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Abstract. Macrophage pyroptosis and related inflammatory 
responses play an important role in periodontitis. Kynurenic 
acid (KA) is hypothesized to have anti‑inflammatory potential, 
but whether KA can inhibit macrophage pyroptosis and the 
underlying mechanisms remain unclear. Lipopolysaccharide 
(LPS) was used to induce pyroptosis in THP‑1‑derived macro‑
phages. KA or ML385 was used to pretreat macrophages, after 
which, cell viability, NOD‑like receptor protein 3 (NLRP3) 
inflammasome‑related protein expression, oxidative stress 
levels and nuclear factor erythroid 2‑related factor 2 (NRF2) 
expression were measured. The results showed that KA 
improved the LPS‑induced decrease in macrophage viability 
and lactate dehydrogenase release. KA prevented THP‑1 
macrophage pyroptosis induced by LPS by reducing the expres‑
sion of NLRP3, Gasdermin‑D, and Caspase1, and decreased 
the expression of inflammatory factors. KA suppressed 
NLRP3 inflammasome activation by inhibiting ROS overpro‑
duction and increasing Heme Oxygenase 1 and glutathione 
levels. Moreover, KA promoted NRF2 translocation from the 

cytoplasm to the nucleus. In addition, the anti‑pyroptotic and 
antioxidant effects of KA were reversed by ML385 inhibition 
of NRF2. In the present study, it was found that KA signifi‑
cantly suppressed macrophage pyroptosis induced by LPS. It 
was further demonstrated that the anti‑pyroptotic effects of 
KA were mediated by activation of the NRF2 pathway.

Introduction

Periodontitis is a common chronic inflammatory oral disease. 
The incidence of periodontitis is increasing annually. Globally, 
>11% of patients suffer from severe periodontitis (1,2). Bacterial 
infection of the gums is one of the most common causes of 
periodontitis (3). In the advanced stages of periodontitis, the 
invasion of inflammatory cells leads to tooth loss, which seri‑
ously affects a patient's quality of life (4). Although drug‑based 
therapy and surgery have seen notable progress, they still 
possess notable limitations. A previous study reported that 
adjunctive antimicrobial photodynamic therapy is beneficial 
to the surgical treatment of periodontitis, but some patients 
still relapse (5). Furthermore, ultrasonic and hand instrumen‑
tation for periodontal therapy reduces the recurrence rate of 
periodontitis, but increases the risk of secondary infection (6). 
Therefore, there is a need to explore novel therapeutic methods 
for the management of periodontitis.

There is increasing evidence suggesting that inflamma‑
tory responses contribute to the progression of periodontitis. 
Macrophages are one of the most common inflammatory 
cells present in a state of periodontitis (7‑9). Previous studies 
demonstrated that macrophage pyroptosis enhances the 
development of periodontitis (9,10). Pyroptosis is a type of 
physiological proinflammatory programmed death. The 
NOD‑like receptor protein 3 (NLRP3) inflammasome pathway 
is an extensively studied pathway that mediates pyroptosis. As 
a ubiquitous intracellular receptor, NLRP3 when activated, 
recruits apoptosis‑associated speck‑like protein containing 
a caspase‑recruitment domain (ASC) and Caspase 1 to form 
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the NLRP3 inflammasome (11,12). Once inflammasome 
formation has occurred, Gasdermin‑D (GSDMD) and inflam‑
matory cytokines are cleaved and activated. Subsequently, 
GSDMD translocates to the cell membrane and forms holes 
in the membrane, which leads to the release of inflamma‑
tory factors and ultimately pyroptosis (12). It was previously 
reported that hyperglycemia promotes the progression of 
diabetes‑related periodontitis by inducing macrophage 
pyroptosis (13). Furthermore, the blockade of macrophage 
glycolysis can suppress the progression of periodontitis by 
inhibiting macrophage pyroptosis (14). Together, the results 
of these previous studies suggest that macrophage pyroptosis 
may be an effective therapeutic target for the management 
of periodontitis. However, there remains a lack of effective 
small‑molecule inhibitors to inhibit macrophage pyroptosis.

Kynurenic acid (KA) is one of the metabolites of tryp‑
tophan (15). In recent years, KA has been shown to have 
potential anti‑inflammatory properties, and as such has attracted 
increasing attention. A previous study found that physical 
exercise may improve inflammatory responses by increasing 
KA production (16). Furthermore, KA has also been shown 
to improve mortality in a mouse model of sepsis by inhibiting 
neutrophil activity and reducing the expression of inflammatory 
factors (17). However, whether KA can inhibit macrophage 
pyroptosis and its underlying mechanism remain unclear.

