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Nuclear factor erythroid-2-related factor-2 (Nrf2), the major transcriptional regulator in
antioxidant response and cellular defense, had the vital effect on regulating osteogenic
differentiation. Our previous study revealed that Nrf2 activation was involved in cyclic
mechanical stress-stimulated osteogenic differentiation in the human periodontal ligament
stem cells (PDLSCs). However, the mechanisms of Nrf2 underlying this process remained
unclear. The goal of the study was to explore the mechanisms of Nrf2 in PDLSCs during
cyclic mechanical stress-stimulated osteogenic differentiation via the tandem mass tag
(TMT)-based liquid chromatography tandem-mass spectrometry (LC-MS/MS) analysis.
And we applied tert-Butylhydroquinone (t-BHQ), the Nrf2 activator, to the orthodontic rats
and detected the expression levels of the osteogenesis markers by immunohistochemistry
(IHC) staining. Our results showed that Nrf2 activation in PDLSCs was involved in cyclic
mechanical stress-stimulated osteogenic differentiation via phosphoinositide 3 kinase
(PI3K)/protein kinase B (Akt) pathway. The protein-protein interaction between Akt and
Nrf2 was detected. And the protein-protein interaction between heme oxygenase 1 (HO1)
and superoxide dismutase 2 (SOD2), the downstream antioxidants of Nrf2, was
associated with cyclic mechanical stress-stimulated osteogenic differentiation. T-BHQ
enhanced the expression levels of the osteogenesis markers in orthodontic rats. Nrf2
might possess the potential to be a feasible molecular target in orthodontics.

Keywords: nuclear factor erythroid-2-related factor-2, mechanical stress, orthodontic tooth movement, periodontal
ligament, osteogenic differentiation

INTRODUCTION

The biological basis during orthodontic tooth movement is the alveolar bone remodeling. The
alveolar bone remodeling is a continuous, complex and coordinated biological process, involving
bone-forming mediated by osteoblasts and bone-resorbing mediated by osteoclasts in orthodontics.
The mechanical stress-stimulated osteogenic differentiation in the human periodontal ligament stem
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cells (PDLSCs) is the vital component in alveolar bone
remodeling in orthodontics at the tension side (Seo et al.,
2004; Huang et al., 2018). However, some risks in orthodontic
treatment, such as the loss of attachment, the alveolar bone loss,
as well as the gingival recession, pose great challenges for
orthodontists (Rafiuddin et al., 2015). And orthodontists are
now exploring the molecular mechanisms and searching for
the potential therapeutic molecular targets, in order to avoid
the possible side effects and improve the alveolar bone
remodeling during the orthodontic treatment.

Our previous study revealed that the cyclic mechanical stress
enhanced the reactive oxygen species (ROS) level and induced the
expression of nuclear factor erythroid-2-related factor-2 (Nrf2)
and its downstream molecules, such as heme oxygenase 1 (HO1)
and NADPH dehydrogenase quinone 1 (NQO1) during cyclic
mechanical stress-stimulated osteogenic differentiation in
PDLSCs (Xi et al., 2021). Tert-Butylhydroquinone (t-BHQ),
the Nrf2 activator and the United States Food and Drug
Administration (FDA)-approved food additive, increased the
expression levels of osteogenic differentiation markers,
including collagen type 1 (COL1), runt-related transcription
factor 2 (RUNX2), osteopontin (OPN), and alkaline
phosphatase (ALP) activity in PDLSCs during cyclic
mechanical stress (Xi et al., 2021).

Nrf2, as the major transcriptional regulator, had the pivotal
effect on the endogenous antioxidant response and cellular
defense by regulating the expression and activity of
antioxidant components, including HO1 and NQO1 (Dai
et al., 2020). The previous studies supported the notion that
Nrf2 was a vital factor in regulating osteoblast differentiation and
bone formation (Sun et al., 2015; Wu et al., 2019). Nrf2 activation
in osteoblast differentiation might be related to the intracellular
ROS levels and the antioxidant components (Francisqueti-Ferron
et al., 2019).

Accumulating studies showed that many complex
mechanisms were involved in regulating the Nrf2 signaling at
various levels, such as transcription, post-translational
modification as well as protein-protein interactions. The
complex mechanisms were associated with controlling the
intracellular distribution, stability and activity of Nrf2 (Zhang
et al., 2015). And many signaling pathways were vital for
modulating Nrf2 activity, such as protein kinase C (PKC),
phosphoinositide 3 kinase (PI3K)/protein kinase B (Akt) and
p38 mitogen-activated protein kinase (MAPK) (Fão et al., 2019).

