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Abstract
Background  Periodontitis is a common and harmful chronic inflammatory oral disease, characterized by the 
destruction of periodontal soft and hard tissues. The NLRP3 inflammasome-related pyroptosis and human periodontal 
ligament fibroblasts (hPDLFs) osteogenic dysfunction are involved in its pathogenesis. Studies have shown that 
lipoxin A4 is an endogenous anti-inflammatory mediator and BML-111 is a lipoxin A4 analog, which was found to 
have potent and durable anti-inflammatory effects in inflammatory diseases, but the mechanism remains unclear. The 
purpose of this study was to investigate whether BML-111 inhibits H2O2-induced dysfunction of hPDLFs, attenuates 
inflammatory responses, and identifies the underlying mechanisms.

Methods  The oxidative stress model was established with H2O2, and the cell proliferation activity was measured 
by CCK-8. ALP staining and alizarin red staining were used to detect the osteogenic differentiation capacity of cells; 
flow cytometry and ELISA were used to detect cell pyroptosis; we explored the effect of BML-111 on hPDLFs under 
oxidative stress by analyzing the results of PCR and Western blotting. The Nrf2 inhibitor ML385 was added to further 
identify the target of BML-111 and clarify its mechanism.

Results  BML-111 can alleviate the impaired cell proliferation viability induced by H2O2. H2O2 treatment can induce 
NLRP3 inflammasome-related pyroptosis, impairing the osteogenic differentiation capacity of hPDLFs. BML-111 can 
effectively alleviate H2O2-induced cellular dysfunction by activating the Nrf2/HO-1 signaling pathway.

Conclusion  The results of this study confirmed the beneficial effects of BML-111 on H2O2-induced NLRP3 
inflammasome-related pyroptosis in hPDLFs, and BML-111 could effectively attenuate the impaired osteogenic 
differentiation function. This beneficial effect is achieved by activating the Nrf2/HO-1 signaling pathway, therefore, our 
results suggest that BML-111 is a potential drug for the treatment of periodontitis.
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Introduction
Periodontitis is one of the most common chronic infec-
tious oral diseases and is the main cause of tooth loss in 
adults. Uncontrolled periodontitis can lead to the contin-
uous destruction of soft and hard periodontal supporting 
tissues, impairing one’s chewing and aesthetic functions 
[1]. In addition, severe periodontitis is a contributing 
factor to systemic diseases such as atherosclerosis and 
diabetes, which damage a person’s general health. Find-
ing an effectively strategy to control periodontitis and 
promote the regenerative repair of periodontal tissues is 
a hot research topic in recent years. Human periodontal 
fibroblasts (hPDLFs) are the most abundant cells with the 
potential of multi-directional differentiation in the peri-
odontal ligament tissue. The literature shows that they 
have osteogenic differentiation ability and contribute to 
the regeneration of alveolar bone [2]. However, inflam-
mation and oxidative stress can lead to osteogenic dys-
function of hPDLFs [3]. Hence, in recent years, how to 
prevent hPDLFs from dysfunction under different stress 
conditions and preserve their osteogenic differentiation 
capacity has become a new strategy for the treatment of 
periodontitis.

Previous studies have shown that periodontal patho-
gens are the main causes of periodontitis, and the host 
immune responses caused by periodontal pathogens and 
injury factors also play an important role in the patho-
genesis of periodontitis [4]. Reactive Oxygen Species 
(ROS), produced by immune cells, is thought to be a key 
factor in the development of periodontitis. The overpro-
duced ROS in periodontal tissue activated the NF-κB 
signaling pathway and NLRP3 inflammasome, participat-
ing the inflammatory process [5, 6]. Studies have shown 
that activated NLRP3 inflammasome can further activate 
Caspase-1, leading to the maturation of IL-1β and IL-18, 
as well as the cleavage of GSDMD protein, which result-
ing in cell pyroptosis and inflammation [7]. Besides, the 
activated NLRP3 inflammasome can also intrigue cell 
autophagy, promote the differentiation of osteoclasts 
and inhibit the osteogenic function of hPDLFs, finally 
promoting the periodontitis [8]. The cytoprotective gene 
Nrf2 (nuclear factor-erythropoietin 2-related factor 2) is 
a redox-sensitive leucine zipper transcription factor with 
antioxidant and anti-inflammatory properties [9].Under 
static conditions, Nrf2 is inactive binding to Keap1, 
but when oxidative stress occurs, Nrf2 dissociates from 
Keap1 and transports from the cytoplasm to the nucleus, 
where it plays a role in activating the antioxidant element 
ARE, and then increases the expression of antioxidant 
enzymes HO-1 and NQO-1 [10]. Thus, the dissociation 
of Nrf2-Keap1 complex helps removing the overpro-
duced ROS under oxidative stress and inflammation to 
defend against oxidative stress and inflammatory damage 
[11]. Researchers found that activating Nrf2/HO-1 signal 

