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NRF2 nuclear translocation and interaction with DUSP1 regulate 
the osteogenic differentiation of murine mandibular osteoblasts 
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Abstract: Background: Periodontitis is characterized by alveolar bone resorption, aggravated by osteoblast dysfunction, and 
associated with intracellular oxidative stress linked to the nuclear factor erythroid 2-related factor 2 (NRF2) level. We evaluated 
the molecular mechanism of periodontitis onset and development and the role of NRF2 in osteogenic differentiation. Methods: 
Primary murine mandibular osteoblasts were extracted and exposed to Porphyromonas gingivalis lipopolysaccharide (Pg-LPS) 
or other stimuli. Reactive oxygen species (ROS) and 5,5',6,6'-tetrachloro-1,1',3,3'-tetraethylbenzimidazolylcarbocyanine iodide 
(JC-1) staining were used to detect intracellular oxidative stress. Alkaline phosphatase staining and alizarin red S staining were 
used to detect the osteogenic differentiation of osteoblasts. Immunofluorescence and western blotting were used to determine 
the changes in the mitogen-activated protein kinase (MAPK) pathway and related molecule activities. Immunofluorescence 
colocalization and co-immunoprecipitation were performed to examine the nuclear translocation of NRF2 and its interaction 
with dual-specific phosphatase 1 (DUSP1) in cells. Results: Ligated tissue samples showed higher alveolar bone resorption rate 
and lower NRF2 level than healthy periodontal tissue samples. Pg-LPS increased intracellular oxidative stress levels and 
inhibited osteogenic differentiation, whereas changes in NRF2 expression were correlated with changes in the oxidative stress 
and osteogenesis rate. NRF2 promoted the dephosphorylation of the MAPK pathway by nuclear translocation and the upregulation 
of DUSP1 expression, thus enhancing the osteogenic differentiation capacity of mandibular osteoblasts. The interaction between 
NRF2 and DUSP1 was observed. Conclusions: NRF2 and its nuclear translocation can regulate the osteogenic differentiation of 
mandibular osteoblasts under Pg-LPS conditions by interacting with DUSP1 in a process linked to the MAPK pathway. These 
findings form the basis of periodontitis treatment.
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1 Introduction 

Periodontitis is a chronic infectious disease char‐
acterized by alveolar bone resorption (Loos and van 
Dyke, 2020). Lipopolysaccharide (LPS) is crucial in 

the pathogenesis of periodontitis and inflammatory 
bone resorption (Fiedler et al., 2013). Porphyromonas 
gingivalis LPS (Pg-LPS) could promote the produc‐
tion of pro-inflammatory cytokines (Herzmann et al., 
2017), accelerating alveolar bone destruction. Alveo‐
lar bone homeostasis is maintained via a dynamic bal‐
ance between osteoclast-mediated bone resorption and 
osteoblast-mediated bone formation (Kim et al., 2020). 
However, further research is needed to delve into the 
underlying mechanisms by which Pg-LPS disrupts 
bone balance, leading to the continuous destruction of 
alveolar bone in periodontitis.

An imbalance between the oxidative and anti‐
oxidant systems causes oxidative stress, as it involves 
the accumulation of free radicals and reactive oxygen 
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species (ROS), disrupting nucleic acid, protein, and 
lipid functions in the cell (Sies et al., 2017). The levels 
of oxidative stress markers, such as ROS and malondi‐
aldehyde, are increased in saliva (Su et al., 2009) and 
gingival tissue samples (Konopka et al., 2007) collected 
from patients with periodontitis. The ROS content 
increases in human gingival fibroblasts (HGFs) and 
human periodontal ligament cells (hPDLCs) upon the 
stimulation with Pg-LPS and tumor necrosis factor-α 
(TNF-α) (Fang et al., 2020; Liu et al., 2023). This sug‐
gests a correlation between periodontitis and oxida‐
tive stress, which may be bi-directional.

Nuclear factor erythroid 2-related factor 2 (NRF2), 
encoded by NFE2L2, protects cells from oxidative 
stress. Oxidative stress causes the dissociation of NRF2 
and kelch-like ECH-associated protein 1 (KEAP1), 
triggering the nuclear transfer of NRF2 (Baird et al., 
2014). Active cytoplasmic proteins are transported 
into the nucleus to influence cell functions in a process 
called nuclear translocation (Knudsen et al., 2009). 
Because NRF2 and its nuclear translocation regulate 
the cellular responses against potentially harmful levels 
of oxidative stress, they are termed redox molecular 
switches (Silva-Islas and Maldonado, 2018; Wang L 
et al., 2022). Zhu et al. (2020) utilized LPS to stimu‐
late human gingival epithelial cells (hGECs) and found 
that the fluorescence intensity of nuclear translocation 
of NRF2 decreased, while the levels of NRF2-target 
antioxidant genes, catalase (CAT), γ-glutamylcysteine 
synthetase, heavy subunit (GCLC), and superoxide 
dismutase 1 (SOD1), were significantly reduced, cou‐
pled with an elevation in the ROS level, suggesting the 
role of redox molecular switches in the development 
of periodontitis.

Sun et al. (2015) reported that Nfe2l2-knockout 
mice had low bone mass due to reduced bone forma‐
tion, while the activation of NRF2 by natural products 
improved osteoporosis in rats (Liu et al., 2018; Tang 
et al., 2020). Osteoblast differentiation requires the ac‐
tivation of SOD2 to eliminate accumulated ROS (Chen 
et al., 2008), whereas NRF2 plays a regulatory role in 
antioxidation and promotes the transformation of mes‐
enchymal stem cells (MSCs) into osteoblasts (Yen 
et al., 2020). However, whether NRF2 and its nuclear 
translocation influence Pg-LPS-induced osteogenic dif‐
ferentiation remains unclear.