However, the precise molecular mechanisms of Nrf2 underlying
cyclic mechanical stress-stimulated osteogenic differentiation are not
fully elucidated. Better understanding of the mechanisms of Nrf2
underlying cyclic mechanical stress-stimulated osteogenic
differentiation may make profound impacts on improving the
alveolar bone remodeling in orthodontics.

Proteins are the critical executors in undertaking the life
activities directly. It is especially important to examinate the
proteins related to various physiological as well as pathological
processes, in order to explore the intricate mechanisms in
numerous biological processes. Along with the advances in
proteomics technologies, it is feasible to find and identify the
differentially expressed proteins to further study the potential,

interrelated as well as multifactorial mechanisms (Cheng et al.,
2021).

Our research was designed to explore the potential
mechanisms of Nrf2 underlying cyclic mechanical stress-
stimulated osteogenic differentiation via the tandem mass
tag (TMT)-based liquid chromatography tandem-mass
spectrometry (LC-MS/MS) analysis. And we applied t-BHQ,
the Nrf2 activator, to the orthodontic rats. We detected the
expression levels of the osteogenesis markers by
immunohistochemistry (IHC) staining to confirm that Nrf2
might be a promising therapeutic target to improve the
alveolar bone remodeling in orthodontics.

MATERIALS AND METHODS

Culture and Identification of PDLSCs
This research was conducted in adherence with the Declaration of
Helsinki. The ethical approval for this study was approved
through the Medical Ethical Committee of the School of
Stomatology, Shandong University (Protocol number:
20201206). The informed consent and the assent were taken
from the participants as well as their guardians. The methods of
the culture and identification of PDLSCs were in accordance with
our previous research (Xi et al., 2021). The cultured PDLSCs were
isolated from the human periodontal ligament (PDL) tissues in
premolars from 12- to 16-year-old systemically healthy
orthodontic individuals who undergone tooth extraction.
0.25% trypsin (Solarbio, Beijing, China) was applied to
separate PDLSCs for passage. PDLSCs at passages 3–6 were
utilized in the follow-up experiments.

The flow cytometric examinations of STRO-1, CD146, CD34,
CD45 (Proteintech Group, Chicago, IL, United States) were
carried out by using BD Accuri™ C6 flow cytometer (BD
Biosciences, Milan, Italy) as described previously (Xi et al., 2021).

The multidirectional differentiation potential of PDLSCs was
confirmed through alizarin red staining (Sigma-Aldrich; Merck
KGaA, Darmstadt, Germany), oil red O staining (Solarbio) as well
as alcian blue staining (Solarbio) as described previously (Xi et al.,
2021).

Cyclic Mechanical Stress
The application of cyclic mechanical stress (10% and 0.5 Hz) was
carried out with Flexercell FX-5000 Strain Unit (Flexcell
International Corporation, Hillsborough, NC, United States) as
described previously (Xi et al., 2021). The PDLSCs were treated
with 10% and 0.5 hz cyclic mechanical stress for 0 and 12 h. The
PDLSCs in 0 h groups were the non-loaded cells without cyclic
mechanical stress. Non-loaded PDLSCs (0 h) were cultured on
the Bioflex ® culture plates in the same incubator for the
maximum tension time without cyclic mechanical stress.

RNA Interference of Nrf2
The design and synthesis of the small interfering RNA (siRNA)
was conducted by GenePharma Corporation (Shanghai, China).
PDLSCs were transfected with Micropoly-transfecter TM cell
reagent (Micropoly, Nantong, China). The transfection efficiency
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was detected and confirmed with qRT-PCR and western blotting
as described previously (Xi et al., 2021). The siRNA sequences
used in this experiment were listed below: siNrf2 (forward 5′-
GGGAGGAGCUAUUAUCCAUTT-3′ and reverse 5′-AUG
GAUAAUAGCUCCUCCCTT-3′); siSCR (forward 5′-UUC
UCCGAACGUGUCACGUTT-3′ as well as reverse 5′-ACG
UGACACGUUCGGAGAATT-3′).

TMT-Based LC-MS/MS Analysis
The samples were divided into two groups (the control group and
siNrf2 group) and each group contained three repetitions. The
samples were lysed by lysis buffer, including 7 M urea (Bio-Rad,
Hercules, CA, United States), 2 M thiourea (Sigma-Aldrich), and
0.1% CHAPS (Bio-Rad). The supernatant of the sample was
centrifuged at 14,000 g at 4°C for 30 min and then collected.
The protein solution was incubated with the reducing reagent
(5 μl 200 mM) (Thermo Scientific, Waltham, MA, United States)
at 55°C for 1 h, iodoacetamide (5 μl 375 mM) (Thermo Scientific)
at room temperature for 10 min, dissolution buffer (200 μl
100 mM) (Thermo Scientific) and then centrifuged at 12,000 g
for 20 min. The trypsin (Thermo Scientific) was added overnight
at room temperature.

