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A B S T R A C T   

Chronic kidney disease (CKD) is a global health concern and public health priority. The condition often involves 
inflammation due to the accumulation of toxins and the reduced clearance of inflammatory cytokines, leading to 
gradual loss of kidney function. Because of the tremendous burden of CKD, finding effective treatment strategies 
against inflammation is crucial. Substantial evidence suggests an association between kidney disease and the 
inflammasome. As a well-known multiprotein signaling complex, the NLR family pyrin domain containing 3 
(NLRP3) inflammasome plays an important role in inducing renal inflammation and fibrosis. Small molecule 
inhibitors targeting the NLRP3 inflammasome are potential agents for the treatment of CKD.The NLRP3 
inflammasome activation amplifies the inflammation response, promoting pyroptotic cell death. Thus, it may 
contribute to the onset and progression of CKD, but the mechanism behind inflammasome activation in CKD 
remains obscure.In this review, we summarized recent findings on the role of the NLRP3 inflammasome in CKD 
and new strategies targeting the NLRP3 inflammasome.   

1. Introduction 

Chronic kidney disease (CKD) is a common disease seriously 
endangering human health. The prevalence of CKD is rising with high 
public health costs and severe morbidity and mortality [1–3]. Classifi-
cation of chronic kidney disease was shown in Table 1. In 2016, Global 
Burden of Disease Study ranked CKD as the 12th most common cause of 
death globally, affecting 13.4% of the global population [4]. According 
to an epidemiological survey, the global prevalence of CKD is 8%–16%, 
and the number of patients with the disease has reached 697 million, 
with about 132 million cases only in China [5,6]. Among patients over 
80, more than 60% have CKD [7]. According to the United States Renal 
Data System 2019 Annual Report, the annual prevalence rate of CKD 
will reach 14.5%, and it is expected to increase by 16.7% in the United 
States by 2030 [8]. 

Renal fibrosis is a pathological process common to all renal diseases 

characterized by progression to end-stage kidney disease (ESRD). It is an 
international burden, affecting over 2 million people worldwide who 
require dialysis or renal transplantation.Low- and middle-income 
countries are the most vulnerable, as patients with end-stage kidney 
disease have difficulties accessing treatment [9,10]. Since CKD causes 
high lethality and is disabling, it has become a hot research topic in 
nephrology and concerning global public health problem [11].Because 
the pathogenic mechanism of CKD is unclear, only a few treatments for 
CKD exist [12–14], which provide symptomatic relief on patients with 
the disease.Multiple factors contribute to developing CKD: inflamma-
tion, apoptosis, oxidative stress, epithelial to mesenchymal trans-
differentiation, extracellular matrix deposition, immunity, and many 
others. Inflammasome, especially NLRP3 Inflammasome, is of great 
important role in the occurrence and development of kidney diseases. 

Abbreviations: CKD, Chronic kidney disease; ESRD, End-stage renal disease; NLRP3, NLR family pyrin domain containing 3; PAMPs, Pathogen-associated mo-
lecular patterns; DAMPs, damage-associated molecular patterns; ASC, apoptosis-associated speck-like protein; ROS, reactive oxygen species; LRR, leucine-rich repeat; 
TXNIP, thioredoxin-interacting protein; Ang II, Angiotensin II; HK-2, renal tubular epithelial cells; NF-kB, nuclear factor kappa-B; NEK7, NIMA-related kinase 7; IL- 
1β, Interleukin-1β; ,IL-18, Interleukin-18; GFR, glomerular filtration rate. 
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2. Structure and activation of NLRP3 inflammasome 

2.1. Structure of NLRP3 inflammasome 

Pathogen-associated molecular patterns (PAMPs) and damage- 
associated molecular patterns (DAMPs) are molecules that trigger 
innate immune responses. Damaged tissue, for example, releases 
DAMPs, causing a cascade of inflammatory mediators at the site of the 
injury. Both molecular patterns activate inflammasomes, multi-protein 
complexes composed of the PYHIN and Nod-like receptor family pro-
teins, which play a vital role in the innate immune response [15]. 
Among them, NLRP3 is the best characterized inflammasome (Fig. 1). It 
mediates the inflammatory response against pathogenic microorganisms 
by activating caspase-1 and stimulating interleukin-1β (IL-1β) and 
interleukin-18 (IL-18) release to sustain homeostasis. The NLRP3 
inflammasome consists of three proteins: NLRP3 scaffold, PYCARD (PYD 
and CARD domain containing) adaptor protein called 
apoptosis-associated speck-like protein (ASC), and caspase-1. NLRP3 
protein is mainly composed of C-terminal leucine rich repeat (LRR), 
central nucleotide binding oligomerization domain (NACHT) and 

N-terminal pyrin domain (PYD). When exogenous microorganisms or 
endogenous tissue damage related molecules are recognized and com-
bined by LRR, NACHT is oligomerized, and then PYD recruits ASC and 
pro-Caspase-1 to form NLRP3 inflammasome, pro-Caspase-1 is activated 
into Caspase-1 form, which induces the release of downstream IL-1β and 
IL-18 (Fig. 1) [16,17]. 

