) could negatively affect the alveolar bone remodeling of 
OTM, resulting in ongoing bone resorption at high levels and bone for-
mation at a very low level (Figs. 2 and 3). LiCl could minimize the in-
fluence of prexisting osteoporosis and boost alveolar bone remodeling to 
an almost normal level in the sham group. To further determine whether 
and how autophagy plays a role in the interaction between LiCl and 
alveolar bone remodeling during OTM in osteoporotic mice, IHC stain-
ing was used to detect the expression of Beclin-1 (Fig. 4a), which is an 
important autophagy-related biomarker [35] involved in the initial and 
late stages of autophagosome formation. On day 7, a high level of pos-
itive Beclin-1 expression was observed at the tension side in all three 
groups, when most cellular activity occurred in response to orthodontic 
force. From days 7 to 14, Beclin-1 expression decreased in all three 
groups, decreasing the most in the OVX group (P = 0.074, 0.018, 0.040 
in the sham, OVX, and LiCl groups, respectively). In contrast, LiCl 
maintained Beclin-1 expression on day 14 at a level similar to that in the 
sham group (P = 0.468). This echoed the ALP activity on the tension side 
on day 14, when the ALP-positive area in the LiCl group was signifi-
cantly higher than that in the OVX group (Fig. 4b). This high level of 
Beclin-1 expression in the LiCl group meant that LiCl could upregulate 
autophagy in osteoporotic mice and promote bone formation. 

The expression of OPG and RANKL on the tension side 14 days after 
OTM was also examined by IHC staining and semi-quantitatively 
analyzed (Fig. 4b). The OPG/RANKL ratio was used to assess osteo-
clast differentiation and function [36]. We found that LiCl significantly 

increased the OPG/RANKL ratio in osteoporotic mice (Fig. 4e), implying 
that osteoclast activity was inhibited [37]. 

Moreover, the effect of LiCl on the apoptotic status of the alveolar 
bone on the tension side was also investigated. We performed fluores-
cent TUNEL staining and quantified the number of TUNEL-positive cells 
(Fig. 4c). TUNEL-positive cells in the OVX group were at the highest 
level three days after OTM (Fig. 4f), and the number of positive cells 
between the sham and LiCl groups was similar. This finding corre-
sponded with the observed results for Beclin-1 expression. 

3.5. LiCl promoted proliferation and osteogenesis by enhancing autophagy 
and inhibiting apoptosis in BMSCs 

The CCK-8 assay was used to detect the effect of different concen-
trations of LiCl on BMSCs proliferation. When the concentration was less 
than 5 mM, cell viability was enhanced along with the CCK-8 concen-
tration. When the concentration reached 10 mM, BMSCs viability was 
significantly inhibited (Fig. 5a). Hence, 5 mM LiCl was chosen for sub-
sequent experiments. The results revealed that 24 h of stimulation with 
5 mM LiCl decreased the apoptosis level of BMSCs from ovariectomy- 
induced osteoporotic mice (Fig. 5b and c). 

To evaluate the mineralization capacity of BMSCs, ALP staining and 
alizarin red S staining were performed (Fig. 5d). The bone formation 
capacity of BMSCs from osteoporosis mice in the OVX group was visibly 
hampered. However, this condition was significantly reversed when LiCl 
was applied to the LiCl group (Fig. 5e). TEM was used to confirm the 
influence of LiCl on the formation of autophagosomes and autolyso-
somes. The images showed that autophagosomes with double-limiting 
membrane in the cytoplasm of BMSCs were observed upon LiCl 
administration, indicating that autophagy was enhanced (Fig. 5f). 

