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Abstract: Orthodontic tooth movement is a complex periodontal remodeling process triggered by
compression that involves sterile inflammation and immune responses. Macrophages are mechan-
ically sensitive immune cells, but their role in orthodontic tooth movement is unclear. Here, we
hypothesize that orthodontic force can activate macrophages, and their activation may be associated
with orthodontic root resorption. After force-loading and/or adiponectin application, the migration
function of macrophages was tested via scratch assay, and Nos2, Il1b, Arg1, Il10, ApoE, and Saa3 expres-
sion levels were detected using qRT-PCR. Furthermore, H3 histone acetylation was measured using
an acetylation detection kit. The specific inhibitor of H3 histone, I-BET762, was deployed to observe
its effect on macrophages. In addition, cementoblasts were treated with macrophage-conditioned
medium or compression force, and OPG production and cellular migration were measured. We
further detected Piezo1 expression in cementoblasts via qRT-PCR and Western-blot, and its effect
on the force-induced impairment of cementoblastic functions was also analyzed. Compressive force
significantly inhibited macrophage migration. Nos2 was up-regulated 6 h after force-loading. Il1b,
Arg1, Il10, Saa3, and ApoE increased after 24 h. Meanwhile, higher H3 histone acetylation was detected
in the macrophages subjected to compression, and I-BET762 dampened the expression of M2 polar-
ization markers (Arg1 and Il10). Lastly, even though the activated macrophage-conditioned medium
showed no effect on cementoblasts, compressive force directly impaired cementoblastic function by
enhancing mechanoreceptor Piezo1. Compressive force activates macrophages; specifically, it causes
M2 polarization via H3 histone acetylation in the late stage. Compression-induced orthodontic root
resorption is macrophage-independent, but it involves the activation of mechanoreceptor Piezo1.

Keywords: compressive force; macrophages; polarization; H3 histone; acetylation; adiponectin

1. Introduction

During orthodontic tooth movement (OTM), the compressive force induces fluid strain
and hypoxia in the periodontal ligament (PDL), which leads to acute sterile inflammation
and subsequent alveolar bone remodeling [1]. Various immune cells, such as macrophages,
leukocytes, and monocytes, are recruited to the PDL and participate in the acute inflam-
mation [2]. Generally, it turns into a chronic process within several days [3]. However, the
effect of inflammation during OTM may also be adverse when non-regulated or excessive
pro-inflammatory cytokine secretion also provokes tissue remolding in the cementum and
dentin instead of being limited to bone and periodontal tissue [2,4]. Fortunately, slight root
damage is reversible because cementoblasts repair it by producing restorative cementum [5].
However, this repair mechanism is ineffective in 1–5% of patients, which leads to serious
external apical root resorption (EARR), a common complication in orthodontic treatment
that may lead to tooth hypermobility and, eventually, loss [6]. At present, there are no
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preventive measures and no therapies for EARR due to its unclear pathogenesis [7]. Recent
research has observed a positive correlation between the pro-inflammatory polarization
of macrophages and EAAR [8,9]. Further research is necessary to investigate the exact
mechanisms.

A great number of reports have indicated biomechanical and biological responses
of periodontal ligament cells (PDLCs) and osteocytes during OTM [10–12]. However,
the direct effects of orthodontic force on macrophages remain unclear, even though their
mechanical sensitivity has been confirmed for many years [13,14]. Obviously, investigating
the role of macrophages in orthodontic treatment is of high significance for improving
clinical strategies. Illustration of the mechanisms in macrophages’ responses to pressure
contributes to our understanding of the various pathological changes associated with
mechanical stress, such as periodontal destruction resulting from occlusal force [15], lung
inflammation caused by excessive mechanical stress [16], and arteriosclerosis related to
stagnant blood flow [17].

Macrophages have two different phenotypes in innate immunity: M1 macrophages are
mainly involved in pro-inflammatory responses and M2 macrophages are mainly involved
in anti-inflammatory responses [18]. The upregulation of macrophage M1 polarization
in periodontal tissue was observed in orthodontic force-induced root resorption [8,9].
Thus, it is presumed that compressive force facilitates M1 polarization and indirectly
dampens cementum repair. In previous studies, our study group analyzed the influence of
adipokines, including leptin and adiponectin, on cementoblasts under compressive force
stimulation, since adipose individuals showed worse outcome of orthodontic treatment [19].
In addition, adiponectin was reported to promote M2 polarization [20] and attenuate
inflammation [21], and prevents tooth movement. Therefore, we assume it can intervene
in the effects of compressive force on macrophages. Bioinformatic analysis was utilized
to search for its action target. Furthermore, macrophages can receive mechanical signals
through multiple mechanisms [22]. A recent report revealed that H3 histone acetylation is
regulated by the rough matrix, which integrates mechanosensation with the inflammatory
response in macrophages [23]. Thus, we hypothesized that compression also acts on H3
histone acetylation to induce polarization.

In conclusion, this research investigated mechanisms by which macrophages respond
to orthodontic force, and the relevance of this response for orthodontic root resorption.

2. Results
2.1. Compressive Force Inhibited Macrophages Migration

The macrophages were treated with 1 g/cm2 compressive force or adiponectin at
different concentrations. After 24 h, the macrophages did not alter morphologically in
any of the groups (Figure 1a). The scratch assay results showed that 1 g/cm2 compressive
force decreased the macrophages’ migration distance (Figure 1b,c), but there was no de-
tectable effect of adiponectin even though it was applied at concentrations up to 10 µg/mL
(Figure 1b,d).

2.2. Compressive Force Promotes Macrophage Expression of Polarization Markers

After 1 g/cm2 compressive force application, inducible nitric oxide synthases (Nos2),
interleukin 1β (Il1b), interleukin 10 (Il10), and Arginase 1 (Arg1) were detected by RT-qPCR.
Nos2, Il10, and Arg1 gene expressions were all elevated. However, it is noticeable that Nos2
was the first marker to respond to mechanical compression, showing an increased trend
from 6 h (Figure 2a). All the other markers, Il1b, Arg1, and Il10, were enhanced after 24 h
(Figure 2b–d). To illuminate the effect of adiponectin on force-activated macrophages, the
macrophages were treated with a compressive force and/or 10 µg/mL adiponectin for 24 h
before being collected and analyzed. Surprisingly, the results indicated that adiponectin
had no effect on any of the markers, whether they were with or without compression
(Figure 2e–h).
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Figure 1. Macrophages were stimulated by the compressive force or adiponectin. (a) The effect of 

compressive force or adiponectin on the morphology of macrophages was negligible. (b) The effect 

of compressive force or adiponectin on the migration of macrophages. (c) Compressive force (1 

g/cm2) significantly inhibited macrophage migration. (d) Neither high nor low concentration of ad-

iponectin had an effect on the macrophage migration rate. Values are expressed as means ± SD; ns—

not significant; ** p < 0.01. 
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Figure 1. Macrophages were stimulated by the compressive force or adiponectin. (a) The effect
of compressive force or adiponectin on the morphology of macrophages was negligible. (b) The
effect of compressive force or adiponectin on the migration of macrophages. (c) Compressive force
(1 g/cm2) significantly inhibited macrophage migration. (d) Neither high nor low concentration of
adiponectin had an effect on the macrophage migration rate. Values are expressed as means ± SD;
ns—not significant; ** p < 0.01.