2.2. Activation of NLRP3 inflammasome 

We know activation of NLRP3 inflammasome is a two-step process 
with an initiation and activation phase. During the initiation phase, TNF 
or Toll-like receptors activate nuclear factor kappa-B (NF-κB), upregu-
lating NLRP3 and IL-1β proteins. In the activation phase, diverse DAMPs 
such as urate, cholesterol, and amyloid β-protein induce NLRP3 
inflammasome assembly and subsequent activation. Because these fac-
tors do not directly interact with NLRP3, which is present in the intra-
cellular fluid of immune cells, its activation is mediated by intermediate 
mechanisms, such as membrane damage and potassium ion efflux [18]. 
Upon activation, NLRP3 recruits the adaptor protein ASC through 
PYD–PYD interactions, polymerizing ASC. In turn, ASC recruits 
pro-caspase-1 that undergoes autocleavage into caspase-1, stimulating 
the maturation of IL-1β and IL-18 and triggering an immune response 
[19]. Because these factors do not directly interact with NLRP3, which is 
present in the intracellular fluid, its activation is mediated by interme-
diate mechanisms, such as membrane damage, increase in reactive ox-
ygen species, lysosome disruption, and potassium ion efflux [20,21]. 

Recently, NLRP3 non-inflammatory functions have been discovered. 
For instance, in the renal tubular epithelial cells in a mouse model of 
unilateral ureteral obstruction, hypoxia may induce NLRP3 indepen-
dently of ASC, IL-1β, and caspase-1 [22]. IL-1β is an important mediator 
of inflammation, and participates in a variety of cell activities, including 
cell proliferation, differentiation and apoptosis. IL-1β can destroy the 

Table 1 
Classification of chronic kidney disease.  

Stage Description Glomerular filtration rate (GFR)(ml/min 
per 1.73 m [2]) 

1 Kidney damage with normal 
GFR 

>90 

2 Kidney damage with mild 
decreased GFR 

60–89 

3 Moderately decreased GFR 30–59 
4 Severely decreased GFR 15–20 
5 Kidney failure <15(or dialysis)  

Fig. 1. The NLRP3 inflammasome signaling transduction.  
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structural integrity and function of podocytes by affecting the produc-
tion of protein in podocytes. At the same time, it can destroy the 
glomerular filtration barrier by destroying the tight connection and 
adhesion of glomerular endothelial cells. IL-18, another important in-
flammatory cytokine in kidney, participates in and regulates the acti-
vation and differentiation of various T cells, and then participates in 
adaptive immunity [23]. IL-18 also mediates the production of other 
inflammatory cytokines, such as nitric oxide, cell adhesion molecules 
and chemokines, and induces the activation of inflammatory cells [24]. 
In addition, Gasdermin D, as the downstream target of caspase-1, is 
induced by caspase-1 to crack and mature, thus playing an important 
role in cell scorch and IL-1β secretion [25] (Fig. 1). 

3. Mechanisms of NLRP3 inflammasome activation 

Many factors, such as high glucose, fatty polysaccharides and 
oxidative stress, can promote the assembly and activation of NLRP3 
inflammasome [26,27](Fig. 2).In addition to NLRP3 inflammasome, 
NLRP3 protein also acts independently of inflammasome in the kidney. 

3.1. Ion signals  

(1) Potassium ion efflux. Potassium ion efflux is an essential 
mechanism that activates the NLRP3 inflammasome in macro-
phages. Low intracellular K+ levels activate the NLRP3 inflam-
masome and is sufficient for the activation [26]. A study 
demonstrated that a K+ efflux is an event upstream of NLRP3 
inflammasome activation. Blocking inflammasome activation 
does not affect K+ efflux or macrophage activity. However, how 
K+ efflux orchestrates the NLRP3 inflammasome assembly is still 
unclear. Recent findings indicate that the decrease of 

intracellular K+ concentration leads to a conformational change 
in NLRP3, caused by NLRP3 mutation [27].  

(2) Calcium flux. Calcium-chelating agent BAPTA-AM inhibits the 
secretion of IL-1β after stimulation with ATP in macrophages, 
indirectly demonstrating that a Ca2+ signal is necessary for the 
NLRP3 inflammasome activation. Independent studies showed 
that calcium mobilization activates the NLRP3 inflammasome 
and raises bioactive IL-1β levels. Certain stimuli, such as alum 
and monosodium urate crystals, mobilize Ca2+ and activate the 
NLRP3 inflammasome. Moreover, they are sufficient to activate 
the inflammasome complex. mobilize Ca2+ and are sufficient to 
activate the NLRP3 inflammasome. Activated NLRP3 inflamma-
some causes Ca2+ mobilization, blocking Ca2+ signaling, and 
inhibiting the activation of NLRP3 inflammasome. Calcium flux 
does not affect other inflammasomes, suggesting that a Ca2+

signal is NLRP3 inflammasome specific [28,29]. Calcium phos-
phate crystals can also activate NLRP3 by destroying lysosomal 
membranes [30,31]. Although Ca2+ flux appears to activate the 
NLRP3 inflammasome and caspase-1, it occurs downstream of 
these components for some stimuli. Thus, whether Ca2+ flux af-
fects the activation of NLRP3 inflammasome remains 
controversial. 