In recent years, oxidative stress has been identified as a 
powerful activator of NLRP3 (18). It was found that the 
increased production of reactive oxygen species (ROS) during 
excessive can be sensed by NLRP3, and this results in activation 
of the inflammasome, initiating the process of pyroptosis (19). 
Nuclear factor erythroid 2‑related factor 2 (NRF2) is one of 
the most widely expressed transcription factors (20). NRF2 
regulates the expression of various antioxidant proteins and 
maintains intracellular redox homeostasis by binding to target 
genes (21,22). Heme Oxygenase 1 (HO‑1) and superoxide 
dismutase (SOD), as classic antioxidant proteins, are also 
regulated by NRF2. Kelch‑like ECH‑associated protein 1 
(KEAP1) inhibits NRF2 nuclear translocation and leads to 
ubiquitination degradation by binding to NRF2 (23,24). A 
KEAP1/NRF2 interaction plays a crucial role in regulating 
the balance between ROS production and degradation in 
cells. Previous studies found that exogenous activation of 
NRF2 inhibits pyroptosis by reducing intracellular ROS 
levels (25,26). Moreover, it was also found that triptolide, a 
natural chemical product, can directly induce tumor cell 
pyroptosis by inhibiting NRF2 activity (27). 

In the present study, the effects of KA on THP‑1 macro‑
phage pyroptosis induced by lipopolysaccharide (LPS) were 
investigated. Furthermore, the underlying mechanisms of KA 
in regulating pyroptosis, and the involvement of the NRF2 
pathway were assessed. 

Materials and methods

Reagents. KA was obtained from Shanghai Aladdin 
Biochemical Technology Co., Ltd. (cat. no. 492‑27‑3). LPS was 
purchased from MedChemExprss (cat. no. HY‑D1056). ML385 
was obtained from MedChemExprss (cat. no. 846557‑71‑9). 
Phorbol‑12‑Myristate‑13‑Acetate (PMA) was purchased from 
Beyotime Institute of Biotechnology (cat. no. 16561‑29‑8).

Cell culture. According to a previous study (25), THP‑1 cells 
(ATCC) were cultured in RPMI‑1640 medium (Gibco; Thermo 
Fisher Scientific, Inc.) supplemented with 10% FBS (Gibco; 
Thermo Fisher Scientific, Inc.). A total of 100 nM PMA was 
used to treat THP‑1 cells for 48 h to induce transformation 
into macrophages. Macrophages were divided into five groups: 
i) CTRL group (DMSO), ii) LPS group (200 ng/ml LPS for 
24 h), iii) LPS/KA group (100 µM KA for 0.5 h, followed by 
200 ng/ml LPS for 24 h), iv) ML385/ LPS/KA group (5 µM 
ML385 for 0.5 h, followed by 100 µM KA for 0.5 h, and 
finally followed by 200 ng/ml LPS for 24 h), v) and ML385 
alone group. The macrophages were then used for subsequent 
experiments.

Western blotting. According to the manufacturer's instruc‑
tions, RIPA lysis buffer (Beyotime Institute of Biotechnology) 
was used to extract the total protein from macrophages 
in the different groups. A BCA protein quantification kit 
(Beyotime Institute of Biotechnology) was used to measure 
the protein concentration. Using 10% SDS gels, 40 µg protein 
was loaded per lane and resolved using SDS‑PAGE (80 V 
for 30 min and 120 V for 100 min). The resolved proteins 
were transferred to PVDF membranes (MilliporeSigma) 
using a semidry transblot apparatus (Bio‑Rad Laboratories, 
Inc.; transfer conditions: Constant voltage, 15 V for 30 min). 
Next, the membranes were blocked using 5% skimmed 
milk at room temperature for 60 min, washed 3 times with 
PBS for 10 min each, and subsequently incubated with the 
primary antibodies followed by the secondary antibody. The 
primary antibodies used were: NLRP3 (cat. no. ab263899; 
1:1,000), GSDMD (cat. no. ab210070; 1:1,000), caspase‑1 
(cat. no. ab179515; 1:1,000), NRF2 (cat. no. ab137550; 1:1,000), 
and HO‑1 (cat. no. ab52947; 1:1,000) (all Abcam). Between the 
incubations with the primary and secondary antibody incuba‑
tions, the membranes were washed three times with TBS‑T 
(0.1% Tween; 10 min per wash). Membranes were incubated 
with the secondary antibody at room temperature for 1 h. 
The secondary antibody used was an HRP‑labeled Goat 
Anti‑Rabbit IgG (H+L) (cat. no. A0208; 1:10,000; Beyotime 
Institute of Biotechnology). Finally, the membrane was 
washed three times with TBS‑T (10 min per wash), and signals 
were visualized using an enhanced chemiluminescence 
reagent (Beijing Solarbio Science & Technology Co., Ltd.). 
ImageJ version 1.4 (National Institutes of Health) was used for 
densitometry analysis.

