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A B S T R A C T   

Background: Acute tubular necrosis (ATN) is a common type of acute renal failure. Recent studies have shown 
that NOD-like receptor family pyrin domain-containing 3 (NLRP3) inflammasome-mediated pyroptosis in mac
rophages plays a crucial role in the progression of ATN. Previously, we synthesized an anti-inflammatory 
compound 15a based on Tanshinone IIA (Tan IIA). In the present study, we found that compound 15a exhibi
ted a greater inhibitory effect on NLRP3-mediated pyroptosis than Tan IIA in vitro. 
Methods: C57BL/6 and NLRP3-knockout (NLRP3-KO) mice were intraperitoneally injected with LPS or folic acid 
(FA) to develop ATN. In vitro, bone marrow-derived macrophages (BMDMs) were treated with LPS for 3 h and 
then treated with ATP for 0.5 h. 
Results: We explored the mechanism by which compound 15a inhibited NLRP3 inflammasome in BMDMs as well 
as its renal protective effect against ATN in mice. We found that compound 15a exhibited a protective effect on 
mitochondria and reduced the production of mitochondrial reactive oxygen species (mtROS). Moreover, we 
revealed that compound 15a remarkably reduced the production of mtROS by promoting mitophagy, which 
resulted in the inhibition of NLRP3 inflammasome to alleviates ATN in mice. 
Conclusion: In summary, compound 15a inhibited NLRP3-mediated inflammation by activating mitophagy in 
macrophages to alleviate ATN. Our results identified compound 15a as a promising candidate for the treatment 
of NLRP3-driven ATN.   

1. Introduction 

Acute tubular necrosis (ATN) is very common in the clinic, which is 
caused with multiple factors including septicopyemia, nephrotoxic le
sions, and ischemia–reperfusion injury. Although the treatment of the 
disease has been greatly improved with continuous research on the 
pathogenesis of ATN in the past three decades, the rate of clinical 
mortality remains as high as 50–80 % [1]. In recent years, inflammation 
has been shown to have a significant impact on ATN [2–4]. Infiltrated 

macrophages play various roles in different stages of ATN [5]. Macro
phages aggravate the inflammatory cascade response and recruit leu
kocytes at the early stage of ATN, and the cells also exhibit restorative 
effect at the later stage [5–8]. Inflammatory activation in macrophages 
is the key producers of IL-1β in the initial response to necrotic cells [4]. 
Recent studies have identified an important role of NOD-like receptor 
family pyrin domain-containing 3 (NLRP3)-mediated pyroptosis in ATN 
[5,9–12]. NLRP3 is a pattern recognition receptor (PRRs) in the cyto
plasm. Once assembled and activated in the presence of immune 
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activators such as pathogen-associated molecular patterns (PAMPs) and 
danger-associated molecular patterns (DAMPs), the NLRP3-ASC- 
caspase-1 protein complex, which is named the NLRP3 inflammasome, 
induces self-cleavage of caspase-1, leading to the maturation and release 
of the pro-inflammatory cytokines interleukin 1β (IL-1β) and interleukin 
18 (IL-18) in macrophages [13–15]. Thus, small molecules suppressing 
NLRP3 may provide new therapeutic strategies for ATN. 

Studies have revealed that mitochondrial reactive oxygen species 
(mtROS) is one of the upstream regulators of NLRP3 inflammasome. 
Along with performing critical functions, mitochondria activation may 

potentially harm cells by producing excessive mtROS. When mtROS are 
constantly challenged with intracellular and extracellular stimulation, 
they eventually induce structural and functional failure in cells [16]. 
Although the exact mechanism is not fully elucidated, mitochondrial 
dysfunction and mtROS release are important triggers for NLRP3 
inflammasome activation and pyroptosis induction [15,17]. To maintain 
mitochondrial fitness, the autophagic system targets impaired mito
chondria and delivers them to the lysosomes for degradation. This 
process, called mitophagy, is a fundamental mechanism that regulates 
mitochondrial quality and quantity and down-regulates the level of 

Fig. 1. Compound 15a significantly inhibits NLRP3-mediated pyroptosis in BMDMs. (A) The chemical structure of compound 15a. (B) ELISA of IL-1β in su
pernatant of LPS/ATP-challenged BMDMs treated with tanshinone IIA (5 μM) or compound 15a (5 μM) for 0.5 h. (C) Detection of IL-1β released in the supernatant 
using ELISA assay. (D) Western blotting analysis of the levels of IL-1β and casp-1 released in the culture supernatant and that of NLRP3, pro-IL-1β, pro-caspase-1, ASC, 
and β-actin in the lysates of BMDMs. (E) Assay of LDH release in the supernatants of LPS-primed BMDMs treated with compound 15a (1, 2.5, 5 μM) for 0.5 h and 
stimulated with ATP for 0.5 h. (F, G) LPS-primed BMDMs were treated with or without compound 15a (5 μM) for 0.5 h and then challenged with ATP for 0.5 h, 
nigericin for 0.5 h, or alum for 4 h. Western blot of cleaved IL-1β and casp-1 in the supernatant (F) and ELISA of cleaved IL-1β in the supernatant (G). Data are 
presented as the mean ± SEM, n = 3; *P < 0.05, **P < 0.01, ***P < 0.001; ns, not significant. 
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mtROS [17,18]. Hence, mitophagy plays a protective role in pyroptosis 
by removing NLRP3 activators such as mtROS and damaged mito
chondria [19]. However, few studies have reported the role of mitoph
agy in the pathological regulation of ATN. 