The TMT reagent (Thermo Scientific) was used to label the
peptides of the samples. The TMT reagent was dissolved in
acetonitrile, added to the digested sample and incubated for
1 h at room temperature. The reaction was terminated through
the addition of 5% hydroxylamine. The labeled samples were
collected for LC-MS/MS analysis.

The tryptic peptide fractions were dissolved in buffer A
(0.1% formic acid). The peptides were eluted at a flow rate of
600 nl/min with buffer B (80% acetonitrile and 0.1% formic
acid). The Orbitrap Q Exactive HF-X mass spectrometer
(Thermo Scientific) was used for LC-MS/MS analysis, using
Nanospray Flex™ Ion Source (Thermo Scientific), with the
spray voltage of 2.4 kV. The full MS scans were performed
from 407 to 1,500 m/z at a resolution of 60,000. The automatic
gain control (AGC) target was 3 × 106, and the maximum ion
injection time was 20 ms. For MS/MS scans, the 40 most
abundant ions were selected for higher energy collisional
dissociation fragmentation. The MS/MS scans were
performed at a resolution of 45,000 (200 m/z), and AGC
was 5 × 104 and the maximum ion injection time was
86 ms. The collision energy was 32%. The data were
analyzed by Proteome Discoverer 2.4 through Homo sapiens
database. The parameters were set as follows. Static
modification: carbamidomethyl (C); dynamic modification:
M oxidation (15.995 Da), TMT-6 plex (K, N-terminal),
acetyl (protein N-terminal); precursor ion mass tolerance:
±15 ppm; fragment ion mass tolerance: ±0.02 Da; max
missed cleavages: 2. The proteins with the p value less than
0.05 and the fold change more than 1.2 or less than 0.833 were
selected and recognized as differentially expressed proteins for
further study.

The Gene Ontology (GO) analysis was carried out through
UniProt GoA database (https://www.ebi.ac.uk/GOA/), and
classified the proteins into three categories, including cellular
components, molecular functions, and physiological processes.

The pathway analyses were carried out by the Kyoto Encyclopedia
of Genes and Genomes (KEGG) database (https://www.genome.
jp/kegg/). The p value less than 0.05 was considered significant.
The protein-protein interaction (PPI) information was analyzed
by the STRING database (https://string-db.org/).

Reagent Preparation
LY294002 (Cell Signaling Technology, Danvers, MA,
United States), the PI3K inhibitor, was dissolved in dimethyl
sulfoxide (DMSO), and the final concentration was 20 μM in
PDLSCs (Chen et al., 2013; Kook et al., 2014; Jia et al., 2020).

The t-BHQ (Solarbio) solution was prepared in DMSO. The
concentration of the t-BHQ solution was 10 μM in PDLSCs as
described previously (Yoon et al., 2016; Xi et al., 2021).

Quantitative Real-Time RT-PCR
The method of quantitative real-time RT-PCR was in accordance
with our previous research (Xi et al., 2021). The primer sequences
were showed in Supplementary Table S1.

Western Blotting
The method of the experiment was in accordance with our
previous research (Xi et al., 2021). COL1 (14695-1-AP,
Proteintech), RUNX2 (ab23981, Abcam, Cambridge, MA,
United States), OPN (22952-1-AP, Proteintech), Nrf2
(ab137550, Abcam), HO1 (10701-1-AP, Proteintech),
superoxide dismutase 2 (SOD2) (24127-1-AP, Proteintech),
Akt (10176-2-AP, Proteintech), p-Akt (66444-1-lg,
Proteintech), GAPDH (sc-25778, Santa Cruz Biotechnology,
Santa Cruz, CA, United States) and Lamin B1 (12987-1-AP,
Proteintech) were used for western blotting.

Co-Immunoprecipitation
PDLSCs were lysed with NP-40 (Beyotime, Nantong, China) on
ice for 10 min, and the supernatant was collected after
centrifugation. The supernatant samples were incubated with
the primary antibodies (2.5 μg) and Protein A/G Plus Agarose
(sc-2003, Santa) at 4°C overnight. And the primary antibodies
used in this study for enriching the protein complex were
presented below: Nrf2 (16396-1-AP, Proteintech), Akt (10176-
2-AP, Proteintech), HO1 (10701-1-AP, Proteintech), SOD2
(24127-1-AP, Proteintech). After immunoprecipitation, the
immunocomplexes were washed three times with NP-40 lysis
buffer, collected after centrifugation, and then re-suspended with
SDS-loading buffer, and boiled for 5 min for western blotting.
The primary antibodies used for western blotting were presented
below: Nrf2 (66504-1-lg, Proteintech), Akt (60203-2-lg,
Proteintech), HO1 (66743-1-lg, Proteintech), SOD2 (66474-1-
lg, Proteintech).