Hoechst/propidium iodide (PI) staining. The macrophages 
were seeded into 48‑well plates with 20,000 cells per well. 
After the macrophages were treated, the cells were washed 
three times with cold PBS at room temperature. Then, 5 µl 
Hoechst staining solution was added, followed by 5 µl PI stain. 
The macrophages were mixed and incubated in an ice bath 
at 4˚C for 25 min and subsequently washed three times with 
PBS, and an anti‑fluorescence quenching agent (Beyotime 
Institute of Biotechnology) was added. Macrophages were 
observed under a fluorescence microscope at x200 magnifica‑
tion and images were captured. To calculate the percentage of 
PI‑positive cells, the number of PI‑positive cells was divided 
by the total number of Hoechst‑positive cells; three random 
fields were chosen for this calculation.
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Macrophage viability assays. Macrophages were cultured in 
96‑well plates (10,000 cells per well). The Cell counting Kit‑8 
(CCK‑8) (Beyotime Institute of Biotechnology) working solu‑
tion was prepared in 1:10 dilution using the medium, and 100 µl 
working solution was added to each well and incubated at 37˚C 
for 1 h. After incubation, the absorbance was measured at 450 nm 
using a microplate spectrophotometer (Tecan Group, Ltd.).

Malondialdehyde (MDA), glutathione (GSH), and superoxide 
dismutase (SOD) measurement. A total of 1x106 macrophages 
were plated in 6‑well plates and treated as above. The lysates of 
macrophages were extracted according to the manufacturer's 
instructions, and the levels of MDA (cat. no. S0131S; Beyotime 
Institute of Biotechnology), GSH (cat. no. S0053; Beyotime 
Institute of Biotechnology) and SOD (cat. no. S0101S; Beyotime 
Institute of Biotechnology) were measured using specific kits, 
and the absorbance (MDA, 532 nm; GSH, 412 nm; SOD, 
450 nm) was analyzed using a microplate spectrophotometer 
(Tecan Group, Ltd.).

Lactate dehydrogenase (LDH) assays. Macrophages were 
cultured in 96 well plates with 10,000 cells per well. A total of 
80 µl cell supernatant was collected and centrifuged (400 x g, 
4˚C for 10 min). According to the manufacturer's protocol 
(cat. no. C0016; Beyotime Institute of Biotechnology), i) the 
macrophage supernatant was aspirated; ii) 150 µl diluted 
LDH‑releasing reagent was added; iii) the plates were shaken 
and incubated at 37˚C for 1 h; iv) the culture plate was removed 
and centrifuged (400 x g, 4˚C for 5 min), and 120 µl supernatant 
was collected. A total of 120 µl of supernatant was added to 
a new 96‑well plate separately. Thereafter the absorbance was 
measured at 490 nm.

Cell nuclei isolation. The Nuclear and Cytoplasmic Protein 
Extraction Kit (Beyotime Institute of Biotechnology) was used 
to isolate the cell nuclei. The experimental procedures were 
performed according to the manufacturer's protocol. Finally, 
the supernatant containing the nuclear proteins was collected.

Intracellular ROS assay. Macrophages were cultured in 
96 well plates with 10,000 cells per well. The macrophages 
were treated under different conditions. According to the 
2',7'‑Dichlorodihydrofluorescein diacetate (DCFH‑DA) 
(cat. no. S0033S; Beyotime Institute of Biotechnology) 
instructions, i) DCFH‑DA was diluted 1,000x using PBS; ii) 
100 µl working solution was added into the cells and cells were 
incubated at 37˚C for 20 min and washed three times with PBS 
(5 min per wash); and iii) ROS intensity was observed under 
a fluorescence microscope (x200 magnification, excitation 
wavelength of 488 nm and emission wavelength of 525 nm).

