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Abstract

Purpose of review—This review focuses on the latest data that elucidates the role of the

NLRP3 inflammasome in kidney diseases.

Recent findings—The NLRP3 inflammasome is not limited by traditional microbial stimuli of

innate immunity and its connection with autophagy, apoptosis, fibrosis, and pro-inflammatory

cytokines has broader implications for a variety of kidney diseases. In a wide spectrum of

glomerular and tubulointerstitial diseases, the NLRP3 inflammasome is upregulated in both

classical immune cells such as infiltrating macrophages and resident dendritic cells as well as in

renal tubular epithelial cells, and even podocytes. Inhibition of the NLRP3 inflammasome

ameliorates renal injury in a variety of animal models. Interestingly, this extends to models of

proteinuria, which suggests that the deleterious effect of albuminuria on the proximal tubular

epithelium and podocytes is, in part, mediated by inflammasome activation.

Summary—Recent studies in animal models, and still limited studies in humans, suggest a broad

role for inflammasome activation in renal disease. Surprisingly, individual components of the

inflammasome, independent of inflammasome activation, may also contribute to progressive renal

injury. Additional, studies are needed to define the relative importance of the inflammasome in

specific diseases and the therapeutic opportunities afforded by targeting the inflammasome.
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INTRODUCTION

The inflammasome was initially discovered in 2002 as an important component of innate

immunity that could be induced by lipopolysaccharide (LPS), which influenced the creation

of its name [1]. Additional stimuli of the inflammasome include other microbial-derived

molecules or pathogen-associated molecular patterns (PAMPs), such as bacterial toxins and

viral nucleic acids. Other non-infectious, host-derived stimuli of the inflammasome or

damage-associated molecular patterns (DAMPs) include potassium efflux, excess ATP or

reactive oxygen species (ROS), mitochondrial stress, endoplasmic reticulum stress [2*], or
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cell swelling [3]. Urate crystals, calcium phosphate, amyloid fibrils, silica, or asbestos are

also additional triggers of the inflammasome pathway (Figure 1). The inflammasome has

been increasingly implicated in autoimmunity, other chronic inflammatory diseases, and

even cancer, which broadens the importance of this homeostatic mechanism.

The inflammasome is a complex of cytosolic proteins that typically consists of three

components: 1) a sensor (NOD-like receptor (NLR) or non-NLR); 2) adapter protein; and 3)

caspase 1. The NLR family of sensor molecules consists of NOD-, LRR- and PYD-

containing proteins, which includes NLRP1, NLRP3, NLRP6, NLRP7, and NLRP12. They

consist of leucine-rich repeat (LRR) domains involved in autoinhibition prior to direct or

indirect sensing of signals, nucleotide-binding domain (NBD) involved in inflammasome

assembly and either a pyrin domain (PYD) or caspase activation and recruitment domain

(CARD) for downstream signaling. The adaptor protein is usually ASC (apoptosis-

associated speck-like protein containing a CARD). Some sensor molecules can activate

caspase 1 without an adaptor protein. Another newly discovered adaptor, mitochondrial

antiviral signaling (MAVS), can interact with NLRP3 [4], but a pathologic role for this

protein has not been identified. Upon stimulation by different PAMPs or DAMPs or

potassium efflux through the purinergic 2X7 receptor (P2X7R), the inflammasomes activate

caspase-1 from its inactive zymogen (pro-caspase-1) by binding to its CARD, either directly

or indirectly through ASC. Activated caspase-1 in turn cleaves pro-IL-1β and pro-IL-18 to

produce interleukin-1β (IL-1β) and interleukin-18 (IL-18), which are both proinflammatory

cytokines (Figure 1) [5**–7]. The complex activating mechanisms of the various

inflammasomes has been well reviewed [5**,8].

PAMPs and DAMPs not only activate caspase-1 through the NLRP3 inflammasome, but

may also stimulate membrane-bound pattern recognition receptors, such as the Toll-like

receptors (TLRs). Signaling of this pathway leads to activation of transcription factor,

nuclear factor-κB (NF-κB), resulting in increased transcription of pro-IL-1β, pro-IL-18 and

NLRP3 [5**].