To further confirm whether autophagy of BMSCs was activated by 
LiCl, the autophagy-related biomarkers, the gene and protein levels of 
Beclin-1, LC3, and p62 were examined; these factors are critical in 
autophagic activity. Compared with the gene and protein expression of 
Atg8/LC3 and Beclin-1 of BMSCs in the OVX group, LiCl rejuvenated the 

Fig. 5. LiCl promoted osteogenesis and autophagy while inhibited apoptosis in BMSCs. a, The OD value at 490 nm with different concentration of LiCl. b, Dot 
plot of FITC-Annexin V (x axis)/PI (y axis) of BMSCs in different groups. c. Quantitative analysis of apoptotic cells in different groups. d, After 14-day and 7-day 
osteogenic induction respectively, representative images of ARS and ALP activity of BMSCs in different groups. e, Quantitative analysis of the mineralization and 
the ALP activity showed that BMSCs in LiCl treated group had a significant high bone formation performance than the OVX group did. f, The representative 
morphology of autophagic vacuoles as autophagosomes was observed by TEM. Arrows indicate an autophagosomes with double-limiting membrane. N: nucleus. 
Scale bar, 1 μm. Data represent means ± S. D (n = 3). 
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expression of these biomarkers in the LiCl group. Meanwhile, the gene 
and protein levels of p62 were decreased in the LiCl group (Fig. 6a, c, 
and 6d). These results confirmed that LiCl promoted autophagy. 

To study how LiCl affected the osteogenic ability of BMSCs from 
osteoporotic individuals, the osteogenesis-related genes and proteins 
were analyzed. Compared with those in the OVX group, the mRNA 
expression of Runx2, Alp, Opn, Bmp2, and Opg of BMSCs from the LiCl 
group were significantly elevated (Fig. 6b), but the ratio of Opg/Rankl 
increased (Supplementary Table 5). Meanwhile, the protein expression 
levels of ALP, OSX, and RUNX2 in BMSCs from the LiCl group were 
effectively enhanced by 24 h of LiCl treatment (Fig. 6e). 

3.6. 3-MA blocked the pro-osteogenic effect of LiCl by downregulating 
autophagy in BMSCs 

To further understand the mechanism underlying autophagy in 
BMSCs, we used the autophagy inhibitor 3-MA to mediate autophagy in 
BMSCs for 24 h. We found decreased mRNA expression of Beclin-1 and 
Atg8/LC3 and increased p62 mRNA levels (Fig. 7a), in addition to 
decreased Runx2, Bmp2, and Sp7 mRNA levels (Fig. 7b). Consistent with 
the RT-PCR results, the protein level of p62 was increased (Fig. 7d), 
while Beclin-1 and LC3II protein levels were both decreased (Fig. 7d). 
OSX, ALP, and BMP2 levels followed a similar pattern upon 3-MA 
treatment (Fig. 7e). 

4. Discussion 

Osteoporosis is a systemic bone disorder marked by a progressive 
decrease in the bone trabecular number and low bone mass [2,38], and 
it has become a widespread problem. Osteoporosis significantly reduces 
the quality of life and longevity of patients [6]. As a process involving 
bone remodeling, OTM is also affected by this disease [39]. It has been 
reported that the number of osteoclasts in the periodontal tissue 
increased in OVX rats, which was accompanied by accelerated OTM 
[40]. Meanwhile, increased resorption of the alveolar bone and 
continued deterioration of the bone microstructure was observed [41]. 
OVX mice showed decreased BV/TV ratio, Tb.N, and BMD values, but an 
increased Tb. Sp value and OTM distance compared to those of the sham 
group. These results are in accordance with previous data [42]. In 
addition, more alveolar bone resorption can be clearly observed around 

the first molar, which increases the risk of tooth loss. Hence, an 
increased understanding of the molecular mechanisms related to bone 
remodeling during OTM in osteoporosis is critical for developing effi-
cient biological therapies to solve the problems involved. 