Int. J. Mol. Sci. 2023, 24, 3117 4 of 14

2.3. Compressive Force Promoted Saa3 and ApoE in Macrophages

Setting an adjusted p-value of <0.01 and |log2 FC (fold change) | of ≥1 as the cutoff
criteria, a total of 28 differentially expressed genes (DEGs) were identified. A total of
21 were upregulated and 7 were downregulated (Table 1 & Figure 3a). To confirm the
possible action target of adiponectin, adiponectin and 28 proteins corresponding to DEGs
were both mapped to the STRING. According to STRING, eight disconnected genes were
filtered out, and the PPI network contained 21 nodes (20 DEGs and adiponectin) and
32 edges (Figure 3b). This shows that serum amyloid A3 (Saa3), apolipoprotein E (ApoE),
and interleukin 1β (IL-1β) connected directly to adiponectin. Then, Saa3 and ApoE ex-
pression levels were estimated in the genes to verify the conclusion. The qRT-PCR results
revealed that compressive force induced macrophages to up-regulate Saa3 and ApoE, but
adiponectin had no effect on them (Figure 2).
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Figure 2. The effects of compressive force on macrophage polarization markers. (a–d) Compressive
force up-regulated Nos2, Il1b, Arg1, and Il10 levels. (e–h) Adiponectin did not affect Nos2, Il1b, Arg1,
and Il10 expression. (i) Nos2 increased significantly 6 h after force-loading. Il1b, Arg1, and Il10 were
elevated after 24 h. Values are expressed as means ± SD; ns—not significant; * p < 0.05; ** p < 0.01;
*** p < 0.001; **** p < 0.0001.
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Table 1. A total of 28 DEGs were identified in macrophages subjected to force compared to control,
including 21 upregulated genes and 7 downregulated genes.

DEGs Gene Name

Upregulated Saa3, BC100530, Lrg1, Chil3, Stfa2, Il1b, Ifitm1, Asprv1, Fpr1, Gm5483, Il1a,
Apoe, Il1f9, Marcksl1, Arg2, Stfa2l1, C5ar1, Cd14, Ms4a8a, Stfa3, Slfn2

Downregulated Cxcr4, Cd74, H2-Eb1, H2-Ab1, Hbb-bs, Hbb-bt, Hba-a1

Int. J. Mol. Sci. 2023, 24, x FOR PEER REVIEW 5 of 15 
 

 

were upregulated and 7 were downregulated (Table 1 & Figure 3a). To confirm the possi-

ble action target of adiponectin, adiponectin and 28 proteins corresponding to DEGs were 

both mapped to the STRING. According to STRING, eight disconnected genes were fil-

tered out, and the PPI network contained 21 nodes (20 DEGs and adiponectin) and 32 

edges (Figure 3b). This shows that serum amyloid A3 (Saa3), apolipoprotein E (ApoE), 

and interleukin 1β (IL-1β) connected directly to adiponectin. Then, Saa3 and ApoE expres-

sion levels were estimated in the genes to verify the conclusion. The qRT-PCR results re-

vealed that compressive force induced macrophages to up-regulate Saa3 and ApoE, but 

adiponectin had no effect on them (Figure 2). 

Table 1. A total of 28 DEGs were identified in macrophages subjected to force compared to control, 

including 21 upregulated genes and 7 downregulated genes. 

DEGs Gene Name 

Upregulated 

Saa3, BC100530, Lrg1, Chil3, Stfa2, Il1b, Ifitm1, Asprv1, Fpr1, 

Gm5483, Il1a, Apoe, Il1f9, Marcksl1, Arg2, Stfa2l1, C5ar1, Cd14, 

Ms4a8a, Stfa3, Slfn2 

Downregulated Cxcr4, Cd74, H2-Eb1, H2-Ab1, Hbb-bs, Hbb-bt, Hba-a1 

 

Figure 3. Compression modulates adiponectin-related genes. (a) Volcano plot illustrates significant 

differences in gene expressions pattern between macrophages with and without stimulation by 

compressive force. (b) Based on the STRING online database, top 21 upregulated or downregulated 

differential genes and adiponectin were filtered into the DEGs PPI network. (c,d) Increased mRNA 

expression of Saa3 and ApoE was detected by qRT-PCR. Values are expressed as means ± SD; ns—

not significant; * p < 0.05. 

2.4. H3 Histone Acetylation Mediated M2 Polarization Induced by Compression 

Compressive stimulation significantly increased H3 histone acetylation levels (Fig-

ure 4a). Furthermore, 500 nM I-BET762 was used to prevent the acetylation reader from 

recognizing histone.The qRT-PCR results indicated that I-BET762 itself did not affect mac-

rophage cytokine expression. However, it significantly dampened the enhancement of 

Figure 3. Compression modulates adiponectin-related genes. (a) Volcano plot illustrates significant
differences in gene expressions pattern between macrophages with and without stimulation by
compressive force. (b) Based on the STRING online database, top 21 upregulated or downregulated
differential genes and adiponectin were filtered into the DEGs PPI network. (c,d) Increased mRNA
expression of Saa3 and ApoE was detected by qRT-PCR. Values are expressed as means ± SD; ns—not
significant; * p < 0.05.

2.4. H3 Histone Acetylation Mediated M2 Polarization Induced by Compression

Compressive stimulation significantly increased H3 histone acetylation levels (Figure 4a).
Furthermore, 500 nM I-BET762 was used to prevent the acetylation reader from recognizing
histone.The qRT-PCR results indicated that I-BET762 itself did not affect macrophage
cytokine expression. However, it significantly dampened the enhancement of Arg1 and Il10
by compression (Figure 4f,g). Meanwhile, it had no effect on the up-regulation of ApoE,
Saa3, Nos2, and Il1b (Figure 4b–e).
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Figure 4. Compressive force induced M2 polarization by promoting H3 histone acetylation. (a) H3
histone acetylation level increased after force-loading. (b–e) ApoE, Saa3, Nos2, and Il1b showed no
reaction to I-BET762 in the presence or absence of compression. (f,g) I-BET762 blunted the effects of
force on Arg1 and Il10 expression. Values are expressed as means ± SD; ns—not significant; * p < 0.05;
*** p < 0.001; **** p < 0.0001.