Tanshinone IIA (Tan IIA) is a main active ingredient in Salviae mil
tiorrhiza, a traditional chinese medicinal herb mainly distributed in the 
Anhui, Shanxi, Shandong, and Jiangsu provinces in China. Tan IIA is 
traditionally used for treating cardiovascular diseases, diabetes, 
apoplexy, arthritis, sepsis [20]. Previously, we designed and synthesized 
a series of Tan IIA-derived compounds, among which, compound 15a 
(Fig. 1A) showed the most outstanding anti-inflammatory effect in LPS- 
induced acute lung injury [21]. Therefore, compound 15a was selected 
for further study and development as a new candidate in inflammatory 
diseases. However, the molecular mechanism by which compounds 15a 
exerts anti-inflammatory effects remains unclear. In the current study, 
we observed that compound 15a exhibited a stronger effect than Tan IIA 
in suppressing NLRP3-mediated pyroptosis in macrophages. Interest
ingly, we discovered that compound 15a exerted a protective effect on 
mitochondria and decreased mtROS formation through the mitophagy- 
promoting mechanism. By promoting mitophagy to inhibit NLRP3 
inflammasome, compound 15a significantly attenuated ATN in two 
mouse models. 

2. Materials and methods 

2.1. Chemical and reagents 

Compound 15a was synthesized in our laboratory. 15a was dissolved 
in dimethyl sulfoxide (DMSO) for studies in vitro. In vivo studies, 15a 
was dissolved in 5 % Tween 80 and PBS. Antibodies against NLRP3 
(cat# AG-20B-0014) and caspase-1 (cat# AG-20B-0042) were pur
chased from Adiopogen (San Diego, CA, USA). Antibody against IL-1β 
(cat# AF-401-NA) was purchased from R&D Systems (Minneapolis, MN, 
USA). Antibodies against Flag (cat# 20543–1-AP), HA (cat# 66006–2- 
Ig), and β-actin (cat# 66009–1-Ig) were purchased from Proteintech 
(Rosemont, IL, USA). Antibody against NEK7 (cat# ab133514) was 
purchased from Abcam (Cambridge, UK). Antibodies against Pink1 
(cat# 6946 T) and SQSTM1 (cat# 23214S) were obtained from Cell 
Signaling Technology (Massachusetts, USA).Antibodies against COX IV 
(cat# T40110S) and LC3B (cat# 83506S) were purchased from Abmart 
(Hangzhou, China). Lipopolysaccharides (LPS, cat# L2880), adenosine 
triphosphate (ATP, cat# A3377), and aluminum potassium sulfate 
dodecahydrate (Alum, cat# 237086) were obtained from Sigma-Aldrich 
(St.Louis, MO, USA). ATP Assay Kit(cat# S0026B), Tissue Mitochondria 
Isolation Kit (cat# C3606), and Protein A + G agarose (cat# P2012) 
were supplied by Beyotime (Shanghai, China). Tanshinone IIA (cat# HY- 
N0135) was purchased from MedChemExpress (MCE, New Jersey, USA). 

2.2. Cell culture 

Bone marrow-derived macrophages (BMDMs) were isolated and 
cultured as described previously [22]. Briefly, the bone marrow cells 
were flushed out from the femurs and tibias of an 8-week-old C57BL/6J 
and NLRP3 knockout (NLRP3-KO) mice and were cultured in a medium 
comprising of 70 % Dulbecco’s modified Eagle’s medium (DMEM; cat# 
C11995500BT, Gibco, Waltham, MA, USA), 10 % fetal bovine serum 
(FBS; cat# 10270–106, Gibco, Waltham, MA, USA), 20 % supernatants 
of L929 mouse fibroblasts, 10 % FBS and 100 U/mL penicillin, and 100 
μg/mL streptomycin (cat# C100C5, NCM Biotech, Suzhou, China) for 7 
days. 4 mL of extra fresh culture medium was added to continuously 
promote cell differentiation on 3th and 5th day. The BMDMs were plated 
and prepared for subsequent experiments on 7th day. 

HEK-293 T cells (cat# GNHu17, Shanghai Institute of Biochemistry 
and Cell Biology, Shanghai, China) were cultured in DMEM supple
mented with 10 % FBS and a penicillin–streptomycin solution. On 3th 
day, the cells were plated and prepared for subsequent experiments. 

L929 mouse fibroblasts (cat# GNM28, Shanghai Institute of 
Biochemistry and Cell Biology, Shanghai, China) were cultured in 
minimum essential medium-α (MEM-α; cat# sh30265.01, HyClone, 
Logan, UT, USA) supplemented with 10 % FBS and a pen
icillin–streptomycin solution. On 3th day, the culture medium was 
collected and filtered for culturing BMDMs. 

2.3. Mouse models of ATN 

All the mouse study protocols were approved by the Wenzhou 
Medical University Animal Policy and Welfare Committee (approval no.: 
wydw-2021–147). All experiments were performed at Wenzhou Medical 
University in accordance with the National Institutes of Health (USA) 
guidelines. Wildtype C57BL/6 male mice aged 8 weeks were obtained 
from GemPharmatech (Nanjing, China). NLRP3-KO male mice with a 
C57BL/6 background (strain No.: VSM40005) were purchased from 
Beijing Viewsolid Biotech Co., ltd. (Beijing, China). Mice were fed a 
standard rodent diet and housed under a 12:12 h light–dark cycle at 
22 ◦C. 