3.2. Oxidative stress 

Oxidative stress is caused by a cellular rise in reactive oxygen species 
(ROS) and other free radicals. Some stress stimuli damage mitochondria 
or impair their function (e.g., NADPH oxidase), inducing ROS produc-
tion and activating the NLRP3 inflammasome [32]. Watanabe et al. [33] 
found that endoplasmic reticulum stress enhances the secretion of IL-1β 
in human macrophages. Remarkably, IL-1β levels are proportional to 

Fig. 2. The NLRP3 inflammasome activation pathways.  
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ROS levels. We said that NLRP3 inflammasome activation were associ-
ated with ROS and potassium efflux. .Accumulation of misfolded protein 
in the endoplasmic reticulum promotes ROS and IL-1β production in 
human macrophages. The kidney is extremely sensitive to adversity, 
especially in critical developmental windows. During ischemic injury, 
the NLRP3 inflammasome damages kidney tissues [34]. The injury el-
evates mitochondrial ROS that induces thioredoxin-interacting protein 
(TXNIP), abundant in human glomeruli. The protein polymerizes with 
the NLRP3 inflammasome, activating the complex and mediating tissue 
damage. In vitro, it can increase NLRP3 expression, ROS production, 
caspase-1 activity, and apoptosis [35].It is also upregulated in condi-
tions such as diabetes, rendering the kidney even more sensitive to 
ischemic injury. 

3.3. Mitochondrial dysfunction 

As introduced above, the NLRP3 inflammasome activity is closely 
associated with mitochondrial dysfunction. Mitochondrial ROS levels 
rise during cellular stress and are critical for the NLRP3 inflammasome 
activation [36]. Mitophagy, the removal of damaged or dysfunctional 
mitochondria, reduces ROS and inhibits the NLRP3 inflammasome. 
Excess ROS overstimulates the inflammasome, causing severe tubu-
lointerstitial damage and apoptosis of renal tubular cells [37]. High 
urate levels stimulate the NLRP3 inflammasome activation by mito-
chondrial damage, contributing to ROS elevation [38]. The 
urate-activated NLRP3-ASC-caspase-1 axis locally triggers the inflam-
matory cascade, leading to hyperuricemic nephropathy and renal 
tubular injury [39]. 

3.4. Autophagy 

Autophagy maintains intracellular homeostasis clearing away pro-
teins, organelles, or intracellular pathogens [40]. There are three types 
of classical autophagy existing in mammalian cells [41].Macroscopi-
cally, two-membraned autophagosomes sequester cytoplasmic compo-
nents such as damaged organelles or microbes. In microautophagy, 
lysosomes directly take up the components destined for degradation via 
membrane invagination. In chaperone-mediated autophagy, lysosomes 
selectively degrade cellular proteins, directly translocating them across 
the membrane. The selectively depends on the molecular chaperones 
that bind only proteins with specific recognition motifs. Autophagy is 
low under normal conditions. Conversely, it is high under stress condi-
tions, such as hypoxia, DNA damage, and endoplasmic reticulum stress. 
Thus, increased autophagy regulates the functions of various organs, 
especially the metabolic [42]. 

The relationship between autophagy and kidney diseases has 
recently come under the spotlight. High glucose can induce oxidative 
stress in mesangial cells, resulting in aggregation of damaged mito-
chondria and ROS production, which may activate autophagy to clear 
damaged mitochondria and ensure energy recovery [43]. Excessive 
mitochondrial damage and oxidative stress induced by high glucose may 
also lead to excessive activation of autophagy and apoptosis [44]. 

3.5. Lysosomal disruption 

Promoted by endocytosis of diverse particulates, lysosomal mem-
brane degradation releases cathepsin B into the cytoplasm. Conse-
quently, it activates the NLRP3 inflammasome [45]. Treating 
macrophages with CA-074-Me, a chemical inhibitor of cathepsin B, 
suppresses the inflammasome activation. Interestingly, the activation is 
absent when stimulating cathepsin B-deficient macrophages with par-
ticulates [46], indicating that inhibiting the inflammasome by the 
cathepsin B inhibitor may be due to a non-target effect or redundancy 
among cathepsin family members. In addition, siRNA- and 
shRNA-mediated knockdown of cathepsin B can promote the maturation 
of caspase-1 [47,48]. In some cases, cathepsin L can compensate for the 

missing cathepsin B, and its mode of action is similar to that of cathepsin 
B. Cathepsin C can supplement the activity of caspase-1; however, the 
function of cathepsin C requires further validation. 

3.6. NIMA-related kinase 7 

NIMA-related kinase 7 (NEK7), a multifunctional kinase, regulates 
mitotic spindle formation and cytokinesis, driving the cell cycle. Under 
normal growth conditions, it is a low-activity state. However, under 
pathological conditions, NEK7 switches to the high-activity state, pro-
ducing numerous multinucleate and apoptosis cells and leading to an 
inflammatory reaction [49]. The activation of NLRP3 inflammasome is 
considered to be closely related to the regulatory factors of NEK7, as well 
as other signal events, such as K efflux and ROS. It is an essential 
modulator of the NLRP3 inflammasome that mediates its activation by 
binding to the leucine-rich repeat (LRR) domain of NLRP3 in a 
kinase-independent manner [50,51]. Since mitosis and activation of the 
NLRP3 inflammasome require NEK7, it may act as a switch between 
mitosis and inflammation to regulate their occurrence. Therefore, by 
acting as a switch between mitosis and the NLRP3-activated inflam-
matory response, NEK7 may prevent inflammatory damage during cell 
division [49,52,128]. 

The structural recognition between NLRP3 and NEK7 is confirmed by 
in vitro and intracellular mutations.The mutation of this interface 
removes the ability of NEK7 or NLRP3 to save NLRP3 activation in NEK7 
knockout or NLRP3 knockout cells. These data suggest that NEK7 con-
nects adjacent NLRP3 subunits through the interaction of two parts and 
mediates the activation of NLRP3 inflammasome [129]. 

