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Abstract. Orthodontic tooth movement (OTM) is achieved 
by using mechanical stimuli, which lead to the remodeling of 
periodontal tissues. Previous findings have demonstrated that 
autophagy may be one of the cell responses to mechanical 
stress. As a key structure in the integrin pathway, integrin 
linked‑kinase (ILK) may play a role in the transmission of 
these mechanical signals. In addition, ILK is an important 
upstream molecule that regulates autophagy, under the influ‑
ence of phosphatidylinositol  3 kinase (PI3K). Therefore, 
exploring the effect of mechanical stress on autophagy and 
the associated role of ILK/PI3K is of utmost significance to 

understanding the mechanism behind OTM. In the present 
study, human periodontal ligament cells (hPDLCs) were 
embedded into a collagen‑alginate complex hydrogel for 
three‑dimensional (3D) culturing. Static compressive stress 
(2.5 g/cm2) was loaded using the uniform weight method for 
5, 15, 30, and 60 min. The autophagy of hPDLCs was detected 
by the expression of Beclin‑1 (BECN1) and ATG‑5 using 
RT‑qPCR and LC3, respectively, using immunofluorescence. 
The results showed that the level of autophagy and gene 
expression of ILK increased significantly under static 
compressive stress. In ILK‑silenced cells, static compressive 
stress could also upregulate ILK expression and increase the 
levels of autophagy. After PI3K inhibition, the increase in 
the autophagy level and the upregulation of ILK expression 
disappeared. These findings suggest that static compressive 
stress can induce autophagy in hPDLCs in a rapid, transient 
process, regulated by ILK and PI3K. Moreover, this static 
stress can upregulate ILK expression in a PI3K‑dependent 
manner.

Introduction

The cell microenvironment, including mechanical forces, has 
emerged as a key determinant of cell behavior and function. 
The physiological function of cells in vivo is closely related 
to the various types of mechanical forces present. The peri‑
odontal ligament (PDL) is the supporting tissue that connects 
the teeth to the alveolar bone in the oral cavity. As a result, the 
PDL is frequently subjected to mechanical stimulation owing 
to mastication, biting, or orthodontic forces. Orthodontic 
tooth movement (OTM) causes periodontal tissue remodeling, 
which involves complex biochemical reactions and cellular 
signal transduction pathways (1). Human periodontal ligament 
cells (hPDLCs) are the main cells residing in the PDL that 
participate in the restoration and remodeling of periodontal 
tissue. Over the past two decades, various forces such as fluid 
shear, centrifugal force, and tension have been applied to 
hPDLCs to explore the effect of orthodontic forces on peri‑
odontal tissues (2‑4). However, the cells used in those studies 
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were often cultured in two dimensions, which is inconsistent 
with the dynamic three‑dimensional microenvironment found 
in vivo (5). Thus, it is crucial to find a suitable mechanical 
stress model to explore the effects of cellular mechanics on the 
regulation of cell fate.

Previous studies have found that mechanical stress can 
regulate a variety of cellular behaviors, such as cell prolif‑
eration, apoptosis, and differentiation (6,7). However, there 
are insufficient data on the process of autophagy. Autophagy 
is a process during which a cell degrades its damaged organ‑
elles and proteins using lysosomes (8,9). It is an important 
mechanism for maintaining intracellular homeostasis and 
integrity. As a dominant catabolic mechanism, autophagy 
is involved in the physiological and pathological processes 
of cells  (10). Increasing evidence suggests that there is a 
close relationship between autophagy and mechanical stress. 
King et al  (11) found that mammalian cells can respond 
to mechanical stress by rapidly inducing the formation of 
autophagosomes. This indicates that autophagy can be acti‑
vated when cells adapt to mechanical stress. Ma et al (12) 
suggested that autophagy may be a key response by nucleus 
pulposus cells resisting mechanical overload. Mechanical 
stress triggers autophagy and excessive autophagy leads to 
cell death. This process involves complex mechanical signal 
transduction pathways.

The extracellular matrix‑integrin‑cytoskeleton has been 
reported to be an important mechanical signal transduction 
pathway (13,14) Integrin‑linked kinase (ILK), the cytoplasmic 
domain of β1 integrin, performs a central role in cell growth, 
survival, and differentiation  (15‑17). It can promote actin 
rearrangement and participate in the maturation of focal 
adhesions  (15). A lack of ILK results in less adhesion of 
fibroblasts to the ECM, prevents defective cell extension, 
and delays the formation of adhesion sites (18). In addition, 
ILK can also exhibit kinase activity and can activate the 
kinase B (AKT)/mammalian target of rapamycin (mTOR), a 
key regulatory pathway of autophagy, with the assistance of 
phosphatidylinositol 3 kinase (PI3K) (19,20). Sosa et al (21) 
proposed that hyperphosphatemia may activate mTOR and 
reduce autophagy in myoblasts through ILK activation. In 
recent studies it was confirmed that ILK is a key molecule 
involved in the effect of mechanical stress on the proliferation, 
apoptosis, and differentiation of hPDLCs (22,23). Therefore, 
ILK/PI3K may be important connecting molecules that 
transmit mechanical signals to downstream pathways, thereby 
mediating the effect of mechanical forces on autophagy in 
hPDLCs. 