2.5. Cementum Repair was Impaired by Compression, but Not by Incubation with
Macrophage-Conditioned Medium

To further investigate the regulation of cementum by immune cells, force-activated
macrophage medium or 1 g/cm2 hydrostatic pressure was used to treat cementoblasts for
24 h. Unexpectedly, although cementoblast migration and osteoprotegerin (OPG) were
inhibited directly by compression, neither of them reacted to the macrophage medium
(Figure 5a,b). In addition, Piezo1 expression increased in cementoblasts after the application
of compression (Figure 5c,d). Thus, a specific inhibitor, GSMTX4, was utilized to incubate
cementoblasts simultaneously. Compared to the control group, the independent application
of GSMTX4 did not trigger the response of cementoblasts but it significantly blunted
migration inhibition and OPG reduction caused by compression (Figure 5e,f).
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Figure 5. Compression impaired cementoblastic function. (a) Migration distance decreased after
force-loading in 24 h but did not alter after incubation with conditioned medium. (b) qRT-PCR results
demonstrate that OPG was repressed by compressive force in 24 h. (c,d) Compressive force triggered
cementoblasts to express Piezo1 at the gene and protein levels. (e) Piezo1 inhibitor blunted migration
impairment induced by compression. (f) Piezo1 inhibitor rescued OPG expression in the presence of
compression. Values are expressed as sign means ± SD; ns—not significant; * p < 0.05, ** p < 0.01;
*** p < 0.001; **** p < 0.001.
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3. Discussion

As mechanosensitive cells, macrophages can receive multiple mechanical signals and
transform them into biochemical signals which modulate the microenvironment, inflamma-
tory response, and tissue homeostasis [24]. There is plenty of research that uses matrices
with different levels of roughness to illuminate how the mechanical environment regulates
macrophages. It was reported that macrophages are altered morphologically on micropat-
terned extracellular matrix; specifically, they elongate themselves [23]. In this condition,
macrophages exhibit lower adhesive capability and dampened pro-inflammatory cytokine
expression [25]. This morphological alteration is believed to couple mechanical stimula-
tion and downstream functional output by rearranging the actin cytoskeleton, the Golgi
complex, and the cation channel receptor TRPM2 [26]. However, compression simulation
inhibited the migration function of macrophages, even though no morphological alteration
was observed. This could be due to the compression itself, which, in the case of hydro-
static pressure, is uniformly distributed on the cell membrane. It was demonstrated that
macrophages sense hydrostatic pressure through a morphological alteration-independent
pathway, which is different from sensing matrix roughness.

Furthermore, Nos2, Il1b, Arg1, and Il10 were detected by qRT-PCR. Inducible nitric
oxide synthase (iNOS) and IL-1β are classic markers of LPS-induced M1 polarization.
Compressive force promotes M1 polarization to amplify inflammation. This result is con-
sistent with the reports by He et al. [9], Fang et al. [27], and Zhang et al. [8]. Generally,
Arg1 hydrolyzes arginine to ornithine and urea, which characterize M2 polarization and
antagonize the metabolic pathway in which iNOS is involved [28]. In the same way, IL-10
also suppresses Nos2 transcription [29]. Surprisingly, compression caused an increase in
Arg 1 and IL-10 in our study. According to the updated definition, macrophage polariza-
tion is heterogeneous and the two phenotypes are consecutive and interconvertible [30].
Thus, we assume that the synchronous up-regulation of M1 and M2 could be the result
of this macrophage heterogeneity in the late stage of the immune response induced by
compression. This hypothesis is supported indirectly by single-cell sequencing results [31].
Furthermore, iNOS was the first marker to respond to mechanical stimulation, and did
so earlier than Arg1 and IL-10. This indicates that macrophages induce inflammation at
the early stage of compression but limit the immune response after 24 h. Identically to
biochemical substance-caused macrophage activation, M1 promotes inflammation in the
acute stage but M2 mediates inflammatory elimination and tissue repairment in the late
stage [32,33]. In any case, compression force can promote macrophage polarization.

Furthermore, it has been frequently reported that adiponectin regulates macrophage
polarization by acting on AMPK, NF-kB, and PPAR-γ signaling [20,34–38]. However,
according to our results, it has no effect on cellular morphology and migration. More
interestingly, polarization markers upregulated by force also do not react to it. Moreover,
bioanalysis was deployed to investigate if adiponectin affects mechanically activated
macrophages. It indicates that Saa3 and ApoE are upregulated under compression and could
be associated with adiponectin. Saa3 is an acute-phase protein [39], and ApoE regulates
osteoclast activity, lipid metabolism, and inflammation [40,41], but their roles in OTM still
remain unknown. Though further qRT-PCR testing demonstrated that Saa3 and ApoE were
enhanced by compression, they both showed no reaction to adiponectin. In any case, our
research demonstrated that compression, unlike classic biochemical stimulations (LPS, IFN-
γ, IL-4, etc.), activates macrophages via an unknown pathway which is independent of the
adiponectin receptor. Additionally, our investigation of the mechanism made a significant
impact on current understanding of and intervention in OTM and other mechanically
associated pathophysiological process.

The role of epigenetics on mechanical sensation has gradually emerged in recent years.
Acetylation and deacetylation are essential chemical modifications of histones, which are
associated with gene expression or gene silencing [42]. It has been demonstrated that
histone 3 acetylation (H3ac) is associated with IL-10 expression in force-stressed PDL fibrob-
lasts [43]. Our research verified that H3ac is significantly elevated by compression force.
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Jain et al. reported similar conclusion in 2018 [44]. They found that spatial containment
inhibits histone deacetylase 3 (HDAC3) levels, which are negatively associated withhis-
tone acetylation. However, this contradicts Veerasubramanian et al.’s report [23], which
showed that H3 hyperacetylation was downsized by using micropatterns as mechanical
stimuli. These divergent results could be because different mechanical stimuli were used.
Micropatterns creates tension on the underside of the cell that is attached to the well, which
is accompanied by morphological alteration of the cell. Compressive force is distributed
evenly over the upper cell surface and towards the cell nucleus, which is obviously different
from tension created by micropatterns.