Mouse models of ATN have been developed using various agents 
including lipopolysaccharide (LPS), and folic acid (FA) [9]. To investi
gate the role of compound 15a in ATN, C57BL/6 and NLRP3-KO mice 
were injected intraperitoneally with compound 15a (5 mg/kg) or PBS 
with 5 % Tween 80 hourly for twice. Subsequently, the mice were 
intraperitoneally injected with LPS (10 mg/kg) for 24 h or FA (250 mg/ 
kg) for 36 h to induce ATN [9]. The weight of the mice was measured 
before the first injection, and the mice were sacrificed. Then, the blood 
was collected for estimation of serum creatinine (SCr), blood urea ni
trogen (BUN), and serum cytokines IL-1β using assay kits (Urea Assay 
Kit; cat# C013-2–1, Jiancheng Bioengineering Institute, Nanjing, China; 
Creatinine Assay kit; cat# C011-2–1, Jiancheng Bioengineering Insti
tute, Nanjing, China). Kidney tissues were dissected immediately after 
isolation. Part of the kidneys was fixed in Optimal Cutting Temperature 
(OCT) media and 4 % paraformaldehyde. Tissues samples (10 mg) from 
the remaining part were weighted and prepared for western blotting. 

2.4. Tissue staining methods and histological scores 

Kidney tissues were fixed in 4 % paraformaldehyde, embedded in 
paraffin, and sections were stained using H&E kit (cat# G1120, Solarbio, 
Beijing, China) and PAS kit (cat# G1285, Solarbio, Beijing, China) ac
cording to the manufacturer’s protocols. The histological score for H&E 
staining was determined by the Paller scoring method [23]. Ten injured 
tubules were randomly selected for each high-power field and scored as 
100 tubules (100 points). Additionally, we assigned scores for the 
following characteristics: obvious dilatation of renal tubules, and cell 
flattening (1 point), brush border injury (1 point), brush border shed
ding (2 points), tubular shape (2 points), and exfoliated cells in the 
lumen of the renal tubules (1 point). Meanwhile, renal damage and 
inflammation were scored according to the proportion of renal paren
chyma by PAS staining, as not obvious (0 points), <10 % (1 point), 
10–25 % (2 points), 25–50 % (3 points), or more than 50 % (4 points). 

2.5. Inflammasome stimulation 

BMDMs were plated at 1 × 106/mL in 6-well plates in DMEM sup
plemented with FBS and penicillin–streptomycin solution. The cells 
were primed with 500 ng/mL LPS for 3 h the next day, followed by a 0.5 
h treatment with compound 15a and subsequently with ATP (2.5 mM) or 
nigericin (10 μM) for 0.5 h or Alum (300 μg/mL) for 4 h. 

2.6. Western blot and co-immunoprecipitation 

The experimental protocol was executed as previously described 
[22]. In brief, 400 μL of cell culture supernatants, 400 μL of methanol, 
and 100 μL of chloroform were mixed with vibration and centrifuged at 
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12000 × g for 10 min at 4 ◦C. After discarding the upper phase, 400 μL of 
methanol was added into the tube. After vortexing and another centri
fugation (12000 × g for 10 min at 4 ◦C), the protein precipitate was 
dissolved in 50 μL of 2 × loading buffer. 

Total proteins from cells and tissues were lysed separately in lysis 
buffer (cat# AR0103, Boster, Wuhan, China) and Tissue Protein 
Extraction Reagent (cat# AR0101, Boster, Wuhan, China) and centri
fuged at 12000 × g for 0.5 h at 4 ◦C. The amount of cytosol proteins (25- 
45μg) was measured using bicinchoninic acid (BCA; cat# 23225, 
Thermo Scientific). The samples were resolved and separated by 12 % 
SDS-PAGE, and then transferred to polyvinylidene-fluoride membranes 
for immunoblot analysis. 

For co-immunoprecipitation assays, cytosolic proteins were extrac
ted using lysis buffer after inflammasome stimulation. The extracts (300 
μg) were incubated with decoy antibodies overnight at 4 ◦C, and protein 
A + G agarose beads were added into the samples at 4 ◦C for 6 h. After 
being washed 6 times with PBS, the proteins were eluted with SDS 
loading buffer at 100 ◦C and subjected to immunoblot analysis. 

2.7. ASC oligomerization assay 

BMDMs were lysed with a lysis buffer (0.5 % Triton X-100, protease 
inhibitor cocktail, and PBS). The precipitate was resuspended in PBS 
after centrifugation, and 2 mmol/mL suberic acid bis (3-sulfo-N- 
hydroxysuccinimide ester) sodium salt (BS3; cat# S855494, Macklin, 
Shanghai, China) was added to crosslink the oligomers at 37 ◦C for 0.5 h. 
Then the pellets were resuspended in SDS sample loading buffer and 
analyzed by immunoblotting after centrifugation. 

2.8. Detection of intracellular potassium 

BMDMs were plated in 6-wells plates and prepared using a regular 
protocol. The plate was washed with 0.9 % normal saline and the cells 
were lysed with ultrapure water at 37 ◦C. Samples were collected after 
centrifugation and tested for potassium concentration by using an 
AU5800 Clinical Chemistry Analyzer (Beckman Coulter, Indianapolis, 
IN, USA). 

