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Background: The stability of orthodontic treatment is thought to be significantly affected by the compression and retraction
of gingival tissues, but the underlying molecular mechanism is not fully elucidated. The objectives of our study
were to explore the effects of mechanical force on the ECM-integrin-cytoskeleton linkage response in human
gingival fibroblasts (HGFs) cultured on 3-dimension (3D) lactide-co-glycolide (PLGA) biological scaffold and to
further study the mechanotransduction pathways that could be involved.

Material/Methods: A compressive force of 25 g/m? was applied to the HGFs-PLGA 3D co-cultured model. Rhodamine-phalloidin
staining was used to evaluate the filamentous actin (F-actin) cytoskeleton. The expression level of type I col-
lagen (COL-1) and the activation of the integrin o,B,/focal adhesion kinase (FAK) signaling pathway were de-
termined by using real-time PCR and Western blotting analysis. The impacts of the applied force on the ex-
pression levels of FAK, phosphorylated focal adhesion kinase (p-FAK), and COL-1 were also measured in cells
treated with integrin a8, inhibitor (Ac-PHSCN-NH 2, ATN-161).

Results: Mechanical force increased the expression of integrin (xsﬁl, FAK (p-FAK), and COL-1 in HGFs, and induced the
formation of stress fibers. Blocking integrin a8, reduced the expression of FAK (p-FAK), while the expression
of COL-1 was not fully inhibited.

Conclusions: The integrin o,8,/FAK signaling pathway and actin cytoskeleton appear to be involved in the mechanotrans-
duction of HGFs. There could be other mechanisms involved in the promotion effect of mechanical force on
collagen synthesis in addition to the integrin o, 3, pathway.
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Background

Mechanical force is applied to an orthodontic attachment and
transmitted to the periodontal tissue (e.g., periodontal liga-
ment, alveolar bone, gingival) to move certain teeth during
orthodontic treatment [1,2]. Unlike periodontal ligament and
bone, which can always be absorbed, gingival tissue usually
accumulates after rotation, labial tooth movement, and clo-
sure of an extraction site. Retraction and compression are the
causes of gingival tissue accumulation. Such gingival tissue, like
compressed rubber, tends to develop toward the pre-treatment
position after treament, which can result in the extraction site
re-opening or the tooth returning to its original position [3].
It was reported that orthodontic force can upset the balance
between collagen degradation and synthesis of gingival tissue,
which is of great importance in maintaining homeostatic bal-
ance, and also increases the proliferation of human gingival
fibroblasts (HGFs) and the synthesis of type | collagen (COL-1),
which are the major structural components in the extracellu-
lar matrix (ECM) of the gingiva [4,5]. Such excessive ECM ac-
cumulation in gingival tissues is a primary driver of relapse
after orthodontic treatment [6]. However, the mechanisms by
which HGFs detect and react to orthodontic force, thus induc-
ing ECM accumulation, are largely unknown.

The conversion of mechanical cues into chemical signals is
known as mechanotransduction [7]. ECM-integrin-cytoskeleton
linkage is considered to be a critical component in cell mech-
anotransduction and signaling [8]. Integrins are cellular trans-
membrane receptors that mediate cell-ECM two-way signal
interactions by binding with a variety of ECM proteins, such
as fibronectin (FN) and laminin [9]. Integrins are composed of
o and B subunits, including o, o B,, @B, and o .. Among
all these subunits, .3, is the most highly expressed receptor
for FN in fibroblasts [10].