Under various extracellular stimuli, the mitogen-
activated protein kinase (MAPK) family of protein 

kinases functions as key signal transducers (Kim et al., 
2019). Fu et al. (2019) revealed that dual-specific phos‐
phatase 1 (DUSP1), a crucial signaling molecule in 
the cascade reaction of the MAPK signaling pathway, 
could inactivate c-Jun N-terminal kinase (JNK), p38, 
extracellular signal-regulated kinase (ERK), and other 
signaling molecules via interactions with dephosphory‐
lation of the MAPK protein family, which regulated the 
core mediators of osteoblast differentiation (Greenblatt 
et al., 2010; Wu et al., 2016; Zhu et al., 2019). DUSP1 
encodes mitogen-activated protein kinase phosphatase-1 
(MKP-1), which is often interchangeable with DUSP1. 
Chung et al. (2014) reported that during the process 
of differentiating hPDLCs into osteoblasts, changes in 
the phosphorylation levels of p38 MAPK and ERK 
were observed in osteoblasts upon the downregulation 
of NRF2 gene expression or the oxidative stress inhibi‐
tor N-acetylcysteine (NAC). Furthermore, alkaline 
phosphatase (ALP) and osteocalcin (OCN) levels were 
decreased. Recently, Xiao et al. (2023) found that an 
increase in MAPK phosphorylation accompanies Runt-
related transcription factor 2 (RUNX2) and OCN inhib‑
ition, and that osteoblast markers are elevated fol‐
lowing the application of officinalis to reduce MAPK 
phosphorylation.

We investigated the role of NRF2 and its nuclear 
translocation in the regulation of the differentiation 
ability of mandibular osteoblasts via the MAPK path‐
way and explored the relationship between the antioxi‐
dant molecular switch NRF2 and the key signaling 
molecule DUSP1 of the MAPK pathway. The study 
findings may help elucidate the molecular mechanism 
of periodontitis onset and development as well as ex‐
plore the key molecules involved in oxidative stress 
in the Pg-LPS-stimulated microenvironment.

2 Materials and methods 

2.1 Experimental periodontitis animal model

Six-week-old male pathogen-free C57BL/6 mice 
(China Experimental Animal Center, Hangzhou, China) 
were randomly divided into two groups. One group was 
left untreated (the control group), and the other group 
(the periodontitis group) was fixed with 5-0 silk around 
the bilateral maxillary second molars for 7 d to estab‐
lish an experimental periodontitis model (Abe and 
Hajishengallis, 2013). The gingiva of the periodontitis 
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group was injected with 100 μg/mL Pg-LPS (InvivoGen, 
San Diego, California, USA) every 2 d for one week, 
and ligation was checked to prevent the breaking of 
the ligated silk during the experiment.

After the mice were euthanized by cervical disloca‐
tion, murine maxillae were separated. Micro-computed 
tomography (micro-CT; U-CT-XUHR, the Netherlands) 
was used to capture the maxillae and reconstruct three-
dimensional (3D) images.

2.2 Histopathology and immunohistochemistry

Five different samples were collected from both 
healthy individuals and patients with periodontitis. The 
alveolar bone and gingival tissue samples were fixed in 
4% (0.04 g/mL) paraformaldehyde for 48 h. The alveo‐
lar bone samples were decalcified in ethylenediami‐
netetraacetic acid (EDTA) (Servicebio, Wuhan, China) 
for two weeks. Tissue samples were cut into sections 
and treated with hematoxylin-eosin (HE) or immuno‐
histochemical (IHC) staining. IHC findings were quan‐
titatively evaluated using the ImageJ software (National 
Institutes of Health, Bethesda, MD, USA).

2.3 Cell culture

Mandibular osteoblasts were derived from 1-d-old 
C57BL/6 mice (China Experimental Animal Center). 
After the mice were euthanized, their mandibles were 
removed, washed with sterile phosphate-buffered saline 
(PBS; Servicebio), and cut into fragments. The frag‐
ments were cultured with high-glucose Dulbecco’s mo‑
dified Eagle’s medium (DEME; Gibco, Grand Island, 
NY, USA) supplemented with 10% (volume fraction) 
fetal bovine serum (FBS; Gibco) in culture flasks. Os‐
teoblasts from passages 2 and 3 were used for fur‐
ther experiments. Osteogenic induction included a con‐
trol medium supplemented with 50 μg/mL L-ascorbic 
acid, 10 nmol/L dexamethasone, and 10 mmol/L β-
glycerophosphate (Sigma, St. Louis, MO, MA, USA). 
To prepare various concentrations of LPS, 1 mg of 
standard Pg-LPS was dissolved in 1 mL of endotoxin-
free water and filtered through a needle filter. All the 
cells were cultured at 37 ℃ with 5% CO2.

2.4 Cell viability assay

We used cell counting kit-8 (CCK-8; Boster, 
Wuhan, China) to detect the effects of Pg-LPS (0, 0.1, 
0.2, 0.5, 1.0, 2.0, 5.0, and 10.0 μg/mL; InvivoGen) on 
the viability of mandibular osteoblasts. Osteoblasts were 

seeded in 96-well plates and incubated for 1, 3, or 7 d. 
After the cells were cultured for a predetermined time, 
10 µL of CCK-8 solution was added to each well and 
incubated in the dark at 37 °C with 5% CO2 for 60 min. 
The optical density at 450 nm was measured using a 
spectrophotometer (Bio-Rad, CA, USA).

