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Periodontitis is a chronic inflammatory disease arising from local microorganisms and the host’s 
own aberrant immune regulation. Ginsenoside Rg1(GS-Rg1) is an active extract of ginseng known 
for its anti-inflammatory and osteogenesis effects. However, GS-Rg1 has not been shown to treat 
periodontitis and its exact mechanism remains elucidated. Orthodontic wires inoculated with 
Porphyromonas gingivalis were wrapped around the gingiva of the first molar in rats to induce 
periodontitis. Inflammatory factor secretion was analyzed using RT-PCR and immunohistochemistry. 
The number of osteoclasts and secretion of osteogenic factors were analyzed using TRAP staining 
and immunofluorescence. The destruction of periodontal tissues was evaluated using Micro-CT and 
H&E staining. Keap1/Nrf2 pathway protein expression was analyzed using Western-Blot and RT-PCR. 
Applying GS-Rg1 significantly reduced the secretion of inflammatory factors IL-6 and increased the 
secretion of transforming growth factor TGF-β1. Additionally, GS-Rg1 decreased osteoclast numbers 
and increased RUNX2 and OCN expression. Furthermore, GS-Rg1 was found to enhance the expression 
of the related protein Nrf2 while reducing Keap1 expression. GS-Rg1 may effectively alleviate 
periodontitis through the Keap1/Nrf2 pathway. In conclusion, our study provided the first preclinical 
evidence to support GS-Rg1 as a potential therapeutic agent for treating periodontitis.
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Abbreviations
Keap1	� Kelch-like epoxychloropropane-associated protein
Nrf2	� Nuclear factor erythroid-2 related factor 2
CEJ-ABC	� cementoenamel junction and alveolar bone crest
BV/TV	� bone volume/tissue volume

The oral cavity is a distinctive ecological niche, characterized by the presence of a diverse and specific 
microbial community that exists in a state of dynamic equilibrium with the host1. However, an imbalance 
in the microflora, or the collective term for the microorganisms that reside in the oral cavity, can lead to an 
increase in periodontal pathogens and the production of many toxic substances. These toxic products can induce 
periodontitis by overactivating the host immune response and mediating periodontal tissue damage2. One of 
the key microorganisms involved in this process is Porphyromonas gingivalis, which has the ability to disrupt 
host immune homeostasis3. It is a significant public health concern due to its high prevalence2. Periodontitis has 
the potential to negatively impact chewing function and aesthetics. Furthermore, it is strongly associated with 
several systemic diseases, including diabetes and cardiovascular disease4.
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Current evidence-based clinical guidelines for periodontitis recommend periodontal scaling and other 
physical and chemical methods of plaque removal as the mainstay of treatment5. Local plaque bacteria and 
their metabolites are the most important etiological factors and indispensable initiators of periodontal disease6. 
Antibiotics are commonly used to treat periodontitis. However, due to the rise in pathogenic bacteria resistance, 
the effectiveness of antibiotics is significantly limited7. Currently, there are now numerous small molecule drugs8 
that focus solely on anti-inflammation9 or osteogenesis10. Nevertheless, only a few studies have identified both 
osteogenesis-promoting and anti-inflammatory agents with potential applications in periodontitis.

Ginsenoside exhibits significant pharmacological activity and holds clinical value for various applications, 
containing Rg, Rb, Re and other components11. It has been demonstrated that specific active components of 
ginsenosides possess anti-inflammatory properties and exhibit excellent antibacterial and osteoclast inhibitory 
effects in periodontitis12,13. GS-Rg1 is more abundant in ginseng roots, which also has good anti-inflammatory 
and antioxidant effects14. Ginsenoside Rg1 has been demonstrated to modulate periodontal membrane 
cellular pyroptosis and inflammatory injury, suggesting its potential as a therapeutic agent for the treatment 
of periodontitis15. However, in periodontitis, studies on GS-Rg1 have been limited to in vitro experiments15,16. 
Previous research has identified the good biocompatibility of GS-Rg1 and its ability to regulate immunity by 
applying it to biological materials as carriers17. The modulation of immunity has been demonstrated to enhance 
the bone tissue microenvironment, thereby facilitating bone regeneration18. In conclusion, Rg1 can modulate 
immunity in rats and has been shown to have therapeutic potential for periodontitis at the cellular level.

