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    Abstract     Infl ammasomes are a family of protein complexes that recognize diverse 
microbial and endogenous danger signals to promote innate immune responses, tis-
sue infl ammation and injury, or cell death via pyroptosis. Infl ammasome activation 
results in the recruitment and activation of caspase-1, which is required for the pro-
duction of the proinfl ammatory cytokines interleukin-1β (IL-1β) and IL-18 that can 
modulate both adaptive and innate immune responses through effects on leukocyte 
survival, proliferation, differentiation, and migration. Recent studies suggest that 
infl ammasome activity may also play important roles in several nonmicrobial dis-
ease states associated with chronic infl ammation. For example, NLRP3 infl amma-
some expression and IL-1β production are both increased in obesity, and recent 
work has implicated NLRP3 infl ammasome activation in a variety of obesity-linked 
conditions including gout, type 2 diabetes mellitus, metabolic liver disease, athero-
sclerosis, Alzheimer’s disease, cancer and rheumatoid arthritis. Further, many of the 
factors associated with these conditions, including elevated plasma glucose, fatty 
acids, uric acid and cholesterol crystals, and β-amyloid, have been shown to be 
elevated during obesity and to stimulate NLRP3 infl ammasome expression or acti-
vation. Since chronic NLRP3 activation appears to play important roles in several 
common disease states, better understanding of infl ammasome regulation and func-
tion may lead to better therapeutic approaches. Several agents that attenuate NLRP3 
infl ammasome activity or inhibit its primary effector, IL-1β, are currently under 
development or in early clinical trials as therapeutics to treat these common disease 
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conditions. This chapter will review new research on infl ammasome activation, its 
role in obesity and other chronic infl ammatory states, and the status of approaches 
to attenuate NLRP3 infl ammasome activity.  

2.1         Infl ammasomes Are Key Mediators 
of the Innate Immune System 

 The innate immune system serves as a fi rst line of defense against invading 
microbes and other harmful agents by sensing pathogen-associated molecular 
 patterns (PAMPs), such as microbial nucleic acid, lipoproteins, and lipopolysac-
charides (LPSs), or  danger-associated molecular patterns (DAMPs) released dur-
ing cell stress, including ATP, uric acid, heat shock proteins, and other cellular 
components [ 1 ]. The initiation and regulation of innate immune responses to these 
factors are orchestrated by several classes of germline-encoded pattern-recogni-
tion receptors (PRRs), including toll-like receptors (TLRs), RIG-I-like receptors 
(RLRs), NOD- like receptors (NLRs), and AIM2 (absent in melanoma 2)-like 
receptors (ALRs) [ 2 ,  3 ]. NLRs comprise a large protein family of intracellular 
sensors, the members of which share a conserved central nucleotide-binding, 
oligomerization domain (NOD), a leucine-rich repeat (LRR) region, and a vari-
able N-terminal effector domain. NLRs can be classifi ed as receptors (Nod1 and 
Nod2) or by their different central proteins and their diverse functions: negative 
regulators include NLRX1, NLRC5, and NLRP4 and infl ammasome activators 
include NLRP1, NLRC4, NLRP3, and NLRC5 [ 4 – 7 ]. Several NLRs and AIM2 
can form large multi-protein “infl ammasome” complexes upon stimulation by 
PAMP or DAMP signals. 

 Following activation, NLRs oligomerize and recruit pro-caspases through direct 
interaction with the NLR caspase recruitment and activation domain (CARD) and 
through interaction with the pyrin domain (PYD) of the ASC (apoptosis-associated 
speck-like protein containing a CARD) adaptor protein. ASC resides in the nucleus, 
but its movement from the nucleus to the cytosol is required for infl ammasome 
assembly [ 8 ]. Caspase zymogen recruitment into an infl ammasome complex induces 
a conformational change leading to caspase autoactivation. 