pathway inhibited NLRP3 inflammation and pyroptosis 
[12].

Lipoxin (LX) is an endogenous metabolite produced by 
arachidonic acid through different lipoxygenase cataly-
sis under the stimulation of inflammatory factors, which 
mainly plays a biological role in regulating inflamma-
tion [13]. Lipoxin A4 (LXA4), one of the lipoxins, plays 
an important role in the inflammatory processes such as 
ischemia reperfusion injury, peritonitis, gastroenteritis 
and keratitis, and is it had been shown that Lipoxin A4 
could up-regulate the expression of P62, competing with 
Nrf2 to bind the keap1 protein, activating the Nrf2 path-
way and ameliorating cell damage [14]. Besides, studies 
have shown that lipoxin A4 participates in the regulation 
of bacterial biofilm and cell microenvironment, inhibit 
or eliminate pathogens, and maintain the homeostasis 
of local internal environment during the resolution of 
periodontal inflammation [15–18]. However, LXA4 is 
characterized by rapid inactivation and short half-life, 
which limits its clinical application. BML-111, as a sta-
ble and long-acting LXA4 analogue, can activate FPR2/
ALXR receptors and exert similar anti-inflammatory 
effects comparable to LXA4 in several pathological in 
vivo models [19]. BML-111 has been shown to play a 
pro-resolution role in inflammatory models such as acute 
lung injury, collagenous arthritis, and acute pancreati-
tis by activating the Nrf2/HO-1 pathway and inhibiting 
the NF-κB/NLRP3 signaling pathway [20], but its role in 
periodontitis remains unclear.

Therefore, the aim of this study is to establish a NLRP3 
inflammasome-related pyroptosis model by H2O2 to 
increase intracellular ROS content. HPDLFs were treated 
with different concentrations of BML-111 to observe the 
changes in intracellular ROS, pyroptosis, and osteogenic 
differentiation. To investigate the regulatory mechanism 
of BML-111 on H2O2-induced pyroptosis and osteogenic 
differentiation dysfunction in hPDLFs by introducing 
the Nrf2 inhibitor ML385, and to provide laboratory and 
theoretical support for the prevention and treatment of 
periodontitis.

Materials and methods
Materials and reagents
BML-111 was acquisited from Cayman (USA). Nrf2 
inhibitor ML385 was purchased from MedChemEx-
press (Shanghai, China). H2O2 was accessed from Solar-
bio (Beijing, China). The antibodies against ALP, OCN, 
RUNX-2, NLRP3, ASC, Caspase-1, Nrf2, HO-1, P62, 
Keap1, Lamin A/C and GAPDH were purchased from 
Bioswamp (Wuhan, China). Antibodies against GSDMD-
N were purchased from Abcam (Cambridge, MA, USA).
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Cell culture
HPDLFs were obtained from BeNa Culture Collection 
(Henan, China), which identified by Cell Line Authen-
tication by STR profiling. The cells were cultured in the 
complete medium [a-minimum essential medium (Gibco, 
CA, United States), 10% fetal bovine serum (Sijiqing, 
Zhejiang, China), 1% penicillin-streptomycin].

Cell viability assay
To detect cell proliferation viability and obtain optimal 
drug concentrations of H2O2 and BML-111, we car-
ried out the CCK8 assay (Beyotime, shanghai, China). 
HPDLFs were seeded into 96-well plates (5 × 103 cells/
well), and after culturing for 24 h, they were treated with 
0, 125, 250, 500, 1000 µM H2O2 for 4 h. The second part 
was treated with BML-111 (0, 5, 10, 20, 30 µM) for 24 h, 
besides, the third part was treated with BML-111 (0, 5, 
10, 20 µM) for 24 h and 500 µM H2O2 stimulation for 4 h. 
After drug pretreatment, CCK-8 reagent was adding to 
the cells, after incubation for 2 h, use a microplate reader 
(Thermo Fisher Scientific, Inc) to detect the OD value of 
each well at the absorbance of 450 nm. Each group was 
set up with 3 duplicate holes, and each experiment was 
repeated three times.