The Keap1-Nrf2 system has been demonstrated to be integrated into a multitude of cellular signaling and 
metabolic pathways, thus establishing NRF2 activation as a pivotal regulatory node for a wide spectrum of 
disease phenotypes19. The Nrf2 factor is a crucial component of the inflammatory signaling cascade and the 
response to oxidative stress and is involved in a wide range of diseases, including inflammation, tumors, and 
neurodegenerative disorders20. Recent evidence indicates that Nrf2 is crucial in protecting the host against tissue 
destruction in periodontitis21. It has been demonstrated that Nrf2 can modulate periodontitis by promoting 
apoptosis, inhibiting osteoclast expression, and reducing osteoblast damage20. Pharmacological modulation of 
Nrf2 cytoprotective activity is therefore beneficial for treating periodontitis.

The objective of this study was to investigate the effect of GS-Rg1 on experimental periodontitis in rats and 
the specific mechanism. The hypothesis assumed in this study was that GS-Rg1 can regulate the Keap1/Nrf2 
pathway to alleviate the adverse effects of periodontitis.

Results
Effects of ginsenoside Rg1 on inflammatory injury of periodontal tissue in rats with 
periodontitis
The chemical structure of GS-Rg1 is shown in Fig. 1A. Hematoxylin and eosin (HE) staining results showed 
(Fig. 1C) that the periodontal tissues in the distal-middle region of the first molar in the PD group have been 
destroyed, characterized by the fracture of the gingival epithelial layer, blurring of the lamina propria structure, 
and a notable increase in inflammatory cells within the necrotic area compared with the control group. Following 
the use of GS-Rg1, the mean count of inflammatory cells was decreased (Fig. 1B) and gingival epithelial integrity 
was restored. Furthermore, IHC staining revealed a significant increase in the mean optical density (MOD) value 
of IL-6 and a significant decrease in TGF-β1 in rats in the periodontitis group. This alteration was reversed by 
GS-Rg1 (Fig. 1D and E), and gingival epithelial integrity was restored. Both the protein and mRNA expression 
of IL-6 were significantly higher in the periodontal tissues of the PD group compared to the control group, but 
significantly lower in the GS-Rg1 group (Fig. 1F-I), which was consistent with the results above. After using the 
inhibitor ML385, IL-6 expression was slightly increased, yet it remained much lower than that of the PD group 
(Fig. 1E and G). Conversely, TGF-β1 protein and mRNA expression were considerably higher in the Rg1 and 
ML385 groups than in the PD group (Fig. 1F,I).