2.5 Alkaline phosphatase staining

Mandibular osteoblasts were seeded into 24-well 
plates at the same cell density. When the cells reached 
80% confluence, the DMEM was replaced with os‐
teogenic inducers, and the cells were exposed to 
Pg-LPS (0.1, 0.5, or 1.0 μg/mL) for 3, 5, and 7 d, or 
cultured by 1.0 μg/mL Pg-LPS with 50 nmol/L bru‐
satol or 10 μmol/L tert-butylhydroquinone (TBHQ) 
(Selleck Chemicals, Houston, TX, USA) for 5 d.

Subsequently, cells were fixed with paraformal‐
dehyde for 30 min, and the 5-bromo-4-chloro-3-indolyl 
phosphate/nitroblue tetrazolium (BCIP/NBT) Kit (Beyo‐
time, Shanghai, China) was used for ALP staining, which 
was carried out for 4 h. Stained images were recorded 
under a light microscope (Leica, Wetzlar, Germany).

2.6 Alizarin red S staining

Mandibular osteoblasts were seeded into 48-well 
plates and treated with an osteogenic induction medium 
supplemented with Pg-LPS, brusatol, or TBHQ. After 
incubation for 21 d, mandibular osteoblasts were fixed 
with paraformaldehyde for 30 min and stained with the 
Alizarin Red S Staining Kit (Beyotime) for osteogenesis 
at 37 ℃ for 30 min. Once captured, the mineralized 
nodules were quantified using 100 mmol/L cetylpyri‐
dinium chloride solution (Sigma), and the absorbance 
at 562 nm was measured using a spectrophotometer.

2.7 RNA sequencing

Osteoblasts were treated with 1.0 μg/mL Pg-LPS 
for 3 d followed by whole-transcriptome sequencing. 
Total RNA was collected using TRIzol (Invitrogen, 
Carlsbad, CA, USA). Three different samples were 
collected from both the LPS and control groups. Se‐
quencing was performed (LC-Bio Technologies Co., 
Ltd., Hangzhou, China) using the Illumina NovaSeqTM 
6000 platform (Illumina, San Diego, CA, USA) fol‐
lowing standard procedures.

Utilizing Cutadapt, we filtered unqualified se‐
quences from the raw data to obtain clean data. Then, 
HISAT2 was used for reference genome comparison, 
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transcripts were reconstructed, and gene expression 
levels in each sample were quantified using Stringtie 
based on HISAT2 results.

2.8 ROS detection

The intracellular ROS levels were assessed using 
the ROS Assay Kit (Beyotime). Cells were seeded in 
24-well plates and exposed to Pg-LPS for 24 h. Fol‐
lowing the treatment, the cells were incubated with 2',7'-
dichlorodihydrofluorescein-diacetate (DCFH-DA) at 
37 ℃ for 20 min and subsequently observed under a 
fluorescence microscope (Zeiss, Oberkochen, Ger‐
many). Intracellular ROS can oxidize non-fluorescent 
DCFH to produce fluorescent dichlorofluorescein 
(DCF). Thus, DCF fluorescence can reflect the intra‐
cellular ROS level.

2.9 Mitochondrial membrane potential measurement

Mitochondrial membrane potential (MMP) was 
determined using the MMP Assay Kit with 5,5',6,6'-
tetrachloro-1,1',3,3'-tetraethylbenzimidazolylcarbocya‐
nine iodide (JC-1; Beyotime). Briefly, treated cells 
were mixed with equal amounts of JC-1 staining solu‐
tion and cell culture medium. The cells were incubated 
at 37 ℃ for 20 min. MMP can be expressed as the ratio 
of red-to-green fluorescence intensity.

2.10 Quantitative real-time polymerase chain 
reaction

Total RNA was extracted using the TRIzol reagent. 
Reverse transcription was performed using the Hifair® II 
1st Strand cDNA Synthesis Kit (Yeasen, Shanghai, 
China). The levels of the target genes were detected 
using the SYBR Green Master Mix Kit (Yeasen) with 
the ABI 7500 Fast real-time polymerase chain reac‐
tion (PCR) system (Applied Biosystems, Foster City, 
CA, USA). Each messenger RNA (mRNA) was nor‐
malized to the glyceraldehyde-3-phosphate dehydroge‐
nase (GAPDH) level, and the relative mRNA expres‐
sion was calculated using the 2−ΔΔCT method. The primer 
sequences are listed in Table S1.

2.11 Cell fractionation

Nuclear and cytoplasmic proteins were extracted 
from mandibular osteoblasts using cytoplasmic and 
nuclear protein extraction kits (Beyotime). Cytoplas‐
mic protein extraction reagents A and B were added, 
and after centrifugation, the absorbed supernatant was 
the extracted cytoplasmic protein. The nuclear proteins 

were extracted using a nuclear protein extraction re‐
agent according to the specification.