ELISA. Macrophages were cultured in 96 well plates with 
10,000 cells per well and treated as above. A total of 80 µl 
cell supernatant was collected and stored at ‑80˚C. The levels 
of IL‑1β, IL‑18, and TNF‑α were measured according to the 
manufacturer's instructions (TNF‑α, cat. no. ab181421; IL‑1β, 
cat. no. ab214025; IL‑18, cat. no. ab215539; all from Abcam). 

Immunofluorescence. Macrophages were cultured in 24 well 
plates with 50,000 cells per well. Cells were fixed using 4% 

paraformaldehyde at room temperature for 10 min. The cells 
were carefully washed with PBS at room temperature three 
times (5 min per wash), after which they were treated with 
0.3% Triton X at room temperature for 5 min to permeabi‑
lize the cells. Cells were carefully washed again as above, 
and subsequently blocked with 5% bovine serum albumin 
for 60 min at room temperature. After washing again, the 
macrophages were incubated with the primary antibody at 
4˚C for 12 h. The primary antibody used was an anti‑NRF2 
(cat. no. 12721; 1:200; Cell signaling Technology, Inc.), and the 
secondary antibody used was a fluorescent Goat Anti‑Rabbit 
secondary antibody (cat. no. ab150077; 1:500; Abcam) for 2 h 
at room temperature. After washing, cells were counterstained 
with 200 µl DAPI at room temperature for 10 min. The macro‑
phages were observed, and images were captured on a confocal 
laser microscope (LSM 800) at a magnification of x640.

Statistical analysis. All statistical analysis was performed 
using GraphPad Prism version 8.0 (GraphPad Software, Inc.). 
Data are presented as the mean ± SD of three independent 
experiments. Statistical differences between groups were 
determined using an unpaired Student's t‑test or a one‑way 
ANOVA followed by a Tukey's post hoc analysis. P<0.05 was 
considered to indicate a statistically significant difference. 

Results

KA attenuates macrophage pyroptosis induced by LPS. 
To determine the optimal concentration of KA for use in 
subsequent experiments, macrophages were treated with 0, 
10, 20, 50, 100, 200, or 500 µM KA. A CCK‑8 assay showed 
that KA concentrations lower than 100 µM had no significant 
inhibitory effect on macrophage activity (Fig. S1). Therefore, 
100 µM KA was used to pretreat macrophages in the subse‑
quent experiment. Hoechst‑PI staining was performed to 
analyze the protective effect of KA on macrophage pyroptosis 
induced by LPS. The results indicated that KA significantly 
reduced the levels of PI‑positive cells following LPS treatment 
(Fig. 1A and B). CCK‑8 assays also showed that KA pretreat‑
ment significantly improved cell viability compared with the 
LPS alone group (Fig. 1C). Intracellular LDH release is a key 
characteristic of pyroptosis. It was observed that KA pretreat‑
ment significantly reduced LDH levels in the cell supernatant 
of the LPS group (Fig. 1D). These data demonstrated that KA 
inhibited macrophage pyroptosis induced by LPS.

KA inhibits inflammatory responses and NLRP3 inflammasome 
activation induced by LPS. To evaluate the anti‑inflammatory 
effect of KA in macrophages, the levels of IL‑1β, IL‑18, and 
TNF‑α in the cell supernatant were measured. The results 
showed that KA significantly reduced the IL‑1β, IL‑18, and 
TNF‑α levels in the LPS group (Fig. 2A‑C). Activation of 
the NLRP3 inflammasome is one of the most important 
mechanisms of pyroptosis. To confirm the role of LPS‑induced 
pyroptosis in macrophages, macrophages were pretreated with 
VX‑765, an inhibitor of Caspase1. Both the decrease in cell 
viability and the increase in LDH levels in the LPS group were 
attenuated by VX‑765 (Fig. S2A and B). Furthermore, VX‑765 
also decreased the GSDMD levels (Fig. S2C and D). Next, 
the levels of NLRP3, Caspase1, and GSDMD in macrophages 
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were measured, and it was found that the expression levels of 
all three were increased in the LPS group, and KA pretreat‑
ment notably reduced their expression (Fig. 2D and E). Of 
note, the expression of NLRP3, Caspase1, and GSDMD was 
not affected by KA alone (Fig. S3). These data suggested that 
KA significantly inhibited the inflammatory response and 
activation of inflammatory bodies induced by LPS.