Effects of GS-Rg1 on alveolar bone remodeling in rats with periodontitis
Based on 3D reconstructed and cut plane images by micro-CT (Fig. 2A), the CEJ-ABC distance of PD group 
had grown by 2-fold compared with the control group (Fig. 2B). After the application of GS-Rg1, a reduction in 
the CEJ-ABC distance was observed. At the same time, the ML385 group exhibited an increase relative to the 
GS-Rg1 group, albeit still notably smaller than that of the PD group (Fig. 2B). This trend was consistent with 
the H&E staining. In addition, we quantitatively analyzed the BV/TV and BMD, which were significantly higher 
after Rg1 treatment compared with the PD group (Fig. 2C,D). Given that the integrity of alveolar bone hinges on 
the equilibrium between bone resorption and formation, the study delved into the impact of GS-Rg1 on alveolar 
bone regeneration in periodontitis by assessing osteoclast numbers and the expression of osteogenesis-related 
factors. TRAP staining showed that the PD group had more osteoclasts than the control group, and that Rg1 
treatment led to a significant decrease (Fig. 2E,F). Although the employment of ML385 increased osteoclast 
numbers, the count remained significantly lower than that observed in the PD group. Immunofluorescence 
staining analysis also showed that the expression levels of RUNX2 and OCN around rats’ alveolar bone after the 
periodontitis model were significantly lower than those of the control group. GS-Rg1 group displayed a higher 
RUNX2 and OCN expression intensity compared to the PD group (Fig. 3A and B). The mRNA expression of 
RUNX2 and OCN was significantly decreased in the PD group compared to the control group. Additionally, 
we noticed that mRNA levels were slightly lower in the ML385 group than in the Rg1 group, but raised in both 
groups when compared to the PD group (Fig. 3C). Therefore, GS-Rg1 inhibits alveolar bone loss and promotes 
bone formation to a certain extent in periodontitis rats, while ML385 inhibits this process.
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Fig. 1.  Effects of GS-Rg1 on inflammatory injury of periodontal tissue. (A) Chemical structure of GS-
Rg1. (B) Inflammatory cell counts of the groups(n). (C) H&E staining was used to detect the periodontal 
histopathological changes. M1 = first molar; C = cementum; AB = alveolar bone; GE = gingival epithelium; 
and PL = periodontal ligament. (D)-(F) Representative images of Immunohistochemistry (IHC) detected the 
expression of IL-6 and TGF-β1 and statistical analysis of positive area. (G) and (I) qPCR quantification of 
the mRNA levels of IL-6 and TGF-β1 in different groups. * P < 0.05, reference Ctrl; #P < 0.05, reference PD; & 
P < 0.05, reference GS-Rg1.
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Effects of GS-Rg1 on Keap1/Nrf2 signaling pathway in periodontitis rats
The results demonstrated that both the protein and mRNA expression of Keap1 (Figs.  3 and 4A,B) was 
considerably down-regulated while the protein and mRNA expression of NUC-Nrf2 was greatly enhanced when 
comparing the Rg1 group to the PD group. However, the use of ML385 reversed the elevated trend in the Rg1 
group, and NUC-Nrf2 expression was markedly down-regulated, which was closely with that in the PD group 

Fig. 2.  Effects of GS-Rg1 on alveolar bone remodeling in rats with periodontitis. (A) Micro-CT scan imaging. 
(B) The linear distance (mm) from CEJ-ABC of the first molar in rats. (C) The percentage of bone volume /
total volume of the standardized region of interest (ROI). (D)Bone mineral density (BMD) of the standardized 
region of interest (ROI). (E) Representative image of tartrate-resistant acid phosphatase (TRAP) staining. 
Magnification × 200. The blue boxed area between 1st and 2nd molars was considered to be the region of 
interest for analysis of TRAP + cells. AB = alveolar bone; PL = periodontal ligament. (F) Indicates the number of 
TRAP + cells counting. * P < 0.05, reference Ctrl; #P < 0.05, reference PD; & P < 0.05, reference GS-Rg1.
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(Figs. 3C and 4B, p < 0.05). The above results suggest that Rg1 significantly modulates the Keap1/Nrf2 signaling 
pathway in periodontitis rats.

Discussion
Periodontitis, the most prevalent oral disease, has a bidirectional regulatory relationship with several systemic 
diseases that have high mortality rates4. The most critical factor in the pathogenesis of periodontal disease is the 
enhanced interaction between microflora dysbiosis and destructive inflammation22. Pathogens affect periodontal 
tissue cells by modulating the immune system, thereby activating adaptive immunity as well as persistent 
inflammation and periodontal tissue damage23. The ultimate consequence of periodontitis is the irreversible 
resorption of the alveolar bone, which ultimately results in the loosening and subsequent loss of the affected 
teeth24. This paper investigated the regulatory effect of GS-Rg1 using rats to refine the in vivo study of Rg1 
application in periodontitis. The ligation-induced periodontitis model represents an efficacious methodology 
for the induction of periodontitis that exhibits similarities to that observed in humans25. During ligation, plaque 
accumulates around the ligature wire, and the placement of the ligature wire induces a continuous inflammatory 
infiltrate, which results in the gradual destruction of periodontal tissues26. Furthermore, to align more closely with 
the physiological aspects of periodontitis induction, ligation wires inoculated with Porphyromonas gingivalis 
were placed around the teeth of rats to induce a significant local accumulation of periodontal pathogens27.