Fig. 2. Compound 15a targets upstream effectors of NLRP3-inflammasome assembly in BMDMs. (A) Western blot of ASC oligomerization of LPS-primed 
BMDMs in 0.5 % Triton X-100 treated with or without 15a (5 μM) for 0.5 h and stimulated with ATP for 0.5 h. (B) Western blot for evaluating NLRP3–ASC 
interaction in LPS-primed BMDMs treated with or without 15a for 0.5 h and stimulated with ATP for 0.5 h. (C) Co-IP with NEK7 antibody and western blotting 
analysis to evaluate the NLRP3–NEK7 interaction in LPS-primed BMDMs treated with or without 15a (5 μM) for 0.5 h and stimulated with ATP for 0.5 h. (D) Co-IP 
with Flag antibody and western blot for evaluating NLRP3–ASC interaction in HEK-293 T cells transfected with high expression plasmid and treated with 15a (5 μM). 
(E) Co-IP with Flag antibody and western blot for evaluating NLRP3–NEK7 interaction in HEK-293 T cells transfected with high expression plasmid and treated with 
15a (5 μM). (F) Schematic diagram of the upstream regulators of NLRP3 inflammasome formation. (G) Detection of potassium (K + ) efflux in LPS-primed BMDMs 
treated with 15a (1, 2.5, and 5 μM) for 0.5 h and stimulated with ATP for 0.5 h. Data are presented as the mean ± SEM, n = 3; **P < 0.01, ***P < 0.001; ns, 
not significant. 
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2.9. Lactate dehydrogenase (LDH) assay 

The assay of LDH in BMDMs with compound 15a was performed 
using the LDH Cytotoxicity Assay Kit (cat# C0016, Beyotime, Shanghai, 
China) by following the manufacturer’s instructions. 

2.10. Elisa 

The pyroptosis indicator interleukin-1β (IL-1β) was detected using an 
enzyme-linked immunosorbent assay (ELISA) kit (cat# 88–7013-77, 
Invitrogen) by following the manufacturer’s instructions. 

2.11. MitoSOX, MitoTracker, and JC-1 staining 

MitoSOX, MitoTracker, and JC-1 staining assays were performed 
using assay kits (MitoSOX, cat# M36008, Invitrogen, Carlsbad, CA, USA; 
MitoTracker; cat# C1049B, Beyotime, Shanghai, China; Mitochondrial 
membrane potential assay kit with JC-1, cat# C0026, Beyotime, 
Shanghai, China). Experiments were performed according to the man
ufacturer’s instructions. Briefly, after inflammasome stimulation, 
BMDMs were incubated with assay reagents at the recommended 

concentrations for 0.5 h. The BMDMs were subsequently washed with 
PBS and fixed in paraformaldehyde for 10 min. Finally, the cells were 
counterstained with DAPI and imaged using an epifluorescence micro
scope (Nikon, Tokyo, Japan). 

2.12. Immunofluorescence staining 

Immunofluorescence staining of kidney tissues was performed on 5- 
μm frozen sections. Briefly, sections were fixed in rectisol for 1 h, 
blocked with 1 % BSA for 1 h, and incubated with primary antibodies at 
4 ◦C overnight. After being washed thrice with PBS on 2nd day, the 
sections were incubated with fluorophore-conjugated secondary anti
bodies for 1 h at 37 ◦C. The sections were counterstained with DAPI and 
imaged using an epifluorescence microscope (Nikon, Tokyo, Japan). 

2.13. Isolation of mitochondria 

Tissue mitochondrial extraction kits were used for mitochondrial 
isolation from the kidney according to the manufacturer’s instructions. 
Briefly, the mitochondria and cytosol were isolated by differential 
centrifugation and stored in a storage solution containing 

Fig. 3. Compound 15a reduces mtROS production and attenuates mitochondrial damage in BMDMs. (A-C) Fluorescence staining of LPS/ATP-challenged 
BMDMs treated with compound 15a using MitoSOX or MitoTracker, as well as DAPI (A). Scale bar = 50 μm. Fluorescence intensity (B) and the length of the 
mitochondria (C) were quantified using Image J and Prism 9. (D, E) The mitochondrial membrane potential was measured using JC-1 (D) and quantified by the ratio 
of red and green fluorescence intensity using Image J and Prism 9 (E). Scale bar = 50 μm. (F) Detection of ATP in LPS-primed BMDMs treated with compound 15a (5 
μM) for 0.5 h and stimulated with ATP for 0.5 h. Data are presented as the mean ± SEM, n = 3; **P < 0.01, ***P < 0.001; ns, not significant. 
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Fig. 4. Compound 15a activates mitophagy to reduce mtROS in BMDMs. (A, B) LPS-primed WT BMDMs were treated with various doses of compound 15a (1, 
2.5, and 5 μM) for 0.5 h and subsequently stimulated with ATP for 0.5 h. Western blot analysis of Pink1, P62, COX IV, LC3B, and β-actin in lysates of BMDMs (A). 
Quantified data are normalized to β-actin and LC3B is quantified with LC3B II/LC3B I (B). (C) Representative images of fluorescence staining of LC3B, MitoSOX and 
DAPI in BMDMs. Scale bar = 25 μm. (D, E) LPS-primed NLRP3-KO BMDMs were treated with compound 15a (5 μM) for 0.5 h and subsequently stimulated with ATP 
for 0.5 h. Western blotting analysis of Pink1, P62, COX IV, LC3B, and β-actin in lysates of BMDMs (D). Quantified data are normalized to β-actin and LC3B is 
quantified with LC3B II/LC3B I (E). (F, G) LPS-primed BMDMs were treated with or without 3-MA (3 mM) for 3 h and subsequently treated with compound 15a (5 
μM) for 0.5 h, followed by ATP stimulation for 0.5 h. Western blot assay of cleaved IL-1β and casp-1 in the supernatant (F) and ELISA detection of cleaved IL-1β in the 
supernatant (G). Data are presented as the mean ± SEM, n = 3; **P < 0.01, ***P < 0.001; ns, not significant. 