Furthermore, the bromodomain and extraterminal domain (BET) protein is a well-
known H3ac reader that binds to relaxed regions of the chromatin marked by acetylated
histones and act as scaffolds on euchromatin, facilitating binding by transcription elon-
gation factors, transcriptional factors, and other coactivators [45]. IBET762 competed
with H3ac to bind to the BET protein and significantly inhibited Il10 and Arg1 expression.
These results indicate that compression promotes histone H3 hyperacetylation to induce
anti-inflammatory polarization (Figure 6). Surprisingly, BET inhibition did not affect M1
polarization in our research, even though Nicodeme et al. [46] and Veerasubramanian
et al. [23] both observed a significant reduction in the M1 marker Nos2 induced by I-
BET762. It is noticeable that the stimulation in conjunction with I-BET762 in their study was
lipopolysaccharide (LPS), rather than compression. Compression-induced inflammation
is obviously different from classical LPS-induced inflammation. As mentioned before,
the inflammatory reaction during OTM is regarded as sterile inflammation; nonetheless,
various cytokines and immune cells are involved. Regarding the mechanisms, LPS belongs
to the pathogen-associated molecular patterns (PAMPs), which activate distinct types of
pattern recognition receptors (PRR) that are expressed on the cell surface or intracellu-
larly, activating a signaling cascade and leading to the immune responsive reactions of
cells [47,48]. This pathway has been fully described for decades. Mechanical force can
activate mechanoreceptors on the cell surface, such as Piezo1 and TRPV4, to regulate
downstream ion flux or transcription factors (e.g., Yes-associated protein 1) [49–52]. Thus,
even though histone acetylation is involved in both the mechanical and classical pathways,
its roles in the two pathways are likely to be divergent.
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Surprisingly, even compression significantly influenced macrophages, but its condi-
tioned medium did not exhibit any effect on cementoblasts as we expected. This contradicts
the previous observation that M1 polarization is positively correlated to root resorption
in mice [9]. We think there are two potential reasons for this contradiction: 1. though
M1 was promoted in the early stage, upregulated M2 in the late stage offsets the effect
of M1; 2. there are other mechanically sensitive cells, such as PDLCs, involved in root
resorption and their contributions were not addressed in our in vitro research. However,
cementoblast functional impairment was confirmed under direct compressive stimulation,
which indicates that it is also a mechanically sensitive cell like PDLCs and macrophages.
Meanwhile, we detected an increased Piezo1 mRNA level in these cementoblasts subjected
to compression. The Piezo1 channel is a mechanically gated ion channel which can be
activated by cyclical hydrostatic pressure in murine bone marrow-derived macrophages,
followed by Ca2+ influx and the production of pro-inflammatory mediators [53]. Thus, we
hypothesize that Piezo1 mediates mechanical signal transmission in cementoblasts. The
specific inhibitor GSMTX4 was employed to treat cementoblasts, and the effect of force
was significantly dampened by it. Thus, compression-induced functional impairment is
Piezo1-dependent.

4. Materials and Methods
4.1. Cell Culture and Reagents

The macrophage cell line RAW264.7 was purchased from the ATCC, and the OCCM-30
cementoblast [54] was kindly provided by Prof. M. Somerman (NIH, NIDCR, Bethesda,
MD, USA). Briefly, all cells were maintained in DMEM (41965062, Gibco, New York,
NY, USA) containing 10% Fetal Bovine Serum (FBS) (10270-106, Gibco) and 1% peni-
cillin/streptomycin (A3160502, Gibco) and incubated in a humidified atmosphere of
5% CO2 at 37 ◦C. The cells were seeded into 6-well plates (657160, Greiner Bio-One,
Kremsmünster, Austria).) at a density of 3 × 104 cells/well until confluence. The cells used
were between passages 3 and 7. Mouse adiponectin was purchased from Sino Biological
Inc. (Beijing, China) (Cat. No: 50636-M08H) with purity > 95% (determined via SDS-PAGE).
Histone acetylation inhibitor I-BET 762 and Piezo 1 inhibitor GSMTX4 were purchased
from Sigma-Aldrich (St. Louis, MO, USA) (SML1272, SML-3140).

4.2. Compressive Force-Loading

A contactless appliance was developed to load hydrostatic pressure on the cells
(Figure 7). The macrophages were cultured under compression (1 g/cm2) to conduct further
analysis. The morphological structure was observed and recorded using an inverted phase-
contrast microscope (Leica Microsystems, Wetzlar, Hessen, Germany). The conditioned
medium (CM) from macrophages subjected to 1 g/cm2 compressive force was collected
and stored at −20 ◦C.

4.3. Scratch Assay

Macrophages and cementoblasts were plated in 6-well plates and cultured. Cells were
preincubated for 12 h in starvation medium and wounded via scratching using a 100 µL tip.
Through this, a cell-free area was created in the center of the cell layer. Afterwards, all non-
adherent cells were washed with 1 × PBS (10010023, Thermo-Fisher, Waltham, MA, USA).
Wounded-area images were taken immediately after wounding and 12 h after scratching.
The wounded cell layers were photographed at ×10 magnification (Leica Microsystems,
Wetzlar, Hessen, Germany) and the wound closure area between the cell layer borders
was analyzed and calculated over time using Image J 1.53 software (National Institutes of
Health and University of Wisconsin, Bethesda, Maryland, USA).

4.4. Identification of DEGs and PPI Analysis

The gene expression profile data of GSE186185 were downloaded from the Gene
Expression Omnibus (GEO) of NCBI (http://www.ncbi.nlm.nih.gov/geo/ (accessed on
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1 March 2022)) based on the platform of GPL17021 Illumina HiSeq 2500 (Mus musculus).
This database includes transcriptomes of alveolar macrophage samples after force appli-
cation in a mouse model of tooth movement and without force application (control). The
downloaded profile had been preprocessed, which was carried out with background cor-
rection and log2 transformation in R (4.1.0). The DEGs in the case samples were screened
and compared with control samples using the Linear Models for Microarray data (limma)
package in R. The threshold for the DEGs was set as p-value <0.01 and |log2 FC (fold
change) | ≥ 1. The STRING database demonstrates known and predicted protein–protein
interactions (PPIs) from interaction sources, including text mining, experiments, databases,
coexpression, neighborhoods, gene fusion, and co-occurrence. To confirm the possible
action target of adiponectin, adiponectin and 28 proteins corresponding to DEGs were
both mapped to the STRING; then, we selected the medium confidence (0.4) as the mini-
mum required interaction score, hid the disconnected nodes in the network, and set other
parameters as default.

Int. J. Mol. Sci. 2023, 24, x FOR PEER REVIEW 11 of 15 
 

 

 

Figure 7. Schematic diagram showing the model used for hydrostatic compressive force. Weight 

‘ship’ floats on the medium and compression force is applied to the cells in the form of hydrostatic 

pressure. 

4.3. Scratch Assay 

Macrophages and cementoblasts were plated in 6-well plates and cultured. Cells 

were preincubated for 12 h in starvation medium and wounded via scratching using a 100 

μL tip. Through this, a cell-free area was created in the center of the cell layer. Afterwards, 

all non-adherent cells were washed with 1 × PBS (10010023, Thermo-Fisher, Waltham, 

MA, USA). Wounded-area images were taken immediately after wounding and 12 h after 

scratching. The wounded cell layers were photographed at ×10 magnification (Leica Mi-

crosystems, Wetzlar, Hessen, Germany) and the wound closure area between the cell layer 

borders was analyzed and calculated over time using Image J 1.53 software (National In-

stitutes of Health and University of Wisconsin, Bethesda, Maryland, USA). 

4.4. Identification of DEGs and PPI Analysis 

The gene expression profile data of GSE186185 were downloaded from the Gene Ex-

pression Omnibus (GEO) of NCBI (http://www.ncbi.nlm.nih.gov/geo/ (accessed on 1 

March 2022)) based on the platform of GPL17021 Illumina HiSeq 2500 (Mus musculus). 