Potassium efflux is a common step necessary for the activation of 
inflammasome in NLRP3 induced by various stimuli.NEK7 acts on the 
downstream of potassium efflux to regulate the oligomerization and 
activation of NLRP3.In the absence of NEK7, the activation of Caspase-1 
and the beta release of IL-1 are cancelled in response to the signal of 
activating NLRP3, rather than the signal of NLRC4 or AIM2 inflamma-
tory body.NLRP3 activation stimulates the interaction of NLRP3-NEK7, 
which depends on potassium efflux.NLRP3 is related to the catalytic 
domain of NEK7, but the catalytic activity of NEK7 is essential for the 
activation of NLRP3 inflammasome.Activated macrophages form a high- 
weight NLRP3-NEK7 complex, which is cancelled in the absence of 
NEK7 with the formation of ASC oligomerization and ASC spots.These 
studies suggest that NEK7 is an essential protein that acts downstream of 
potassium efflux and mediates the assembly and activation of NLRP3 
inflammasome [50]. 

3.7. Thioredoxin-interacting protein 

The thioredoxin (Trx) system is an important antioxidant system, 
which resizes oxidative stress by providing electrons to peroxides, thus 
enabling peroxides to effectively remove ROS and nitrogen. 
Thioredoxin-interacting protein (TXNIP) plays a vital role in cell death 
and immune response through interacting with the Trx system. TXNIP 
might be the key that links the hyperglycemic environment to inflam-
mation by activating the NLRP3 inflammasome. As mentioned earlier, 
thioredoxin-interacting protein (TXNIP) is a critical activator of the 
NLRP3 inflammasome pathway. It plays an integral role in many dis-
eases, including diabetic nephropathy and atherosclerosis. In normal 
circumstances, thioredoxin scavenges ROS, conferring tissue resistance 
to oxidative stress. However, TXNIP also directly binds thioredoxin, 
blocking its ROS-scavenging ability and limiting antioxidative defense. 
Therefore, a delicate balance exists between free and bound thioredoxin 
in tissues. When cells are exposed to a stress stimulus (e.g., high 
glucose), increased ROS production reacts with the TXNIP–TXN com-
plex, dissociating it. Consequently, the released TXNIP activates the 
NLRP3 inflammasome, stimulating IL-1β and IL-18 maturation and 
downstream inflammatory events [53–56]. 

A study [130] found that overproduction of mitochondrial reactive 
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oxygen species (mtROS) is accompanied by decreased expression of TRX 
and up-regulation of TXNIP. In addition, the excessive production of 
mtROS in the kidneys of patients with diabetic nephropathy and db/db 
mice was also related to the increased expression of NLRP3/IL-1β and 
TGF-β.They reversed these changes by intraperitoneal injection of 
mitoquinolmesylate (MitoQ), an antioxidant of mtROS, into db/db mice. 
MitoQ can inhibit the dissociation of TRX and TXNIP, and then block the 
interaction between TXNIP and NLRP3, thus inhibiting the activation of 
NLRP3 inflammasome and the maturation of IL-1β in HK-2 cells.These 
results suggest that the activation of mitochondrial 
ROS-TXNIP/NLRP3/IL-1β axis is related to oxidative damage of renal 
tubules, and MitoQ can alleviate this damage by inhibiting the excessive 
production of mtROS. 

Another study [131] confirmed that elevated plasma levels of 
s-adenosine homocysteine (SAH) in patients with diabetes are associated 
with renal dysfunction. It was found that adenosine dialdehyde (ADA) 
inhibition of S-adenosine homocysteine hydrolase (SAHH) can increase 
intracellular or plasma SAH levels, increase podocyte injury induced by 
high glucose, and aggravate STZ-induced diabetic nephropathy, which is 
related to the activation of NLRP3 inflammasome.Inhibition or knockout 
of NLRP3 can reduce podocyte injury and diabetic nephropathy aggra-
vated by SAHH inhibition. In addition, SAHH inhibition increased 
TXNIP-mediated oxidative stress and activation of NLRP3 inflamma-
some, but these effects were not observed in TXNIP knockout mice.It is 
suggested that TXNIP/NLRP3 signal pathway is involved in diabetic 
nephropathy aggravated by SAHH inhibition. 

3.8. EphA2 

A study [132] found that EphA2, a member of the transmembrane 
tyrosine kinase receptor family, inhibits the activation of inflammasome 
in mouse airway epithelial cells (AECs) by tyrosine phosphorylation of 
NLRP3 in a reovirus infection model. In mechanism, EphA2 binds 
NLRP3 and induces its phosphorylation at Tyr132 site, which interferes 
with the formation of ASC spots and prevents the activation of NLRP3 
inflammasome. As a negative regulator of NLRP3, EphA2 is considered 
to be a newly discovered phosphorylation site of NLRP3 and may be a 
potential therapeutic target for inhibiting NLRP3 inflammasome. At 
present, there has not been reported on whether EphA2 can inhibit 
NLRP3 inflammasome in CKD, and further studies are needed. 

4. Chronic kidney disease and NLRP3 inflammasome 

The clinical incidence of CKD is high, and patients often have poor 
prognosis. Immune dysfunction and inflammation, triggered by patho-
gens or immune cells, are independent risk factors for CKD. Because the 
NLRP3 inflammasome pathway is active in CKD, it has received much 

attention in nephrology. Thus, inhibiting or blocking the NLRP3 
inflammasome activation cascade is one of the mainstays of therapy in 
renal diseases [57,58]. In the following sections, we will briefly sum-
marize our understanding of how the NLRP3 inflammasome activation 
contributes to the pathogenesis of kidney-related disorders [59].The 
overview of role of NLRP3 in chronic kidney disease was showed in 
Table 2. 