KA reduces oxidative stress in macrophages induced by 
LPS. Oxidative stress is an effective activator of the NLRP3 
inflammasome. To confirm the effect of KA on the produc‑
tion of ROS, DCFH‑DA staining was used to analyze the 
intracellular ROS levels. KA pretreatment significantly 
decreased the ROS levels in macrophages (Fig. 3A and B). 
Malondialdehyde (MDA) is a metabolite of lipid peroxidation 
in cell membranes, MDA levels represent the levels of lipid 
peroxidation in cells. It was found that KA decreased the MDA 
levels in the LPS group (Fig. 3C). Furthermore, KA increased 
the GSH levels and SOD activity (Fig. 3D and E). These 

data showed that KA improved oxidative stress levels after 
LPS treatment by reducing ROS production and increasing 
antioxidant protein activity.

KA increases the activity of NRF2 in macrophages. NRF2 is 
an important transcription factor for the maintenance of cellular 
oxidative stress homeostasis. Cytoplasmic and nuclear proteins 
were extracted from the different groups and the expression of 
NRF2 was assessed. KA decreased NRF2 levels in the cyto‑
plasm, but increased NRF2 levels in the nucleus (Fig. 4A and B). 
The total NRF2 levels in macrophages were not altered in the 
three groups (Fig. S4). Furthermore, immunofluorescence 
analysis also showed that KA increased the levels of NRF2 in 
the nucleus (Fig. 4C and D). HO‑1 is a downstream protein of 
NRF2. After activation of NRF2, it enters the nucleus and binds 
to the promoter of HO‑1. Here, it was found that LPS increased 
the HO‑1 levels, and KA further increased HO‑1 levels in the 
LPS group (Fig. 4E and F). These data demonstrated that KA 
activates the NRF2 pathway by promoting NRF2 translocation.

Figure 1. KA ameliorates the decrease in cell viability induced by LPS. (A and B) Hoechst PI staining. Macrophages were divided into three groups. CTRL 
group; LPS group, macrophages were treated with 200 ng/ml LPS for 24 h, and the KA/LPS group, macrophages were treated with 100 µM KA for 0.5 h 
followed by 200 ng/ml LPS for 24 h. (C) CCK‑8 assay. (D) LDH assay. ***P<0.001 vs. CTRL group. ###P<0.001 vs. LPS group. n=3 per group. KA, Kynurenic 
acid; LPS, lipopolysaccharide; PI, propidium iodide.



Molecular Medicine rePorTS  28:  211,  2023 5

KA improves oxidative stress by activating the NRF2 pathway. 
To confirm whether KA decreased ROS levels by activating 
the NRF2 pathway. ML385, a specific inhibitor for NRF2, 
was used to pretreat macrophages. It was found that ML385 
significantly increased the ROS levels in KA‑pretreated 
macrophages (Fig. 5A and B). It was also found that ML385 

augmented the decrease in MDA levels in KA + ML385 
treated macrophages (Fig. 5C). Moreover, the increase in GSH 
levels, SOD activity, and HO‑1 levels in the KA group was 
reduced following ML385 pretreatment (Fig. 5D‑G). These 
data demonstrated that the anti‑oxidative effects of KA were 
abrogated by ML385.

Figure 2. KA decreases the levels of NLRP3, Caspase1, and GSDMD. Macrophages were divided into three groups. CTRL group; LPS group, macrophages 
were treated with 200 ng/ml LPS for 24 h, and the KA/LPS group, macrophages were treated with 100 µM KA for 0.5 h followed by 200 ng/ml LPS for 24 h, 
after which the levels of inflammatory cytokines in the cell supernatant were detected. (A) IL‑1β, (B) IL‑18, (C) TNF‑α, and (D and E) the protein expression 
levels of NLRP3, Caspase1, and GSDMD in macrophages. ***P<0.001 vs. CTRL group. ###P<0.001 vs. LPS group. n=3 per group. KA, Kynurenic acid; LPS, 
lipopolysaccharide; PI, propidium iodide; NLRP3, NOD‑like receptor protein 3; GSDMD, Gasdermin‑D.