In the present study, a collagen‑alginate composite 
hydrogel was used to create a 3D cell culture in  vitro to 
simulate the periodontal microenvironment. The uniform 
weight method  (24) was used to generate unidirectional 
static compressive stress that is similar to orthodontic forces, 
to explore the effect of mechanical stress on autophagy 
in hPDLCs. Models of ILK silencing and PI3K‑specific 
inhibitory hPDLCs were also established to verify the role 
of ILK/PI3K in this process. A schematic diagram of the 
methods for developing this study is presented in Fig. 1. The 
aim of the present study was to provide insight into exploring 
the molecular mechanisms of periodontal remodeling and 
OTM.

Materials and methods

Cell isolation and culture. The culture and usage of hPDLCs 
in the present study were approved by the Ethics Committee of 
Xi'an Jiaotong University (no. 2019‑1282), and informed consent 
was obtained from all the patients. hPDLCs were isolated from 
premolar teeth, which were extracted for orthodontic reasons, 
from teenagers between the ages of 12 and 15 years. After 
rinsing the teeth with phosphate‑buffered saline (PBS) supple‑
mented with 100 U/ml penicillin and 100 U/ml streptomycin, 
the periodontal tissue was gently collected from the middle of 
the root. The tissue was then digested with type I collagenase 
(Sigma‑Aldrich; Merck KGaA) and dispase (Beijing Solarbio 
Science & Technology Co., Ltd.) at 37˚C, for 40 min. The 
cells were then re‑suspended in Dulbecco's modified Eagle's 
medium (DMEM; Gibco; Thermo Fisher Scientific, Inc.) 
culture medium containing 10% fetal bovine serum  (FBS; 
Gibco; Thermo Fisher Scientific, Inc.). Cells at 3‑5 passages 
were selected for this experiment (25). The verification methods 
are described in the immunofluorescence staining section 
below. After blocking using 5% bull serum albumin (Wuhan 
Boster Biological Technology, Ltd.), hPDLCs were subjected 
to immunofluorescence with primary antibodies to vimentin 
and cytokeratin (1:300, BM0135 and BM0030; Wuhan Boster 
Biological Technology, Ltd.). Cells used in the present study 
were derived from one individual. The results of characteriza‑
tion of the hPDLCs are presented in Fig. S1.

Construction of the 3D static stress loading model for 
hPDLCs using collagen‑alginate hydrogel. The dissolved 
type I collagen solution (extracted from 8‑week‑old female 
Sprague‑Dawley rats weighing 280‑320 g without any specific 
treatment), DMEM (Gibco; Thermo Fisher Scientific, Inc.), 
sodium alginate solution (Sigma‑Aldrich; Merck  KGaA), 
D‑(+)‑glucono‑1,5‑lactone (DGL, Thermo Fisher Scientific, 
Inc.), CaSO4 (Tianjin Kemiou Chemical Reagent Co. Ltd.) and 
NaOH (Tianjin Tianli Chemical Reagent Co. Ltd.) solution 
were mixed in a predetermined order and proportion. Next, 
the hPDLC suspension obtained after digestion with trypsin 
(Beijing Solarbio Science & Technology Co., Ltd.) was added. 
The mixed solution was added to the pre‑designed mold and 
placed in an incubator (37˚C) for 1 h. The mold was then 
removed, the formed hydrogel was placed into a 6 mm petri 
dish, and 3 ml of DMEM containing 10% FBS was placed 
over the gel; it was then placed back to incubator (37˚C). The 
culture medium was changed every other day (Fig. 2A) and 
static stress was loaded after 72 h.