4.1. The mechanism of NLRP3 inflammasome in hypertensive 
nephropathy 

In mice with hypertensive nephropathy, the NLRP3 inflammasome 
inhibitor MCC950 binds NLRP3, alleviating inflammation and renal 
fibrosis [60]. Angiotensin II (AngII) plays a critical role in hypertensive 
nephropathy, and its infusion is used as a model of experimental hy-
pertension in rodents. AngII infusion model in mice suggests that AngII 
treatment activates the NLRP3 inflammasome. Conversely, under con-
ditions of NLRP3 deficiency, AngII infusion-provoked mitochondrial 
dysfunction improves but does not affect hypertension [61,62]. 
Furthermore, AngII stimulation can reduce the consumption of macro-
phages and increase the NLRP3 inflammasome formation [63]. AngII 
infusion model in mice suggests that AngII treatment activates the 
NLRP3 inflammasome because it is induced only in the treated mice 
[64]. 

4.2. The mechanism of NLRP3 inflammasome in chronic kidney injury 

Inflammatory and immune responses contribute to CKD and could be 
its central mechanisms. Systemic lupus erythematous (SLE) mice grad-
ually develop albuminuria, damaging renal tissues. Renal damage may 
be a consequence of the NLRP3 inflammasome activation [65]. In SLE 
patients with lupus nephritis, the increase in urine protein levels cor-
relates with NLRP3 accumulation in glomerular podocytes [66]. This 
observation indicates that inflammasome activation is associated with 
SLE. Patients with mesangial proliferative glomerulonephritis exhibit a 
substantial accumulation of NLRP3 in renal tubular epithelial cells in 
addition to tubular atrophy [67]. This accumulation is also observable in 
the renal interstitium.The mRNA levels of NLRP3 in peripheral blood 
mononuclear cells of hemodialyzed CKD patients are higher than that of 
healthy subjects [68]. Hence, the inflammasome is activated in patients 
with uremia who received dialysis treatment. This non-physiological 
state might be caused by mitochondrial dysfunction, critical for the 
NLRP3 inflammasome activation. 

4.3. The mechanism of NLRP3 inflammasome in UUO nephropathy 

Unilateral ureteral obstruction (UUO), as a CKD model, provides a 

Table 2 
The role of NLRP3 in chronic kidney disease.  

Disease Relevant factors change Animal or cell role references 

Hypertensive nephropathy IL-1β↑,IL-18↑,ASC↑, 
Caspase-1↑,NLRP3↑ 

Mice,Glomerular podocyte Sertoli cell apoptosis,Lysosomal membrane 
rupture,Renal fibrosis 

60–64 

lupus nephritis NLRP3↑ Glomerular podocyte Proteinuria increase 66 
SLE associated nephritis ASC↑,Caspase-1↑, NLRP3↑ Mice,Glomerular podocyte Increase proteinuria 64 
Mesangial proliferative kidney 

disease 
ASC↑,Caspase-1↑, NLRP3↑ Renal tubular epithelial cell Renal interstitial inflammation,Renal tubular 

atrophy 
67 

Diabetic nephropathy IL-1β↓, IL-18↓, ASC↓,Caspase-1↓ NLRP3− /− mice decrease inflammation in the kidney 71–90 
Renal ischemia-reperfusion injury NLRP3↑,ASC↑ NLRP3− /− mice,Renal tubular 

epithelial cell 
Decrease neutrophilinfiltration 95–98 

Albumin induced nephropathy NLRP3↑,Caspase-1↑,IL-1β↑,IL-18↑, 
Cathepsin B↑ 

Mice,Renal tubular epithelial cell Renal tubular cell apoptosis,Lysosome damage 105 

Unilateral ureteral obstruction 
nephropathy 

ASC↑,Caspase-1↑,IL-1β↑,NLRP3↑ Mice Renal tubular damage,renal interstitial fibrosis 69,70 

High uric acid nephropathy NLRP3↑,ASC↑ Rat,Renal tubular epithelial cell Renal epithelial-interstitial transformation 101,103 
Azithromycin-treated 

nephropathy 
NLRP3↑, lymphocyte↑ Rat,Renal tubular epithelial cell Lymphocyte infiltration 102  
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basis for the study of molecular and cellular mechanisms of renal 
fibrosis.NLRP3 inflammasome and its downstream cytokines increased 
in UUO mice [69].In addition, compared with the control mice, the renal 
fibrosis, ROS damage and apoptosis of UUO mice with NLRP3 gene 
knockout were weakened, and the mitochondrial morphology and 
function were less damaged [70]. 

4.4. The mechanism of NLRP3 inflammasome in diabetic nephropathy 

Inflammation is a potential mechanism for the pathogenesis of dia-
betic nephropathy, which is associated with reduced kidney function 
and renal interstitial inflammation in diabetic patients [71]. Hypergly-
cemia activates NF-kB signaling in renal tubular epithelial, inducing 
pyroptosis and maturation of IL-1β and IL-18. Moreover, it is sufficient 
for the induction of downstream inflammatory events. As inflammation 
develops, TGF-β levels increase, promoting renal fibrosis [72]. Recent 
evidence shows that the NLRP3 inflammasome complex and its down-
stream factors IL-1β and IL-18 are substantially depleted in NLRP3 
knockout mice, emphasizing that NLRP3 is necessary for inflammatory 
cytokine production [73]. The expression of IL-1β, NLRP3, and 
caspase-1 increases in rat mesangial cells after high glucose exposure, 
implying a time-dependent effect [74–76]. In patients with type 2 dia-
betes, the NLRP3 inflammasome complex is overactive, which normal-
izes following glibenclamide treatment. These findings suggest the 
NLRP3 inflammasome plays an important role in diabetes [77–81]. 