This database includes transcriptomes of alveolar macrophage samples after force appli-

cation in a mouse model of tooth movement and without force application (control). The 

downloaded profile had been preprocessed, which was carried out with background cor-

rection and log2 transformation in R (4.1.0). The DEGs in the case samples were screened 

and compared with control samples using the Linear Models for Microarray data (limma) 

package in R. The threshold for the DEGs was set as p-value <0.01 and |log2 FC (fold 

change) | ≥ 1. The STRING database demonstrates known and predicted protein–protein 

interactions (PPIs) from interaction sources, including text mining, experiments, data-

bases, coexpression, neighborhoods, gene fusion, and co-occurrence. To confirm the pos-

sible action target of adiponectin, adiponectin and 28 proteins corresponding to DEGs 

were both mapped to the STRING; then, we selected the medium confidence (0.4) as the 

minimum required interaction score, hid the disconnected nodes in the network, and set 

other parameters as default. 

4.5. Quantitative Real-Time Reverse Transcriptase–Polymerase Chain Reaction (qRT-PCR) 

The total RNA was isolated using the ReliaPrep™ RNA Miniprep System (z6011, 

Promega, Madison, WI, USA). RNA concentrations were measured at 260 nm using a 

spectrophotometer (Nanodrop2000, Thermo Scientific, Waltham, MA, USA). cDNA was 

synthesized from 1.0 μg of total RNA using the Verso cDNA Synthesis Kit (AB1453B, 

Figure 7. Schematic diagram showing the model used for hydrostatic compressive force. Weight
‘ship’ floats on the medium and compression force is applied to the cells in the form of hydrostatic
pressure.

4.5. Quantitative Real-Time Reverse Transcriptase–Polymerase Chain Reaction (qRT-PCR)

The total RNA was isolated using the ReliaPrep™ RNA Miniprep System (z6011,
Promega, Madison, WI, USA). RNA concentrations were measured at 260 nm using a
spectrophotometer (Nanodrop2000, Thermo Scientific, Waltham, MA, USA). cDNA was
synthesized from 1.0 µg of total RNA using the Verso cDNA Synthesis Kit (AB1453B,
Thermo Fisher, Waltham, MA, USA) and synthesis was performed using a CFX96TM
System Cycler (Bio-Rad, Hercules, CA, USA).

The SsoAdvancedTM Universal SYBR@ Green Supermix (1723271, Bio-Rad, Hercules,
CA, USA) was used in each reaction setup. The primers employed were mouse inducible
nitric oxide synthases (Nos2) (QT01547980, Qiagen, Venlo, Limburg, The Netherland),
interleukin 1β (Il1b) (QT01048355, Qiagen), Arginase 1 (Arg1) (QT00134288, Qiagen), inter-
leukin 10 (Il10) (QT00106169, Qiagen), Saa3 (QT00249823, Qiagen), and ApoE (QT01043889,
Qiagen). β-Actin (QT00095242, Qiagen) was used as a housekeeping gene. Results were
analyzed using Bio-Rad CFX Manager 3.1 software.

4.6. Protein Extraction and Western Blot Analysis

RIPA buffer (89901, Thermo Scientific) supplied with 3% protease inhibitor (78442,
Thermo Scientific) was used for protein extraction. Protein concentrations were measured
using a PierceTM BCA Protein Assay Kit (23225, Thermo Scientific) on a direct reading
spectrophotometer (DR/2000, HACH). Further, 20 µg protein samples were separated
using 10% SDS-PAGE gel via electrophoresis and transferred to a nitrocellulose membrane
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(1704271, Bio-Rad). The membranes were blocked with 5% non-fat milk (T145.1, ROTH) in
4 ◦C for 24 h and incubated with the primary antibodies for Piezo 1 (NBP1-78537, Novus
biological, Centennial, CO, USA) and GAPDH (G8795, Sigma, St. Louis, MO, USA) at
a concentration of 1:1000. The secondary antibodies employed were: Polyclonal Goat
Anti-Rabbit (P0448, Dako, Glostrup Kommune, Denmark) and Polyclonal Goat Anti-Mouse
(P0447, Dako, Glostrup Kommune, Denmark) at a concentration of 1:2000. The band signals
were detected using a ChemiDoc Imaging System (Bio-Rad) utilizing Amersham ECL
Western Blotting Detection Reagents (9838243, GE Healthcare, Chicago, IL, USA).

4.7. H3 Histone Global Acetylation Levels

Macrophages were plated in 6-well plates (1.0 × 106 cells/well) and treated with
1 g/cm2 as previously described. After 24 h, all adherent cells were harvested. Acetylation
level detection was performed using a Histone H3 Total Acetylation Detection Fast Kit
(ab115124, Abcam, Cambridge, UK), purchased from Abcam. Samples were prepared,
quantified, and assayed according to the manufacturer’s protocol. Finally, the obtained
yellow color was read using a microplate reader at 450 nm within 2–15 min.

4.8. Statistical Analysis

Statistical analyses were performed using GraphPad Prism 9.0 software (GraphPad
software, La Jolla, CA, USA). All values are expressed as means ± standard deviation
(SD) and were analyzed using one-way ANOVA or a Student’s t-test for unpaired samples
to determine the statistically significant differences between groups. Differences were
considered statistically significant at a p value of <0.05. All experiments were repeated
successfully at least three times.

5. Conclusions

Compressive force impairs macrophage migration and significantly enhances po-
larization marker expression. Specifically, it promotes M2 polarization via H3 histone
hyperacetylation in the late stage of the immune response. In addition, though force-
activated macrophages have no effect on cementoblasts, compression directly inhibits
cementoblast cementogenesis and migration by affecting Piezo1.

Author Contributions: Y.W. Conceptualization (equal); data curation (equal); formal analysis (equal);
methodology (equal); software (equal); validation (equal); writing—original draft (equal). S.G. Inves-
tigation (equal); methodology (equal); project administration (equal); validation (equal); Writing—
review and editing (equal). J.Y. Formal analysis (equal); methodology (equal). S.R. Formal analysis
(equal); funding acquisition (equal); methodology (equal); project administration (equal); supervision
(equal); validation (equal); writing—review and editing (equal). All authors have read and agreed to
the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: All the data generated in this study appear in the submitted article.

Acknowledgments: We sincerely thank J. Deschner and M. Nokhbehsaim (Department of Periodon-
tology, University of Bonn, Germany) for providing the OCCM-30 cells. We also thank the China
Scholarship Council (CSC) for providing Ph.D. financial support.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Krishnan, V.; Davidovitch, Z. On a path to unfolding the biological mechanisms of orthodontic tooth movement. J. Dent. Res.

2009, 88, 597–608. [CrossRef] [PubMed]
2. Li, Y.; Jacox, L.A.; Little, S.H.; Ko, C.C. Orthodontic tooth movement: The biology and clinical implications. Kaohsiung J. Med. Sci.