 IL-1 and IL-18, generated by capase-1 maturation of pro-IL-1 and pro-IL-18 pep-
tides, are the major functional effectors of infl ammasome activation, inducing mul-
tiple responses to infectious agents. IL-1β induces fever, T cell survival, B cell 
proliferation, and leukocyte migration and promotes polarization of CD4+ T helper 
1 (Th1) cells [ 9 ], while IL-18 synergizes with IL-12 to promote Th1 polarization and 
IFNγ production and facilitates proinfl ammatory Th17 responses [ 10 ]. Caspase-1 
activity is also required for pyroptosis, a proinfl ammatory cell death mechanism for 
self-clearance of infected macrophages and dendritic cells thought necessary to pre-
vent intracellular replication of pathogenic microorganisms (Fig.  2.1  from Zitvogel 
et al. [ 11 ]). Both IL-1 and IL-18 production and pyroptosis have implications for  
many diseases including infections, arthritis, metabolic syndrome, cancer, and 
infl ammatory bowel disease. Caspase-1 also contributes to host defense through 
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additional mechanisms, including secretion of leaderless peptides, cleavage of glyco-
lytic pathway enzymes, restriction of bacterial replication, and augmentation of cell 
repair through control of lipid metabolism (summarized in Lamkanfi  and Dixit [ 12 ]).

   These cytokine- and caspase-1-regulated processes must be tightly controlled 
balancing the ability to curb infection and develop T and B cell memory to pathogen 

  Fig. 2.1    Pyroptosis as a possible outcome of caspase-1 activation. Activation of caspase-1 (casp- 
1) mediated by the infl ammasome or by the supramolecular assembly of ASC dimers known as the 
“pyroptosome” can derive from the proteolytic cleavage of pro-caspase-1 (pro-casp-1) or follow 
less well-understood (perhaps conformational) mechanisms. Both examples of caspase-1 activa-
tion can lead to the proteolytic maturation of caspase-7, followed by the cleavage of several intra-
cellular substrates and pyroptotic cell death. Nevertheless, cleaved caspase-1 is required for the 
processing of pro-IL-1β and pro-IL-18, as well as for the release of mature IL-1β and IL-18 into 
the microenvironment (reprinted with permission from Zitvogel et al. [ 11 ])       
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exposure vs. host injury and damage. Some invading microbes evade various steps 
in IL-1 and IL-18 production to overcome this host defense. However, uncontrolled 
activation of infl ammasomes contributes to autoimmune diseases such as familial 
Mediterranean fever and Muckle-Wells syndrome (reviewed in Ting et al. [ 13 ]). 
Several distinct mechanisms can attenuate infl ammasome-mediated responses [ 14 ]. 
The anti-infl ammatory cytokine IL-10 can inhibit pro-IL-1 synthesis via the STAT3 
signaling pathway, while activation of the STAT1 pathway signaling can inhibit 
IL-1 maturation by blocking caspase-1 processing through an unknown mechanism 
specifi c for NLRP3 and NLRP1 infl ammasomes. IFNγ produced by activated CD4+ 
Th1 cells and CD8+ T cells can also transiently inhibit IL-1 production [ 15 ], which 
has been suggested to serve as negative feedback inhibition upon activation of the 
adaptive immune system. Effector and memory T cells can also inhibit infl amma-
some activity through the CD40L, OX40L, and RANKL signaling pathways [ 16 ].  

2.2     The NLRP3 Infl ammasome is a Major Mediator 
of Human Disease 

 NLRP3 infl ammasomes are among the most highly studied, since  Nlrp3  gene muta-
tions have been linked to the autoinfl ammatory Muckle-Wells syndrome, familial 
cold auto-infl ammatory syndrome, and neonatal-onset multisystem infl ammation 
[ 17 – 19 ]. Most of these  Nlrp3  genetic mutations produce constitutively active 
NLRP3 proteins that promote IL-1β secretion to elicit infl ammatory responses [ 13 ]. 
Inhibition of the IL-1β pathway using an IL-1 receptor antagonist, anakinra, suc-
cessfully ameliorates the severity of these infl ammation-induced diseases, corrobo-
rating the essential role of NLRP3-induced IL-1β their infl ammatory pathologies 
[ 20 ,  21 ]. The NLRP3 infl ammasome is composed of the NLRP3 protein, the adap-
tor molecule apoptosis-associated speck-like protein containing a CARD (ASC), 
and the cysteine protease caspase-1. Human, but not mouse, NLRP3 infl ammasome 
complexes also contain the Cardinal protein, whose function remains unclear [ 22 ]. 