2.12 Western blotting

Total proteins from cells or tissues were extracted 
using the M-PERTM mammalian protein extraction re‐
agent (Thermo Fisher Scientific, Waltham, MA, USA) 
supplemented with protein inhibitors (Fdbio Science, 
Shanghai, China). Proteins were separated by sodium 
dodecyl sulfate-polyacrylamide gel electrophoresis 
(SDS-PAGE) and transferred onto polyvinylidene flu‐
oride membranes (Bio-Rad). The membranes were 
blocked with 5% (0.05 g/mL) skim milk for 1 h, and sub‐
sequently incubated with primary antibodies (Table S2) 
at 4 ℃ overnight.

After incubation, the membranes were further 
incubated with the appropriate secondary antibodies for 
1 h. Protein bands were visualized using an enhanced 
chemiluminescence (ECL) kit (Fdbio Science) with a 
chemiluminescent imaging system (Tanon, Shanghai, 
China) and were analyzed.

2.13 Immunofluorescence staining

After being cultured with 1.0 μg/mL LPS or 
10 μmol/L TBHQ, osteoblasts were immobilized in 
4% (0.04 g/mL) formaldehyde for 30 min. The cells 
were permeabilized with 0.3% (volume fraction) 
Triton X-100 for 5 min. After being blocked for 1 h 
with 5% (0.05 g/mL) bovine serum albumin (BSA; 
Sangon Biotech, Shanghai, China), the cells were 
treated with anti-NRF2 (Affinity, Cincinnati, OH, 
USA; AF0639)/anti-DUSP1 (Santa Cruz Biotechnol‐
ogy, USA; sc-373841) antibodies at 4 ℃ overnight. 
The cells were subsequently treated with iFluorTM 
488/594 secondary antibodies (HUABIO, Hangzhou, 
China; HA1121, HA1122) and incubated in a dark 
room at 25 ℃ for 1 h. The cells were stained with 
4',6-diamidino-2-phenylindole (DAPI; Biosharp, Shang‐
hai, China) for 10 min and imaged using a confocal 
fluorescence microscope.

2.14 NRF2 small interfering RNA/NRF2-over‐
expressed plasmid transient transfection

Mandibular osteoblasts were cultured in 6-well 
plates until the cell density reached 80%. Transient 
transfections with NRF2 small interfering RNA (siRNA; 
GenePharma, Suzhou, China) and NRF2-overexpressed 
plasmids (Leqi, Hangzhou, China) were performed 
using the Lipo6000TM transfection reagent (Beyotime). 
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After transfection at 37 ℃ for 6 h, the culture medium 
was replaced with an osteogenic induction solution 
containing 1.0 μg/mL LPS for 72 h, and the knockout 
and overexpression effects were analyzed using western 
blotting. The following NRF2 siRNA sequences were 
used in the experiments: sense, 5'-AGACAUAGAUC
UUGGAGUATT-3'; and anti-sense: 5'-UACUCCAAG
AUCUAUGUCUTT-3'.

2.15 Co-immunoprecipitation

Co-immunoprecipitation (Co-IP) was performed 
to validate protein–protein interactions. Mandibular 
osteoblasts from different groups were lysed using a 
protein A/G immunoprecipitation kit (Solarbio, Beijing, 
China). The rinsed magnetic beads were mixed with 
5 μg of an antibody and incubated at room tempera‐
ture for 30 min. The magnetic beads were washed and 
incubated with cell-lysed samples overnight at 4 ℃. 
The immunocomplexes were washed thrice with IP 
washing buffer, and the bound proteins were eluted 
by boiling loading buffer. Equal quantities of proteins 
were obtained for western blot analysis. The names 
and catalog numbers of the reagents used above are 
listed in Table S3.

2.16 Statistical analysis

The results are expressed as mean±standard devi‐
ation (SD) of at least three replicates. One-way analy‑
sis of variance (ANOVA) and Student’s t-test were 
used to compare the differences between groups using 
GraphPad Prism 8.4.0 (San Diego, CA, USA). Signifi‐
cance was set at P<0.05.

3 Results

3.1 Expression of NRF2 in alveolar bone and 
gingival tissue

After 7 d, 3D reconstruction revealed that bone 
absorption was more severe in the periodontitis liga‐
tion group than in the control group (Fig. 1a). After 
ligation, HE staining showed more substantial inflam‐
matory cell infiltration in the periodontal tissues of the 
maxillary second molars in the periodontitis group 
compared to that in the control group (Figs. 1b and 1d). 
IHC staining and quantitative evaluation revealed that 
NRF2 expression significantly decreased after liga‐
tion in the murine maxillary specimens (Figs. 1c and 
1e). The expression of NRF2 in the milled tissue of 

the murine maxilla was observed by western blotting 
after lysis buffer treatment. NRF2 expression was re‐
duced in the periodontitis group (Figs. 1f and 1g).

Furthermore, IHC staining showed that NRF2 
expression in the alveolar bone and gingival tissues was 
lower in the periodontitis group than in healthy con‐
trols (Fig. 1h). ImageJ analysis confirmed the decrease in 
NRF2 levels in the periodontitis group (Figs. 1i and 1j).

3.2 Effects of Pg-LPS on osteogenic differentiation

CCK-8 was used to determine cell viability after 
LPS treatment over time (Figs. 2a‒2c). Cell viability 
was comparable among the groups after 1, 3, or 7 d of 
treatment. No cytotoxic effect of LPS was observed.

Quantitative reverse transcription PCR (RT-qPCR) 
results after 2 and 5 d (Figs. 2d‒2i) and western blot‐
ting results after 3 d (Figs. 2j and 2k) confirmed the 
LPS concentration-dependent downregulation of osteo‐
genic genes at the mRNA and protein levels.