Immunofluorescence Staining
The fixation of PDLSCs was performed with 4%
paraformaldehyde for 15–20 min, and then incubated with
0.2% Triton X-100 (Solarbio) for 10 min for
permeabilization. PDLSCs were blocked with 10% goat
serum for 1 h at room temperature, and then incubated
with anti-SOD2 primary antibody (1:200, 24127-1-AP,
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Proteintech), overnight at 4°C, and then incubated with
CoraLite594-conjugated Goat Anti-Rabbit IgG (H+L)
(SA00013-4, Proteintech) and protected from light for 1 h
at room temperature. DAPI (Solarbio) staining for the
nuclei in PDLSCs was carried out. PDLSCs were visualized
using the fluorescence microscope (OLYMPUS, Tokyo, Japan).

Experimental Animals
The ethical approval for the animal experiment was approved
through the Medical Ethical Committee of School of
Stomatology, Shandong University (Protocol number:
20201205). And the experiments were conducted in adherence
with the National Institutes of Health Guide for the Care and Use
of Laboratory Animals. The male Wistar rats aged 8 weeks were
used in our experiment.

Tooth Movement Models
The method was in accordance with our previous research (Xi
et al., 2021). Mesial force of 25 g was carried out for mesial
movement of the maxillary first molar with the maxillary incisors
as the anchorage (An et al., 2017; Motoji et al., 2020).

Rats in this study were randomly allocated into the control
group as well as t-BHQ group. 2 mg/ml t-BHQ solution in 1%
DMSO in saline was injected intraperitoneally every second
day. The rats in t-BHQ group were injected with t-BHQ
solution (50 mg/kg) intraperitoneally (Lazaro et al., 2018; Xi
et al., 2021). The control rats were injected with 1% DMSO in
saline.

The rats were sacrificed at 7, 14 and 28 days after orthodontic
treatment with an overdose of the pentobarbital anaesthesia, The
cardiac perfusion with 4% paraformaldehyde was carried out to
fix the tissue. Tissues were harvested and fixed using 4%
paraformaldehyde.

Immunohistochemistry Examinations
IHC examinations were carried out through the SPlink
Detection kit (catalog no. SP9000, ZSGB-BIO, Beijing,
China). Nrf2 (1:500, 16396-1-AP, Proteintech), HO1 (1:400,
10701-1-AP, Proteintech), ALP (1:400, 11187-1-AP,
Proteintech) and COL1 (1:1,000, 14695-1-AP, Proteintech)
were used for IHC examination. The region of PDL in the
maxillary first molar around distal to the cervial third of
mesiobuccal root was selected for detecting the protein
levels (Nrf2, HO1, ALP as well as COL1) (Suzuki et al.,
2016; An et al., 2017). The stained sections were visualized
with the microscope (Olympus, Tokyo, Japan) and acquired by
Olympus cellSens Standard 1.17 (Olympus). The Image-Pro
Plus 6.0 software (Media Cybernetics, Silver Spring, MD,
United States) was used to quantify the integrated optical
density (IOD) of the protein levels (Nrf2, HO1, ALP as well
as COL1).

Statistical Analysis
Results were represented as mean ± standard deviation (SD).
One-way ANOVA test and Student’s t-test were used as
appropriate through the GraphPad Prism software (MacKiev
Software, Boston, MA, United States).

RESULTS

Culture and Identification of PDLSCs
The cultured PDLSCs, isolated from the human periodontal
ligament tissues, showed the morphology of fusiform
(Figure 1A). The flow cytometry data showed the positive
expression for STRO-1 as well as CD146, and the negative
expression for CD34 as well as CD45 in PDLSCs (Figure 1B).
The cultured PDLSCs were cells withmultidirectional differentiation
potential, which was confirmed by alizarin red staining, oil red O
staining as well as alcian blue staining (Figures 1C–E).

Identification of the Differentially Expressed
Proteins and Bioinformatics Through
TMT-Based LC-MS/MS Analysis
We investigated the potential molecular mechanisms of Nrf2 in
cyclic mechanical stress-stimulated osteogenic differentiation in
PDLSCs via LC-MS/MS. The results revealed that, compared with
the controls, 162 proteins were differentially expressed, including
76 down-regulated and 86 up-regulated proteins (Figures 2A,B
and Supplementary Table S2).

According to GO enrichment analysis, the differentially expressed
proteins were mainly distributed in cytoplasm, membrane and
nucleus in the cellular component (CC) category. We observed
that the differentially expressed proteins were involved in signal
transduction, transport and immune system process in the biological
process (BP) category. And the differentially expressed proteins
participated in metal ion binding, receptor binding and signal
transducer activity in the molecular function (MF) category
(Figure 2C).