The NLRP3 (also known as NALP3 or cryopyrin) inflammasome is implicated in many

diseases, including microbial infection, rheumatic diseases, diabetes, and atherosclerosis

[6,7]. This review will focus on the role of the NLRP3 inflammasome in kidney diseases,

because there is a paucity of literature about the role of the other inflammasomes.

NLRP3 and Tubulointerstitial Disease

Some roles of the inflammasome in kidney disease have been well reviewed in the context

of acute kidney injury/chronic kidney disease [9] and kidney inflammation and fibrosis [10].

NLRP3 and ASC can be found in the kidneys of both humans and mice [11], and the renal

dendritic cells, infiltrating macrophages and tubules are all known contributors. The

contribution of the inflammasome by macrophages is of particular interest given the

pathogenic role of macrophages in a wide spectrum of renal diseases [12]. Furthermore,

mechanisms operative in macrophages might be applicable to the dendritic cells of the renal

mononuclear phagocytic system as these cells appear to be phenotypically and functionally

related [13].
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The NLRP3 inflammasome would be expected to be activated and amplify renal

inflammation during an infection, such as acute pyelonephritis, but there is a surprising

absence of studies on the subject. For non-infectious causes of renal inflammation, NLRP3

can also be a critical mediator. Using unilateral ureteral obstruction, Vilaysane et al.

observed that NLRP3 deficiency abrogated the magnitude of kidney injury in mice [14].

Furthermore, the upregulation of NLRP3 mRNA was demonstrated in human kidney

biopsies from patients with a variety of kidney diseases, including IgA nephropathy, acute

tubular necrosis, focal segmental glomerulosclerosis, lupus nephritis, minimal change

disease, and hypertensive nephrosclerosis. In another experimental model of

tubulointerstitial nephritis, Correa-Costa et al. confirmed important roles for both TLRs and

the NLRP3 inflammasome, and the use of allopurinol downregulated the individual

components of the inflammasome pathway and diminished this injury [15]. Chen et al.

analyzed the renal interstitial inflammation of human diabetic patients and found that

increased levels of the P2X4 receptor (another member of the P2X receptor family), NLRP3,

IL-1β and IL-18 correlated with the presence of diabetic nephropathy compared to normal

controls and these components co-localized in the renal tubules [16*].

In other conditions, such as oxalate nephropathy, direct toxicity of calcium oxalate kills

tubular epithelial cells [17,18], which leads to IL-1β production through NLRP3 activation.

NLRP-null mice were protected from the harmful effects of oxalate, even though the

intrarenal calcium oxalate deposits were present [17,18]. Also, in chronic obstructive

conditions, uromodulin leakage into the renal interstitium can stimulate renal dendritic cells

to utilize the NLRP3 inflammasome [19].

In the setting of ischemia-reperfusion injury (IRI), Shigeoka et al. [11] demonstrated a

protective effect for NLRP3 deficiency, but this finding was surprisingly not observed in the

setting of either ASC or caspase 1 deficiency. Therefore, the absence of NLRP3 did not

mediate its protective effect by blocking the inflammasome, but decreased apoptosis was

observed. The similarities between the inflammasome and apoptosome are striking [5] and

some inhibitors of apoptosis protein (IAP) can both positively and negatively influence

NLRP3 inflammasome activation [20,21]. Although the precise mechanisms that link the

NLRP3 inflammasome to apoptosis remain to be elucidated, the close interconnection of

these pathways is a theme that will re-emerge in studies that are discussed later in this

review. Kim et al. recently confirmed the protective effect from IRI in NLRP3-knockout

mice, but found in contrast that caspase 1 activity was increased in their study [22*]. Given

the use of similar experimental methods, the reason for these discrepant findings with the

prior study is not clear. This same group also found that NLRP3 was not increased in

cisplatin-induced acute kidney injury and NLRP3 deficiency did not protect against this

injury, but the investigators suggested that NLRP1 could be more important.

In addition to both infectious and immune-mediated etiologies of tubulointerstitial nephritis,

interstitial inflammation is likely important in the pathogenesis of severe acute tubular

necrosis (ATN), which is the most common cause of acute kidney injury [23]. If the above

disease examples are any guide, then it is likely that the NLRP3 inflammasome could

provide a therapeutic target in even ATN.