When mechanical loading is applied to cells, integrins bind to
small amino acid sequences of FN ligands in the ECM, and then
rapid cluster on the cell membrane [11]. The clustered integ-
rins further recruit and activate various signaling molecules
and kinases, such as Src family kinases (SFKs) and focal ad-
hesion kinase (FAK), to form focal adhesions (FA) [12], which
are considered as the adhesion organelles connecting the ECM
and the reorganized cytoskeleton to favor the outside-in sig-
nal transmission during mechanical stimuli [13]. The cytoskele-
ton is a complex network structure in which filaments can dis-
assemble and reassemble due to different mechanical stimuli
and chemical signals. Filamentous actin (F-actin), as the most
important component of the cytoskeleton, is an active sen-
sor of mechanical tension [14]. A large body of evidence indi-
cates that the integrin-mediated cell adhesion in the ECM reg-
ulates the formation of mechanosensitive structures, which is
believed to be of great significance in mechanotransduction.
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Christopher et al. found that the expression levels of integrin
subunits could be improved by pressure loading on cardiac my-
ocytes such as a,, o, &, and B, [15]. FAK plays an important
role in organization of the cytoskeleton, which also has been
shown to mediate integrin signaling in cardiac myocytes and
fibroblasts during pressure overload [16,17].

Although previous findings demonstrated integrin complex
activation by the mechanism of mechanotransduction, fibro-
blasts from different tissues exhibit performance variation in
the biochemical reactions and mechanotransduction proper-
ties when loaded with different mechanical forces [18]. Little
is known about the effects of compressive force stimulation
on the integrin o.f3,/FAK pathway and actin cytoskeleton in
HGFs. Additionally, compared with two-dimensional (2D) cul-
ture, three-dimensional (3D) culture can better reflect the actual
cell morphology in tissues. For instance, HGFs cultured on 3D
nanofibrous scaffolds exhibit spindle shape rather than form-
ing a clustered plane on 2D matrices [19]. The poly lactide-co-
glycolide (PLGA) biological scaffold, which can simultaneously
simulate the effects of hypoxia and mechanical force environ-
ment, can provide a 3D HGFs culture model that is more simi-
lar to the tissue-like environment of natural ECM [4].

In this study, we established a 3D co-culture model of HGFs
and PLGA scaffold and elicited a compressive stress analogous
to produce an orthodontical force on cells to investigate the
role of integrin o B,, FAK, p-FAK, as well as F-actin cytoskeleton
in HGFs mechanotransduction, and also to explore the role of
integrin o, B, in HGFs ECM accumulation. Our study provides
additional insights into the mechanisms of gingival remodel-
ing during orthodontic therapy.

Material and Methods

3D culture of HGFs

The gingival tissue samples (n=15) were obtained from healthy
premolar teeth from patients ages 10-14 years during orth-
odontic extraction. Informed consent was obtained from
each patient. All the study procedures were approved by the
Ethics Review Board (approval no. 20150304-22) of Guangxi
Medical University (Nanning, China). The gingival tissues at-
tached to the root surface were scraped off and cut into small
pieces. These tissues were cultivated in Eagle’s minimum es-
sential medium (DMEM; Invitrogen; Thermo Fisher Scientific,
Inc.) containing 10% fetal bovine serum (FBS; Gibco; Thermo
Fisher Scientific, Inc.), with an addition of 2 mM L-glutamine
and antibiotics of 100 U/ml (Gibco; Thermo Fisher Scientific,
Inc.). The cells were cultured at 37°C and 5% CO,. As described
previously [20], the PLGA scaffold (size, 1x1 cmx300 pum; aver-
age pore size, 80-120 um; porosity, 85%) was synthesized by
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Figure 1. Mechanical force induced the formation of stress fibers in HGFs. Rhodamine-phalloidin staining was used to evaluate the
F-actin cytoskeleton in HGFs cultured on 3D PLGA scaffolds after applying a compressive force of 25 g/m? at different time

points (red, actin; blue, nuclei).

the solvent casting/particulate leaching technique. The HGFs
between 4 and 6 passages (1x10°) were inoculated on a sin-
gle sheet of PLGA scaffold to established a co-culture model
of HGFs and PLGA scaffold.