Fig. 3.  Effects of GS-Rg1 on alveolar bone remodeling in rats with periodontitis. (A) Immunofluorescence 
staining of RUNX2 and OCN (red) in periodontitis tissues. (B) Statistical analysis of the mean staining 
intensity of RUNX2 and OCN. (C) qPCR quantification of the mRNA levels of RUNX2 and OCN in different 
groups. * P < 0.05, reference Ctrl; # P < 0.05, reference PD; & P < 0.05, reference GS-Rg1.
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To the best of our knowledge, this is the first study in vivo to investigate the therapeutic mechanism of GS-
Rg1 in the treatment of periodontitis. The results confirmed that GS-Rg1 effectively alleviated local periodontal 
inflammation and decreased alveolar bone resorption. This result is consistent with previous in vitro studies which 
discovered that a specific concentration of GS-Rg1 could enhance the proliferation and osteogenic differentiation 
of human periodontal ligament stem cells (hPDLSCs)15. A literature review has shown that ginsenosides protect 
target tissues from disease by acting on osteoblasts, osteoclasts, periodontal ligament fibroblasts (PDLF) and 
chondrocytes in bone tissue28. Based on the mechanisms and previous studies, this study focused on a bioactive 
component extracted from ginseng. Ginseng has various therapeutic effects including antidiabetic, antitumor, 
antioxidant and anti-apoptotic29. Most ginsenosides, representing over 80% of the total ginsenoside content, 
such as Rb1, Rb2, Rc, Rd, Re, Rg1, and R1, are characterized by the presence of a sugar moiety23. This structural 
feature enhances the stability and solubility of these compounds, conferring a beneficial property for utilization 
in living organisms30. Ginsenoside GS-Rg1 is the primary pharmacologically active ingredient in ginseng. It has 
been shown to have anti-lipid peroxidation and free radical scavenging effects, as well as promoting cell growth 
and regulating endothelial cell function.

The present study confirmed a greater infiltration of inflammatory cells in the gingival tissues of rats with 
periodontitis. These inflammatory cell locations are similar in location to the spatial sequencing results31. 
Due to unbalanced oxidative stress processes and immune dysregulation, periodontitis causes soft tissue 
inflammation32. Research has shown that GS-Rg1 improved tissue inflammation in diabetic rats by reducing 
IL-1β and TGF-α33. Similarly, this study confirmed that GS-Rg1 can reduce pro-inflammatory factors like IL-6 
and IL-1β, and increase anti-inflammatory factors like TGF-β1. The differences between rats with periodontitis 
and those treated with GS-Rg1 suggested that GS-Rg1 can effectively alleviate local inflammation levels 
by modulating inflammatory factors. One of the adverse outcomes of periodontitis is tooth loose even loss 
due to the destruction of periodontal tissues4. The analysis of Micro-CT data indicates that GS-Rg1 not only 
reduces bone volume resorption but also effectively mitigates changes in bone mineral density. Furthermore, 
osteoclast-mediated bone resorption is an important pathological process in alveolar bone resorption, which 
could be proved by TRAP staining. To explore the regulatory mechanisms of bone homeostasis, we confirmed a 
significantly decreased secretion of osteogenesis-related factors RUNX2 and OCN as well as an increase in the 
number of osteoclasts in periodontitis rats. The present study confirmed that GS-Rg1 application can effectively 
alleviate alveolar bone resorption and promote bone formation. The observed outcomes may be associated with 
the capacity of GS-Rg1 to modulate bone marrow mesenchymal stromal cells34.