Detect ROS generation
To detect intracellular ROS production, we chose the 
DCFH-DA probe (Beyotime, Shanghai, China) in this 
study. Firstly, hPDLFs were seeded in 6-well plates 
(1 × 105 cells/well) and processed according to different 
groups. Add DCFH-DA (10 µM) to each well. The green 
fluorescence of ROS was observed by a fluorescence 
microscope (Leica, Germany) in the dark at room tem-
perature. In addition, cells were collected and analyzed 
for fluorescence intensity by flow cytometry and FlowJo® 
software (BD Biosciences, USA). Each group was set up 
with 3 duplicate holes, and each experiment was repeated 
three times.

Lactate dehydrogenase (LDH) release assay
LDH is normally located intracellularly and can be 
released from the cell into the extracellular space when 
pyroptosis occurs. To assess the effect of H2O2 on 

pyroptosis and the efficacy of BML-111, we detect LDH 
release with the LDH Assay Kit (Beyotime, Shanghai, 
China). HPDLFs were seeded in 96-well plate (3000/
well). Cell supernatants were collected after treatment 
of different groups of cells, and the release of LDH was 
detected by LDH assay kit. Each group was set up with 3 
duplicate holes, and each experiment was repeated three 
times.

Detection of pyroptotic cells
HPDLFs were seeded in 6-well plates (1 × 106 cells/well). 
After the cells adhered, they were treated with drugs 
according to different groups, then trypsinized, centri-
fuged, and resuspended in PBS. 2 × 104 cells were selected 
and labeled with Annexin V-FITC and propidium iodide 
(PI). The detection was performed by flow cytometry 
within one hour, and the change in the percentage of cells 
in the double-positive-stained area was calculated. Each 
group was set up with 3 duplicate holes, and each experi-
ment was repeated three times.

Detection of osteogenic differentiation capacity
5 × 104 hPDLFs were seeded into 12-well plates. When 
the density reached 70%, the hPDLFs were cultured in 
osteogenic differentiation medium for 7 days or 21 days, 
and the hPDLFs were treated in different groups every 
2 days. Cells were fixed with 4% PFA (Biosharp, Beijing, 
China) and stained with BCIP/NBT ALP kit (Beyotime, 
Shanghai, China) after 7 days of medication. After 21 
days of medication, cells were fixed with 4% PFA and 
stained with 2% Alizarin Red (Solaribo, Beijing, China). 
Quantify and process data using ImageJ. Each group was 
set up with 3 duplicate holes, and each experiment was 
repeated three times.

RNA isolation and quantitative real-time polymerase chain 
reaction (qRT-PCR)
HPDLFs were seeded in 6-well plates (1 × 106 cells/well). 
The expression of hPDLFs genes NLRP3, ASC, Cas-
pase-1, HO-1, ALP, runx2, OCN was detected by qRT-
PCR. Total RNA was extracted after drug treatment 
using Trizol (Ambion, USA) and reverse transcribed into 
cDNA using PrimeScript II RTase (TaKaRa, Japan). The 
real-time quantitative PCR was performed using KAPA 
Biosystems SYBR FAST qPCR Master Mix (USA). The 
relative gene level was determined by 2−ΔΔCt method 
and standardized by GAPDH values. Table  1 shows the 
primer sequences used for RT-qPCR analysis. Each group 
was set up with 3 duplicate holes, and each experiment 
was repeated three times.