Application of mechanical force

The above PLGA-HGF co-culture model was completely placed
into a well for 24 h and then moved to another well. After 6-h
incubation, the cells on the PLGA scaffold were subjected to
a compressive stress of 25 g/cm? for 3, 6, 12, 24, and 48 h
by placing glass bottles containing lead granules on the top.
The stress value was determined based on previous research
demonstrating the peak HGF on the PLGA scaffold prolifera-
tion activity under the applied force of 25 g/cm? [4]. In addi-
tion, the stress value was also consistent with the level report-
ed by Schwarz [21], who proposed that the optimal force to
move the tooth should be within the range of capillary pres-
sure, which is 7-26 g/cm? Control group cells were cultured
under the same conditions without the application of com-
pressive stress. In another experiment, the 3D-cultured cells
were treated with 25 g/cm? compressive force in the presence
of 1 uM Ac-PHSCN-NH 2 (ATN-161), an integrin o, B, inhibitor
(MedChemExpress Monmouth Junction, NJ, USA), for 3, 6, 12,
24, and 48 h. To assess the cytotoxicity of ATN-161, a dose-
response assay using the Cell Counting Kit-8 (CCK8; Dojindo,
Japan) was performed. RT-gPCR was performed to evaluate the
effect of the concentration of ATN-161 on integrin o, in HGFs.

Immunofluorescence microscopy

The HGFs-PLGA complex that was treated with compressive
force was washed with phosphate-buffered saline (PBS) 3
times, 5 min each time. Then, 4% paraformaldehyde was ap-
plied for cell fixation for 10 min, followed by permeabilization
with 0.05% Triton X-100 for 5 min. The visualization of F-actin
and nuclei was performed in accordance with the manufactur-
er’s instructions. Briefly, the complex was treated with rhoda-
mine-phalloidin (100 nM) and DAPI (10 pg/ml) (Beijing Solarbio
Science & Technology Co., Ltd., Beijing, China) for 30 min and
30 s at room temperature, respectively. Finally, the immunoflu-
orescence micrographs were obtained by using a confocal laser
scanning microscope (C1si; NIKON Corporation, Tokyo, Japan).

Quantitative real-time PCR (RT-qPCR)

TRIzol® reagent (Aidlab Biotechnologies., Ltd., Beijing, China)
was used for extraction of total RNA from the HGFs-PLGA
complex. The obtained RNAs were reversely-transcribed into
cDNAs using an ExScript RT reagent kit (Takara Bio, Inc., Otsu,
Japan). The RT-qPCR was performed based on the manufactur-
er’s instructions. Specifically, an ABI Prism 7500 system with
the corresponding primers and an SYBR® Green and fluores-
cein qPCR Master Mix (Bio-Rad Laboratories, Inc., Hercules, CA,
USA) were used for the quantification. The mRNA expression
of integrin a8, FAK, and COL-1 were normalized to GAPDH.
The primer sequences were:

ITGAS5, Forward: 5’-CAAAGCCCTGAAGA TGCCCTA-3’;
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ITGAS, Reverse: 5’-ATCCACAGTGGGACGCCATA-3’;
ITGB1, Forward: 5’-GGTTTCACTTTGCTGGAGATGG-3’;
ITGB1, Reverse: 5’-CAGTTTCTGGACAAGGTGAGCAATA-3’;
FTK, Forward: 5'-GCCTGTGGGTAAACCAGGTAA-3’;

FTK, Reverse: 5'-ACACCCTCGTTGTAGCTGTCA-3’;

COL-1, Forward: 5’-GAGGGCAACAGCAGGTTCACTTA-3’;
COL-1, Reverse: 5’-TCAGCACCACCGA TGTCCA-3’;
GAPDH, Forward: 5-GCACCGTCAAGGCTGAGAAC-3’;
GAPDH, Reverse: 5-TGGTGAAGACGCCAGTGGA-3’;

All reactions were performed in triplicate and the 24" meth-
od was used to determine the quantitative values of the rel-
ative expression levels.