This study found that rats with periodontitis had higher expression levels of periodontal inflammation and 
more alveolar bone resorption. Administration of GS-Rg1 improved the aforementioned phenomena. However, 
co-administering it with Nrf2 inhibitors reversed the positive regulatory effect of GS-Rg1. After evaluating the 
effectiveness of GS-Rg1, we observed an increase in the expression of Nrf2 and a decrease in Keap1. A review 
has reported that Nrf2 may have a protective effect on periodontitis, although the specific effects are not yet 
fully understood35. Nrf2 exhibits high expression and activity in monocytes, neutrophils, T cells, and B cells in 
the blood, indicating an immunomodulatory effect36. Additionally, the study37 discovered that systemic Nrf2 
activation due to Keap1-deficiency, as well as T cell-specific Nrf2 activation, resulted in a decrease in IFN-γ 
production by effector Th1 and CTLs in the scurfy mode. The regulatory molecule Nrf2 plays a significant role 

Fig. 4.  Effects of GS-Rg1 on Keap1/Nrf2 signaling pathway in periodontitis rats. (A) The protein expressions 
of Keap1 and NUC-Nrf2 in periodontal tissues were detected by WB. The samples derived from the same 
experiment and that gels/blots were processed in parallel. The original gel imprinting is shown in the 
supplementary Fig. S2. (B) Grayscale analysis of protein bands. (C) qPCR quantification of the mRNA levels 
of Keap1 and NUC-Nrf2 in different groups. * P < 0.05, reference Ctrl; # P < 0.05, reference PD; & P < 0.05, 
reference GS-Rg1.
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in genes expression in anti-oxidative stress and anti-inflammatory proteins20. The present study demonstrated 
that Nrf2 inhibition increased Keap1 expression and inflammatory cell expression and related factors. Similarly, 
regulating the Nrf2/Keap1 pathway can reduce airway inflammation38. Dysregulation of the immune system can 
cause inflammatory stimuli that can disrupt bone homeostasis. The present study demonstrated that the use of 
Nrf2 inhibitors reverses the promotion of GS-Rg1 on osteogenesis-related proteins. Restoring Nrf2 through the 
use of an Nrf2 agonist TBHQ (tert-butylhydroquinone) significantly reduced bone degradation and abnormal 
Nrf2 downstream expression of antioxidant enzymes, inflammatory cytokines, and osteogenic factors in type 
2 Diabetic Osteoporosis39. In this condition, Nrf2 could be activated by an endogenous pro-resolving lipid 
mediator to promote the osteogenic capacity of the osteoblast cell line MC3T3-E140. Bone metabolism is realized 
through bone formation and bone resorption involving osteoblasts and osteoclasts, and its metabolic activity 
is a dynamic equilibrium process41. The present study demonstrated that GS-Rg1 regulated the Keap1/Nrf2 
pathway to reduce osteoclasts. This finding is consistent with previous study which indicated that the Keap1/
Nrf2 pathway could be activated to inhibit the formation, differentiation, and bone resorption activities of 
osteoclasts42. Above all, we can speculate that the beneficial effect of Nrf2 against periodontitis can be achieved 
through the modulation of inflammatory factors, balancing osteogenic and osteoclast activity, and regulating the 
proliferation and apoptosis of periodontally-related cells. Therefore, we can conclude that ginsenoside GS-Rg1 
positively affects the treatment of periodontitis through the Keap1/Nrf2 signaling pathway.

In vitro studies to verify the mechanism of action of GS-Rg1 in periodontitis could not be performed in this 
study. Experimental animal periodontitis can to some extent recapitulate the clinical, molecular, and histological 
features of human periodontitis, which is more credible in probing drug action43. However, the deeper 
mechanisms of Rg1-regulated periodontitis should be explored at the cellular level. Therefore, it is necessary to 
further determine the mechanism of action of Rg1 in periodontal tissue-associated cells.