Chang et al. Page 3

Curr Opin Nephrol Hypertens. Author manuscript; available in PMC 2015 May 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



NLRP3 and Glomerular Disease

Data from murine models of kidney disease implicate the NLRP3 inflammasome in a wide

variety of glomerular diseases. In a murine model of anti-glomerular basement membrane

disease, Lichtnekert et al. observed that mice that were deficient for IL-1R had decreased

levels of IL-1 and were mildly protected from the necrotizing and crescentic glomerular

injury when compared with wild-type mice [24]. IL-18 deficiency did not result in the same

glomerular protection, but there was a reduction in tubular atrophy. Further investigation of

the inflammasome pathway in this model using mice with targeted deletions for NLRP3,

ASC or caspase-1 demonstrated no difference in glomerular pathology. Isolated murine

glomeruli did not produce pro-IL-1β after LPS stimulation or caspase-1 activation after

exposure to ATP, an NLRP3 agonist. Therefore, the harmful effects of IL-1β and IL-18 were

produced independently of the inflammasome pathway and the contribution of these

cytokines were most likely from the renal dendritic cell network that normally reside

throughout the tubulointerstitium along the peritubular capillaries. In contrast, using a rat

model of nephrotoxic nephritis with crescentic glomerulonephritis, Deplano et al. found that

an antagonist of purinergic 2X7 receptor (P2X7R) could reduce both NLRP3 activation and

crescentic glomerular injury [25*]. Although they noted upregulation of NLRP3 in the

isolated glomeruli compared to controls, this was determined to be primarily due to

infiltrating macrophages.

In murine models of lupus nephritis, several groups have confirmed that the inflammasome

plays a key role. Zhao et al. also blocked P2X7R, which reduced the glomerular injury in

MRL/lpr mice, decreased anti-dsDNA antibody levels and serum IL-1β and IL-17 by

inhibiting NLRP3 activation and subsequent caspase 1 activity [26*]. However, only whole

kidney lysates were analyzed, which does not specifically localize the site of inflammasome

activity within the kidney or exclude the contribution of circulating macrophages. This

group using similar experimental methods previously determined that administration of

Bay11-7082, an inhibitor of the phosphorylation of the inhibitor of NF-κB (IκB), attenuated

murine lupus nephritis and resulted in reduced macrophage infiltration, NLRP3 inhibition,

and improved survival [27]. In the NZB/W F1 murine model of lupus nephritis, an

antagonist of Toll-like receptors 7, 8, and 9 reduced glomerular injury and interstitial

inflammation with decreased transcription of both IL-1β and NLRP3 in the kidney [28]. In

this same murine model, a different group found that epigallocatechin-3-gallate, a major

antioxidant in green tea, significantly reduced the kidney injury, which was mediated

through decreased ROS production and both marked decreased transcription and protein

levels of NLRP3 compared with control mice [29].

Several compounds, such as antroquinonol and osthole, which are found in Chinese herbal

medications have demonstrated reduced activation of the NLRP3 inflammasome pathway in

a murine model of IgA nephropathy. Yang et al. determined that antroquinonol markedly

reduced T cell activation and renal inflammation, which was due in part to decreased ROS

generation resulting in less NLRP3 activation [30]. In a separate study using the same

murine model, the same research group also observed ROS production in a murine

macrophage cell line and cultured murine mesangial cells after LPS treatment, which was

inhibited and significantly reduced, respectively, by osthole administration [31].