2018, 34, 207–214. [CrossRef] [PubMed]

http://doi.org/10.1177/0022034509338914
http://www.ncbi.nlm.nih.gov/pubmed/19641146
http://doi.org/10.1016/j.kjms.2018.01.007
http://www.ncbi.nlm.nih.gov/pubmed/29655409


Int. J. Mol. Sci. 2023, 24, 3117 13 of 14

3. Chaushu, S.; Klein, Y.; Mandelboim, O.; Barenholz, Y.; Fleissig, O. Immune Changes Induced by Orthodontic Forces: A Critical
Review. J. Dent. Res. 2022, 101, 11–20. [CrossRef] [PubMed]

4. Yamaguchi, M.; Fukasawa, S. Is Inflammation a Friend or Foe for Orthodontic Treatment? Inflammation in Orthodontically
Induced Inflammatory Root Resorption and Accelerating Tooth Movement. Int. J. Mol. Sci. 2021, 22, 2388. [CrossRef]

5. Yang, Y.; Huang, Y.; Liu, H.; Zheng, Y.; Jia, L.; Li, W. Compressive force regulates cementoblast migration via downregulation of
autophagy. J. Periodontol. 2021, 92, e128–e138. [CrossRef] [PubMed]

6. Diercke, K.; Kohl, A.; Lux, C.J.; Erber, R. IL-1β and compressive forces lead to a significant induction of RANKL-expression in
primary human cementoblasts. J. Orofac. Orthop. 2012, 73, 397–412. [CrossRef] [PubMed]

7. Feller, L.; Khammissa, R.A.; Thomadakis, G.; Fourie, J.; Lemmer, J. Apical External Root Resorption and Repair in Orthodontic
Tooth Movement: Biological Events. Biomed Res. Int. 2016, 2016, 4864195. [CrossRef]

8. Zhang, J.; Liu, X.; Wan, C.; Liu, Y.; Wang, Y.; Meng, C.; Zhang, Y.; Jiang, C. NLRP3 inflammasome mediates M1 macrophage
polarization and IL-1β production in inflammatory root resorption. J. Clin. Periodontol. 2020, 47, 451–460. [CrossRef]

9. He, D.; Kou, X.; Luo, Q.; Yang, R.; Liu, D.; Wang, X.; Song, Y.; Cao, H.; Zeng, M.; Gan, Y.; et al. Enhanced M1/M2 macrophage
ratio promotes orthodontic root resorption. J. Dent. Res. 2015, 94, 129–139. [CrossRef]

10. Lee, S.Y.; Yoo, H.I.; Kim, S.H. CCR5-CCL Axis in PDL during Orthodontic Biophysical Force Application. J. Dent. Res. 2015,
94, 1715–1723. [CrossRef]

11. Janjic Rankovic, M.; Docheva, D.; Wichelhaus, A.; Baumert, U. Effect of static compressive force on in vitro cultured PDL
fibroblasts: Monitoring of viability and gene expression over 6 days. Clin. Oral Investig. 2020, 24, 2497–2511. [CrossRef] [PubMed]

12. Chen, L.; Mo, S.; Hua, Y. Compressive force-induced autophagy in periodontal ligament cells downregulates osteoclastogenesis
during tooth movement. J. Periodontol. 2019, 90, 1170–1181. [CrossRef] [PubMed]

13. Hind, L.E.; Dembo, M.; Hammer, D.A. Macrophage motility is driven by frontal-towing with a force magnitude dependent on
substrate stiffness. Integr. Biol. 2015, 7, 447–453. [CrossRef] [PubMed]

14. Mennens, S.F.B.; van den Dries, K.; Cambi, A. Role for Mechanotransduction in Macrophage and Dendritic Cell Immunobiology.
Results Probl. Cell Differ. 2017, 62, 209–242. [CrossRef] [PubMed]

15. Nakatsu, S.; Yoshinaga, Y.; Kuramoto, A.; Nagano, F.; Ichimura, I.; Oshino, K.; Yoshimura, A.; Yano, Y.; Hara, Y. Occlusal trauma
accelerates attachment loss at the onset of experimental periodontitis in rats. J. Periodontal Res. 2014, 49, 314–322. [CrossRef]
[PubMed]

16. Silva, P.L.; Negrini, D.; Rocco, P.R. Mechanisms of ventilator-induced lung injury in healthy lungs. Best Pract. Res. Clin.
Anaesthesiol. 2015, 29, 301–313. [CrossRef]

17. Zanotelli, M.R.; Zhang, J.; Reinhart-King, C.A. Mechanoresponsive metabolism in cancer cell migration and metastasis. Cell
Metab. 2021, 33, 1307–1321. [CrossRef]

18. Funes, S.C.; Rios, M.; Escobar-Vera, J.; Kalergis, A.M. Implications of macrophage polarization in autoimmunity. Immunology
2018, 154, 186–195. [CrossRef]

19. Yong, J.; von Bremen, J.; Ruiz-Heiland, G.; Ruf, S. Adiponectin Interacts In-Vitro With Cementoblasts Influencing Cell Migration,
Proliferation and Cementogenesis Partly Through the MAPK Signaling Pathway. Front. Pharmacol. 2020, 11, 585346. [CrossRef]

20. Xu, N.; Li, X.; Weng, J.; Wei, C.; He, Z.; Doycheva, D.M.; Lenahan, C.; Tang, W.; Zhou, J.; Liu, Y.; et al. Adiponectin Ameliorates
GMH-Induced Brain Injury by Regulating Microglia M1/M2 Polarization Via AdipoR1/APPL1/AMPK/PPARγ Signaling
Pathway in Neonatal Rats. Front. Immunol. 2022, 13, 873382. [CrossRef]

21. Rizzo, M.R.; Fasano, R.; Paolisso, G. Adiponectin and Cognitive Decline. Int. J. Mol. Sci. 2020, 21, 2010. [CrossRef]
22. Orsini, E.M.; Perelas, A.; Southern, B.D.; Grove, L.M.; Olman, M.A.; Scheraga, R.G. Stretching the Function of Innate Immune

Cells. Front. Immunol. 2021, 12, 767319. [CrossRef] [PubMed]
23. Veerasubramanian, P.K.; Shao, H.; Meli, V.S.; Phan, T.A.Q.; Luu, T.U.; Liu, W.F.; Downing, T.L. A Src-H3 acetylation signaling axis

integrates macrophage mechanosensation with inflammatory response. Biomaterials 2021, 279, 121236. [CrossRef]
24. Maruyama, K.; Nemoto, E.; Yamada, S. Mechanical regulation of macrophage function—Cyclic tensile force inhibits NLRP3

inflammasome-dependent IL-1β secretion in murine macrophages. Inflamm. Regen. 2019, 39, 3. [CrossRef] [PubMed]
25. McWhorter, F.Y.; Wang, T.; Nguyen, P.; Chung, T.; Liu, W.F. Modulation of macrophage phenotype by cell shape. Proc. Natl. Acad.

Sci. USA 2013, 110, 17253–17258. [CrossRef] [PubMed]
26. Wosik, J.; Chen, W.; Qin, K.; Ghobrial, R.M.; Kubiak, J.Z.; Kloc, M. Magnetic Field Changes Macrophage Phenotype. Biophys. J.