Western blot analysis
HPDLFs were seeded in 6-well plates (1 × 106 cells/well). 
Cells were harvested after treatment in different groups 

Table 1  Primers used for RT-qPCR
Gene Forward Primer Reverse Primer
GAPDH GGGAAACTGTGGCGTGAT GAGTGGGTGTCGCTGTTGA

NLRP3 TCGGAGATTGTGGTTGGG GGGCGTTGTCACTCAGGT

ASC TGGACGCCTTGGACCTC CTTCCGCATCTTGCTTGG

Caspase-1 ATGGGCTCTGTTTTTATTGG TGTCCTGGGAAGAGGTAGAA

HO-1 GCAGAGGGTGATAGAAGAGG GTAAGGACCCATCGGAGAA

ALP ATACAAGCACTCCCACTTCATC TCTGCCTCCTTCCACCAG

OCN GCAGCGAGGTAGTGAAG TGAAAGCCGATGTGGT

RUNX2 TGGACGAGGCAAGAGT GAGGCGGTCAGAGAAC
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and lysed in RIPA lysis buffer (Solarbio, Beijing, China). 
Bicinchoninic acid assay kit (Solarbio, Beijing, China) 
was used to evaluate protein concentration. The proteins 
were separated by SDS-PAGE and transferred to PVDF 
membranes (Millipore, MA). The membranes were incu-
bated with primary antibodies against ALP, RUNX-2, 
OCN, NLRP3, ASC, Caspase-1, GSDMD-N, Nrf2, HO-1, 
Keap1, P62, Lamin, and GAPDH at 4  °C overnight after 
being blocked for one hour in 5% nonfat milk in TBST. 
After TBST washes, PVDF membranes were incubated 
with secondary antibodies for 1 h at room temperature. 
Subsequently, membrane-bound antibody was measured 
by enhanced chemiluminescence (ECL) reagent (Milli-
pore, MA) and then quantified by TANON GIS software. 
Each group was set up with 3 duplicate holes, and each 
experiment was repeated three times.

Detection of pyroptosis-related cytokines by ELISA
HPDLFs were seeded in 6-well plates (1 × 106 cells/well). 
After culturing for 24 h, drug treatment was performed 
according to different groups. The cell culture superna-
tants of each group were collected and centrifuged. And 
then the levels of IL-1β and IL-18 in cell culture super-
natants were assessed by relevant ELISA kits (Bioswamp, 
Wuhan, China). Each group was set up with 3 duplicate 
holes, and each experiment was repeated three times.

Statistical analysis
All the data were analyzed by Graphpad Prism 8 soft-
ware. The one-way ANOVA was used to compare mul-
tiple groups, followed with Tukey’s post hoc test pairwise 
comparisons. The results were presented as mean ± SD. 
P < 0.05 was considered to be statistically significant.

Results
BML-111 alleviated the inhibition of proliferation of 
hPDLFs by H2O2
To investigate the protective effects of BML-111 against 
H2O2 treatment, cell viability was measured using the 

CCK-8 colorimetric assay. As showed in Fig.  1A, when 
the H2O2 concentration was greater than 125 µM, the 
proliferation activity of hPDLFs was decreased, and 
showed a concentration-dependent trend. When the 
cells were treated with 500 µM H2O2, the cell viability 
decreased about 50% compared with the control group. 
When the cells were treated by BML-111 with differ-
ent concentrations (0, 5, 10, 20 µM), the cell prolifera-
tion activity gradually increased compared with control 
group, but decreased when the concentration of BML-
111 was 30 µM (Fig. 1B). Different concentrations (0, 5, 
10, 20 µM) of BML-111 were used to pretreat cells, and 
then cells were injured with 500 µM H2O2, the prolifera-
tion activity of cells in the BML-111 pretreatment group 
was gradually increased compared with the H2O2 group, 
and showed a concentration-dependent trend (Fig. 1C).

BML-111 alleviated the increased intracellular ROS, 
pyroptosis rate and the release of inflammatory mediators 
in hPDLFs caused by H2O2
As noted above, the increase of intracellular ROS acti-
vated the NLRP3 inflammasome in hPDLFs, which leads 
to the occurrence of pyroptosis. Pyroptosis is dependent 
on the activation of Caspase-1, followed by GSDMD 
protein cleavage, which is ultimately manifested in the 
release of IL-1β, IL-18, and LDH. As shown in Fig.  2A, 
when hPDLFs were treated with H2O2, intracellular ROS 
increased. Besides, the pyroptosis rate and the release of 
IL-1β, IL-18 and LDH were increased in H2O2-treated 
cells compared with the control group (Fig.  2B and C). 
However, BML-111 treatment decreased the intracellu-
lar ROS of hPDLFs treated with H2O2, and the pyroptosis 
rate and IL-1β, IL-18, LDH release were also decreased.