Western blot analysis for protein expression

Western blot analysis was performed following standardized
procedures to evaluate the expression levels of the proteins
related to integrin a.f,, FAK, p-FAK, and COL-1 [22]. HGFs from
the 3D models were dissociated from the PLGA scaffold by
using 0.25% trypsin (Sigma-Aldrich; Merck KGaA, Darmstadt,
Germany) and were lysed with ice-cold RIPA buffer (Beyotime,
Shanghai, China) to isolate proteins. Then, sodium dodecyl sul-
fate-polyacrylamide gel electrophoresis (SDS-PAGE) was per-
formed and the protein specimens were thereby transferred
to polyvinylidene difluoride (PVDF) membranes (Millipore,
Billerica, MA, USA), which were blocked with 5% non-fat dried
milk in TBST for 1 h at 37°C. Subsequently, the primary anti-
bodies were applied for overnight incubation at 4°C, including
anti-integrin o, (ab150361, Abcam), anti-integrin B, (ab179471,
Abcam), anti-FAK (ab40794, Abcam), anti-COL-1(ab138492,
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Abcam), anti-p-FAK (141-9, Invitrogen), and anti-Alpha Tubulin
(Cell Signaling Technology), after which the membranes were
incubated with the horseradish peroxidase (HRP)-conjugated
secondary antibodies (Cell Signaling Technology) for 1 h at
room temperature. Protein samples were normalized accord-
ing to GAPDH (Sigma-Aldrich, T9026, clone DM1A). The rela-
tive density of protein expression was analyzed quantitatively
with Image Lab v3.0 software (Bio-Rad, USA).

Statistical analysis

The experiments were conducted in triplicate, and results are
presented as meantstandard deviation (SD). After testing for
normality, one-way ANOVA was performed to evaluate the
group differences. P value of less than 0.05 was considered as
the criteria for statistical significance. All analyses were per-
formed in SPSS v22.0 (IBM, Chicago, IL, USA).

Results

Induction effects of mechanical force on F-actin remodeling
and stress fiber formation in HGFs

As presented in Figure 1, the application of mechanical force im-
proved the regularity of the HGFs arrangement compared with
the control group. Furthermore, mechanical stimulation also re-
sulted in reorganization of actin cytoskeleton and stress fibers
formed by the F-actin fiber polymerization. However, in the 48-h
mechanical loading group, the F-actin cytoskeleton was depoly-
merized and reconstructed towards lack of any mechanical levels.
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Figure 2. Mechanical force increased integrin o3, FAK, p-FAK, and COL-1 expression in HGFs. mRNA expression: (A) integrin o,
(C) integrin B, (E) FAK, (H) COL-1 and protein expression: (B) integrin a, (D) integrin B, (F) FAK, (G) p-FAK, (I) COL-1,
were evaluated after applying a compressive force of 25 g/m? on HGFs at different time points. Data are presented as
meansztstandard deviations, and were obtained from 3 independent experiments. * p<0.05 vs. 0 h control. # p<0.05 vs.

mechanical stress group.

Improvement in the expression levels of integrin o3,
FAK, and p- FAK in HGFs

As shown in Figure 2A, 2C, and 2E, RT-qPCR showed a signifi-
cant increase in the levels of integrin o, integrin 3,, and FAK
under the mechanical stimulation compared with the control
group, with the peak mRNA expression levels in the 6-h group.
Integrin B, and FAK showed the highest protein expression at
6 h (Figure 2D, 2F), while the highest protein expression of in-
tegrin o, was detected at 3 h (Figure 2B). With respect to the
levels of FAK phosphorylation, the protein expression of p-FAK
was upregulated within the first 12 h and then decreased over
time (Figure 2G). These findings suggest that the mechanical

force was a sufficient stimulus to promote integrin o3, and
FAK activation in HGFs.

Improvement in the expression levels of COL-1 in HGFs

We also examined COL-1 expression of HGFs in response to
compressive force. Compared with the control group, the ex-
pression level of COL-1 was upregulated, and the highest ex-
pression level was detected at 24 h (Figure 2H, 2I). Thus,
the mechanical force stimulus led to higher collagen expres-
sion in gingival tissue.
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Figure 3. 1 pM ATN-161 strongly inhibited integrin o,,. (A, B) The cytotoxicity of ATN-161 was evaluated using Cell Counting Kit-8.
The mRNA expression of (C) integrin o, and (D) integrin B, were evaluated using quantitative real-time polymerase chain
reaction (RT-qPCR). Data are presented in the form of means+standard deviations, and were obtained from 3 independent
experiments. * p<0.05 vs. 0 h control. # p<0.05 vs. mechanical stress group.