Glucose-induced inflammasome activation promotes trans-
differentiation of renal tubular epithelial cells, indicating the NLRP3 
inflammasome plays a key role in the transdifferentiation [82,83] 
Silencing NLRP3 and ASC, genes reduce levels of phosphorylated 
SMAD2 and SMAD3 in mouse renal tubular epithelial cells (HK-2) after 
TGF-β1 treatment, suggesting NLRP3 amplifies the TGF-β1 signal. The 
cumulative renal inflammatory factors are closely related to the dete-
rioration of renal function in diabetic nephropathy [84]. For instance, 
the inflammatory response positively correlates with the expression of 
NLRP3, adrenergic receptor P2X4, and IL-18 in epithelial cells. Thus, 
adrenergic receptor P2X4 likely stimulates inflammatory cytokine pro-
duction through the NLRP3 inflammasome activation. Consequently, 
the activation causes a interstitial inflammatory renal response in dia-
betic nephropathy. Activation of the NLRP3 inflammasome induces the 
production of proinflammatory factors and further promotes insulin 
resistance in DN patients [85]. In contrast, knockdown or inhibition of 
NLRP3 reduced diabetic kidney injury. 

The study also found that the expression of NLRP3 inflammasome in 
the renal tubules of diabetic patients with tubulointerstitial injury was 
increased. Furthermore, NLRP3 inflammasome activation was observed 
in glomerular endothelial cells and podocytes of DN mice.The activation 
of NLRP3 inflammasome during DN development involves various 
pathways, such as the nuclear factor E2-related factor 2 (Nrf2) pathway 
[85], the ROS/TXNIP pathway [86], the NF-κB pathway [87], and the 
P2X7/NLRP3 pathway [88].In the DN rat model, mitophagy reduces the 
body inflammatory response and further damage by regulating the 
macrophage M1 and M2 ratio, and maintains the homeostatic in vivo 
[89]. A recent study [90] showed that NLRP3 mediates renal damage in 
a DN mouse model by inhibiting autophagy in podocytes. 

4.5. The mechanism of NLRP3 inflammasome in IgA nephropathy 

IgA nephropathy (IgAN) is one of the most common chronic kidney 
diseases. 25%–30% of IgAN patients develop kidney failure after 20 
years of illness.NLRP3 inflammasome in macrophages of IgAN mice was 
activated by IgA immune complex, while renal damage in NLRP3 
knockout mice was alleviated [91]. Dys-glycosylated IgA1 isolated from 
the serum of IgAN patients can induce NLRP3 expression in podocytes 
and induce podocyte macrophage transformation, which in turn leads to 
renal inflammation and fibrosis [92]. Abnormal deposition of glycosy-
lated IgA1 induces the NLRP3 inflammasome activation and 

macrophage transdifferentiatio-n in IgA nephropathy [93]. Thus, this 
observation suggests one of its pathological mechanisms.These evi-
dences show that NLRP3 plays an important role in the development of 
IgAN, and the specific mechanism needs to be further studied. 

4.6. The mechanism of NLRP3 inflammasome in ischemia-reperfusion 
nephropathy 

The kidney is an organ prone to ischemic injury, which can cause 
renal tubular damage [94]. Blood reperfusion is essential for the survival 
of tissues; however, it can also enhance the inflammatory response and 
aggravate renal tissue damage [95]. Expression levels of NLRP3, ASC, 
and other inflammasome-related genes significantly increase after renal 
ischemia-reperfusion injury in wild-type mice, causing neutrophil 
infiltration and renal damage [96]. Conversely, in NLRP3 knockout 
mice, pro-inflammatory cytokine levels and neutrophil infiltration 
significantly decrease after 24 h reperfusion, and the renal function 
substantially improves. In human and mouse in vitro experiments, 
NLRP3 and ASC are detectable in renal tubular epithelial cells [97]. 

After a renal ischemia-reperfusion injury in NLRP3 knockout mice, 
apoptosis and necrosis of renal tubular epithelial cells significantly 
decrease. However, when ASC and caspase-1 are knocked out in mice, 
renal function and tubular injury do not improve, suggesting that NLRP3 
has independent roles in the inflammasome pathway. In NLRP3 
knockout mice with leukocyte deficiency, apoptosis and necrosis of 
renal tubular epithelial cells decrease significantly [98]. Conversely, 
when leukocytes are present, repair of renal tubular epithelial cells in-
creases. This experiment indicates that leukocyte-derived NLRP3 
inflammasomes are related to apoptosis of renal tubular epithelial cells, 
while the renal-derived association with renal tubular epithelial repair 
after ischemia-reperfusion. 