Cell counting kit‑8 (CCK‑8) assay. The cells were mixed 
with liquid hydrogel or seeded in DMEM, containing various 
concentrations (0, 25, 50 and 100  mmol/l) of inhibitors 
(LY294002, Echelon Biosciences), and transferred to a 96‑well 
culture plate. A set of five wells in each group were used as 
controls. After the cells were cultured for 12 h at 37˚C in a 
5% CO2 incubator, 10 µl of CCK‑8 solution (Beijing Solarbio 
Science & Technology Co., Ltd.) was added to each well in the 
dark every 12 h. A microplate reader (Multiskan FC; Thermo 
Fisher Scientific, Inc.) was used to measure the optical density 
(OD) value of each well at a wavelength of 450 nm, at 0, 12, 
24, 48 and 72 h. 
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Transduction of ILK short hairpin (shRNA) lentiviral vectors. 
Two shRNAs targeting the human ILK mRNA (target sequence of 
ILK siRNA1, 5'‑GTG​GTT​GAG​ATG​TTG​ATC​ATG​‑3') and one 
negative control shRNA (target sequence of ILK siRNA2, 5'‑TTC​
TCC​GAA​CGT​GTC​ACG​T‑3') were designed and synthesized 
by Shanghai GenePharma Co., Ltd. The hPDLCs were seeded 
in 6‑well plates at a density of 1.2x105 cells/well. Lentiviruses 
(multiplicity of infection, 50) were diluted into the culture medium 

(containing 1 µl/ml of Polybrene) at 50‑60% hPDLC confluency. 
The medium‑containing lentiviruses were removed and replaced 
with a fresh medium following 48 h of incubation (37˚C). The 
transfected cells were seeded in hydrogels and incubated for 48 h 
(37˚C) and were finally collected for experiments.

PI3K specific‑inhibitory assay. For the present study, stock 
solutions of LY294002 (a specific inhibitor of PI3K, Echelon) 

Figure 1. Schematic diagram of the method for exploring the synergistic effects of ILK and PI3K in the role of static compressive stress on autophagy of 
human periodontal ligament cells (hPDLCs). hPDLCs were obtained from the human periodontal ligament and divided into untreated, ILK silencing, and PI3K 
inhibitory groups. The compressive force of hPDLCs was simulated by applying gravity on the collagen‑alginate hydrogel in vitro. The effects of mechanical 
stress on hPDLC autophagy and the potential modulatory mechanisms were then demonstrated by a series of corresponding assays. ILK, integrin‑linked 
kinase; PI3K, phosphatidylinositol 3 kinase.  
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dissolved in dimethyl sulfoxide (DMSO, Sigma‑Aldrich; 
Merck KGaA), were diluted and added to the culture medium. 
Based on the results of the CCK‑8 assay, the final concentra‑
tion of LY294002 was determined as 50 mmol/l. The control 
group was treated with the same amount of DMSO. After 
72 h, the cells were harvested for western blotting to verify the 
inhibitory effect of LY294002 on PI3K.

Uniform weight method to exert static stress on hPDLCs. A 
3D printer (Objet Eden260VS Dental Advantage, Stratasys) 
was used to produce a series of pre‑designed molds. Weighed 
to 3, 5, 7 and 10 g, the mold was loaded with different sizes 
and number of steel balls and was placed on the hydrogel with 
hPDLCs embedded, pressed for 5, 15 and 30 min, and 1 h, and 
then removed. A schematic diagram of static stress loading is 
shown in Fig. 2B.

Immunofluorescence staining. After washing the compressed 
hydrogel with PBS, three pieces of hydrogel with a thickness 
of 1 mm and a size of 2x2 mm were randomly cut using a 
surgical blade and fixed in 4% paraformaldehyde, for 15 min. 
Fixed hydrogels were permeabilized in 0.1% Triton X‑100 
(Beijing Solarbio Science & Technology Co., Ltd) for 20 min 
before being washed three times with PBS. The pieces were 
blocked in 5% bull serum albumin (Wuhan Boster Biological 
Technology, Ltd.) for 30  min at room temperature and 
incubated overnight with a primary antibody against LC3 
(EPR18709, 1:200; Abcam) at 4˚C. Then, the pieces were 
incubated with CY3‑labeled anti‑rat secondary antibodies 
(BA1035, 1:50; Wuhan Boster Biological Technology, Ltd.) at 
room temperature, for 2 h. After washing with PBS, the nuclei 
were stained with 4‑6‑diamidino‑2‑phenylindole (DAPI) 
for 5 min and were evaluated under a confocal microscope 
(Olympus Corporation). ImageJ software (Version  1.48; 
National Institutes of Health) was used to analyze the images. 
Background corrections and contrast/brightness enhance‑
ment were performed identically for all images with the same 
experiment.