At present, parathyroid hormone (PTH) [43], bisphosphonates [44] 
and alendronate [39] are common drugs for treating osteoporosis in the 
clinic. It has been demonstrated that these medicines have bidirectional 
regulatory effects that simultaneously inhibit osteoclastic activity and 
promote osteogenesis. Previous studies have shown that LiCl not only 
has a robust anabolic effect similar to PTH in bone formation in mice 
[20], but also promotes implant osseointegration as effectively as 
bisphosphonates in OVX rats [42]. Moreover, LiCl can suppress osteo-
clastogenesis and osteoclastic bone resorption [45,46]. Local inflam-
matory reactions during OTM increase the risk of periodontal tissue 
destruction and alveolar bone absorption in osteoporotic patients [4]. 
To perform a safe and smooth OTM, it is important to control osteo-
clastic activity in patients with osteoporotic conditions. In this study, we 
found fewer TRAP-positive cells on the compression side of the alveolar 
bone during OTM (Fig. 2c and d), which indicated that LiCl could 
effectively inhibit osteoclastic activity and bone resorption. In this re-
gard, we believe that LiCl might be a promising therapeutic agent to 
attenuate OTM-induced bone resorption and accelerated tooth move-
ment in osteoporotic patients receiving orthodontic treatment. 

LiCl is an activator of the Wnt signaling cascade, which inhibits 
glycogen synthase kinase-3beta (GSK-3β) and facilitates bone formation 
[47]. In an in vivo study, LiCl was shown to increase bone regeneration 
in osteoporotic rats [48]. LiCl reduced orthodontically induced root 
resorption (OIRR) [49] and it has also reportedly promotes cementoblast 
proliferation and periodontal ligament stem cell differentiation [50,51]. 
In this study, we found that LiCl treatment in osteoporotic mice 
increased ALP staining in the tension area during OTM, which demon-
strated that alveolar bone formation was promoted. LiCl has been used 
to regulate autophagy in neuropsychiatric diseases [52]. In vitro studies 
have shown that LiCl can induce autophagy, decrease apoptosis, and 
reduce cell damage [23,53]. Autophagy is considered important for 
preserving bone homeostasis [54] and plays a key role in osteoporosis 
[6]. However, its role in autophagy related to bone remodeling has not 
been extensively studied. In this study, we mainly focused on the 
regulation of autophagy by LiCl during bone remodeling. LC3, Beclin-1, 
and p62/SQSTM1 (p62) are autophagy biomarkers that are highly 

Fig. 6. LiCl promoted osteogenesis in OVX BMSCs by regulating of autophagy. a, Real-time qPCR analyses of Beclin-1, Atg8/LC3, and p62 mRNA expression in 
different groups. b, Real-time qPCR analyses of Runx2, Alp, Opn, Opg, and Rankl expression in different groups. c, Western blotting analysis of BECLIN-1, LC3II, p62, 
ALP, OSX and RUNX2 in different groups. d, Quantification analysis of the expression of BECLIN-1, LC3II and p62 protein. e, Quantification analysis of the expression 
of ALP, OSX, and RUNX2 protein. Data represent means ± S. D (n = 3). 
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involved in autophagy. Beclin-1 is a key regulator and an indispensable 
component of autophagy [55]. LC3 is specifically related to autopha-
gosome formation and is used as a marker of autophagosome accumu-
lation [56]. P62 is regarded as an index of autophagic degradation and 
negatively correlates with autophagy [57]. In this study, we demon-
strated that LiCl positively regulated the decrease in autophagy induced 
by osteoporosis. Furthermore, with LiCl application, increased levels of 
these biomarkers were blocked by the autophagy inhibitor 3-MA, 
wwhich indicated that LiCl played a role in bone remodeling by regu-
lating autophagy level. With the promotion of autophagy by LiCl 
administration, osteogenesis-related biomarkers were significantly 
promoted. Interestingly, the expression of osteogenic markers of BMSCs 
after LiCl stimulation did not proportionally increase with the level of 
autophagy. Compared with the OVX group, mRNA expression of the 
autophagy-related biomarkers Atg8/LC3 and Beclin-1 was increased at a 
low level in the LiCl group; however, the mRNA expression of 
osteogenesis-related biomarkers Runx2, Alp, Opn, and Bmp2 increased at 
a high level. This may be explained by the fact that LiCl promotes 
osteogenic differentiation via the Wnt signaling cascade [47], suggest-
ing that LiCl does not increase osteogenesis via a single pathway; 
instead, autophagy is just one of the ways in which LiCl mediated 
osteogenic ability [58]. Further investigation is needed to fully elucidate 
the activity of LiCl actions. Li et al. reported that LiCl attenuated BMP-2 
signaling and inhibited osteogenic differentiation in MC3T3-E1 cells 
[58]. However, our results showed that Bmp2 mRNA and protein 
expression were increased by LiCl in BMSCs. This discrepancy may be 
ascribed to the difference in cell types and stimulation received, which 
should be included in further studies. 