Reversal of the mechanical force effects by blocking
integrin o3,

Regarding the effective concentration of ATN-161 in HGFs, a low
dose of ATN-161 (10 nM, 100 nM, 1 uM, 10 uM) showed no sig-
nificant effect on the proliferation of HGFs, but a high dose of
ATN-161 (100 pM, 1 mM) significantly inhibited the prolifera-
tion of HGFs on the PLGA scaffold (Figure 3A, 3B). Additionally,
as described by Donate [23], ATN-161 exhibited a U-shaped
dose-response curve in several pre-clinical models. Our results
also suggested that 1 pM ATN-161 can strongly inhibit integ-
rin o3, expression, while 10 uM did not exert similar effects
on the expression in HGFs (Figure 3C, 3D).

According to our analysis, the significantly increased levels of
FAK and p-FAK in HGF under mechanical force were largely re-
versed by the integrin o, inhibitor (Figure 4A, 4C, 4D). It is
noteworthy that integrin o, B, blockade decreased the mRNA
level of COL-1 in HGF, which was most significant after 6 h
(Figure 4B). Although the protein expression of COL-1 decreased

after 24 h, a temporary increase in the protein expression of
COL-1 was observed within 3-6 h (Figure 4E). These data sug-
gest that integrin o, B, is an effective mediator in increasing
the levels of FAK and phosphorylated FAK, and there could be
other biomarkers that are involved in the production of COL-1
in HGFs under mechanical force.

Discussion

Our study simulated the real condition by using the HGF-PLGA
3D co-cultured model and showed the role of a typical ECM-
integrin-cytoskeleton pathway in the mechanotransduction
of HGFs. In this process, compressive forces can allosterically
modulate the function of integrin ., in the adhesion struc-
tures and thus cause biochemical signaling cascades, which not
only trigger rapid changes in signal transduction by affecting
the dynamics of actin cytoskeleton, but also induce long-term
changes in collagen synthesis by regulating gene expression [7].
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Figure 4. The mRNA expression: (A) FAK, (B) COL-1 and protein expression: (C) FAK, (D) p-FAK, (E) COL-1, were evaluated after treated
with compressive force of 25 g/m? and integrin o, inhibitor on HGFs at different time points. Data are presented as
meansz+standard deviations, and were obtained from 3 independent experiments. * p<0.05 vs. 0 hour control. # p<0.05 vs.
mechanical stress group.
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In our study, the expression levels of FAK and p-FAK were up-
regulated under the application of mechanical stress, which
was assumed to be related to the activation of integrin through
binding with the FAK FERM domain. This elevated activity of
FAK might be associated with the cytoskeletal dynamics and
focal contacts, and facilitates a direct signal pathway between
the focal contacts and the nucleus [24]. The most characterized
FAK phosphorylation event is auto-phosphorylation at Tyr397.
The upregulated p-FAK promotes Src binding, which activates
the FAK-Src signaling complex. This FAK-Src-mediated complex
can promote maximal FAK catalytic activation and lead to the
activation of Ras-extracellular signal-regulated kinase-2 (ERK2)
and Rac—Jun N-terminal kinase (JNK) signaling cascades, and
further promote the formation of stress fibers [25]. Stress fi-
bers are large bundles of F-actin that passes through the cell
and are anchored at both ends by focal adhesions [26]. They
are considered to be the orbit of extracellular-intracellular sig-
nal transduction, which also enables HGFs to resist and buf-
fer external pressure, thus maintaining cell morphology. Live-
cell microscopy has revealed that polymerized actin can drive
the actin network to “flow” from the outer edge of the syn-
apse inward, and provide power for the activation of down-
stream signaling pathways and regulation of gene transcrip-
tion [27]. In our study, 48-h continuous compressive force did
not make the F-actin polymerize further, but rather it began
to depolymerize, which may be related to the downregula-
tion of integrin o, B, and FAK, which weakened its effect on
actin polymerization.