J. Chen et al.                                                                                                                                                                                                                                     



International Immunopharmacology 118 (2023) 110065

7

Fig. 5. Compound 15a alleviates LPS-induced ATN by inhibiting NLRP3-mediated inflammation. (A) Percentage of weight loss in WT and NLRP3-KO mice (n 
= 6 mice per group). (B, C) Detection of BUN (B) and Cre (C) in the serum of both WT and NLRP3-KO mice with ATN. (D, E) Representative images of mouse kidneys 
stained with H&E (D) and PAS (E). Scale bar = 50 μm. Renal inflammation and pathological alterations were scored. (F) Western blotting for Casp-1, IL-1β, and 
β-actin in tissue homogenates from the kidneys of WT and NLRP3-KO mice. (G) Serum level of IL-1β in ATN mice was assessed using ELISA. Data are presented as the 
mean ± SEM, n = 6 per group; *p < 0.05, **p < 0.01, ***p < 0.001, ns, not significant. 
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phenylmethylsulfonyl fluoride for immunoblot analysis. 

2.14. Statistical analysis 

All experiments are randomized and blinded. All results are pre
sented as the mean ± standard error of the mean (SEM). Statistical 
significance of differences between groups were determined using Stu
dent’t-test or one-way ANOVA multiple comparisons in GraphPad Prism 
8 (GraphPad, San Diego, CA, USA). One-way ANOVA followed by 
Dunnett’s post hoc test was used to compare more than two groups of 
data. Differences were considered statistically significant at P < 0.05. 

3. Results 

3.1. Compound 15a significantly inhibits NLRP3-mediated pyroptosis in 
BMDMs. 

Compound 15a was designed based on Tan IIA, which has been 
shown to inhibit the NLRP3 inflammasome [24–26]. First, by comparing 
the level of IL-1β released in the supernatant medium, we found that 
compound 15a showed a much stronger anti-inflammatory effect than 
the lead compound Tan IIA at the same concentration (5 μM) (Fig. 1B). 
To further validate the inhibitory effect of compound 15a on NLRP3 
inflammasome activation, LPS-primed BMDMs were treated with com
pound 15a (1, 2.5, and 5 μM), followed by an ATP challenge, which was 
a second signal and was essential for NLRP3 inflammasome assembly. 
Compound 15a dose-dependently inhibited the release of cleaved- 
caspase-1 and cleaved-IL-1β (Fig. 1C-D). Meanwhile, compound 15a 
decreased LDH release in LPS/ATP-challenged BMDMs (Fig. 1E). 
Furthermore, we found that compound 15a (5 μM) exhibited a similar 
inhibitory effect on cleaved-caspase-1 and cleaved-IL-1β stimulated by 
other NLRP3 agonists, including nigericin and alum (Fig. 1F-G). These 
results demonstrated that compound 15a inhibited NLRP3 inflamma
some activation and NLRP3-mediated pyroptosis in BMDMs. 

3.2. Compound 15a targets upstream effectors of NLRP3-inflammasome 
assembly in BMDMs. 

To elucidate the underlying mechanisms of the inhibitory effect of 
compound 15a against NLRP3 inflammasome, we validated that com
pound 15a at 5 μmol/mL decreased the oligomerization of ASC induced 
by ATP in BMDMs (Fig. 2A). We further found that compound 15a 
significantly inhibited the interaction between ASC and NLRP3, as well 
as interaction between NEK7 and NLRP3, in LPS/ATP-challenged 
BMDMs (Fig. 2B-C). However, pretreatment with compound 15a failed 
to block the interactions between the proteins in HEK-293 T cells 
transfected with ASC/NLRP3 or NEK7/NLRP3, respectively (Fig. 2D-E). 
These results indicated that compound 15a inhibited the activation of 
NLRP3 inflammasome by exerting the effects on the upstream regulators 
of NLRP3 inflammasome formation, rather than directly targeting 
NLRP3 inflammasome itself. Several factors, mainly including potas
sium (K+) and mtROS (Fig. 2F), were reported to be upstream regulators 
of NLRP3 inflammasome assembly [19,24]. The ATP-gated cation 
channel P2X7R, which is engaged in extracellular ATP and membrane 
pore formation caused by bacterial toxins, promotes K + efflux. By 
measuring the K+ concentration of the outflow, we excluded the 
inhibitory effect of compound 15a on the K+ efflux (Fig. 2G), indicating 
that mtROS might be involved in effect of compound 15a. 