Reverse transcription‑quantitative polymerase chain 
reaction. After washing the compressed hydrogel with PBS, 
type IV collagenase (Sigma‑Aldrich) and alginate lyase 
(Sigma‑Aldrich; Merck KGaA) were used to dissolve the 
hydrogel. Finally, a resuspended cell sample was obtained. 
Total  RNA was extracted from hPDLCs using RNAzol 
reagents (Molecular Research Center) following the manufac‑
turer's protocol. cDNA was synthesized using Evo M‑MLV RT 
Premix reverse transcriptase (Takara Bio, Inc.) (26). qPCR was 
performed using the SYBR‑Green premix Pro Taq HS qPCR 
kit (Takara Bio, Inc.). Glyceraldehyde‑3‑phosphate dehydroge‑
nase (GAPDH) was used as an internal control. The sequences 
of the primers are as follows: ILK forward, 5'‑CCT​GGA​TCA​
CTC​CAC​AGT​CC‑3' and reverse, 5'‑ATG​ATC​GTC​CCC​CTG​
GTT​GA‑3'; ATG‑5 forward, 5'‑AAA​GAT​GTG​CTT​CGA​GAT​
GTG​T‑3' and reverse, 5'‑CAC​TTT​GTC​AGT​TAC​CAA​CGT​
CA‑3'; Beclin‑1 (BECN1) forward, 5'‑GGT​GTC​TCT​CGC​
AGA​TTC​ATC​‑3' and reverse, 5'‑TCA​GTC​TTC​GGC​TGA​
GGT​TCT​‑3'; GAPDH forward, 5'‑ACC​CAC​TCC​TCC​ACC​
TTT​G‑3' and reverse, 5'‑CAC​CAC​CCT​GTT​GCT​GTA​G‑3'. 
RT‑qPCR was repeated on at least three independent RNA 

preparations. The mRNA expression value was calculated 
using the 2‑ΔΔCq method (ΔCq=the mean cycle threshold Cq of 
the target gene ‑ the mean Cq of GAPDH; ΔΔCq=ΔCq of the 
experimental group ‑ ΔCt of the control group) (27).

Western blot analysis. The abovementioned method was used 
to obtain cells for western blot analysis. Total cellular proteins 
were extracted by adding a RIPA lysis buffer (Beyotime 
Institute of Biotechnology) containing 1% (v/v) phenylmeth‑
anesulfonylfluoride (Beyotime) on ice. Protein concentrations 
were determined with a BCA protein assay kit (Beyotime 
Institute of Biotechnology). Equal protein amounts (20 µg) 
were separated by sodium dodecyl sulfate polyacrylamide gel 
electrophoresis (SDS‑PAGE) on 12‑15% gels and were trans‑
ferred to polyvinylidene difluoride (PVDF) membranes. The 
membranes were blocked in 5% non‑fat dry milk for 1 h at 
room temperature and incubated overnight with phospho‑AKT 
(mAb no.  4060, Ser473; Cell Signaling Technology, Inc.; 
1:1,000), AKT (mAb no. 4691, Cell Signaling Technology, Inc.; 
1:1,000) and GAPDH antibodies (1:5,000, bs‑12257R, BIOSS), 
at 4˚C. The following day, the membranes were washed with 
Tris‑buffered saline with 0.05% Tween‑20 (Wuhan Boster 
Biological Technology, Ltd.) and then incubated with rabbit IgG 
horseradish peroxidase (HRP)‑linked secondary antibodies 
(BA1054, 1:5,000; Wuhan Boster Biological Technology, 
Ltd.), for 1 h at room temperature  (28). Finally, the bands 
were visualized using the Omega Lum G gel imaging system 
(Aplegen). ImageJ software (Version 1.48; National Institutes 
of Health) was used for densitometric analysis.

Statistical analysis. GraphPad prism software (Version 8.0; 
GraphPad, Inc.) was used for statistical analysis. Values are 
expressed as mean  ±  standard error of the mean (SEM). 
One‑way analysis of variance (ANOVA) followed by Tukey's 
multiple comparisons test were used to analyse the statistical 
significance of differences. P<0.05 was considered statistically 
significant.

Results 

Establishment of a 3D culture model of hPDLCs using 
collagen‑alginate composite hydrogel. Cells reside in a 3D 
environment in vivo. To simulate the microenvironment of the 
hPDLCs in the PDL, a collagen‑alginate composite hydrogel 
was used in the present study. The preparation of the hydrogel 
is shown in Fig. 2A. After the cells were labelled with fluo‑
rescent tags, they were embedded in the hydrogel and the 
morphology was observed. At 1 h after embedding, the cells 
had not spread, and appeared as round bright spots; after 24 h, 
the cells spread out in a spindle, and after 48 h, a significant 
increase was observed in the number of cells (Fig. 3A). In 
addition, CCK‑8 was used to detect the OD value to evaluate 
the proliferation of hPDLCs in the collagen‑alginate hydrogel. 
As shown in Fig. 3B, the OD value increased gradually from 
0‑24 h and increased rapidly from 24‑72 h (Fig. 3B, P<0.05), 
indicating excellent proliferation activity of hPDLCs in the 
collagen‑alginate hydrogel.