Conclusion
A classical rat periodontitis model was established in this study. It was confirmed that GS-Rg1 could effectively 
alleviate periodontal inflammation, reduce the number of osteoclasts, increase osteogenic activity, alleviate 
pathological damage to periodontal tissues, and prevent tooth loosening caused by alveolar bone resorption. The 
inhibition of the Keap1/Nrf2 pathway was found to reverse these effects. This study confirms that GS-Rg1 can 
regulate the Keap1/Nrf2 pathway to alleviate the adverse effects of periodontitis. The findings provide scientific 
data for the translational clinical application of GS-Rg1 and suggest a new direction for the treatment protocol 
of periodontitis.

Methods
Animals
The experimental protocol was approved by the Laboratory Animal Ethics Committee of Southwest Medical 
University (Approval NO.:2023030). The entire experiment followed the ARRIVE guidelines and the American 
Veterinary Medical Association​ (AVMA) Guidelines for the Euthanasia of Animals (2020). Thirty-two 8-week-
old male SD rats (220 ± 10  g) were purchased from the Laboratory Animal Center of Southwest Medical 
University. The rats received a standard chow diet and were housed in separate cages with controlled temperature 
settings of 22–25 °C, 50–65% humidity and a 12-h light/dark cycle, six per cage. The study was also carried out 
complied with the ARRIVE guidelines and all protocols were in compliance with the Guide for the Care and Use 
of Laboratory Animals published by the NIH.

Experimental design
The rats were randomly (Random Number Generators) divided into four groups (n = 8/group, according to 
PASS 2023(S1) based on the data of previous results), including Ctrl group (no ligature + saline), PD group 
(ligature + saline), Rg1 group (ligature + 1  mg/ml Rg1), ML385 group (ligature + 1  mg/ml Rg1 + 1  mg/ml 
ML385, an inhibitor of Nrf2). The sample size was determined using power analysis with PASS software. (1) 
The optimal sample size needed to achieve 80% power in the statistical analysis of the data was calculated based 
on pre-experiment, and a 95% confidence interval. (2) The minimum number of animals required was two 
per experimental group. To ensure that each experiment could be replicated in three samples, we chose eight 
rats per group. Based on previous studies13 combined with our pre-experiments on modeling periodontitis in 
rats (S2), it was shown that periodontitis can be observed in 3 weeks of modeling. The rats were placed in an 
airtight container and injected with 4% (v/v) isoflurane until completely anesthetized, then a 0.20 mm diameter 
orthodontic wire ring was lapped at the neck of the upper first molar for 3 weeks (Fig. 5A). Check the ligature to 
ensure it is firmly in place and apply Porphyromonas gingivalis suspension to the ligature wire daily.

At the end of three weeks, the ligature wire around the first molar of the rat was removed. The Rg1 group 
was injected daily for two weeks with 3ul Rg1 (1 mg/ml in saline, 22427-39-0, Weikeqi Biotech, China) into 
the gingival sulcus around the first molar using a microsyringe. Subsequently, the ML385 group received local 
injections of the inhibitor ML385 (1 mg/ml in saline, HY-100523, MedChemExpress, China) thirty minutes post-
Rg1 injection. Meanwhile, the PD and Ctrl group received the same volume of saline as previously described. 
Each rat’s operation was performed in the same order and returned to its original cage when completed. On day 
35, rats were given prolonged inhalation of isoflurane for respiratory depression for the purpose of euthanasia 
and samples were collected for later experiments (Fig. 5B).