3.3. Compound 15a reduces mtROS production and attenuates 
mitochondrial damage in BMDMs. 

The generation of ROS, 90 % of which is generated from mitochon
dria, is widely considered another indispensable factor in inflammasome 
activation [19]. To determine the regulatory effect of compound 15a on 
mtROS and mitochondria, LPS/ATP-challenged BMDMs were incubated 

in MitoSOX or MitoTracker after pretreatment with compound 15a (5 
μM) to separately label mitochondrial superoxide or mitochondrial 
morphology, respectively. The exposure of BMDMs to LPS/ATP for total 
4 h caused a significant enhancement of MitoSOX-positive spots and a 
significant reduction in mitochondrial length in BMDMs, while these 
changes were reversed in cells treated with compound 15a (Fig. 3A-C). 
Additionally, the Mitochondrial Permeability Transition Pore (MPTP) 
was examined by JC-1 staining and the ATP detection was determined 
using an ATP assay kit (Fig. 3D-F). The number of dysfunctional mito
chondria was increased in LPS/ATP-challenged BMDMs, but signifi
cantly decreased in the compound 15a-treated group. These results 
demonstrated that compound 15a significantly reduced the level of 
mtROS and mitochondrial injuries induced by LPS/ATP in BMDMs. 

3.4. Compound 15a activates mitophagy to reduce mtROS in BMDMs. 

The mechanisms and effectors of regulating mtROS are very com
plex, and mitochondrial autophagy is also one of the important ways 
[27]. We investigated whether mitophagy is involved in the anti- 
pyroptosis and mitochondria-protective effects of compound 15a. We 
first examined the levels of mitophagy-associated proteins in BMDMs. 
Compared with the vehicle-treated group, LPS/ATP-challenged BMDMs 
pretreated with compound 15a exhibited remarkably high expression of 
microtubule-associated protein light chain 3B II (LC3B II) and a mark
edly decreased level of SQSTM1 (P62), an essential adaptor that iden
tifies and delivers specific proteins and organelles to autophagosomes 
for degradation. In addition, Cytochrome c oxidase IV (COX IV), local
ized in the inner membrane of mitochondria and recognized as a mo
lecular marker of mitochondria, was decreased and the PTEN-induced 
kinase 1 (Pink1) was increased in the compound 15a-treated BMDMs 
(Fig. 4A-B). Additionally, co-fluorescence staining of LC3B and MitoSOX 
showed that compound 15a significantly increased the expression of 
LC3B and reduced the robust generation of mtROS in LPS/ATP- 
challenged BMDMs (Fig. 4C). Interestingly, similar results were 
observed in NLRP3-KO BMDMs (Fig. 4D-E). In contrary, the anti-NLRP3 
and anti-pyroptosis effects of compound 15a was eliminated in LPS/ 
ATP-challenged BMDMs in the presence of 3-MA (3 mM), an inhibitor 
of autophagy (Fig. 4F-G), indicating that the anti-NLRP3 effect of 
compound 15a was mediated by mitophagy. These results suggested that 
compound 15a promoted mitophagy to protect mitochondria and reduce 
mtROS accumulation, leading to the inhibition of NLRP3 inflammasome 
activation in LPS/ATP-treated BMDMs. 

3.5. Compound 15a alleviates LPS-induced ATN by inhibiting NLRP3- 
mediated inflammation 

To verify whether compound 15a attenuated ATN through inhibiting 
NLRP3, we established well-accepted ATN models in both wide-type 
(WT) and NLRP3-KO mice as previously reported [9]. WT and NLRP3- 
KO mice were administered compound 15a (5 mg/kg, i.p.) and then 
injected with LPS (10 mg/kg, i.p.) to induce ATN, respectively. As 
depicted in Fig. 5A, WT mice injected with only LPS lost more body 
weight than those injected with compound 15a. Both compound 15a 
administration and NLRP3 gene knockout significantly lowered the 
levels of SCr and BUN in mice with LPS challenge (Fig. 5B-C). In addi
tion, H&E and PAS staining of the kidney tissue showed that compound 
15a treatment ameliorated renal inflammation and edema in the kidneys 
of LPS-induced WT mice (Fig. 5D-E). Moreover, western blot assay 
showed that LPS-induced group showed markedly increased levels of 
cleaved caspase-1 and mature IL-1β in kidney tissues, while these 
changes were reversed by compound 15a treatment (Fig. 5F). ELISA data 
also suggested that compound 15a remarkable reversed LPS-induced 
increase of serum IL-1β in mice (Fig. 5G). As expected, we observed 
the protective effects of NLRP3 deficiency against LPS-induced ATN 
phenotypes in mice (Fig. 5A-G). These results indicated that compound 
15a produces a protective effect against LPS-induced ATN by inhibiting 
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Fig. 6. Compound 15a promotes mitophagy and reduces mtROS in LPS-induced ATN mouse kidney. (A, B) Representative images and quantification of 
MitoSOX staining (A). Scale bar = 50 μm. Quantification of MitoSOX staining in different groups of ATN mice (B). (C, D) Immunoblot analysis of Pink1, P62, LC3B, 
and COX IV in the cytoplasm (C). Quantified data were normalized to β-actin and LC3B was quantified with LC3B II/LC3B I (D). (E, F) Immunoblot analysis of Pink1 
and LC3B in the mitochondria (E). Pink1 was normalized to β-actin and LC3B was quantified with LC3B II/LC3B I (F). (G) Representative images of 
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the activation of NLRP3 inflammasome in mice. 