ALP staining showed that LPS reduced ALP ac‐
tivity and inhibited osteoblast differentiation in a dose-
dependent manner at 3, 5, and 7 d (Figs. 2l‒2q). After 
21 d, alizarin red staining and quantitative analysis 
showed that LPS inhibited the formation of mineral‐
ized nodules (Figs. 2r and 2s), further confirming the 
inhibition of osteoblast calcification.

3.3 Influence of Pg-LPS on oxidative stress

Sequencing identified 62 differentially expressed 
genes (45 upregulated, 17 downregulated) (Figs. 3a 
and 3b). Gene Ontology (GO) enrichment analysis re‐
vealed differences in the biological process-related 
genes related to ROS production (Figs. 3c and 3d).

ROS staining revealed intracellular ROS levels 
(Figs. 3e and 3f). Compared with the control group 
(osteogenic induction), the fluorescence intensity of 
the cells after 24 h of treatment increased with increas‐
ing concentrations of LPS (0.1, 0.5, and 1.0 μg/mL). 
We examined MMP in osteoblasts treated with LPS 
using JC-1 staining (Figs. 3g‒3j). With increasing LPS 
concentration, the red fluorescence intensity gradually 
decreased, while the green fluorescence gradually 
increased.

3.4 Inhibition of NRF2 expression and nuclear 
translocation by Pg-LPS

The expression and distribution of NRF2 protein 
in mandibular osteoblasts were observed by immuno‐
fluorescence staining (Figs. 3k‒3p). The fluorescence 
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intensity of the NRF2 protein in the LPS treatment group 

and the average fluorescence intensity in the cytoplasm 

and nucleus decreased.

Simultaneously, cell fractionation (Figs. 3q and 3r) 

showed that NRF2 expression decreased in the cyto‐

plasm and nucleus, suggesting that LPS negatively 

Fig. 1  NRF2 expression in alveolar bone and gingival tissue samples. (a) Micro-computed tomography (micro-CT) with 
three-dimensional (3D) reconstructed images of the maxillae. (b, d) Hematoxylin-eosin (HE) staining and quantification 
of inflammatory cells in periodontal tissues. (c, e) Immunohistochemical (IHC) staining and quantification of NRF2 in the 
maxilla. (f, g) Western blot and quantification of NRF2 in the maxilla. (h‒j) IHC staining and mean optical density of 
NRF2 in gingival tissue samples and alveolar bone samples. * P<0.05, ** P<0.01 vs. the control or health group. The 
results are expressed as mean±standard deviation (SD) for at least three replicates. GAPDH: glyceraldehyde-3-phosphate 
dehydrogenase; NRF2: nuclear factor erythroid 2-related factor 2.
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Fig. 2  Inhibition of osteogenic differentiation and mineralization by Pg-LPS. (a‒c) Cell viability was determined using 
CCK-8. (d‒i) RT-qPCR results for mRNA quantity relative to osteogenesis-related genes at 2 and 5 d. (j, k) Protein 
expression of osteogenesis-related genes detected by western blotting. (l‒q) ALP staining and quantitative evaluation 
at 3, 5, and 7 d. (r, s) Alizarin red S staining and quantitative evaluation of the mineralized nodules. *P<0.05, **P<0.01; 
#P<0.05, &P<0.01 vs. the control group. The results are expressed as mean±standard deviation (SD) for at least three replicates. 
ALP: alkaline phosphatase; CCK-8: cell counting kit-8; GAPDH: glyceraldehyde-3-phosphate dehydrogenase; LPS: 
lipopolysaccharide; OCN: osteocalcin; OD: optical density; mRNA: messenger RNA; Pg-LPS: Porphyromonas gingivalis 
lipopolysaccharide; RT-qPCR: quantitative reverse transcription-polymerase chain reaction; RUNX2: Runt-related 
transcription factor 2.
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affected cytoplasmic NRF2 expression and nuclear 
translocation.

3.5 NRF2 expression, oxidative stress, osteogenesis, 
and mineralization

We determined intracellular ROS levels (Figs. 4a 
and 4b). The fluorescence intensity increased with NRF2 
inhibitor treatment (50 nmol/L brusatol+1 μg/mL LPS), 
indicating increased ROS and oxidative stress levels. 
In contrast, fluorescence intensity decreased in the ac‐
tivator group (10 μmol/L TBHQ+1 μg/mL LPS), sug‐
gesting decreased ROS and oxidative stress levels.

JC-1 staining was used to detect the MMP in 
different cell groups (Figs. 4c‒4f). The fluorescence 
intensity and MMP of mandibular osteoblasts decreased 
significantly in the NRF2 inhibitor group and increased 
in the activator group.

The ALP expression and mineralized nodule forma‐
tion decreased in the NRF2 inhibitor group (Figs. 4g‒
4j). Hence, the inhibition of NRF2 expression reduced 
the osteogenic differentiation and mineralization ability 
of cells. NRF2 activators improved the osteogenic dif‐
ferentiation and mineralization of cells.

RT-qPCR (Figs. 4k‒4m) and western blot (Figs. 4n 
and 4o) results confirmed that the mRNA and protein 
levels of the osteogenic genes were downregulated to dif‐
ferent degrees by NRF2 inhibition. The NRF2-activated 
group showed the opposite results.