Minimum static compressive stress force value that can cause 
autophagy in hPDLCs. A schematic diagram of the uniform 
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weight method and the hydrogel before and after compres‑
sion is shown in Fig.  2B and C . Following compression, 
the hydrogel had flattened out. Based on a previous study, 
four compressive forces, including 1.5, 2.5, 3.5 and 5 g/cm2 

were loaded to determine the lightest force that can induce 
the most active autophagic response. RT‑qPCR was used to 
detect the expression of the autophagy‑related genes, BECN1 
and ATG‑5, to reflect the level of autophagy. Compared with 
the 2.5 and 3.5 g/cm2 groups, the expression levels of BECN1 
and ATG‑5 in the cells were decreased at 5 g/cm2 loading 
for 15 min‑1 h, and the difference was significant (Fig. 3C, 
P<0.05). By contrast, the expression was elevated at 2.5 and 
3.5 g/cm2. Therefore, a lighter force that can cause an active 
autophagic response (2.5 g/cm2) was selected as the workload 
in this study.

Effect of static compressive stress on cell autophagy in 
hPDLCs. The mRNA expression of BECN1 and ATG‑5 in 
hPDLCs under a force of 2.5 g/cm2 for different time points, 
is shown in Fig. 4A. With force loading, the mRNA levels of 
BECN1 and ATG‑5 gradually increased, then decreased after 
15 min (Fig. 4B and C, P<0.001) and returned to the initial 
level after 1 h. The expression trend of ILK exhibited a peak at 
15 min (Fig. 4A, P<0.001), suggesting that ILK was involved 
in the process of static compressive stress‑induced autophagy. 

Immunofluorescence was performed to further detect the 
localization and expression of LC3 protein in hPDLCs. The 
red fluorescence diffused in the cytoplasm represents LC3I. 

The red speckled fluorescence representing LC3II could be 
observed after 5 min of force‑loading, indicating the appear‑
ance of autophagosomes (Fig. 4D). ImageJ software was used 
to analyze the average fluorescence intensity of both LC3I and 
LC3II, the ratio of which was considered a classic indicator 
of autophagy levels. The results were consistent with those of 
RT‑qPCR (Fig. 4E). With the extension of the loading time, 
the ratio of LC3II/I gradually increased, then decreased at 
30 min. Compared with the control group, the difference was 
significant (P<0.05).

ILK gene silencing and the role of ILK in the autophagy of 
hPDLCs induced by compressive stress. In this experiment, 
cells infected with green fluorescent protein (GFP)‑tagged 
ILK shRNA lentivirus and empty vectors served as the 
experimental group (shILK) and negative control (shNC), 
respectively. Fluorescence expression of hPDLCs was evident 
in both the shILK and shNC groups, but not in the blank 
control group (Fig. 5A), indicating the high transfection rate of 
lentivirus vectors. RT‑qPCR was used to verify the silencing 
of ILK. As shown in Fig. 5B, compared with the negative and 
blank controls, a significant decrease in ILK expression was 
observed in the experimental group (Fig. 5B, P<0.001).

Furthermore, ILK‑silenced hPDLCs were three- 
dimensionally cultured and then subjected to static compres‑
sive stress. The results of RT‑qPCR are shown in Fig. 5C‑E. 
The expression trends of BECN1 and ATG‑5 were consistent 
with those of the control group; they gradually increased to a 

Figure 2. Three‑dimensional (3D) culture of hPDLCs and the loading of compressive stress. (A) Schematic diagram of the preparation of the collagen‑alginate 
complex hydrogel. We mixed collagen, alginate solution, and Dulbecco's modified Eagle's medium in certain proportions and added the cell suspension, 
calcium‑crosslinked solution [composed of D‑(+)‑Glucono‑1,5‑lactone and CaSO4], and NaOH solution successively. (B) Schematic diagram of the uniform 
weight method. Cells were embedded in the hydrogel, and steel balls of certain weights were placed in the mould above it, which simulated a certain static 
compressive stress to hPDLCs using gravity. (C) Hydrogels under and after force loading. The yellow arrows show the load of a certain weight. hPDLCs, human 
periodontal ligament cells. 
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peak at 15 min and then decreased (Fig. 5D and E; P<0.05). 
However, the levels increased again at 1 h (Fig. 5D and E; 
P<0.05). The expression of ILK rapidly recovered after force 
loading and the level then remained at a level similar to the 
level with shNC (Fig.  5C; P<0.001). As shown in Fig.  5F 
and G, autophagosomes were still present in ILK‑silenced 
cells, although the average fluorescence intensity of LC3 was 
low, which increased with force‑loading and decreased after 
15 min (Fig. 5F and G, P<0.05). Additionally, a comparison 
of groups shNC and shILK at 0 min demonstrated that the 
expression of BECN1 and ATG‑5 increased after the silencing 
of ILK, along with the ratio of LC3II/LC3I (P<0.05), reflecting 
an increase of the baseline level of autophagy (Fig. 5D, E 
and G).