Figure 3. KA inhibits oxidative stress in macrophages induced by LPS. The macrophages were divided Macrophages were divided into three groups. CTRL 
group; LPS group, macrophages were treated with 200 ng/ml LPS for 24 h, and the KA/LPS group, macrophages were treated with 100 µM KA for 0.5 h 
followed by 200 ng/ml LPS for 24 h (A and B) DCFH‑DA was used to analyze the total ROS levels. (C) MDA levels, (D) SOD levels, and (E) GSH levels in the 
different group. ***P<0.001 vs. CTRL group. ###P<0.001 vs. LPS group. n=3 per group. KA, Kynurenic acid; LPS, lipopolysaccharide; MDA, malondialdehyde; 
SOD, superoxide dismutase; GSH, glutathione; ROS, reactive oxygen species.
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KA inhibits macrophage pyroptosis by activating the NRF2 
pathway. Excessive ROS production is a key mechanism in the 
activation of the NLRP3 inflammasome. The results suggested 
that KA reduced oxidative stress by activating NRF2. 
However, whether KA inhibits macrophage pyroptosis via 
regulation of the NRF2 pathway remains unclear. Hoechst/PI 
staining and CCK‑8 assays showed that ML385 abrogated 
the protective effects of KA on macrophages (Fig. 6A‑C). 
Moreover, following ML385 treatment, the levels of LDH 
in the supernatant of the KA group were also significantly 
increased (Fig. 6D). It was observed that the decrease in 
NLRP3, Caspase1, and GSDMD levels in the KA group was 

augmented following ML385 pretreatment (Fig. 6E and F). 
Furthermore, compared to the KA + ML385 combined group, 
the levels of IL‑1β, IL‑18, and TNF‑α in the cell supernatant 
were also increased after ML385 pretreatment (Fig. 6G‑I). 
These data showed that KA inhibited macrophage pyroptosis 
induced by LPS via activation of the NRF2 pathway.

Discussion

Periodontitis is one of the most common chronic inflam‑
matory diseases, and is also a common cause of tooth 
loss. Macrophage‑mediated inflammatory responses are 

Figure 4. KA enhances NRF2 nuclear translocation. Macrophages were divided into three groups. CTRL group; LPS group, macrophages were treated with 
200 ng/ml LPS for 24 h, and the KA/LPS group, macrophages were treated with 100 µM KA for 0.5 h followed by 200 ng/ml LPS for 24 h. (A and B) Macrophage 
nuclear and cytoplasmic proteins were extracted and western blotting was used to evaluate the levels of NRF2. (C and D) Immunofluorescence was used to 
observe the levels of NRF2 in the nuclei of different groups. (E and F) The levels of HO‑1 in macrophages. **P<0.01, ***P<0.001 vs. CTRL group. ##P<0.01, 
###P<0.001 vs. LPS. n=3 per group. KA, Kynurenic acid; LPS, lipopolysaccharide; NRF2, Nuclear factor erythroid 2‑related factor 2; HO‑1, Heme‑oxygenase‑1.
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hypothesized to play an important role in the progression 
of periodontitis, the inhibition of macrophage inflammatory 
responses may thus be a potential interventional target (28). 
In the present study, it was found that KA inhibited macro‑
phage pyroptosis and increased the inflammatory response 
induced by LPS. Furthermore, it was also demonstrated that 
KA attenuated macrophage pyroptosis through activation of 
the NRF2 pathway.

Oral bacteria‑mediated inflammatory responses are an 
important pathological mechanism of periodontitis (29,30). 
Previous studies reported that macrophage infiltration has 
been widely observed in the gums of patients with periodon‑
titis (31,32). The secretion of matrix metalloproteinases by 
macrophages leads to the degradation of gum tissue, which 
is one of the key mechanisms of tooth loss (33). Moreover, 
the infiltrating macrophages undergo apoptosis, which further 
aggravates the local inflammatory response of the gum (34). 
It was previously reported that hyperglycemia promotes 
ligature‑induced periodontitis by modulating M1/M2 macro‑
phage polarization via ROS overproduction (35). Therefore, 
improving the inflammation of macrophages may be a 
potential treatment for periodontitis. It was found that quer‑
cetin improves periodontitis by inhibiting M1 polarization in 
macrophages (36). However, there is still a lack of endogenous 

molecules that inhibit macrophage inflammation levels in 
periodontitis. KA is a metabolite of tryptophan, a common 
amino acid in humans. A previous study showed that KA 
may be a key mediator by which physical exercise reduces 
inflammation levels (12). However, there is evidence directly 
confirming the anti‑inflammatory effect of KA is lacking. In 
the present study, we found that 100 µM KA decreased the 
levels of IL‑1β, IL‑18, and TNF‑α levels in macrophages. This 
result strongly supports the conclusion of previous studies on 
the anti‑inflammatory potential of KA.