3.6 Roles of NRF2 in regulating DUSP1 expression 
and MAPK pathway

After 3 d of treatment with Pg-LPS combined 
with an NRF2 inhibitor/activator, the expression of 
DUSP1 consistently decreased with decreasing NRF2 
expression and increased with increasing NRF2 expres‐
sion (Figs. 5a and 5d). NRF2 inhibitors downregulated 
NRF2 and DUSP1 expression and inhibited the dephos‐
phorylation of the MAPK pathway, whereas NRF2 acti‐
vators exhibited opposing effects.

Treatment with NRF2 siRNA+LPS had the same 
effect on the expression of the DUSP1 and MAPK 
pathway proteins as that observed for the NRF2 inhib‐
itor treatment (Figs. 5b and 5e). NRF2 overexpression 
had the same effect on the DUSP1 and MAPK path‐
way protein expression as that observed for NRF2 acti‐
vator treatment (Figs. 5c and 5f).

3.7 Interaction between NRF2 and DUSP1

The cytoplasmic expression and nuclear translo‐
cation of NRF2 decreased in osteoblasts treated with 
LPS. DUSP1 expression in the cytoplasm and nucleus 
decreased with the reduction of NRF2 (Figs. 5g‒5i).

Immunofluorescence analysis (Fig. 5j) was used 
to determine whether NRF2 and DUSP1 co-localize in 
cells, and Co-IP confirmed their physical interaction. 
Under LPS stimulation, the fluorescence intensities of 
NRF2 and DUSP1 decreased (Figs. 5k‒5o), and the 
fluorescence changes in the nucleus and cytoplasm 
were consistent. The Co-IP results (Fig. 5p) indicated 
that NRF2 could bind to DUSP1 to form a complex.

4 Discussion 

The resorption of alveolar bone in periodontitis 
results in an imbalance of bone homeostasis between 
osteoblasts and osteoclasts (Bu et al., 2021). Osteo‐
genesis inhibition accelerates the resorption of alveolar 
bone and promotes the progression of periodontitis. 
Periodontitis exhibits several complex biological reac‐
tions, including anti-infection effects, immune inflam‐
matory responses, and oxidative stress imbalance (Yost 
et al., 2015; Bunpeng et al., 2022). Excess free radicals 
and reduced host antioxidant status contribute to the 
pathogenesis and progression of chronic periodontitis 
(Sczepanik et al., 2020). This study evaluated the rela‐
tionship between NRF2 and DUSP1 in the Pg-LPS en‐
vironment and the impact of these factors on osteogenic 

Fig. 3  Oxidative stress level, NRF2 expression, and nuclear translocation with Pg-LPS treatment. (a) Volcano map of the 
overall distribution of differentially expressed genes (red: upregulated significantly; blue: downregulated significantly; 
gray: non-significantly differentially expressed). (b) Heatmap of differentially expressed genes between the LPS and control 
groups. (c, d) Gene Ontology (GO) enrichment analysis results. (e, f) ROS detection at the intracellular levels. (g‒j) JC-1 
staining used to observe the mitochondrial membrane potential. (k‒p) Microscopy images of NRF2 protein expression. 
The mean fluorescence intensity was measured. (q, r) Nuclear and cytoplasmic proteins were extracted to detect NRF2 
changes. *P<0.05, **P<0.01; #P<0.05, &P<0.01 vs. the control group. The results are expressed as mean±standard deviation 
(SD) for at least three replicates. DAPI: 4',6-diamidino-2-phenylindole; GAPDH: glyceraldehyde-3-phosphate dehydrogenase; 
JC-1: 5,5',6,6'-tetrachloro-1,1',3,3'-tetraethylbenzimidazolylcarbocyanine iodide; Pg-LPS: Porphyromonas gingivalis 
lipopolysaccharide; NRF2: nuclear factor erythroid 2-related factor 2; qval: Q-value; ROS: reactive oxygen species.
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Fig. 4  Relations between NRF2 expression and oxidative stress and osteogenic differentiation. The cells were treated with 
Pg-LPS combined with NRF2 inhibitor or activator. (a, b) Reactive staining was used to detect ROS levels. (c‒f) Changes 
in the mitochondrial membrane potential were measured using JC-1 staining. (g, h) ALP staining. (i, j) Alizarin red S 
staining. (k‒m) RT-qPCR results showing the mRNA levels of osteogenic genes. (n, o) Western blotting analysis of the protein 
expression of osteoblast-related genes. *P<0.05, **P<0.01; #P<0.05, &P<0.01 vs. the LPS group. The results are expressed 
as mean±standard deviation (SD) for at least three replicates. ALP: alkaline phosphatase; OD: optical density; GAPDH: 
glyceraldehyde-3-phosphate dehydrogenase; JC-1: 5,5',6,6'-tetrachloro-1,1',3,3'-tetraethylbenzimidazolylcarbocyanine 
iodide; mRNA: messenger RNA; NRF2: nuclear factor erythroid 2-related factor 2; Pg-LPS: Porphyromonas gingivalis 
lipopolysaccharide; ROS: reactive oxygen species; RT-qPCR: quantitative reverse transcription-polymerase chain reaction; 
RUNX2: Runt-related transcription factor 2; TBHQ: tert-butylhydroquinone.
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Fig. 5  Effects of NRF2 expression on DUSP1 expression and MAPK pathway. (a, d) Cells were treated with Pg-LPS combined 
with NRF2 inhibitor/activator. (b, e) Cells were transfected with siNRF2. (c, f) Cells were transfected with overexpressed (OE) 
NRF2. (g‒i) NRF2 and DUSP1 expression in nuclear and cytoplasmic proteins. (j) Immunofluorescence colocalization of 
NRF2 (green) and DUSP1 (red). (k‒o) Mean fluorescence intensity of NRF2 and DUSP1. (p) Interaction between NRF2 and 
DUSP1 was determined using Co-IP. *P<0.05, **P<0.01; #P<0.05, &P<0.01 vs. the LPS (d‒f) or control (h, i, n, o) group. The 
results are expressed as mean±standard deviation (SD) for at least three replicates. DAPI: 4',6-diamidino-2-phenylindole; 
DUSP1: dual-specific phosphatase 1; GAPDH: glyceraldehyde-3-phosphate dehydrogenase; IB: immunoblotting; IP: 
immunoprecipitation; JNK: c-Jun N-terminal kinase; MAPK: mitogen-activated protein kinase; NRF2: nuclear factor 
erythroid 2-related factor 2; P: phosphorylated; siNRF2: small interfering RNA (siRNA) NRF2; Pg-LPS: Porphyromonas 
gingivalis lipopolysaccharide; TBHQ: tert-butylhydroquinone.
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differentiation (Fig. 6). The results show that LPS in‐
hibits osteogenic differentiation and that the upregula‐
tion of NRF2 expression improves this inhibitory 
effect. To the best of our knowledge, this is the first 
study to demonstrate an association between NRF2 
and DUSP1 expression in an inflammatory environ‐
ment that simulates periodontitis. We demonstrated a 
protein interaction between NRF2 and DUSP1, which 
may regulate osteogenic differentiation. However, their 
binding sites are unclear, and whether they interact 
directly or indirectly should be explored in future 
studies. Additionally, we must acknowledge that we did 
not investigate the impact of Pg-LPS on osteoclasts, 
which is a limitation of this study.