BML-111 alleviated the osteogenic dysfunction of hPDLFs 
caused by H2O2
HPDLFs have the ability to differentiate into osteoblasts. 
In this study, ALP staining, alizarin red staining was 
used to detect the effects of different treatments on the 

Fig. 1  Effects of different concentrations of BML-111 and H2O2 on the cell viability of hPDLFs. 
(A) Cell viability of hPDLFs treated with 0, 125, 250, 500, 1000 µM H2O2 for 4 h; (B) Cell viability of hPDLFs treated with 0, 5, 10, 20, 30 µM BML-111 for 24 h; 
(C) Cell viability of hPDLFs pretreated with 0, 5, 10, 20 µM BML-111 for 24 h and treated with 500 µM H2O2 for 4 h. Data were shown as mean ± SD from 
three experiments independently **P < 0.01 vs. control group, *P < 0.05 vs. control group, ##P < 0.01 vs. H2O2 group, #P < 0.05 vs. H2O2 group, nsP>0.05 vs. 
control group
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Fig. 2  BML-111 suppressed H2O2-induced pyroptosis in hPDLFs. (A) Detection of intracellular ROS in hPDLFs by fluorescence staining and flow cytom-
etry. (B) Flow cytometry detection of propidium iodide and annexin V fluorescein isothiocyanate (FITC) double-positive cells in hPDLFs. (C) the release of 
IL-1β, IL-18 and LDH from hPDLFs **P < 0.01 vs. control group, ##P < 0.01 vs. H2O2 group, nsP>0.05 vs. control group
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osteogenic differentiation ability of hPDLFs. As shown 
in Fig. 3, ALP secreted by hPDLFs on day 7 was stained 
blue, and calcium nodules produced on day 21 were 
stained orange-red by Alizarin red. The results showed 
that H2O2 treatment reduced the expression of ALP and 
the generation of calcium nodules in hPDLFs compared 
with the control group, while pretreatment with BML-
111 could partially alleviate the damage of H2O2 on the 
osteogenic ability of hPDLFs (Fig. 3A and B).

BML-111 activated the Nrf2/HO-1 pathway protected 
hPDLFs from H2O2-induced NLRP3 inflammasome related-
pyroptosis
Under oxidative stress, the overproduced ROS intrigued 
the NLRP3 inflammasome activation and resulted in 
pyroptosis. Besides, the intracellular antioxidant pro-
cesses are initiated, including the activation of the Nrf2/
HO-1 signaling pathway. As shown in Fig.  4A, when 
hPDLFs were treated with H2O2, intracellular ROS 
increased. Besides, the pyroptosis rate and the release of 
IL-1β, IL-18 and LDH were increased in H2O2-treated 
cells compared with the control group. However, BML-
111 treatment decreased the intracellular ROS of hPDLFs 
treated with H2O2, and the pyroptosis rate and IL-1β, 
IL-18, LDH release were also decreased (Fig.  4B, C, D 

and E). The addition of ML385 inhibited the effect of 
BML-111 on H2O2-induced hPDLFs pyroptosis. As 
showed in Fig. 5A, the expression of NLRP3, ASC, Cas-
pase-1 genes and the expression of NLRP3, ASC, Caspase 
1, GSDMD-N proteins were significantly increased in 
H2O2 group compared with the control group (Fig. 5B). 
BML-111 effectively inhibited the expression of NLRP3, 
ASC, Caspase-1 and GSDMD-N induced by H2O2 
(Fig.  5A and B), but the appliance of ML385 counter-
acted the effect of BML-111. Besides, the protein expres-
sion of Nrf2 in the H2O2 group was slightly increased 
than the control group, and the gene expression of HO-1 
was also slightly increased (Fig. 5B). But the total protein 
expression of Nrf2 and the expression of nucleus Nrf2 
protein of the BML-111 + H2O2 group were significantly 
increased than the H2O2 group, as also the gene expres-
sion levels of HO-1 (Fig.  5A). In order to test whether 
BML-111 treatment protects hPDLFs by activating the 
Nrf2 pathway in our experiments, we used an inhibitor 
of Nrf2(ML385). The results showed that ML385 + BML-
111 + H2O2 group compared with the BML-111 + H2O2 
group, the total amount of Nrf2 protein expression and 
the expression of nucleus Nrf2 protein of hPDLFs were 
significantly lower (Fig. 5C). As shown in the Fig. 6A and 
B, the protein expression of Keap1 in the H2O2 group was 