In the KEGG pathway enrichment analysis of differentially
expressed proteins (Figure 2D), PI3K/Akt signaling pathway
attracted our attention, as its vital role in the activation and
translocation of Nrf2 (Rai et al., 2019). PI3K/Akt signaling
pathway was selected for further investigation in the
subsequent study.

The Involvement of PI3K/Akt Signaling
Pathway in the Nrf2 Activation in PDLSCs
During Cyclic Mechanical
Stress-Stimulated Osteogenic
Differentiation
To confirm the involvement of PI3K/Akt signaling pathway in the
Nrf2 activation in PDLSCs during the cyclic mechanical stress-
stimulated osteogenic differentiation based on the KEGG
pathway analysis, LY294002 was applied in the study. Cyclic
mechanical stress increased the phosphorylation of Akt (p-Akt),
while LY294002, the PI3K inhibitor, inhibited the level of p-Akt
(Figure 3A and Supplementary Table S3). And
LY294002 down-regulated the mRNA, the cytosol and nuclear
protein expression level of Nrf2 (Figures 3B,C and
Supplementary Table S3). The cyclic mechanical stress-
stimulated osteogenic differentiation abilities with or without
LY294002 in PDLSCs were measured. And the data showed
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that LY294002 inhibited the mRNA as well as the protein
expression levels of osteogenic relative markers (COL1,
RUNX2 and OPN) (Figures 3D,E and Supplementary Table
S3). And the decreased mRNA and the decreased protein
expression level of HO1 with LY294002 were observed. The
abovementioned results showed that the PI3K/Akt pathway
was associated with modulating the Nrf2 expression in cyclic
mechanical stress-stimulated osteoblast differentiation of
PDLSCs.

The Protein-Protein Interaction Between
Akt and Nrf2 in PDLSCs During the Cyclic
Mechanical Stress-Stimulated Osteogenic
Differentiation
To further confirm the involvement of PI3K/Akt signaling pathway
in the Nrf2 activation in PDLSCs during the cyclic mechanical stress,
in the subsequent study, we used the STRING database. And we
found that the potential protein-protein interaction between Akt and

FIGURE 1 | The culture and identification of PDLSCs. (A) The cultured PDLSCs, isolated from the human periodontal ligament tissues and passaged at 6, with a
morphology of fusiform. The scale bars, 200 µm. (B) Flow cytometry data showed the positive expression for STRO-1 and CD146, and the negative expression for CD34
and CD45 in PDLSCs. (C) Alizarin red staining. The scale bars, 100 and 200 µm. (D)Oil red O staining. The scale bars, 50 and 100 µm. (E) Alcian blue staining. The scale
bars, 20 and 50 µm.
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FIGURE 2 | Identification of the differentially expressed proteins and bioinformatics via TMT-based LC-MS/MS analysis. (A) The heatmap of the relative abundance
of proteins in each sample. (B) The volcano plot showed 162 proteins were differentially expressed compared with the control proteins, including 76 downregulated and
86 upregulated proteins. The proteins with the p value less than 0.05 and the fold change more than 1.2 or less than 0.833 were selected and recognized as differentially
expressed proteins for further study. The value of log2 (fold change) was set as abscissa, and the value of -log10 (p value) was set as the ordinate. (C)GO enrichment
analysis revealed that the differentially expressed proteins were involved in the cellular component (CC) category, the biological process (BP) category and the molecular
function (MF) category. (D) The KEGG pathway enrichment analysis of the up-regulated and down-regulated proteins.
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FIGURE 3 | The involvement of PI3K/Akt signaling pathway in the Nrf2 activation during the cyclic mechanical stress-stimulated osteogenic differentiation of
PDLSCs. (A) LY294002, the PI3K inhibitor, inhibited the level of p-Akt under cyclic mechanical stress based on the western blotting experiments. (B) LY294002 down-
regulated the Nrf2 mRNA under cyclic mechanical stress in PDLSCs. (C) LY294002 decreased the cytosol and nuclear protein expression level of Nrf2 under cyclic
mechanical stress in PDLSCs. (D) LY294002 inhibited the mRNA levels of osteogenic relative markers (COL1, RUNX2 and OPN) and HO1 under cyclic mechanical
stress in PDLSCs. (E) LY294002 inhibited the protein expression levels of osteogenic relative markers (COL1, RUNX2 andOPN) and HO1 under cyclic mechanical stress
in PDLSCs. (F) Co-IP experiments showed the protein-protein interaction between Akt and Nrf2 in PDLSCs as immunoprecipitation with anti-Akt antibody and anti-Nrf2
antibody to enrich the protein complex, respectively.
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FIGURE 4 | The protein-protein interaction between HO1 and SOD2 in PDLSCs under cyclic mechanical stress. (A) Immunofluorescence staining of SOD2 during
cyclic mechanical stress in PDLSCs. The scale bars, 100 µm. (B) Cyclic mechanical stress up-regulated the SOD2 mRNA expression in PDLSCs, according to the
results of RT-PCR. (C) Cyclic mechanical stress promoted the SOD2 protein expression in PDLSCs, according to the results of western blotting. (D) Co-IP experiments
showed the protein-protein interaction between HO1 and SOD2 in PDLSCs as immunoprecipitation with anti-HO1 antibody and anti-SOD2 antibody to enrich the
protein complex, respectively.
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Nrf2 might be associated with the process. Immunoprecipitation
experiments were performed with anti-Nrf2 antibody to enrich the
protein complex containing Nrf2, followed by western blotting with
anti-Akt antibody. The results showed that Akt was present in the
complex containing Nrf2 (Figure 3F). The similar results were
observed when immunoprecipitation with anti-Akt antibody and
western blotting with anti-Nrf2 antibody. The results of Co-IP
experiments confirmed the interaction between Akt and Nrf2 in
PDLSCs, which was more obvious when using t-BHQ, the Nrf2
activator. These data further demonstrated that PI3K/Akt signaling
pathway was involved in the Nrf2 activation in PDLSCs during the
cyclic mechanical stress-stimulated osteogenic differentiation.