We constructed a model based on previous ex‐
perimental periodontitis murine models by 5-0 liga‐
tion of the bilateral maxillary second molars and local 
injection of Pg-LPS to mimic the pathogenic factors 
of periodontitis (Abe and Hajishengallis, 2013; Li et al., 
2020; Ma et al., 2023). We aimed to explore the expres‐
sion of NRF2 in healthy and periodontitis tissues. We 
observed alveolar bone resorption in the periodontitis 
group, suggesting that the model was successfully con‐
structed and that LPS may promote bone resorption 
and inhibit bone regeneration (Bhattarai et al., 2016). 

Furthermore, section images demonstrated that experi‐
mental periodontitis models presented lower NRF2 
protein expression, compared to healthy periodon‐
tal models. We observed the downregulation of NRF2 
expression in periodontitis tissue samples. Similarly, 
studies consistently show that NRF2 expression is 
downregulated in periodontitis model rats (Bhattarai 
et al., 2016; Li XM et al., 2018; Zhu et al., 2020). 
Moreover, Gou et al. (2022) observed decreased NRF2 
levels in periodontal tissues of individuals with peri‐
odontitis. Kasnak et al. (2018) found no significant 
NRF2 variation among periodontitis patients, which 
could be attributed to individual differences or un‐
controllable factors.

The effects of Pg-LPS on osteogenesis and NRF2 
expression in mandibular osteoblasts were studied 
in vitro. Pg-LPS inhibited the differentiation and miner‐
alization of osteoblasts, which is consistent with previ‐
ous findings (Zhou et al., 2021; Guo and Li, 2022). 
Kadono et al. (1999) proposed that Pg-LPS inhibits 
ALP activity and calcium nodule production in pri‐
mary mouse osteoblasts. Similarly, under LPS stimu‐
lation, the expression of osteogenic markers such as 
RUNX2, ALP, and OCN was reduced in bone marrow-
derived mesenchymal stem cells (BMSCs) (Zhou et al., 

Fig. 6  Schematic illustration of the proposed mechanisms by which NRF2 could regulate DUSP1 to influence osteogenic 
differentiation. “→” represents promoting effects; “⊣” represents the inhibitory effect. Solid lines indicate relationships 
confirmed by existing literature, whereas dashed lines denote those experimentally validated in this study. ALP: alkaline 
phosphatase; DUSP1: dual-specific phosphatase 1; JNK: c-Jun N-terminal kinase; KEAP1: Kelch-like ECH-associated 
protein 1; LPS: lipopolysaccharide; NRF2: nuclear factor erythroid-2-related factor 2; P: phosphorylation; ROS: reactive 
oxygen species; RUNX2: Runt-related transcription factor 2; TLR: Toll-like receptor.
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2021) and human periodontal ligament stem cells 
(hPDLSCs) (Guo and Li, 2022). LPS-induced inflam‐
mation inhibited the activity of ALP and the expression 
of osteogenic markers, including OCN and RUNX2. 
Pg-LPS promoted the accumulation of ROS and down‐
regulated the MMP expression in mandibular osteo‐
blasts. These results demonstrate that LPS may induce 
ROS accumulation, mitochondrial depolarization, and 
membrane potential reduction in osteoblasts, indicating 
the imbalance of cellular oxidative stress. This finding 
is consistent with previous studies showing that ROS 
levels increase when Pg-LPS stimulated HGFs (Liu 
et al., 2023) and TNF-α stimulated hPDLCs (Fang et al., 
2020). Subsequently, we found that the increase in 
ROS levels after LPS treatment was accompanied by 
a decrease in NRF2 expression, which is consistent 
with the findings of previous studies. Zhu et al. (2020) 
reported that the mRNA level of NFE2L2 was signifi‐
cantly reduced in LPS-treated hGECs.