Specific inhibition of PI3K by LY294002 and the role of 
PI3K in the autophagy of hPDLCs induced by compres‑
sive stress. To investigate the role of PI3K in the induction 
of mechanical stress on autophagy, a specific inhibitor of 
PI3K, LY294002, was used in the present study. Following 
previous research, we set the drug concentration gradient of 
LY294002 and used the CCK‑8 assay to detect the effects 
of drugs on cell proliferation and viability. For the present 
study, if the concentration was ≤50 mmol/l, a negative effect 
of the drug on cell proliferation and viability was acceptable 
(Fig. 6A, P<0.01). Western blot analysis was used to detect 

the phosphorylation of PI3K downstream target proteins at 
the above‑mentioned concentration. The results suggested 
that LY294002 significantly reduced the phosphorylation 
of AKT (Ser473) (Fig. 6B, P<0.01), which indicated that the 
kinase activity of PI3K was inhibited. The raw image files 
are shown in Figs. S2 and S3.

In the PI3K‑inhibited cells, force loading did not upregulate 
ATG‑5 expression (Fig. 6F, P>0.05), while BECN1 expres‑
sion increased slightly at 15 min (Fig. 6E, P<0.05). Of note, 
it was found that the expression of ILK no longer increased 
with force loading, but remained unaltered (Fig. 6D, P>0.05). 
Similarly, the results of immunofluorescence revealed that the 
ratio of LC3II/I did not differ significantly between the groups 
(Fig. 6G and H, P>0.05).

Discussion

As part of the cell ecological niche, mechanical stress must be 
adapted to rapidly maintain both intracellular and extracellular 
homeostasis. Its effects on cells, tissues, and organs are very 
common in the body; for example, muscle development, bone 
remodeling, and the formation of skin calluses are all affected 
by external mechanical loads (24,29). In the oral cavity, peri‑
odontal tissue is situated in a complex and active mechanical 
microenvironment. In particular, periodontal tissue regenera‑
tion during OTM has attracted a lot of attention. 

Figure 3. Growth and proliferation of three‑dimensional cultured hPDLCs and the autophagy level with increasing intensity of the mechanical stimuli (0, 1.5, 
2.5, 3.5 and 5 g/cm2) applied for different amounts of time (5, 15, 30 min and 1 h). (A) The spreading of hPDLCs (green fluorescence: GFP; scale bar, 200 µm). 
The cells appeared as rounded bright spots at 1 h, spindles at 12 h, and increased significantly after 24 h. The morphology of hPDLCs embedded for 72 h in the 
bright field is also shown. (B) Optical density value. (C) Gene expression of Beclin‑1 (BECN1) and ATG‑5. Data are presented as mean ± standard error of the 
mean. *P<0.05, **P<0.01 and ***P<0.001, statistically significant differences from the 0 g/cm2 group; #P<0.05, ##P<0.01 and ###P<0.001, statistically significant 
differences from the 5 g/cm2 group; ns, not significant (P>0.05). hPDLCs, human periodontal ligament cells; GFP, green fluorescent protein.  
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At present, most models simulating orthodontic force 
reflect two‑dimensional (2D) mechanical loading of cells, 
which cannot fully simulate the growth environment of cells 
in vivo  (5). Therefore, the 3D culture model has attracted 
attention because it can accurately simulate the growth state 
of cells in the ECM (30). ILK, one of the targets of this study, 
is an important part of the focal adhesion complex. Previous 
findings indicated that in a 3D matrix, the adhesion of cells 
to the environment is special, such as the expression of adhe‑
sion molecules and changes in cell biological activity (31). 
This may lead to different responses of cells to the same 
mechanical stress, under 2D and 3D culture environments. 
Type I collagen is widely used in the research of hydrogel scaf‑
folds, as a natural component of the ECM (32,33). However, 
with the collagen hydrogel alone, it is difficult to load stable 
compressive stress due to its contractility  (34). Thus, the 
collagen‑alginate hydrogel model has been proposed for its 
excellent mechanical properties and permeability (35). In the 
current study, a collagen‑alginate composite hydrogel loading 
model was constructed to simulate the 3D microenvironment 
of hPDLCs. The changes in cell morphology and the results of 
CCK‑8 showed that the hPDLCs grew well in this hydrogel. 
This demonstrates that we have successfully constructed a 3D 
hydrogel model for hPDLCs.