Micro-computed tomography (Micro-CT)
The bilateral maxillae of rats were fixed in 4% paraformaldehyde and scanned using Sky Scan 1176 desktop X-ray 
micro-CT system (Bruker, USA). In this study, the X-ray source was set at 65 kV, 385µA and 18 μm resolution. 
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Fig. 5.  Experimental model and analysis area diagram of periodontitis in rats. (A) Construction of rat 
periodontitis model (B) Protocol and time flow chart of this study (C) Yellow line represents cementoenamel 
junction (CEJ), red line represents crest of the alveolar bone (ABC), and the black box indicates the selection of 
an ROI to calculate the distance from CEJ to ABC, BV/TV (%) and BMD in the 3D reconstructed image. (D) 
Representative histological images, with three consecutive square views from the conjunctive epithelium (JE) 
to the gingival epithelium (GE) and alveolar bone (AB) showing the target area for counting inflammatory cells 
in the periodontal tissue of rats.
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Finally, CTvox (Bruker, USA) software was used for 3D reconstruction. Selection of an area at the first molar as 
a region of interest (ROI) for analysing the linear distance from the dentin-enamel junction (CEJ) to the alveolar 
bone crest (ABC, mm)、the bone volume fraction (BV/TV, %) and bone mineral density(BMD, g/cm2) was 
shown in Fig. 5C.

Hematoxylin & Eosin (H&E) staining and quantification of osteoclasts
The maxillae were collected and fixed for 24 h in 4% paraformaldehyde solution and then decalcified for 4 weeks 
at 10℃ in 8% EDTA solution. The decalcified specimens were dehydrated, embedded in paraffin, and sectioned 
at a thickness of 5.0 μm for hematoxylin and eosin (H&E) staining. The interest area analysed for inflammatory 
cells in periodontal tissue was shown in Fig. 5D44.

A part of each tissue section was stained with the TRAP staining kit (G1050, Servicebio, China) following 
the manufacturer’s instructions, and counter-stain with hematoxylin. Red multinucleated cells, defined as active 
osteoclasts, were observed to form three or more nuclei on the apical and peripheral surfaces of the alveolar bone 
around the first molar.

Immunohistochemistry (IHC) analysis
Tissue sections were subjected to IHC staining to detect the levels of IL-6 and TGF-β1 using an IHC accessory kit. 
Then the anti-IL-6 antibody (GB11117, 1:200, Servicebio, China) and anti-TGF-β1 antibody (GB11179,1:500, 
Servicebio, China) were prepared in the sections following the protocol provided. The secondary antibody 
( GB23303,1:200, Servicebio, China) conjugated to peroxidase was then added, and left for 50  min at room 
temperature. Antibody binding was detected with a diaminobenzidine solution (G1212, 1:1000, Servicebio, 
China). Next, the slides were counterstained with hematoxylin. Finally, stained slides were examined with a 
microscope (E100, Nikon, Japan). Staining with brown-yellow was regarded as positive signal. Five areas of 
periodontal tissue between the gingival epithelium and the tip of the alveolar bone in the distal middle of the 
first molar were randomly selected and mean optical density (MOD)values were measured using Image J FIJI 
image analysis system.

Immunofluorescence staining
Paraffin sections were sealed with 5% BSA after deparaffinization and antigen retrieval. After blocking, the 
slices were incubated overnight at 4 °C with primary antibodies against OCN (16157-1-AP ,1:200, proteintech, 
USA) and Runx2 (20700-1-ap, 1:200, proteintech, USA). After three rinses with phosphate buffer solution, 
the slices were then treated with Alexa Fluor 488-labelled secondary antibodies (GB23303,1:200, Servicebio, 
China). The nuclei were counter-stained for 10 min with 4′6-diamidino-2-phenylindole 147 (DAPI, 2 µg/ml, 
G1012, Servicebio, China) and mounted with anti-fade prolong reagent (G1401, Servicebio, China). Images 
were captured with a fluorescence microscope (IX73, OLYMPUS, Japan). For the immunofluorescence analysis, 
the apical end of the alveolar ridge in and around the distal middle of the first molar in rats was targeted, and five 
areas were randomly selected for quantitative analysis.