NRF2 is an antioxidant regulator of cellular oxi‐
dative stress and may be closely associated with the 
onset and development of periodontitis (Li XM et al., 
2018). The nuclear translocation of NRF2 can regu‐
late antioxidant response element (ARE)-dependent 
genes involved in oxidation and oxidative signaling 
management, as well as in autophagy, inflammasomes, 
and mitochondrial biogenesis (Ma, 2013). Pg-LPS 
inhibits NRF2 by diminishing its overall protein level 
and potentially by impeding its nuclear translocation, 
thereby preventing it from activating AREs to drive 
gene transcription. Herein, changes in cellular oxidative 
stress levels, including ROS levels and MMP values, 
manifested when NRF2 expression and nuclear trans‐
location were decreased or increased. After downregu‐
lating the expression of ROS-related gene cyclophilin D 
(CypD) in MC3T3-E1 osteoblast cells, the expression 
of the osteogenesis markers RUNX2 and ALP in‐
creased (Gan et al., 2018).

Our results suggested that the osteogenic differen‐
tiation ability of osteoblasts was inhibited when NRF2 
and its nuclear translocation were inhibited. Conversely, 
osteogenic differentiation was enhanced when NRF2 
was activated. Both the osteogenic differentiation and 
mineralization of cells were inhibited by a decrease in 
NRF2 expression and nuclear translocation, and vice 
versa with NRF2 activation. NRF2 and its nuclear trans‐
location have been linked with osteogenic reactions. In 
ovariectomized murine models with an Nfe2l2 knock‐
out, nuclear translocation of NRF2 was lost, and OCN 

secretion bone mineral density was reduced (Chen et al., 
2021). The expression of osteocyte genes was reduced 
when NRF2 was knocked out and was enhanced in 
osteocytes overexpressing NRF2 (Sánchez-de-Diego 
et al., 2021). Chung et al. (2014) proposed that Nfe2l2 
siRNA preconditioning during the differentiation of 
periodontal membrane cells into osteoblasts could block 
the differentiation of osteoblasts stimulated by defer‐
oxamine (DFO). Wang YF et al. (2022) employed sali‐
droside to enhance the expression of NRF2 and promote 
its nuclear translocation, resulting in the promotion of 
osteogenic markers in osteoblasts and the mitigation 
of osteoporosis in ovariectomized mice.

MAPK is the basic mediator of osteoblast function; 
p38 MAPK is indispensable in bone development 
(Greenblatt et al., 2010), and ERK and p38 MAPKs 
promote the phosphorylation of RUNX2 to regulate 
osteogenic differentiation (Greenblatt et al., 2013; Wu 
et al., 2016). Our findings suggested that DUSP1 
(which modulates the MAPK signaling pathway) ex‐
pression was restrained and the phosphorylation of 
JNK and p38 was enhanced when NRF2 was knocked 
down, indicating that NRF2 overexpression promotes 
osteogenic differentiation by way of the MAPK signal‐
ing pathway. Immunolocalization and Co-IP analyses 
confirmed that NRF2 and DUSP1 physically interact 
in cells, implying that NRF2 and DUSP1 may posi‐
tively influence cellular antioxidant activity and osteo‐
genic differentiation. Previous studies on lung adeno‐
carcinoma cells have shown that NRF2 and DUSP1 
bind to each other to form a positive feedback loop in 
lung cancer cells, which stabilizes and activates NRF2, 
thereby promoting anabolic and glutathione (GSH) 
biosynthesis (Wang et al., 2019). Luo et al. (2018) 
identified a positive feedback loop between DUSP1 
and NRF2, where DUSP1 enhances NRF2 activity by 
interacting with its NEH2 domain. NRF2 increases 
DUSP1 mRNA expression by binding to the ARE site 
at −1719 to −1710 bp in the promoter. Li J et al. (2018) 
similarly verified the direct binding interaction between 
DUSP1 and NRF2.

Takahashi (2011) revealed that the forced expres‐
sion of exogenous MKP-1 in 3T3-L1 cells resulted in 
a pronounced accumulation of matrix mineralization, 
accompanied by the induction of ALP activity. Given 
the pivotal role of DUSP1 in the MAPK pathway, it is 
plausible to hypothesize that DUSP1 may exert either 
direct or indirect influence on RUNX2 and ALP. How‐
ever, further investigation is required to determine 
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whether this regulation is dependent on pathways other 
than the MAPK pathway. Furthermore, KEAP1 typi‐
cally serves to inhibit NRF2 by mediating its ubiqui‐
tination and subsequent degradation in the cytoplasm. 
However, the specific mechanism underlying KEAP1 
and NRF2 in response to Pg-LPS warrants further 
investigation.

In summary, our study revealed that Pg-LPS re‐
duced NRF2 expression in the cytoplasm and nucleus 
of osteoblasts and inhibited osteogenic differentiation 
and bone formation. A decrease in NRF2 nuclear trans‐
location may inhibit the formation of complexes be‐
tween NRF2 and DUSP1 and may participate in the 
dephosphorylation of MAPK pathway proteins. While 
the binding between NRF2 and DUSP1 has been 
proved, further studies are needed on NRF2- and 
DUSP1-binding sites and modes. This study may help 
determine the relationships between NRF2, DUSP1, 
and osteogenic differentiation and provide new avenues 
for periodontitis treatment.
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