Autophagy is a cellular function that maintains homeo‑
stasis and can be induced by mechanical stress (11,36). The 
response of autophagy to mechanical stimuli has a range of 
force values. However, sustained stress can lead to excessive 

autophagy (12,36,37). In this study, we designed an augmented 
device that simulates the compressive force exerted on 
hPDLCs, via hydrogels with a certain weight. According to 
previous studies, a range of pressure gradients were designed 
including 1.5, 2.5, 3.5, and 5 g/cm2. We found that the level of 
autophagy increased significantly under a compressive force 
of 2.5 g/cm2, but only increased slightly or even decreased 
under 5  g/cm2. This may be due to the force exceeding 
the limit of autophagy regulation, resulting in irreversible 
mechanical damage to cells. Thus, 2.5 g/cm2 was selected as 
the workload in this study. With stress loading, the results of 
RT‑qPCR revealed that the expression of BECN1 and ATG‑5 
increased and peaked at 15 min. The fluorescence expression 
of LC3 showed the same change. This study confirmed that 
static compressive stress within a certain limit can indeed 
induce autophagy albeit this induction is rapid and short‑lived, 
which is consistent with the results of King et al (11). This may 
be due to the smaller compressive stress and shorter action 
time allowing cells to adapt to this mechanical change rapidly, 
causing autophagy to return to the baseline level within 1 h. 
In this process, indispensable mechanical signal transduction 
was considered.

ILK is a key structure of the ECM‑integrin‑cytoskeleton 
and plays an important role in cellular adaptation (14,38). In 
the present study, the expression of ILK was consistent with 
BECN1 and ATG‑5, as predicted. To further explore the asso‑
ciation between ILK, mechanical stress, and autophagy, ILK 
was silenced using lentivirus. Notably, ILK expression returned 

Figure 4. Effect of static compressive stress (2.5 g/cm2) on gene expression of (A) ILK, (B) Beclin‑1 (BECN1) and (C) ATG‑5. The expression of LC3 in 
hPDLCs under compressive stress was observed by (D) immunofluorescence, red fluorescence: LC3; blue fluorescence: DAPI; scale bar, 200 µm. (E) The ratio 
of LC3II/LC3I. Data are presented as mean ± standard error of the mean., *P<0.05, **P<0.01 and ***P<0.001, statistically significant differences compared with 
the 0 min group; ns, not significant (P>0.05). hPDLCs, human periodontal ligament cells; ILK, integrin‑linked kinase; DAPI, 4‑6‑diamidino‑2‑phenylindole.  
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to the level before silencing after only 5 min of stress loading, 
despite BECN1 and ATG‑5 expression trends being almost 
the same as those of the control group. However, it increased 
again at 1 h. Whether a secondary activation of autophagy 
occurred at 1 h is unknown; thus, further studies are required 
to determine this using extended loading times. The results 
of immunofluorescence results revealed that the silencing of 
ILK could not block autophagy. However, the enhancement 
of ILK expression may be an interference factor. Therefore, 
we concluded that mechanical stress could upregulate the 
expression of ILK and that ILK is not the only key molecule 
in autophagy. After deformation in the ECM due to cellular 
forces, integrin‑induced actin filament rearrangement involves 
a variety of signaling proteins, including adhesion spot kinase, 
protein kinase C, PI3K, mitogen‑activated kinases, and small 
Rho family guanosine triphosphates among others (39,40), 

all of which may participate in the introduction of compres‑
sive stress signals. In addition, the autophagy level of shILK 
group went up at 0 min compared to the shNC group, indi‑
cating the double‑sided function of ILK in autophagy. One 
possibility may be that the ILK functioned as a mechanical 
transduction molecule in the process of autophagy induced by 
mechanics (41). Conversely, it may be the upstream molecule 
of the AKT/mTOR pathway negatively regulating the 
autophagy (42), which may explain the increase in autophagy 
at 0 min in group shILK. Further investigation is required to 
determine the detailed mechanism.

As a key molecule downstream of the ECM‑integrin‑ 
cytoskeleton signal transduction pathway, PI3K is involved in 
the regulation of various biological behaviors such as cell differ‑
entiation, proliferation, and autophagy (43). PI3K is closely 
related to the ILK function. ILK/PI3K downstream of mTOR 