Quantitative real-time polymerase chain reaction (qPCR)
The gingiva was removed from the first molar of the maxilla and stored at − 80 °C. Total RNA was extracted 
from gingival tissues by Trizol (15596026, Ambion, USA) and reverse transcription. The prepared cDNA was 
amplified by PCR. The expression levels were calculated by using the 2 − ∆∆CT method normalized to that of 
GAPDH. Table 1 shows the sequences for the relevant primers used in this test.

Gene Primer sequence

IL-1β-F ​G​G​G​A​T​G​A​T​G​A​C​G​A​C​C​T​G​C​T

IL-1β-R ​C​C​A​C​T​T​G​T​T​G​G​C​T​T​A​T​G​T​T​C​T​G

IL-6-F ​A​A​A​T​C​T​G​C​T​C​T​G​G​T​C​T​T​C​T​G​G

IL-6-R ​A​C​T​C​T​G​G​C​T​T​T​G​T​C​T​T​T​C​T​T​G

TGF-β1-F ​A​C​C​G​C​A​A​C​A​A​C​G​C​A​A​T​C​T​A​T

TGF-β1-R ​A​C​C​A​A​G​G​T​A​A​C​G​C​C​A​G​G​A​A​T

RUNX2-F ​G​G​A​C​G​A​G​G​C​A​A​G​A​G​T​T​T​C​A​C

RUNX2-R ​A​C​T​G​G​G​A​T​G​A​G​G​A​A​T​G​C​G

OCN-F ​G​G​A​G​G​G​C​A​G​T​A​A​G​G​T​G​G​T​G​A​A

OCN-R ​G​A​A​G​C​C​A​A​T​G​T​G​G​T​C​C​G​C​T​A

TLR4-F ​A​T​G​A​G​G​A​C​T​G​G​G​T​G​A​G​A​A​A​C​G

TLR4-R ​A​C​C​A​A​C​G​G​C​T​C​T​G​G​A​T​A​A​A​G

GAPDH-F ​C​A​A​G​T​T​C​A​A​C​G​G​C​A​C​A​G

GAPDH-R ​C​C​A​G​T​A​G​A​C​T​C​C​A​C​G​A​C​A​T

Table 1.  Primers sequences for the analysis of target genes by RT-PCR.
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Western blotting (WB)
The sample tissue was cut into tiny pieces and lysate was added at a ratio of 200 µL of lysate per 20 mg of tissue 
to extract proteins. Protein extracts were separated by PAGE glue and then transferred to PVDF membranes 
(IPVH00010, Millipore, USA). After blocking with 5% skimmed milk at 4 °C overnight, incubated membranes 
at room temperature for 1 h with primary antibodies recognizing Keap1, Nrf2 and β-actin proteins (1:1000, 
all from Bioswamp, China). After blocking with 5% skimmed milk at 4  °C overnight, incubated membranes 
at room temperature for 1 h with primary antibodies recognizing Keap1, Nrf2 and β-actin proteins (1:1000, 
all from Bioswamp, China). Following three rinses with phosphate buffer solution, which took 5 min each, the 
membranes were then incubated for 1 h at room temperature with the second antibody (1:10000, SAB48169, 
Bioswamp, China). The protein bands were scanned by an Odyssey® CLx Infrared Imaging System and quantified 
by ImageJ software (National Institutes of Health).

Statistical analysis
All experiments were performed in triplicate and repeated at least three times. GraphPad Prism 9.5 software 
(GraphPad Software, Inc., La Jolla, CA, USA) was applied for statistical analysis. All data were found to be 
normally distributed and were shown as mean ± standard error of the mean (SEM). Statistical comparisons were 
performed using one-way analysis of variance (ANOVA) and post hock test (Tukey test) for differences among 
multiple groups. p < 0.05 was considered statistically significant. * P < 0.05, reference Ctrl; # P < 0.05, reference 
PD; & P < 0.05, reference GS-Rg1.

Data availability
Data is provided within the manuscript or supplementary information files.
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