Chang et al. Page 4

Curr Opin Nephrol Hypertens. Author manuscript; available in PMC 2015 May 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Surprisingly, within glomeruli, activation of the inflammasome within podocytes might

significantly contribute to inflammation and glomerular damage. As demonstrated by Zhang

et al., murine podocytes can express all the key components (NLRP3, ASC, and caspase 1)

of the inflammasome and its activation contributes to glomerulosclerosis in a model of

hyperhomocystinenemia [32**]. The introduction of small interfering RNA for ASC or use

of a caspase 1 inhibitor could markedly reduce IL-1β production. This research group

subsequently identified both NADPH oxidase [33] and ROS [34] as potential triggers of the

NLRP3 inflammasome in podocytes using this same model system. As further confirmation,

another research group using a murine model of metabolic syndrome that results in renal

inflammation after a high-fat diet demonstrated that deletion of the P2X7 receptor attenuated

kidney injury [35*]. Increased NLRP3 was detected in murine cultured podocytes, and

human kidneys with mild diabetic nephropathy revealed immunohistochemical staining for

NLRP3 and P2X7R in proximal and distal tubules and occasional cells that appeared to be in

the location of podocytes [35]. This represents only the second study of the NLRP3

inflammasome in human kidney tissue sections by immunohistochemistry [35]. In light of

recent evidence demonstrating the antigen presenting capacity of murine podocytes [36],

podocytes appear to be functionally similar to renal dendritic cells and kidney-infiltrating

macrophages in their abilities to contribute to both adaptive immunity and inflammation.

Interstitial inflammation is an important complication of most glomerular diseases and

specifically an independent predictor of disease progression in IgA nephropathy [37] and

lupus nephritis [38]. Glomerular cells (mesangial or podocytes) have the capacity to activate

the NLRP3 inflammasome and could possibly initiate inflammatory pathways that

secondarily involve the tubulointerstitium. Alternatively, tubulointerstitial injury, either

secondary to glomerular injury and downstream ischemia, or as a primary pathogenic

process could initiate local NLRP3 inflammasome activation. This could occur either in

cells resident in the kidney (e.g., tubulointerstitial and dendritic cells) and/or after

inflammatory cells have infiltrated. Future studies will be needed to elucidate the

interrelationships between glomerular and tubulointerstitial inflammation and

inflammasome activation.

NLRP3 and Proteinuria

Proteinuria is an independent risk factor of disease progression in numerous kidney diseases

[39], but the underlying mechanism for this harmful effect on the kidney remains poorly

understood. Several recent studies implicate the inflammasome in this injury process.

Erkan et al. previously established that albumin exposure alone caused apoptosis in cultured

human proximal tubular epithelial cells [40]. Building upon this prior study, Nishi and

colleagues studied the role of the inflammasome in the setting of proteinuria with an interest

in the potential protective impact of estrogen [41**]. There was moderate tubulointerstitial

inflammation and fibrosis in their murine model of nephrotic syndrome which was also

mediated through inflammasome activation, as indicated by the presence of elevated mRNA

and protein levels for NLRP3, ASC and pro-caspase 1/caspase 1. Interestingly, the

inflammasome pathway was dampened by administration of raloxifene in ovariectomized

female mice, which is a selective estrogen receptor modulator that is used for hormone
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replacement therapy. This protective effect may account in part for the epidemiologic data

that the male gender is at greater risk for developing chronic kidney disease [42]. However,

the beneficial effect of raloxifene was only observed in the tubulointerstitium and the

glomerular injury did not improve, and only partial inhibition of the inflammasome was

achieved, so these data cannot resolve whether albumin-induced injury of the proximal

tubular cells is only mediated through the NLRP3 inflammasome. A second recent study

also confirmed the activation of the inflammasome in renal tubules in the setting of

proteinuria. Fang et al demonstrated that the severity of proteinuria correlated with protein

expression of caspase 1, IL-1β and IL-18 in both proximal and distal tubules of human

kidney biopsies regardless of the underlying disease (IgA nephropathy, focal segmental

glomerulosclerosis, minimal change disease or membranous nephropathy), [2*]. These

investigators also found that GRP78, a heat shock protein localized in the endoplasmic

reticulum, was upregulated after bovine serum albumin exposure, and administration of

ursodeoxycholic acid blunted this effect in both cultured tubular epithelial cells and a

streptozotocin-induced model of diabetic nephropathy. Therefore, the authors suggest that

endocytosis of albumin by tubules might activate the inflammasome by inducing

endoplasmic reticulum stress.