The Identification and Validation of SOD2
Expression in PDLSCs During the Cyclic
Mechanical Stress-Stimulated Osteogenic
Differentiation
Among the differentially expressed proteins from TMT-based LC-
MS/MS analysis, the potential protein-protein interaction between
HO1 and SOD2, the downstream antioxidants of Nrf2, might be
related to cyclic mechanical stress-induced osteoblast differentiation
(Supplementary Table S4). Our previous research showed that
cyclic mechanical stress promoted the expression of Nrf2 and its
downstream antioxidant HO1. In the following study, we evaluated
the SOD2 expression in PDLSCs. The data showed that the mRNA
and protein expression of SOD2 were up-regulated during cyclic
mechanical stress (Figures 4A–C and Supplementary Table S5).
The data implied that the potential interaction between HO1 and
SOD2 in PDLSCs might be associated with cyclic mechanical stress-
stimulated osteoblast differentiation.

The Protein-Protein Interaction Between
HO1 and SOD2 in PDLSCs During the Cyclic
Mechanical Stress-Stimulated Osteogenic
Differentiation
To further confirm the involvement of HO1 and SOD2
interaction in PDLSCs during the cyclic mechanical stress,
Co-IP experiments were carried out. Immunoprecipitation
experiments were performed with anti-HO1 antibody to
enrich the protein complex containing HO1, followed by
western blotting with anti-SOD2 antibody. The data showed
that SOD2 was present in the complex containing HO1. The
similar result was observed when immunoprecipitation with
anti-SOD2 antibody and western blotting with anti-HO1
antibody. According to the results of Co-IP experiments
(Figure 4D), we confirmed that the interaction between
HO1 and SOD2 was associated with the cyclic mechanical
stress-stimulated osteogenic differentiation.

The Effect of Nrf2 Activation on Osteogenic
Relative Markers in Orthodontic Rats
Our previous research revealed that Nrf2 had the positive effect
on cyclic mechanical stress-stimulated osteoblast differentiation.
To verify that Nrf2 might be a promising therapeutic target in

orthodontics, we applied t-BHQ, the Nrf2 activator and the FDA-
approved food additive, to orthodontic rats. And we detected the
expression levels of osteogenic relative markers in PDL through
IHC staining. T-BHQ could promote the expression of Nrf2 and
its downstream antioxidant HO1 in PDL in orthodontic rats at
the tension side through IHC staining (Figures 5, 6 and
Supplementary Table S6). And the expression levels of ALP
and COL1, the osteogenic relative markers, in orthodontic rats
were up-regulated with t-BHQ treatment (Figures 7, 8 and
Supplementary Table S6). These results indicated that Nrf2
might be a potential and promising target for therapeutic
intervention to have positive effects on alveolar bone
remodeling in orthodontics.

DISCUSSION

Our previous research revealed that Nrf2 played the beneficial
role in cyclic mechanical stress-stimulated osteogenic
differentiation in PDLSCs (Xi et al., 2021). Our current
study was performed to explore the potential molecular
mechanisms of Nrf2 in this process via TMT-based LC-MS/
MS analysis. The mechanisms of Nrf2 underlying cyclic
mechanical stress-stimulated osteogenic differentiation were
associated with PI3K/Akt signaling pathway and HO1-SOD2
interaction in PDLSCs. And we applied t-BHQ, the Nrf2
activator, to the orthodontic rats and observed the increased
expression levels of osteogenic relative markers, including ALP
and COL1 by IHC staining. Nrf2 might be a promising
therapeutic target to have favorable effects on alveolar bone
remodeling in orthodontics.