Pyroptosis is a relatively recently discovered form of 
proinflammatory programmed cell death. The primary feature 
of pyroptosis is the release of several inflammatory factors 
after the formation of a cell membrane cavity. Previous 
studies have focused on the role of macrophage pyroptosis 
in periodontitis (35,37). It was reported that hyperglycemia 
exacerbates the progression of periodontitis by promoting 
macrophage pyroptosis (13). It was also found that miR‑223‑3p 
regulates pyroptosis through an NLRP3‑Caspase1‑GSDMD 
signal axis in periodontitis (38). Furthermore, there is also 
evidence that macrophage pyroptosis may be a potential cause 
of inflammatory responses in periodontitis (39,40). Here, it 
was found that KA significantly improved the LPS‑induced 
decrease in macrophage viability. The cell membrane was 

Figure 5. ML385 abrogates the antioxidant effects of KA. The macrophages were divided into five groups: CTRL group; LPS group, macrophages were treated 
with 200 ng/ml LPS for 24 h; KA/LPS group, macrophages were treated with 100 µM KA for 0.5 h followed by 200 ng/ml LPS for 24 h; LPS/KA/ML385 
group, macrophages were treated with 5 µM ML385 for 0.5 h, 100 µM KA for 0.5 h, followed by 200 ng/ml LPS for 24 h; and ML385 alone group, macrophages 
were treated with 5 µM ML385 for 24 h. (A and B) DCFH‑DA was used to analyze the total ROS levels. (C) MDA, (D) SOD, and (E) GSH levels in the different 
group. (F and G) HO‑1 levels in the different groups. ***P<0.001 vs. CTRL group; #P<0.05, ##P<0.01, ###P<0.001 vs. LPS group; &&&P<0.001 vs. LPS/KA group. 
n=3 per group. KA, Kynurenic acid; LPS, lipopolysaccharide; MDA, malondialdehyde; SOD, superoxide dismutase; GSH, glutathione; ROS, reactive oxygen 
species; HO‑1, Heme‑oxygenase‑1.
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Figure 6. The macrophages were divided into five groups: CTRL group; LPS group, macrophages were treated with 200 ng/ml LPS for 24 h; KA/LPS 
group, macrophages were treated with 100 µM KA for 0.5 h followed by 200 ng/ml LPS for 24 h; LPS/KA/ML385 group, macrophages were treated with 
5 µM ML385 for 0.5 h, 100 µM KA for 0.5 h, followed by 200 ng/ml LPS for 24 h; and ML385 alone group, macrophages were treated with 5 µM ML385 
for 24 h. (A and B) Hoechst‑PI staining. (C) CCK‑8 assay. (D) LDH assay. (E and F) The protein expression levels of NLRP3, Caspase1, and GSDMD in 
macrophages. The levels of inflammatory cytokines in the cell supernatant were detected. (G) IL‑1β, (H) IL‑18, and (I) TNF‑α. ***P<0.001 vs. CTRL group; 
###P<0.001 vs. LPS group; &&&P<0.001 vs. LPS/KA group. n=3 per group. KA, Kynurenic acid; LPS, lipopolysaccharide; PI, propidium iodide; LDH, lactate 
dehydrogenase; NLRP3, NOD‑like receptor protein 3; GSDMD, Gasdermin‑D.
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perforated after pyroptosis, resulting in the release of LDH 
and positive PI staining. LPS‑induced LDH release levels 
and the percentage of PI staining positive decreased signifi‑
cantly after KA pretreatment. These data suggested that KA 
inhibited macrophage pyroptosis. Moreover, KA decreased 
the levels of NLRP3, Caspase1, and GSDMD in macrophages. 
These results suggested that KA treatment inhibited the 
NLRP3 inflammasome activation in macrophages induced 
by LPS. NLRP3 inflammasome activation is regarded as the 
typical mechanism of pyroptosis. The NLRP3 inflamma‑
some is assembled of NLRP3 caspase, and ASC, and leads 
to the cleavage and activation of Caspase1 and GSDMD (41). 
Therefore, the results of the present study demonstrated KA 
inhibited macrophage pyrosis by inhibiting classical NLRP3 
inflammasome activation. 