In addition to tubules, albuminuria might induce the inflammasome in podocytes. Okamura

et al. demonstrated that endocytosis of albumin into human podocytes derived from urine

samples can result in increased IL-1β and TNF RNA expression [43**]. The other

components of the inflammasome pathway, such as NLRP3, ASC, and caspase 1, were not

analyzed. Therefore, the possibility of caspase 1-mediated pyroptosis, which has been

postulated by others [10], was not specifically studied, but IL-1β is cleaved by caspase 1

from its proenzyme form and represents a surrogate marker of this pathway. Of note, an

increase of caspase 3 and 7 activity and TUNEL-positive podocytes was noted, which

suggested that apoptosis resulted from albumin endocytosis. These data were confirmed in a

murine albumin overload model and provide an intriguing mechanism for the harmful

effects of proteinuria. However, future studies are needed to determine the broader

applicability of these findings to other causes of severe proteinuria or nephrotic syndrome.

The harmful effects of proteinuria on the kidney are not exclusively mediated via the

canonical inflammasome pathway. Wang et al. recently discovered that NLRP3 augments

TGF-β in kidney epithelium [44**], which occurs independently of the inflammasome. The

precise mechanism remains unknown, but TGF-β has a central role in renal fibrosis [45] and

can also induce apoptosis of tubular epithelial cells and podocytes [46]. This additional line

of evidence further broadens the influence of NLRP3 with a pro-fibrotic effect in addition to

its well-established pro-inflammatory role.

Sequential human kidney biopsies suggest that minimal change disease can transform to

focal segmental glomerulosclerosis (FSGS). Current knowledge of the inflammasome

suggests a possible mechanism. The presence of proteinuria by itself is predicted to activate

the inflammasome and result in podocyte apoptosis. If the podocyte loss outpaces its

replenishment rate and exceeds 20%, then FSGS can ensue [47]. In addition, if sufficient

apoptosis, inflammation, and fibrosis resulted from inflammasome activation as previously

Chang et al. Page 6

Curr Opin Nephrol Hypertens. Author manuscript; available in PMC 2015 May 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



delineated within the tubulointerstitial compartment, the formation of aglomerular tubules

and atubular glomeruli might also contribute to a segmental sclerotic glomerular injury [48].

In contrast to FSGS, glomerulonephritis that is primarily mediated by immune complexes

and/or inflammation may have a greater contribution of the inflammasome by infiltrating

macrophages or local renal dendritic cells with minimal or no podocyte contribution of the

inflammasome. Further studies will be needed to determine whether the degree of

inflammasome activation by glomerular cells and specifically podocytes may be the

distinguishing feature between nephrotic and nephritic glomerular diseases.

Conclusion

The inflammasome is gaining recognition for its role in both tubulointerstitial and

glomerular diseases. Understanding the different ways in which the NLRP3 inflammasome

contributes to glomerular diseases characterized by proteinuria, glomerulonephritis and

tubulointerstitial injury will provide additional insights to kidney disease mechanisms and

identify potential therapeutic targets.
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Key Points

• Animal and human data demonstrate activation of the NLRP3 inflammasome in

a variety of glomerular and tubulointerstitial diseases.

• The deleterious effect of proteinuria on the proximal tubular epithelium and

podocytes may be primarily mediated through the NLRP3 inflammasome.

• Inhibition of the inflammasome may be a promising therapeutic target in kidney

diseases.
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Figure 1. Activation of NLRP3 Inflammasome
Various microbial PAMPs and endogenous/exogenous DAMPs can activate NLRP3

inflammasome indirectly through different intermediate mechanisms including K+ efflux

through the purinergic 2X7 receptor, lysozyme rupture, and ROS production. Assembly of

the NLRP3 inflammasome complex leads to activation of caspase-1 which in turn cleaves

pro-IL-1β and pro-IL-18 resulting in their extracellular release. PAMPs and DAMPs also

activate the NLRP3 inflammasome through TLRs leading to increased transcription via NF-

κB. Abbreviations: PAMPs = pattern-associated molecular patterns, DAMPs = damage-

associated molecular patterns, NBD = nucleotide-binding domain, LRR = leucine-rich

repeat, PYD = pyrin domain, CARD = caspase activation and recruitment domain, NLRP3 =

NOD-, LRR- and PYD-containing 3, ROS = reactive oxygen species, TLR = toll-like

receptor
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