PI3K/Akt signaling, the pivotal signaling pathway in cells, is
related to various cell functions and processes, including cell
proliferation, survival, metabolism and so forth (Mishra et al.,
2021). Nrf2, the master regulator in antioxidant defense, is
implicated in modulating the expression and activity of
antioxidant components, including HO1 and NQO1 (Yu and
Xiao, 2021). Previous researches showed that PI3K/Akt pathway
was related to the activation and translocation of Nrf2 to regulate
the synthesis of some protective protein including HO1 (Rai et al.,
2019). Many studies demonstrated that PI3K/Akt might
participate in osteogenic differentiation in PDLSCs. Metformin
could reduce the level of ROS stimulated by H2O2 and promote
osteogenic differentiation in PDLSCs, which was associated with
PI3K/Akt/Nrf2 signaling pathway (Jia et al., 2020). Curcumin
could have the beneficial effect on osteogenic differentiation in
PDLSCs, and this was linked to the activation of PI3K/Akt/Nrf2
signaling pathway (Xiong et al., 2020).

According to the KEGG pathway analysis in our study,
PI3K/Akt signaling pathway might be related to the Nrf2
activation in PDLSCs during the cyclic mechanical stress-
stimulated osteogenic differentiation. And we applied
LY294002, the PI3K inhibitor, to interfere with the Akt
signaling in PDLSCs and observed the down-regulated
expression of Nrf2 and the decreased cyclic mechanical
stress-stimulated osteogenic differentiation. According to
the STRING database and the results of Co-IP experiments,
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we confirmed the protein-protein interaction between Akt and
Nrf2 in PDLSCs under cyclic mechanical stress, and this was
more obvious when using t-BHQ, the Nrf2 activator. The
abovementioned results revealed that PI3K/Akt pathway was

involved in modulating the Nrf2 expression in cyclic mechanical
stress-stimulated osteoblast differentiation of PDLSCs, which was
agreement with the previous studies (Jia et al., 2020; Xiong et al.,
2020). The protein-protein interaction between Akt and Nrf2 may

FIGURE 5 | The increased expression of Nrf2 in the PDL at the tension side in orthodontic rats with t-BHQ treatment. (A) T-BHQ, the Nrf2 activator, could promote
Nrf2 expression in the PDL at the tension side in orthodontic rats through IHC staining. The scale bars, 20 and 50 µm. (B) The mean integrated optical density (IOD)/Area
of Nrf2 was quantified through Image-Pro Plus 6.0 software. N � 3 specimens in each group.
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affect the structure and stability of Nrf2. This requires further
investigation in the future.

Among the differentially expressed proteins from TMT-based
LC-MS/MS analysis, the potential protein-protein interaction

between HO1 and SOD2 in PDLSCs might be implicated in
cyclic mechanical stress-stimulated osteoblast differentiation.
Our earlier research showed that cyclic mechanical stress
enhanced the activation of Nrf2 and its downstream

FIGURE 6 | The increased expression of HO1 in the PDL at the tension side in orthodontic rats with t-BHQ treatment. (A) T-BHQ could promote the expression
level of HO1, the downstream antioxidant of Nrf2, in the PDL at the tension side in orthodontic rats through IHC staining. The scale bars, 20 and 50 µm. (B) The mean
IOD/Area of HO1 was quantified through Image-Pro Plus 6.0 software. N � 3 specimens in each group.
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antioxidant HO1. And t-BHQ reinforced the expression levels of
Nrf2 and HO1 as well as improved cyclic mechanical stress-
induced osteoblast differentiation of PDLSCs (Xi et al., 2021).

HO1 possesses powerfully cytoprotective and antioxidant
properties through the enzymatic degradation of heme
(Consoli et al., 2021; Nitti et al., 2021). Some studies showed

FIGURE 7 | The increased expression of ALP in the PDL at the tension side in orthodontic rats with t-BHQ treatment. (A) The expression of ALPwas enhanced with
t-BHQ treatment in the PDL at the tension side in orthodontic rats through IHC staining. The scale bars, 20 and 50 µm. (B) The mean IOD/Area of ALP was quantified
through Image-Pro Plus 6.0 software. N � 3 specimens in each group.
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that HO1 had the crucial effect on regulating osteogenic
differentiation. Panax ginseng fruit extract (PGFE) induced the
expression levels of Nrf2 and HO1, and recovered the osteoblast
differentiation restrained by Porphyromonas gingivalis

lipopolysaccharide (PG-LPS) in the human periodontal
ligament cells, while tin protoporphyrin IX (SnPP), the
inhibitor of HO1, suppressed the osteoblast differentiation
(Kim et al., 2020). Up-regulation of HO1 expression could