2018, 114, 2001–2013. [CrossRef]
27. Fang, X.Y.; Zhan, Y.X.; Zhou, X.M.; Wu, L.N.; Lin, J.; Yi, Y.T.; Jiang, C.M.; Wang, J.; Liu, J. CXCL12/CXCR4 Mediates Orthodontic

Root Resorption via Regulating the M1/M2 Ratio. J. Dent. Res. 2022, 101, 569–579. [CrossRef] [PubMed]
28. Rath, M.; Müller, I.; Kropf, P.; Closs, E.I.; Munder, M. Metabolism via Arginase or Nitric Oxide Synthase: Two Competing

Arginine Pathways in Macrophages. Front. Immunol. 2014, 5, 532. [CrossRef]
29. Modolell, M.; Corraliza, I.M.; Link, F.; Soler, G.; Eichmann, K. Reciprocal regulation of the nitric oxide synthase/arginase balance

in mouse bone marrow-derived macrophages by TH1 and TH2 cytokines. Eur. J. Immunol. 1995, 25, 1101–1104. [CrossRef]
[PubMed]

30. Muñoz, J.; Akhavan, N.S.; Mullins, A.P.; Arjmandi, B.H. Macrophage Polarization and Osteoporosis: A Review. Nutrients 2020,
12, 2999. [CrossRef] [PubMed]

http://doi.org/10.1177/00220345211016285
http://www.ncbi.nlm.nih.gov/pubmed/34105404
http://doi.org/10.3390/ijms22052388
http://doi.org/10.1002/JPER.20-0806
http://www.ncbi.nlm.nih.gov/pubmed/34231875
http://doi.org/10.1007/s00056-012-0095-y
http://www.ncbi.nlm.nih.gov/pubmed/22955577
http://doi.org/10.1155/2016/4864195
http://doi.org/10.1111/jcpe.13258
http://doi.org/10.1177/0022034514553817
http://doi.org/10.1177/0022034515603926
http://doi.org/10.1007/s00784-019-03113-6
http://www.ncbi.nlm.nih.gov/pubmed/31728735
http://doi.org/10.1002/JPER.19-0049
http://www.ncbi.nlm.nih.gov/pubmed/31077358
http://doi.org/10.1039/C4IB00260A
http://www.ncbi.nlm.nih.gov/pubmed/25768202
http://doi.org/10.1007/978-3-319-54090-0_9
http://www.ncbi.nlm.nih.gov/pubmed/28455711
http://doi.org/10.1111/jre.12109
http://www.ncbi.nlm.nih.gov/pubmed/23808820
http://doi.org/10.1016/j.bpa.2015.08.004
http://doi.org/10.1016/j.cmet.2021.04.002
http://doi.org/10.1111/imm.12910
http://doi.org/10.3389/fphar.2020.585346
http://doi.org/10.3389/fimmu.2022.873382
http://doi.org/10.3390/ijms21062010
http://doi.org/10.3389/fimmu.2021.767319
http://www.ncbi.nlm.nih.gov/pubmed/34795674
http://doi.org/10.1016/j.biomaterials.2021.121236
http://doi.org/10.1186/s41232-019-0092-2
http://www.ncbi.nlm.nih.gov/pubmed/30774738
http://doi.org/10.1073/pnas.1308887110
http://www.ncbi.nlm.nih.gov/pubmed/24101477
http://doi.org/10.1016/j.bpj.2018.03.002
http://doi.org/10.1177/00220345211050324
http://www.ncbi.nlm.nih.gov/pubmed/34847760
http://doi.org/10.3389/fimmu.2014.00532
http://doi.org/10.1002/eji.1830250436
http://www.ncbi.nlm.nih.gov/pubmed/7537672
http://doi.org/10.3390/nu12102999
http://www.ncbi.nlm.nih.gov/pubmed/33007863


Int. J. Mol. Sci. 2023, 24, 3117 14 of 14

31. Xu, H.; Zhang, S.; Sathe, A.A.; Jin, Z.; Guan, J.; Sun, W.; Xing, C.; Zhang, H.; Yan, B. CCR2(+) Macrophages Promote Orthodontic
Tooth Movement and Alveolar Bone Remodeling. Front. Immunol. 2022, 13, 835986. [CrossRef]

32. Oishi, Y.; Manabe, I. Macrophages in inflammation, repair and regeneration. Int. Immunol. 2018, 30, 511–528. [CrossRef] [PubMed]
33. Murray, P.J.; Wynn, T.A. Protective and pathogenic functions of macrophage subsets. Nat. Rev. Immunol. 2011, 11, 723–737.

[CrossRef] [PubMed]
34. Song, J.; Choi, S.M.; Kim, B.C. Adiponectin Regulates the Polarization and Function of Microglia via PPAR-γ Signaling Under

Amyloid β Toxicity. Front. Cell. Neurosci. 2017, 11, 64. [CrossRef] [PubMed]
35. Lovren, F.; Pan, Y.; Quan, A.; Szmitko, P.E.; Singh, K.K.; Shukla, P.C.; Gupta, M.; Chan, L.; Al-Omran, M.; Teoh, H.; et al.

Adiponectin primes human monocytes into alternative anti-inflammatory M2 macrophages. Am. J. Physiol. Heart Circ. Physiol.
2010, 299, H656–H663. [CrossRef] [PubMed]

36. Mandal, P.; Pratt, B.T.; Barnes, M.; McMullen, M.R.; Nagy, L.E. Molecular mechanism for adiponectin-dependent M2
macrophage polarization: Link between the metabolic and innate immune activity of full-length adiponectin. J. Biol. Chem. 2011,
286, 13460–13469. [CrossRef] [PubMed]

37. Wang, L.; Luo, Y.; Luo, L.; Wu, D.; Ding, X.; Zheng, H.; Wu, H.; Liu, B.; Yang, X.; Silva, F.; et al. Adiponectin restrains ILC2
activation by AMPK-mediated feedback inhibition of IL-33 signaling. J. Exp. Med. 2021, 218, e20191054. [CrossRef]

38. Dikmen, K.; Bostanci, H.; Gobut, H.; Yavuz, A.; Alper, M.; Kerem, M. Recombinant adiponectin inhibits inflammation processes
via NF-kB pathway in acute pancreatitis. Bratisl. Lek. Listy 2018, 119, 619–624. [CrossRef]

39. Tannock, L.R.; De Beer, M.C.; Ji, A.; Shridas, P.; Noffsinger, V.P.; den Hartigh, L.; Chait, A.; De Beer, F.C.; Webb, N.R. Serum
amyloid A3 is a high density lipoprotein-associated acute-phase protein. J. Lipid Res. 2018, 59, 339–347. [CrossRef]

40. Kim, W.S.; Kim, H.J.; Lee, Z.H.; Lee, Y.; Kim, H.H. Apolipoprotein E inhibits osteoclast differentiation via regulation of c-Fos,
NFATc1 and NF-κB. Exp. Cell Res. 2013, 319, 436–446. [CrossRef]