Fig. 3  BML-111 mitigate H2O2-induced osteogenic dysfunction of hPDLFs. (A) Macroscopic and Microscopic images of ALP Staining and the quantifica-
tion of hPDLFs. (B) Macroscopic and Microscopic images of Alizarin Red Staining and the quantification of hPDLFs. **P < 0.01 vs. control group, ##P < 0.01 
vs. H2O2 group, nsP>0.05 vs. H2O2 group
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Fig. 4  ML385 inhibit the effect of BML-111 on H2O2-induced pyroptosis in hPDLFs. Grouped as control, H2O2, H2O2 + BML-111, H2O2 + BML-111 + ML385
(A) Detection of intracellular ROS in hPDLFs by fluorescence staining. (B) The relative intracellular ROS in hPDLFs. (C) The pyroptosis rate of hPDLFs. (D) 
Flow cytometry detection of propidium iodide and annexin V fluorescein isothiocyanate (FITC) double-positive cells in hPDLFs. (E) The release of IL-1β, 
IL-18 and LDH from hPDLFs.  **P < 0.01 compared with control group. ##P < 0.01 compared with H2O2 group. &&P < 0.01 compared with H2O2 + BML-111 
group. *P < 0.05 compared with control group. #P < 0.05 compared with H2O2 group. &P < 0.05 compared with H2O2 + BML-111 group
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slightly decreased than the control group, and the appli-
cation of BML-111 with H2O2 made the expression of 
Keap1 decreased than the H2O2 group. Nevertheless, the 
protein expression of P62 in the H2O2 group was slightly 
increased than the control group, and the expression of 
P62 protein in the BML-111 + H2O2 group were signifi-
cantly increased than the H2O2 group.

BML-111 activated the Nrf2/HO-1 pathway protected 
hPDLFs from H2O2-induced osteogenic dysfunction
As shown in Fig. 7A, in the H2O2 group, the expression of 
ALP and the generation of calcium nodules significantly 
decreased compared with the control group, as well as 
the expressions of ALP, RUNX-2, and OCN genes and 
proteins. BML-111can effectively alleviated the inhibi-
tion of the ALP, RUNX-2, OCN expression in hPDLFs 
caused by H2O2 (Fig.  7B, C, D and E). The addition of 

Fig. 5  BML-111 reduced the expression of pyroptosis-related genes and proteins, and increased the expression of Nrf2 and HO-1 proteins in hPDLFs
(A) The NLRP3, ASC, Caspase-1, HO-1 mRNA relative expression was shown. (B) The NLRP3, ASC, Caspase-1, GSDMD-N, Total Nrf2, Nuclear Nrf2, HO-1 
protein relative expression was shown. (C) Representative Western blots for NLRP3, ASC, Caspase-1, GSDMD-N, Total Nrf2, Nuclear Nrf2, HO-1 protein. 
**P < 0.01 compared with control group. ##P < 0.01 compared with H2O2 group. &&P < 0.01 compared with H2O2 + BML-111 group. nsP>0.05 compared with 
control group
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Fig. 7  ML385 inhibit the effect of BML-111 on the H2O2-induced osteogenic dysfunction in hPDLFs. (A) Macroscopic and Microscopic images of ALP 
Staining and Alizarin Red Staining. (B) The ALP and ARS staining quantification of hPDLFs was shown. (C) The ALP, RUNX-2, OCN mRNA relative expression 
was shown. (D) Representative Western blots for ALP, RUNX-2, OCN protein. (E) The ALP, RUNX-2, OCN protein relative expression was shown. **P < 0.01 
compared with control group. ##P < 0.01 compared with H2O2 group. &&P < 0.01 compared with H2O2 + BML-111 group. nsP>0.05 compared with control 
group. #P < 0.05 compared with H2O2 group. &P < 0.05 compared with H2O2 + BML-111 group. nsP>0.05 compared with BML-111 + H2O2 group

 

Fig. 6  BML-111 reduced the expression of Keap1 proteins, and increased the expression of P62 protein in hPDLFs. (A) Representative blot for Keap1 and 
P62 protein. (B) The Keap1 and P62 protein relative expression was shown. **P < 0.01 compared with control group. nsP>0.05 compared with control group
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ML385 inhibited the protective effect of BML-111 on 
H2O2-induced osteogenic dysfunction.