Figure 5. Loading static stress following the gene silencing of ILK. (A) Significant GFP expression was observed in both shNC and shILK groups (scale bar, 
200 µm). (B) ILK gene expression in shILK decreased significantly in comparison with shNC and control groups (P<0.001). (C) ILK gene expression increased 
after stress loading for only 5 min (P<0.001). (D and E) Beclin‑1 (BECN1) and ATG‑5 gene expression increased and decreased after 15 min (P<0.05). 
(F) Expression of LC3 (red fluorescence: LC3; blue fluorescence: DAPI; scale bar, 200 µm). (G) Ratio of LC3II/LC3I. Data are presented as mean ± standard 
error of the mean. *P<0.05, **P<0.01 and ***P<0.001, statistically significant differences compared with the 0 min group (shILK); ns, not significant (P>0.05). 
ILK, integrin‑linked kinase; GFP, green fluorescent protein; DAPI, 4‑6‑diamidino‑2‑phenylindole.  
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is the most characteristic negative regulator of autophagy (19). 
However, the mechanism of mechanically induced autophagy 
remains controversial. For instance, King et al (11) indicated 
that mechanical stress‑induced autophagy is independent of 
the classic TOR signals or AMPK pathway. Other research 
found that the mTOR pathway could be activated rather than 
inhibited under mechanical tension in trabecular meshwork 
cells (44). To verify the role of ILK/PI3K in the regulation of 
autophagy induced by mechanical stress, LY294002 was used 
to inhibit the kinase activity of PI3K. Of note, after the inhibi‑
tion of PI3K, the expression of ATG‑5 no longer increased, 
but remained stable, although BECN1 expression was still 
slightly increased at 15 min. This discrepancy may be due to 
the difference in the effective period of BECN1 and ATG‑5 in 
autophagy. The PI3KIII complex, ATG‑14, and ATG‑6/BECN1 
are all involved in the nucleation and assembly of the initial 
autophagosome, while ATG‑5 plays a role in the subsequent 
extension of the autophagosome membrane (45). Therefore, 

we hypothesized that the inhibition of PI3K may have a 
greater impact on ATG‑5 than on BECN1. Wang et al (46) 
found that fluid shear stress can induce autophagy in liver 
cancer cells through the PI3K‑FAK‑Rho GTPases pathway. 
Additionally, the use of PI3K inhibitor methyladenine (3‑MA) 
significantly reduced the level of autophagy (46). Similarly, 
immunofluorescence results indicated that the autophagy level 
no longer increased with stress loading after PI3K‑inhibition. 
This indicates that PI3K plays a crucial role in the process of 
mechanics‑induced autophagy. 

Previous findings have revealed the regulatory effect of 
PI3K on ILK function. For example, Delcommenne et al (20) 
found that the transient activation of insulin by ILK is 
dependent on PI3K, which may be achieved by phosphati‑
dylinositol (3‑5) triphosphate (PIP3), a product of PI3K. In 
addition, ILK can directly interact with the cytoplasmic 
domain of integrin and activate it in a PI3K‑dependent 
manner (47). In the present study, the upregulating effect 

Figure 6. Loading static stress after PI3K inhibition. (A) Optical density value under different concentrations of drugs. (B) Protein expression level of AKT, 
P‑AKT (Ser473) and GAPDH. (C) The ratio of P‑AKT/total AKT level. (D) ILK gene expression. No significant change was found between groups (P>0.05). 
(E) Beclin‑1 (BECN1) gene expression was slightly increased at 15 min (P<0.05), while no significant change was observed in other groups (P>0.05). 
(F) ATG‑5 gene expression remained unchanged between groups (P>0.05). (G) The expression of LC3 (red fluorescence: LC3; blue fluorescence: DAPI; scale 
bar, 200 µm). (H) The ratio of LC3II/LC3I. Data are presented as mean ± standard error of the mean. *P<0.05 and **P<0.01, significant differences vs. the 0 min 
group; ns, not significant (P>0.05). PI3K, phosphatidylinositol 3 kinase; ILK, integrin‑linked kinase; DAPI, 4‑6‑diamidino‑2‑phenylindole. 
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of mechanical stress on ILK disappeared after PI3K was 
inhibited. Our results confirmed that mechanical stress 
can upregulate the expression of ILK in a PI3K‑dependent 
manner. This may provide evidence of the transduction 
mechanism of mechanical signals and the interaction with 
the role of ILK and PI3K in OTM.

However, the extraction of total protein of hPDLCs 
under 3D culture needs to be performed after the hydrogel 
is dissolved, and following protein degradation, which may 
affect the accuracy of the results. Therefore, the western blot 
assay of LC‑3I/II and other autophagy‑associated proteins 
were absent in this study. Ideal hydrogel that can be rapidly 
degraded and does not affect cells is required. In conclusion, 
the current findings confirmed that static compressive stress 
can induce autophagy within a certain range of force that is 
related to the ILK/PI3K signaling pathway. The inhibition 
of PI3K can invalidate the upregulation of ILK induced by 
mechanical stress. Further studies are required to clarify 
the downstream targeting pathway of mechanically induced 
autophagy and the mechanism involving mechanical stress, 
PI3K and ILK.
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