3.6. Compound 15a promotes mitophagy and reduces mtROS in LPS- 
induced ATN mouse kidney 

To further explore whether compound 15a inhibited NLRP3 
inflammasome activation by promoting mitophagy in vivo, we first 
examined the level of mtROS in kidney tissues using MitoSOX. LPS 
challenge significantly enhanced renal mtROS generation, while com
pound 15a remarkably decreased the mtROS production (Fig. 6A-B). 
Also, the relative levels of proteins involved in mitophagy, including 
Pink1, P62, LC3B, and COX IV, were analyzed in mouse kidney tissues by 
western blotting. Compared with LPS-challenged group, treatment with 
compound 15a led to increased Pink1 and LC3B-II/LC3B-I levels and 
reduced P62 level, indicating mitophagy activation (Fig. 6C-D). The 
level of the mitochondrial protein COX IV, which reflects mitochondrial 
content, decreased in the compound 15a-treated group (Fig. 6C-D). 
Furthermore, we isolated mitochondria from the cytoplasm and verified 
that compound 15a could enhance the activation of mitophagy, as evi
denced by increased Pink1 and LC3B-II/LC3B-I levels (Fig. 6E-F). In 
addition, to prove that compound 15a acted on macrophages to 
ameliorate LPS-induced ATN, we detected mitophagy in macrophages 
by co-labeling LC3B and F4/80 (Fig. 6G). Immunofluorescence showed 
more expression of LC3B around the positive spots of F4/80 in the group 
treated with compound 15a than in the LPS group and the Control group 
(Fig. 6G). We also examined the level of mtROS and the activation of 
mitophagy in NLRP3-KO mice with LPS-induced ATN. NLRP3 gene 
knockout did not affect LPS-induced renal mtROS and mitophagy profile 
in mice (Fig. 6A-G), conforming a downstream position of NLRP3. As 
expected, compound 15a still promotes mitophagy and reduces mtROS 
in LPS-induced NLPR3-KO mouse kidney (Fig. 6A-G). 

3.7. Compound 15a inhibits NLRP3-mediated inflammation by promoting 
mitophagy in FA-induced ATN mouse model 

We also tested the protective effect of compound 15a in another ATN 
mouse model induced by FA injection. In consistent with the results in 
LPS-induced ATN model, FA-induced ATN phenotypes was also greatly 
reversed by treatment with compound 15a (Fig. 7A-E). In addition, 
compound 15a treatment considerably reduced IL-1β and caspase-1 
expression in the kidneys (Fig. 7F) and IL-1β secretion in the serum 
(Fig. 7G), indicating that compound 15a inhibited NLRP3 inflamma
some activation in vivo. NLRP3 deficiency also suppressed FA-induced 
ATN in mice by itself (Fig. 7A-G). Further, compound 15a treatment 
reduced the production of mtROS (Fig. 8A-B), increased the level of 
mitophagy-related proteins LC3B II and Pink1, and decreased the 
expression of P62 and COX IV (Fig. 8C-F) in FA-challenged mouse kid
ney tissues. Concordantly, a higher level of LC3B-II expression was 
observed in the macrophages of compound 15a-treated mouse kidney 
tissues (Fig. 8G). NLRP3 gene knockout did not affect the profile of renal 
mtROS and mitophagy in FA-induced mice, no matter with compound 
15a administration (Fig. 8A-G). These data further validated the anti- 
NLRP3 effect of compound 15a on ATN via promoting mitophagy and 
blocking mtROS in FA-induced mice. 

4. Discussion 

In this study, a Tan IIA analogue, compound 15a, showed a stronger 
anti-pyroptosis effect than Tan IIA in BMDMs. We determined its anti- 
pyroptosis mechanism in BMDMs and its protective effects in ATN 
mouse models. We showed that the mitophagy pathway was a vital 
regulatory point through which 15a promoted clearance of damaged 

mitochondria to reduce mtROS production and subsequently inhibit 
NLRP3 inflammasome assembly and pyroptosis in BMDMs. Moreover, 
compound 15a significantly alleviated ATN and reduced renal inflam
mation and injury in mouse models induced by LPS or FA challenge 
through the indicated mechanisms. Collectively, we focused on the ef
fect of compound 15a on the interaction between mitophagy and NLRP3 
inflammasome assembly, which alleviated inflammation in BMDMs; 
thus, we clarified the renoprotective effect of compound 15a by pre
venting renal tubular epithelial cell damage caused by excessive in
flammatory toxicity. This study provided compound 15a as a new 
candidate for the treatment of ATN and indicated that the mitophagy- 
mtROS-NLRP3-pyroptosis axle in macrophages might present a poten
tial target to discover new therapies for ATN. Our main findings are 
summarized in the Graphic Abstract. 

Previous studies have revealed that Tan IIA suppressed NLRP3 
inflammasome by inhibiting endoplasmic reticulum stress [26] and 
inactivating succinate dehydrogenase [28]. However, the mechanism 
underlying the anti-inflammasome effect of Tan IIA is not yet fully un
derstood. To our knowledge, this is the first study to demonstrate that 
the structural derivative of Tan IIA has stronger inhibitory effects on the 
NLRP3 inflammasome than Tan IIA. Additionally, we found that com
pound 15a suppressed NLRP3-mediated inflammation by promoting 
mitophagy and eliminating mtROS overload in pathological conditions. 
Further, we confirmed that 15a inhibited NLRP3 inflammasome activity 
and ATN phenotypes in both LPS and FA-induced ATN mouse models by 
promoting mitophagy. However, it is still unclear how compound 15a 
activates mitophagy, which needs to be elucidated in the future study. 