FIGURE 8 | The increased expression of COL1 in the PDL at the tension side in orthodontic rats with t-BHQ treatment. (A) The expression of COL1 was up-
regulated with t-BHQ treatment in the PDL at the tension side in orthodontic rats through IHC staining. The scale bars, 20 and 50 µm. (B) The mean IOD/Area of COL1
was quantified through Image-Pro Plus 6.0 software. N � 3 specimens in each group.
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improve the osteogenic differentiation in mesenchymal stem cells
(MSCs) line C3H10T1/2 and promote ectopic bone formation in
nude mice (Liu et al., 2018).

SOD2, an antioxidant enzyme, could catalyze superoxide
radical anion (O2

•-) into hydrogen peroxide (H2O2) in
mitochondria (Kasai et al., 2020). And Nrf2 could induce the
expression of SOD2 (Bellezza et al., 2018; Kasai et al., 2020). Our
previous investigation indicated that cyclic mechanical stress
reinforced the ROS level, including O2

•- and H2O2 in PDLSCs.
In our current study, we observed the increased mRNA and the
increased protein expression of SOD2 under cyclic mechanical
stress in PDLSCs. And previous investigations revealed that
SOD2 could be crucial for osteoblast differentiation. Melatonin
restored the impaired osteogenic capacity of bone marrow
mesenchymal stem cells (BMMSCs) stimulated by titanium
(Ti) wear particles and improved intracellular antioxidant
properties by increasing SIRT1 expression and up-regulating
SOD2 activity (Zhang et al., 2020). Down-regulation of SOD2
expression induced by knocking down of SIRT3 was related to the
reduced osteogenic differentiation, while SOD2 overexpression
suppressed the reduction of osteogenic differentiation mediated
by SIRT3 knockdown (Ding et al., 2017).

The abovementioned studies showed that HO1 and SOD2, as
the important antioxidant enzymes and the downstream
antioxidants of Nrf2, were associated with osteoblast
differentiation. In order to confirm the potential protein-
protein interaction between HO1 and SOD2, Co-IP
experiments were carried out. The interaction between HO1
and SOD2 was observed in cyclic mechanical stress-stimulated
osteoblast differentiation of PDLSCs. The interaction between
HO1 and SOD2 might be related to the change of enzyme
structure and activity and might affect the cyclic mechanical
stress-stimulated osteoblast differentiation of PDLSCs. This is
worthy of further study in the future.

Nrf2 played the beneficial role in cyclic mechanical stress-
stimulated osteoblast differentiation in PDLSCs. This showed the
possibility of t-BHQ, the Nrf2 activator, to be a potential and
promising therapeutic target to improve the alveolar bone
remodeling in orthodontics. T-BHQ, the food additive
approved by FDA, was widely used in various animal models,
such as traumatic brain injury (TBI) and hypertension (Bai et al.,
2017; Chandran et al., 2018). To determine the positive effect of
Nrf2 on osteogenic differentiation, we applied t-BHQ to the
orthodontic rats. Our data showed that t-BHQ could up-
regulate the Nrf2 expression and increase the expression levels
of the osteogenesis markers (ALP and COL1) in orthodontic rats.
Our data could be in line with previous researches, indicating that
Nrf2 was crucial for osteoblast differentiation and bone formation
(Ibáñez et al., 2014; Lippross et al., 2014; Wu et al., 2019; Zhu
et al., 2020). Combined with our previous study, t-BHQ could
play the positive role in BV/TV, Tb.Th, Tb.Sp as well as SMI, the
microarchitectural parameters of trabecular bone in orthodontic
rats (Xi et al., 2021). This further revealed that Nrf2 might be a
promising and attractive target for therapeutic intervention in
orthodontics.

The Akt-Nrf2 interaction might affect the structure and
stability of Nrf2 and this might be associated with cyclic

mechanical stress-stimulated osteoblast differentiation in
PDLSCs. And the HO1-SOD2 interaction might be related to
the change of enzyme structure and activity and this might affect
cyclic mechanical stress-stimulated osteoblast differentiation in
PDLSCs. These related molecular mechanisms require further
investigation.

In conclusion, Nrf2 activation is involved in cyclic mechanical
stress-stimulated osteogenic differentiation in PDLSCs via PI3K/
Akt signaling and HO1-SOD2 interaction. T-BHQ, the Nrf2
activator, enhanced the expression levels of osteogenesis
markers in orthodontic rats at the tension side. Nrf2 might be
a potential and promising therapeutic target to improve the
alveolar bone remodeling in orthodontic treatment.
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