Mechanical force can promote collagen synthesis in HGFs,
which is consistent with the results from our previous study
and other research [4]. It was reported that fibroblasts are sen-
sitive to the mechanics of their microenvironment, and aber-
rant tissue mechanics drive fibrotic responses [28]. In recent
years, numerous studies have reported the key role of the in-
tegrin-mediated signaling pathway in ECM accumulation in the
process of tissues fibrosis, such as in renal fibrosis and cardi-
ac fibroblasts [29-31]. In these fibrotic tissues, ECM synthesis
was significantly suppressed when an integrin inhibitor was
administrated. In the present study, the mRNA expression of
COL-1 was downregulated after 6 h of mechanical force stim-
ulation in the presence of integrin o, inhibitor, suggesting
that gingival collagen synthesis under mechanical force can
be mediated, in part, by integrin o3, engagement. However,
a temporary increase was also observed in the production of
COL-1 protein in the above HGFs within 3-6 h. These find-
ings could be of great significance to clinical practice because
the post-transcriptional gene regulation was independent of
their upregulation or downregulation. The downstream pro-
cess of transcription has a strong regulatory effect on protein
abundance [32]. The production of collagen is also involved
in the feedback regulation of translation and secretion [33].
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Additionally, Wenjing et al. demonstrated that although corneal
fibrosis can be inhibited by integrin o, 8, knockout, certain al-
ternate mechanisms can initiate fibrosis 7-14 days later [34].
In conclusion, we speculate that different signals are amplified
to the mRNA transcription of COL-1 through certain regulato-
ry factors via a post-transcriptional mechanism in the process
of mechanical stimulation of HGFs, thus improving the COL-1
protein abundance in the early period. HGFs use a multitude
of mechanisms to respond to mechanical forces and initiate
collagen synthesis. However, as this study only used ATN-161
to inhibit integrin o, B,, and additional rigorous methods, such
as small interfering RNAs and gene knockout, are required to
further investigate this hypothesis.

In addition to integrins, the formation of stress fibers is also
considered to cause fibrosis [35]. Stress fibers are only pro-
duced when cells are subjected to mechanical stress and are
considered to be tissue-specific structures [36]. Parrish et al.
explored the role of the cytoskeleton in the process of renal
fibrosis, and found that the polymerization of actin cytoskele-
ton resulted in tissue fibrosis. Destruction of stress fibers can
reduce the expression of fibrogenic factors such as TGF-B1 in
human glomerular endothelial cells, thus inhibiting the renal
fibrosis pathway [37]. Sandeep et al. also found that continu-
ous activation of the epithelial-interstitial transformation pro-
cess in response to chronic inflammation can lead to fibrosis.
In this process, the formation of stress fibers increases cell
contractility and affects cell mechanics, and also promotes the
process of tissue and organ fibrosis, which results in tissue
and organ texture hardening [38]. Thus, we speculate that the
orthodontic force changed the ECM of HGFs, which increased
the synthesis of collagen fibers and the formation of stress fi-
bers. The abnormal production of collagen and stress fibers
can lead to accumulation of gingival tissue, which ultimately
affects the efficiency and stability of orthodontic treatment.

Conclusions

This study demonstrated activation of the integrin a,3,/FAK
signaling pathway, reorganization of cytoskeleton, and in-
creased COL-1 synthesis in HGFs cultured on 3D PLGA scaf-
folds under mechanical force. Specifically, blocking integrin
a,B, can partially but not completely inhibit collagen synthe-
sis. These findings provide additional insights into the mech-
anisms of mechanotransduction and ECM synthesis in HGFs,
and may contribute to the development of targeted therapies
by promoting gingival tissue remodeling.
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