Since the vital role of the NLRP3 inflammasome in 
inflammation‑related diseases was discovered, the underlying 
mechanism of NLRP3 inflammasome activation has received 
extensive attention. Previous studies have confirmed the effect 
of ROS in activating the NLRP3 inflammasome (42,43). It 
was found that nicotine activates the NLRP3 inflammasome 
by increasing ROS levels leading to pyroptosis in endothelial 
cells (44). Moreover, Previous studies also found that LPS 
caused macrophage pyroptosis by increasing intracellular 
ROS levels (25,26). Quercetin, a natural compound, has also 
been found to suppress macrophage pyroptosis by inhibiting 
ROS production (25,26). In the present study, it was found 
that the intracellular ROS levels were increased in macro‑
phages treated with LPS, while KA pretreatment attenuated 
this. It was also found that KA decreased the MDA levels 
in LPS‑treated macrophages. Furthermore, it was observed 
that KA increased the activity of the antioxidant system in 
macrophages, in line with the increase in the levels of GSH, 
HO‑1, and SOD activity. However, LPS alone reduced the 
expression of nuclear NRF2 but increased the levels of HO‑1. 
Similar results have been reported in previous studies (25,45). 
There may be several reasons for this result. First, in addition 
to NRF2, HO‑1 is regulated by a variety of transcription 
factors (46). Secondly, redox imbalances occur after LPS 
treatment. The total negative feedback regulation of cells leads 
to the increase of HO‑1.

Next the potential mechanism by KA improved oxida‑
tive stress was assessed. As a classical transcription factor, 
NRF2 has been reported to regulate the transcription of 
several antioxidant proteins, including HO‑1. NRF2 expres‑
sion increased in the cytoplasm and decreased in the nucleus 
after LPS treatment. However, the effect was reversed by KA, 
and the HO‑1 levels also increased significantly. The results 
demonstrated that KA may ameliorate oxidative stress by 
promoting NRF2 nuclear translocation. To further confirm 
this hypothesis, macrophages were pretreated with ML385, 
an inhibitor of NRF2 nuclear translocation. ML385 notably 
abolished the antioxidant stress effect of KA. Furthermore, 
both the increase in macrophage viability and the reduced 
activity of the NLRP3 inflammasome caused by KA were 
abolished by ML385. These results strongly support the notion 
that KA reduced oxidative stress and pyroptosis by activating 
the NRF2 pathway. Previous studies have reported the effect 
of exogenous activation of NRF2 and the protection this 
imbues against pyroptosis (25,26). Eldecalcitol was found to 

inhibit LPS‑induced pyroptosis of human gingival fibroblasts 
by activating the NRF2/HO‑1 pathway (47). Melatonin also 
ameliorates LPS‑induced pyroptosis of lung epithelial cells by 
activating the NRF2 pathway (48). The results of the present 
study suggest that KA may inhibit the progression of peri‑
odontitis by improving macrophage pyroptosis. However, this 
conclusion needs to be confirmed in vivo. A previous study 
reported that inhibiting NRF2 activity using triptolide reduced 
tumor cell pyroptosis directly (27), whereas here it was found 
that ML385 alone did not affect the level of NLRP3, Caspase1, 
and GSDMD. This difference may be due to the fact that 
triptolide is a monomeric compound, and the intensity and 
mechanism of NRF2 inhibition activity of triptolide and 
ML385 may differ. Secondly, Cai et al (27) used tumor cells 
to investigate NRF2 activity and the role of pyroptosis, while 
macrophages were used in the present study. Thus, the differ‑
ence in cell lines may partly explain the difference in results. 
Thirdly, it has been reported in several studies that treatment 
with 5 µM ML385 alone does not directly cause macrophage 
pyroptosis (25,49). 

In the present study, the protective effect of KA against 
LPS‑induced pyroptosis of macrophages in vitro was assessed. 
However, these data do not directly support whether KA 
protects against periodontitis by inhibiting macrophage 
pyroptosis. This is one of the limitations of the present study, 
and subsequent work is required to determine the effect and 
underlying mechanism of KA on periodontitis in animal 
models. Furthermore, VX765 was used as a positive control 
in the present study, which was used to confirm that LPS can 
induce macrophage pyroptosis. However, the mechanism by 
which VX765 inhibits pyroptosis differs from that of KA, 
thus, VX765 and KA were not used in all experiments. 

In conclusion, in the present study, it was found that KA 
significantly suppressed macrophage pyroptosis induced by 
LPS. We further demonstrated that the anti‑pyroptotic effect 
of KA was achieved through activation of the NRF2 pathway. 
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