4.7. The mechanism of NLRP3 inflammasome in other kidney diseases 

The expression of NLRP3 inflammatory complex increases in mice 
with tubulointerstitial injury, further exacerbating it. In unilateral ure-
teral obstruction mouse model, the NLRP3 inflammasome and its 
downstream factors IL-1β and IL-18 increase, driving the renal tubular 
damage and renal interstitial fibrosis [99]. During hypoxia in renal 
tubular epithelial cells, NLRP3 increases independently of caspase-1 and 
ASC, demonstrating its inflammation-independent function [100]. This 
finding agrees with a previous study that showed elevated NLRP3/ASC 
expression in renal epithelial cells of hyperuricemia rats and the renal 
epithelial–mesenchymal transition. 

Allopurinol can reduce the activation of the NLRP3 inflammasome, 
significantly reducing renal fibrosis [101]. In azithromycin-treated ne-
phropathy rats, azithromycin decreases IL-1β concentrations and NLRP3 
mRNA transcription, suggesting it reduces inflammasome activation 
[102]. Renal tubular crystalline deposition can release irritants caused 
by leukocyte infiltration, inducing the NLRP3 inflammasome activation 
and the necrotic inflammatory response of the kidney [103,104]. Cal-
cium oxalate crystals can directly damage renal tubular epithelial cells 
by releasing ATP to activate the NLRP3 inflammasome and cause renal 
tubular injury [105]. 

5. Drugs targeting NLRP3 inflammasome in kidney diseases 

At present, there are many kinds of biological inhibitors against 
NLRP3 inflammasome (Table 3), but the efficacy and safety of these 
inhibitors for kidney diseases have not been defined. 

5.1. Drugs targeting NLRP3 

MCC950, a diaryl sulfonylurea small molecule compound, is the 
most effective NLRP3 inhibitor with high specificity [106].MCC950 can 
reduce glomerular basement membrane thickening, podocyte injury and 
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renal fibrosis by inhibiting NLRP3/caspase-1/IL-1β pathway in diabetic 
nephropathy model [107].MCC950 can reduce the blood pressure and 
urine protein level of hypertensive mice, and alleviate kidney inflam-
mation and fibrosis.MCC950 can improve renal fibrosis by inhibiting the 
activation of inflammasome and the production of IL-1β and IL-18 in 
crystalline nephropathy [108].MCC950 can also reduce podocyte dam-
age in obesity-related glomerulopathy, as well as kidney damage caused 
by sepsis [109].In addition, MCC950 can improve cisplatin-induced 
renal insufficiency by reducing oxidative stress and inflammation, 
improving renal tubular injury and renal fibrosis [110,111].Although 
the above research results have been obtained, and MCC950 has the 
advantages of small molecule and high specific-ity, the safety of its 
application in the treatment of kidney diseases remains to be clarified. 

Tranilast, an analogue of tryptophan metabolites, is a traditional 
antiallergic drug. Recently, it has been confirmed that tranilast can 
directly inhibit NLRP3 activity [112].By enhancing the ubiquitination of 
NLRP3, combining with its NACHT domain and inhibiting the direct 
interaction of NLRP3-NLRP3, Nistrost interrupts the assembly and 
activation of NLRP3 inflammasome [113].Tranilast plays an important 
role in preventing the progression of renal fibrosis and can improve the 
nephrotoxicity induced by cyclophosphamide and cyclosporine [114]. 
Although tranilast has not been approved for the treatment of kidney 
diseases, the above research shows that it has shown great potential in 
animal experiments. It is expected to study its efficacy and safety in 
various kidney dis eases in the future. 

β-hydroxybutyrate (BHB) is an inhibitor of NLRP3 inflammasome 
discovered in recent years, which can prevent K+ outflow and inhibit 
ASC oligomerization [115]. A research [116] found that BHB can alle-
viate renal tubular injury in mice fed with high oxalate diet, and can also 
change macrophage phenotype from pro-inflammatory phenotype to 
anti-inflammatory phenotype. It is suggested that BHB can alleviate 
kidney inflammation, and may become a potential drug for treating 
kidney-related diseases by inhibiting NLRP3 inflammasome.CY-09, a 
direct inhibitor of NLRP3 inflammasome, can inhibit the assembly and 
activation of NLRP3 inflammasome by binding to the ATP binding motif 
of NACHT domain and inhibiting the activity of NLRP 3 ATPase [117]. 
CY-09 plays a role in animal models of various diseases. However, there 
are few reports on its application to kidney diseases. At present, only 
CY-09 has been found to improve renal insufficiency induced by I/R 
[118]. 

5.2. Drugs targeting caspase-1 

VX-740 and VX-765 are peptidomimetic prodrugs that inhibit 
caspase-1. The clinical trials applied to psoriasis, arthritis and epilepsy 

have progressed to phase II, but they have been forced to stop because of 
hepatotoxicity [119]. Up to now, there is no relevant clinical trial about 
its application in kidney diseases. 

5.3. Drugs targeting P2X7 

AZD9056 is the first P2X7 receptor antagonist to pass clinical trials, 
which can significantly improve stage IIa rheumatoid arthritis. Besides 
AZD9056, other P2X7 inhibitors, such as CE-224535, have entered the 
clinical trial stage [120], but there is no research on their application in 
the treatment of kidney diseases.Brilliant Blue G (BBG) is a selective 
P2X7 receptor antagonist, which can reduce inflammation and fibrosis 
[121]. It was found that BBG could alleviate the kidney injury in Dahl 
salt-sensitive rats and LN mice [122].In addition, BBG can inhibit the 
infiltration of macrophages and fibroblasts, reduce the expression of 
inflammatory factors and collagen, inhibit cell apoptosis and promote 
the regeneration of renal tubular cells. However, the safety and clinical 
efficacy of BBG in renal diseases need to be studied. 