So far, most reports on ATN have focused on the tubular epithelial 
cells. However, recent studies have shown that activation and recruit
ment of inflammatory cells is one of the most important pathological 
features of ATN. The number of macrophages in the kidney increases 
sharply under pathological conditions of ATN [5]. According to previous 
reports, PAMPs increase in the interstitial microenvironment of kidney 
tissue during early tubular injury. Resident macrophages in the kidneys 
are activated by PAMPs through innate pattern-recognition receptors 
including NLRP3, resulting in the secretion of pro-inflammatory cyto
kines and chemokines and subsequent inflammatory injuries, such as 
pyroptosis [29]. Our results showed that compound 15a attenuated ATN 
by reducing pro-inflammatory cytokine release and pyroptosis via 
inhibiting NLRP3 inflammasome activation in macrophages. We 
acknowledge that the prophylactic approach in our experiments may be 
a limitation of this study. A treatment approach in our future studies 
may strengthen the pharmacological effect of 15a. 

In this study, we showed compound 15a could not affect the NEK7- 
NLRP3-ASC interaction in 293 T cells, indicating that it did not 
directly target NLRP3 inflammasome complex. Further, we excluded the 
effect of compound 15a on potassium profile, following which we 
focused on the interaction between compound 15a and mtROS. mtROS 
are generated from the electron transport chain in the damaged mito
chondria. Research has shown that mtROS initiated NLRP3 inflamma
some assembly. The NLRP3 activation induced by ATP, Candida 
albicans, and various crystals (MSU, asbestos, and silica) could be 
reversed by the removal of mtROS [15,30]. According to our results, 
ATP-induced mtROS levels in BMDMs decreased remarkably with 
compound 15a treatment. We observed that the low production of 
mtROS resulted in the inactivation of NLRP3 inflammasome assembly 
and the reduction of the downstream cleaved caspase-1 and IL-1β. 
Studies have revealed that the excessive accumulation of mtROS resul
ted in oxidative stress and mitochondrial dysfunction. With the up- 
regulation of mtROS and subsequent oxidative stress, transcription 
factors in the nucleus were activated, and transcription of mitophagy- 
corresponding proteins including LC3B and P62 was initiated, 

immunofluorescence double-labeled LC3B and F4/80. Scale bar = 50 μm. Data are presented as the mean ± SEM, n = 6 per group; *p < 0.05, **p < 0.01, ***p <
0.001, ns, not significant. 
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Fig. 7. Compound 15a inhibits NLRP3-mediated inflammation by promoting mitophagy in FA-induced ATN mouse model. (A) Percentage of weight loss both 
in WT and NLRP3-KO mice (n = 6 mice per group). (B, C) Detection of BUN (B) and Cre (C) in the serum of both WT and NLRP3-KO mice with ATN. (D, E) 
Representative images of mouse kidneys stained with H&E (D) and PAS (E). Scale bar = 50 μm. Renal inflammation and pathological alteration were scored. (F) 
Western blotting of casp-1, IL-1β, and β-actin of tissue homogenates from the kidney of WT and NLRP3-KO mice. (G) Serum level of IL-1β in the ATN mice was 
assessed using ELISA. Data are presented as the mean ± SEM, n = 6 per group; *p < 0.05, **p < 0.01, ***p < 0.001, ns, not significant. 
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Fig. 8. Compound 15a inhibits NLRP3-mediated inflammation by promoting mitophagy in FA-induced ATN mouse model. (A, B) Representative images and 
quantification of MitoSOX staining (A). Scale bar = 50 μm. Quantification of MitoSOX staining in different groups of ATN mice (B). (C, D) Immunoblot analysis of 
Pink1, P62, LC3B, and COX IV in the cytoplasm (C). Quantified data were normalized to β-actin and LC3B was quantified with LC3B II/LC3B I (D). (E, F) Immunoblot 
analysis of Pink1 and LC3B in the mitochondria (E). Pink1 was normalized to β-actin and LC3B was quantified with LC3B II/LC3B I (F). (G) Representative images of 
immunofluorescence double-labeled LC3B and F4/80. Scale bar = 50 μm. Data are presented as the mean ± SEM, n = 6 per group; *p < 0.05, **p < 0.01, ***p <
0.001, ns, not significant. 
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resulting in the engagement of mitophagy. Our data showed that com
pound 15a promoted mitophagy, resulting in the down-regulation of the 
mtROS-NLRP3 inflammasome pathway both in vitro and in vivo. 

To further validate the mitophagy-promoting effect of the com
pound, we used 3-MA, an class III PI3K inhibitor of autophagy, to block 
the initiation of autophagy in BMDMs. There are three classes of PI3Ks 
participating in the regulation of autophagy. The class III PI3K con
tributes to the initiation and progression of autophagy. With the treat
ment of 3-MA, the initiation of autophagosome was abrogated. Our 
results showed that the effect of compound 15a on NLRP3 inflamma
some was reversed by 3-MA intervention. Based on our study, it will be 
interesting to further evaluate the mitophagy-promoting effects of 15a 
in the future study. 

5. Conclusion 

In summary, this study demonstrated that the Tan IIA-derived 
compound 15a exhibited a therapeutic effect in ATN by inhibiting 
pyroptosis in either LPS- or FA-induced mice. In terms of mechanism, 
compound 15a activated mitophagy to improve mitochondrial quality 
and reduce mtROS, resulting in anti-NLRP3 inflammasome assembly in 
BMDMs. NLRP3 knockout reversed the renoprotective effects of com
pound 15a in LPS- or FA-induced ATN mice, but did not affect the 
mitophagy activation and mtROS reduction in compound 15a-treated 
mice. Collectively, these studies clearly showed an important role of 
macrophage mitophagy-mtROS-NRLP3-pyroptosis axle in the patho
genesis of ATN and suggested that compound 15a could potentially 
target this signaling pathway to treat ATN. 
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