Previous studies have indicated that autophagy inhibits apoptosis, 
thus favoring the survival status of cells [59]. Inhibited autophagy can 
coordinate with endoplasmic reticulum stress, resulting in apoptosis 
[60]. LiCl has been reported to inhibit apoptosis through the regulation 
of GSK-3b [61]. In this study, we found that increased autophagy 
induced by LiCl reversed ovariectomy-induced apoptosis both in vivo 
and in vitro, indicating that autophagy may play a positive role in 
BMSCs and OTM processes to prevent apoptosis [62]. In bone tissue 
metabolism, autophagy is involved in regulating the survival and 
functioning of osteocytes, osteoblasts, and osteoclasts [54]. Moreover, 
studies have also showed that the bone turnover related to the other ions 

such as strontium and calcium, yet there is a lack of evidence regarding 
these ions and autophagy [63,64]. Further studies are needed to eluci-
date the potential role of autophagy via ions in regulating these cells 
during OTM. It has been reported that autophagy also has a meaningful 
influence on bone homeostasis by regulating the RANKL/OPG axis [65]. 
Our results showed increased Beclin-1 and LC3II expression and 
decreased p62 protein levels in BMSCs following LiCl administration, 
accompanied by a significant upregulation of the OPG/RANKL ratio (P 
= 0.001, Supplementary Table 5). These findings are consistent with the 
findings observed in LiCl-treated mice, further indicating that LiCl may 
protect against osteoclastogenesis caused by osteoporosis during OTM 
via the RANKL/OPG pathway. 

In the current study, we examined the effect of LiCl on autophagy 
and its correlation with apoptosis and bone remodeling under osteo-
porotic conditions in mice and BMSCs (Fig. 8). LiCl resulted in upre-
gulation of autophagy activity. The expression of osteogenesis-related 
biomarkers was upregulated and apoptosis was downregulated, 
demonstrating that autophagy activation favored osteogenesis and bone 
formation with LiCl administration. However, this study is only an 
explorative study on the promotion effect of LiCl on autophagy and its 
role in the regulation of apoptosis and bone remodeling during OTM in 
osteoporotic mice. As such, further research is required to determine the 
specific mechanism of autophagy activation on bone remodeling. One 
limitation of our study is that LiCl was systemically applied in mice, 
which might have side effects on other tissues and organs [66]. Ongoing 
studies based on the local application of LiCl during OTM should be 
considered to resolve this limitation. 

5. Conclusion 

This study is the first to demonstrate that LiCl can promote bone 
formation in ovariectomized mice during OTM. Our results indicated 
that LiCl activated osteogenesis and inhibited apoptosis in osteoporotic 
BMSCs by positively regulating autophagy. These findings broaden our 
understanding of the biological mechanisms that occur during OTM in 
individuals with osteoporosis. Our study provides evidence to support 
the use of LiCl in providing safe orthodontic treatment to osteoporotic 
patients with better and more controllable outcomes. 

Fig. 7. The Effect of LiCl on autophagy and osteogenesis in OVX BMSCs was blocked by 3-MA. a, Real-time qPCR analyses of Atg8/LC3, Beclin-1, and p62 mRNA 
expression in different groups. b, Real-time qPCR analyses of Runx2, Bmp2 and Sp7 expression in different groups. c, Western blotting analysis of BECLIN-1, LC3II, 
p62, BMP2, OSX and ALP in different groups. d, Quantification analysis of the expression of Beclin-1, LC3II, and P62 protein. e, Quantification analysis of the 
expression of ALP, OSX, and BMP2 protein. Data represent means ± S. D (n = 3). 
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