5.4. Drugs targeting K+ channels 

A study [123] found that glibenclamide combined with 
ATP-sensitive K+ channel could inhibit NLRP3. As an NLRP3 inflam-
masome inhibitor, glibenclamide can inhibit CKD and renal fibrosis 
induced by adenine in rats [124]. However, as a hypoglycemic agent, 
hypoglycemia and glucose metabolism disorder caused by glibencla-
mide limit its application in other diseases [125]. 

6. Conclusion 

With the increasing incidence of metabolic diseases such as hyper-
tension and diabetes and the aging of the social population, the inci-
dence of chronic kidney disease (CKD) is increasing year by year, which 
seriously threatens people’s lives and health. Therefore, how to prevent 
and treat CKD scientifically and effectively has become an urgent 
problem for clinicians. Drugs are the main means to delay the progress of 
CKD. Although with the development of modern medicine, the treat-
ment of CKD has made great progress, the types of drugs that can be 
selected clinically to protect kidney and delay the progress of CKD are 
limited, and most of them are expensive, so it is urgent to find more 
cheap and efficient CKD drugs. 

A large amount of evidence shows that there is a correlation between 
kidney diseases and inflammatory bodies, especially those containing 
NLRP3 in nucleotide-binding oligomeric domain-like receptor family. As 
a research hotspot, the NLRP3 inflammasome plays a significant role in 

Table 3 
The application of drugs for NLRP3 inflammasome in kidney diseases.  

Drug Target 
spot 

Mechanism Kidney diseases Adverse effect Clinical stage 

MCC950 
[106–111] 

NLRP3 NLRP3 induced ASC oligomerization was 
blocked 

Diabetic nephropathy, Hypertensive nephropathy, 
Contrast medium nephropathy,Kidney damage caused 
by cisplatin and sepsis 

Liver toxicity Preclinical 
study 

Tranilast 
[112–114] 

NLRP3 Enhanced NLRP3 ubiquitination,Binding 
NACHT and inhibiting NLRP3-NLRP3 
interaction 

Diabetic nephropathy NA Clinical 
application 

В-hydroxybuty 
-rate [115,116] 

NLRP3 Inhibited K+ efflux and reduced ASC 
oligomerization and speckle formation 

Hyperoxalate renal tubular injury NA Preclinical 
study 

CY-09 [117,118] NLRP3 Bind to ATP binding motif of NACHT 
domain and inhibit NLRP3 ATP activity 

Ischemia-reperfusion nephropathy NA Preclinical 
study 

VX-740/765 [119] Caspase- 
1 

Selective inhibition of caspase-1 NA Liver toxicity Preclinical 
study 

AZD9056 [120] P2X7 P2X7 Antagonistic P2X7 NA NA Phase II 
clinical study 

Brilliant blue G 
[121,122] 

P2X7 Selective antagonism of P2X7 Hypertensive nephropathy, Lupus nephritis NA Preclinical 
study 

Glibenclamide 
[123–125] 

K+

channel 
ATP sensitive K+ channel inhibitors Chronic kidney disease Abnormal glucose 

metabolism 
Clinical 
application  
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inducing kidney inflammation and fibrosis.It is one of the most studied 
inflammasomes whose downstream pro-inflammatory molecules, IL-18 
and IL-1β, play a crucial role in the pathogenesis of CKD. Although 
considerable advances have been made in understanding the NLRP3 
inflammasome, its mechanisms are not entirely defined. The specific 
role of calcium signaling, mitochondrial dysfunction, and lysosome 
disruption in the NLRP3 activation is still controversial, requiring 
further verification [126,127]. 

Hence, the NLRP3 inflammasome-mediated inflammation partici-
pates in the development of CKD. During CKD, the NLRP3 inflamma-
some activation is the central mechanism in renal pathology, having an 
important role in injury and tissue remodeling. Thus, regulating auto-
phagy, reducing ROS production, and inhibiting the NLRP3 inflamma-
some activation is a tool to alleviate renal inflammation.We could end 
the conclusion by emphasizing that because NLRP3 has pleiotropic ef-
fects on inflammation and yet unknown inflammation-independent 
roles, identifying its specific functions is paramount for establishing 
selective therapeutic strategies using this protein.Taken together, the 
NLRP3 inflammasome has great clinical significance as a promising 
target for the prevention and treatment of kidney diseases. 

NLRP3 inflammasome is involved in the occurrence and develop-
ment of kidney diseases, but its further mechanism and clinical appli-
cation still need to be studied, and the research on the effect of NLRP3 
inflammasome is still in its infancy. Understanding the related signal 
transduction pathway, regulatory mechanism and pathological signifi-
cance is helpful to propose new strategies for prevention and treatment 
of kidney diseases. Compared with the currently used biological agents 
with larger molecules, the small molecule inhibitors that directly target 
NLRP3 inflammasome has the advantages of strong pertinence and low 
cost, and their toxicity is low because of their low drug concentration, so 
they show a good application prospect. Some drugs targeting NLRP3 
inflammatory corpuscles and its downstream effector have made grati-
fying achievements in the treatment of other diseases, but there is still 
little research in kidney. These drugs may have potential value in 
treating CKD. However, it still takes a long time to transform the 
experimental data into clinical application, and the effectiveness and 
safety of these drugs in the treatment of kidney diseases need to be 
clarified. 
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