Discussion
This study is the first to demonstrate that BML-111 can 
inhibit the activation of NLRP3 inflammasome related-
pyroptosis and osteogenic dysfunction in hPDLFs under 
oxidative stress by activating the Nrf2/HO-1 signaling 
pathway. Therefore, BML-111, as an endogenous anti-
inflammatory mediator analog, provide a new idea for 
the prevention and treatment of periodontitis.

Periodontitis is a chronic inflammatory disease, and the 
key to its pathogenesis lies in the host’s immune response 
to pathogenic bacteria. With the consistently stimula-
tion of the pathogenic bacteria and its toxicity factors, 
periodontal tissues overproduce ROS, which leads to 
an oxidative imbalance that triggers proinflammatory 
mechanisms [21]. The overproduction of ROS by hPDLFs 
is the key signal in the inflammatory response because 
it can activate the NLRP3 inflammasome, leading to the 
destruction of periodontal soft and hard tissues [22]. 
According to the study, mice with periodontitis exhibit 
an increase in NLRP3 inflammasome expression, and 
inhibit the activation of the NLRP3 inflammasome will 
alleviate the occurrence of periodontitis [7, 23]. The main 
mechanism of the pro-inflammatory effect of NLRP3 
inflammasome is to promote the conversion of pro- Cas-
pase-1 to active Caspase-1, which in turn promotes the 
maturation and secretion of IL-1β and IL-18. At the same 
time, activated Caspase-1 leads to cleavage of GSDMD 
protein to generate GSDMD-N fragment. GSDMD-N 
oligomerizes and forms pores in the cell membrane, lead-
ing to the occurrence of pyroptosis [24]. During pyropto-
sis, cells will swell, perforate, lyse, and eventually release 
their contents as a result of pro-inflammatory pro-
grammed cell death. Cellular integrity is destroyed dur-
ing this process, and cellular contents are released into 
the extracellular space, promoting inflammation [25]. 
In this study, it was found that the application of H2O2 
resulted in increased intracellular ROS in hPDLFs, which 
in turn activated the NLRP3 inflammasome. In this study, 
it was confirmed that the application of H2O2 led to 
increased cell death in hPDLFs, accompanied by a large 
amount release of IL-1β and IL-18, the mechanism was 
that excessive ROS activated NLRP3 inflammasome and 
finally caused hPDLFs pyroptosis.

The occurrence of pyroptosis leads to the release of 
IL1β and IL-18, which makes hPDLFs in an inflammatory 
microenvironment and further aggravates cell dysfunc-
tion [26]. Studies have shown that activation of NLRP3 
inflammasome in periodontal and gingival cells can 
induce pyroptosis, leading to the destruction of alveo-
lar bone. Pyroptosis leads to IL-1β activation, induction 
of RANKL production and enhancement of osteoclast 

activity [27]. At the same time, IL-18 can promote the 
level of matrix metalloproteinase protein in periodontal 
ligament cells and increase the production of osteoclasts 
[28]. Caspase-1 were highly expressed in the periodontal 
tissues of experimental periodontitis rats, and the alveo-
lar bone destruction of periodontitis rats was alleviated 
after the application of Caspase-1 inhibitors, respectively, 
indicating that the pyroptosis plays an important role in 
bone resorption in periodontitis [29]. In a rat model of 
periodontitis, drug inhibition of Caspase-4 or IL-1β anti-
body significantly reduced alveolar bone loss and peri-
odontal soft tissue injury [19, 30, 31]. The results of this 
study showed that H2O2 could lead to NLRP3 inflamma-
tory-related pyroptosis of cells, followed by the release 
of inflammatory factors, impaired osteogenic differen-
tiation ability of cells, and down-regulated expression of 
osteoblast-related proteins and genes. BML-111 inhibited 
pyroptosis induced by H2O2, thus alleviating the osteo-
genic differentiation injury of cells.