41. Lanfranco, M.F.; Sepulveda, J.; Kopetsky, G.; Rebeck, G.W. Expression and secretion of apoE isoforms in astrocytes and microglia
during inflammation. Glia 2021, 69, 1478–1493. [CrossRef] [PubMed]

42. Lakshmaiah, K.C.; Jacob, L.A.; Aparna, S.; Lokanatha, D.; Saldanha, S.C. Epigenetic therapy of cancer with histone deacetylase
inhibitors. J. Cancer Res. Ther. 2014, 10, 469–478. [CrossRef]

43. Schuldt, L.; von Brandenstein, K.; Jacobs, C.; Symmank, J. Oleic acid-related anti-inflammatory effects in force-stressed PdL
fibroblasts are mediated by H3 lysine acetylation associated with altered IL10 expression. Epigenetics 2022, 17, 1892–1904.
[CrossRef] [PubMed]

44. Jain, N.; Vogel, V. Spatial confinement downsizes the inflammatory response of macrophages. Nat. Mater. 2018, 17, 1134–1144.
[CrossRef] [PubMed]

45. Wang, N.; Wu, R.; Tang, D.; Kang, R. The BET family in immunity and disease. Signal Transduct. Target. Ther. 2021, 6, 23.
[CrossRef] [PubMed]

46. Nicodeme, E.; Jeffrey, K.L.; Schaefer, U.; Beinke, S.; Dewell, S.; Chung, C.W.; Chandwani, R.; Marazzi, I.; Wilson, P.; Coste, H.; et al.
Suppression of inflammation by a synthetic histone mimic. Nature 2010, 468, 1119–1123. [CrossRef] [PubMed]

47. Cui, J.; Chen, Y.; Wang, H.Y.; Wang, R.F. Mechanisms and pathways of innate immune activation and regulation in health and
cancer. Hum. Vac. Immunother. 2014, 10, 3270–3285. [CrossRef] [PubMed]

48. Burdette, B.E.; Esparza, A.N.; Zhu, H.; Wang, S. Gasdermin D in pyroptosis. Acta Pharm. Sin. B 2021, 11, 2768–2782. [CrossRef]
49. Martinac, B.; Nikolaev, Y.A.; Silvani, G.; Bavi, N.; Romanov, V.; Nakayama, Y.; Martinac, A.D.; Rohde, P.; Bavi, O.; Cox, C.D. Cell

membrane mechanics and mechanosensory transduction. Curr. Top. Membr. 2020, 86, 83–141. [CrossRef]
50. Shibasaki, K. TRPV4 activation by thermal and mechanical stimuli in disease progression. Lab. Investig. 2020, 100, 218–223.

[CrossRef]
51. Yu, J.L.; Liao, H.Y. Piezo-type mechanosensitive ion channel component 1 (Piezo1) in human cancer. Biomed. Pharmacother. 2021,

140, 111692. [CrossRef] [PubMed]
52. Yang, Y.; Wang, D.; Zhang, C.; Yang, W.; Li, C.; Gao, Z.; Pei, K.; Li, Y. Piezo1 mediates endothelial atherogenic inflammatory

responses via regulation of YAP/TAZ activation. Hum. Cell 2022, 35, 51–62. [CrossRef] [PubMed]
53. Solis, A.G.; Bielecki, P.; Steach, H.R.; Sharma, L.; Harman, C.C.D.; Yun, S.; de Zoete, M.R.; Warnock, J.N.; To, S.D.F.; York, A.G.;

et al. Mechanosensation of cyclical force by PIEZO1 is essential for innate immunity. Nature 2019, 573, 69–74. [CrossRef] [PubMed]
54. D’Errico, J.A.; MacNeil, R.L.; Takata, T.; Berry, J.; Strayhorn, C.; Somerman, M.J. Expression of bone associated markers by tooth

root lining cells, in situ and in vitro. Bone 1997, 20, 117–126. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.3389/fimmu.2022.835986
http://doi.org/10.1093/intimm/dxy054
http://www.ncbi.nlm.nih.gov/pubmed/30165385
http://doi.org/10.1038/nri3073
http://www.ncbi.nlm.nih.gov/pubmed/21997792
http://doi.org/10.3389/fncel.2017.00064
http://www.ncbi.nlm.nih.gov/pubmed/28326017
http://doi.org/10.1152/ajpheart.00115.2010
http://www.ncbi.nlm.nih.gov/pubmed/20622108
http://doi.org/10.1074/jbc.M110.204644
http://www.ncbi.nlm.nih.gov/pubmed/21357416
http://doi.org/10.1084/jem.20191054
http://doi.org/10.4149/BLL_2018_110
http://doi.org/10.1194/jlr.M080887
http://doi.org/10.1016/j.yexcr.2012.12.004
http://doi.org/10.1002/glia.23974
http://www.ncbi.nlm.nih.gov/pubmed/33556209
http://doi.org/10.4103/0973-1482.137937
http://doi.org/10.1080/15592294.2022.2090654
http://www.ncbi.nlm.nih.gov/pubmed/35763686
http://doi.org/10.1038/s41563-018-0190-6
http://www.ncbi.nlm.nih.gov/pubmed/30349032
http://doi.org/10.1038/s41392-020-00384-4
http://www.ncbi.nlm.nih.gov/pubmed/33462181
http://doi.org/10.1038/nature09589
http://www.ncbi.nlm.nih.gov/pubmed/21068722
http://doi.org/10.4161/21645515.2014.979640
http://www.ncbi.nlm.nih.gov/pubmed/25625930
http://doi.org/10.1016/j.apsb.2021.02.006
http://doi.org/10.1016/bs.ctm.2020.08.002
http://doi.org/10.1038/s41374-019-0362-2
http://doi.org/10.1016/j.biopha.2021.111692
http://www.ncbi.nlm.nih.gov/pubmed/34004511
http://doi.org/10.1007/s13577-021-00600-5
http://www.ncbi.nlm.nih.gov/pubmed/34606042
http://doi.org/10.1038/s41586-019-1485-8
http://www.ncbi.nlm.nih.gov/pubmed/31435009
http://doi.org/10.1016/S8756-3282(96)00348-1
http://www.ncbi.nlm.nih.gov/pubmed/9028535

	Introduction 
	Results 
	Compressive Force Inhibited Macrophages Migration 
	Compressive Force Promotes Macrophage Expression of Polarization Markers 
	Compressive Force Promoted Saa3 and ApoE in Macrophages 
	H3 Histone Acetylation Mediated M2 Polarization Induced by Compression 
	Cementum Repair was Impaired by Compression, but Not by Incubation with Macrophage-Conditioned Medium 

	Discussion 
	Materials and Methods 
	Cell Culture and Reagents 
	Compressive Force-Loading 
	Scratch Assay 
	Identification of DEGs and PPI Analysis 
	Quantitative Real-Time Reverse Transcriptase–Polymerase Chain Reaction (qRT-PCR) 
	Protein Extraction and Western Blot Analysis 
	H3 Histone Global Acetylation Levels 
	Statistical Analysis 

	Conclusions 
	References