LXA4 is an endogenous anti-inflammatory media-
tor that acts as an inflammatory brake signal in the pro-
cess of inflammation. It plays an important role in the 
pathological outcome of inflammatory processes such 
as ischemia reperfusion injury, inhibitory epidermitis, 
peritonitis, colitis, gastroenteritis, asthma and keratitis 
[19, 32, 33]. The presence of LXA4 in the gingival cre-
vicular fluid of patients with active periodontitis suggests 
a potential role for this immunomodulatory molecule in 
the development and outcome of local inflammation in 
the periodontal tissue [34]. LXA4 is a drug with few side 
effects because it is rapidly inactivated in the body, but 
it has a short half-life and its efficacy is not very durable. 
BML-111 is a relatively stable and potent LXA4 analog, 
which has the same effect as LXA4 in terms of anti-
inflammatory effect [20]. BML-111 has previously been 
shown to be comparable to LXA4 in suppressing inflam-
matory processes. This agonist has been shown to pro-
mote catabolism and anti-inflammatory effects in acute 
lung injury, collagenous arthritis, and acute pancreati-
tis [33, 35, 36]. This study confirmed that BML-111 can 
inhibit the pyroptosis of hPDLFs caused by H2O2, thereby 
inhibiting the inflammatory response and reducing the 
damage of osteogenic differentiation capacity. The ben-
eficial effect of BML-111 on inflammation is achieved 
by activating the Nrf2/HO-1 signal pathway. Pretreat-
ment of hPDLFs with BML-111 can increase the expres-
sion of intracellular Nrf2, promote its translocation into 
the nucleus, activate the ARE antioxidant elements, pro-
mote the expression of downstream antioxidant enzymes 
HO-1, which can improve the antioxidant capacity of 
cells, thereby preventing excessive accumulation of ROS 
in cells, reducing the occurrence of pyroptosis and the 
release of inflammatory mediators. Much literature have 
shown that Nrf2-Keap1 complex is located in cytoplasm 
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under static condition and degraded by ubiquitination 
and proteolytic hydrolysis, which maintains a low Nrf2 
expression level [37]. While under stress environment, 
Nrf2-Keap1 complex dissociates and releases Nrf2, and 
the free Nrf2 is transferred to the nucleus. Therefore, 
promoting the dissociation of Nrf2-Keap1 complex is 
conducive to the activation and up-regulation of Nrf2 
expression. The ways of promoting Nrf2-Keap1 disso-
ciation include changing the conformation of Keap1, 
Nrf2 phosphorylation and competitive binding of Keap1. 
Recent studies have shown that autophagy related protein 
P62 can enhance the expression of Nrf2 by competitively 
binding Keap1 and promoting the autophagy degradation 
of Keap1, and the activation of Nrf2 further up-regulates 
the expression of P62, forming a positive feedback cycle 
[38, 39]. We observed that BML-111 promoted the acti-
vation of P62 which can competing binding with Keap1 
and up-regulates the expression of Nrf2. In addition, As 
an inhibitor of Nrf2, ML385 inhibits the translocation 
of Nrf2 into the nucleus and the binding of the antioxi-
dant element ARE, reducing the transcriptional activity 
of Nrf2 [40]. ML385 also reduced the activity of the Nrf2 
promoter, resulting in reduced expression of Nrf2 [41]. 
In our study, we inhibited Nrf2 with ML385 and then 
treated cells with BML-111. Our findings suggest that 
BML-111 cannot attenuate H2O2-induced oxidative dam-
age if Nrf2 is inhibited, and these findings support the 
notion that BML-111 protects hPDLFs primarily through 
the Nrf2/HO-1 pathway.

Conclusion
Taken together, our study clarified that BML-111 may 
attenuate H2O2-induced hPDLFs dysfunction through 
the Nrf2/HO-1 signaling pathway. Excessive intracellu-
lar ROS induces NLRP3 inflammasome activation and 
cell pyroptosis, resulting in osteogenic dysfunction of 
hPDLFs. By activating the Nrf2/HO-1 pathway, BML-111 
reduces intracellular ROS and alleviates the dysfunction 
of hPDLFs. This study validates the anti-periodontitis 
effect of BML-111 and proposes a possible clinical treat-
ment approach for periodontitis by exogenous supple-
mentation of endogenous anti-inflammatory mediator 
analogs.
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