 Similar to other infl ammasomes, the NLRP3 infl ammasome activates caspase-1 
to cleave pro-IL-1β and pro-IL-18 into IL-1β and IL-18. NLRP3 infl ammasome 
activation can also induce pyroptosis and modulate immune responses by regulating 
the secretion of more than 20 leaderless cytokines and growth factors, including 
HMGB1, IL-1α, fi broblast growth factor 2 (FGF2), galectin-1, and galectin-3 [ 23 ]. 
NLPR3 infl ammasome activity thus plays critical roles in infl ammation, host 
defense, and other related activities. 

2.2.1     NLRP3 Infl ammasome-Priming Signals 

 IL-1β, unlike most other cytokines, is regulated by both gene transcription and post-
translational modifi cation. Pro-IL-1β expression in myeloid cells, such as macro-
phages and dendritic cells (DCs), is induced upon exposure to LPS, a bacterial-derived 
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TLR4 ligand, which activates the NF-κB signaling pathway. Many NF-κB pathway 
activators, including TNF-α, CpG, Pam3CSK4, poly(I:C), R848, imiquimod, and 
IL-1β itself, have also been shown to increase pro-IL-1β expression [ 24 – 28 ]. 
However, while NF-κB-activating stimuli are required to induce pro-IL-1β expres-
sion in vitro, it is unclear whether such priming agents are also required to increase 
in vivo pro-IL-1β expression. For example, intraperitoneal injection with alum or 
monosodium urate (MSU) crystals triggers IL-1β secretion without an exogenous 
priming step to induce NF-κB activation [ 29 ,  30 ]. Differences between in vitro and 
in vivo infl ammasome responses could be explained, at least in part, by differences 
in the sensitivity of the responding cell types and their microenvironment. 

 Most NF-κB-dependent “priming” signals induce pro-IL-1β and increase NLRP3 
protein levels, an essential step for infl ammasome formation [ 24 ]. NLRP3 expres-
sion in bone marrow-derived dendritic cells (BMDCs) and macrophages is mark-
edly increased upon TLR stimulation [ 24 ,  28 ], and signaling through the TLR 
adaptor proteins MyD88 and TRIF increases NLRP3 expression [ 24 ,  31 ]. In con-
trast, the infl ammasome complex proteins caspase-1 and ASC are widely expressed 
in most cell types and are not further upregulated upon NF-κB activation.  

2.2.2     The Assembly of the NLRP3 Infl ammasome 

 NLRP3 is highly expressed in primary mouse neutrophils, peripheral blood mono-
nuclear cells (PBMCs), and BMDCs and moderately expressed in established Th2 
and macrophage cell lines [ 28 ,  32 ]. NLRP3 protein is sequestered in an auto- 
inhibitory conformation by heat shock protein 90 (HSP90) and suppressor of G2 
allele of SKP1 (SGT1) in resting cells [ 33 ], but NLRP3 can recognize stimulatory 
signals through its LRR domain and undergo a conformational change, leading to 
ATP-dependent self-oligomerization via its NOD domain. NLRP3 oligomers then 
recruit the adaptor protein ASC via PYD-PYD domain interactions, which then 
recruits caspases-1 via CARD-CARD domain interactions to generate the fi nal 
~700 kDa NLRP3 infl ammasome complex [ 34 ,  35 ]. This multi-protein complex 
assembly activates caspase-1, which cleaves pro-IL-1β and pro-IL-18 to generate 
mature IL-1β and IL-18 cytokines for secretion. 

 It remains unclear how NLRP3 recognizes the diverse range of stimuli that can 
activate NLRP3 infl ammasome assembly and activation. It is plausible that NLRP3 
is not a direct sensor of all the external stimuli and cellular “danger signals” it recog-
nizes. Recent results have identifi ed the non-NLR/ALR protein guanylate- binding 
protein 5 (GBP5) as a sensor for some NLRP3 infl ammasome activators, stimulating 
NLRP3 infl ammasome activation in response to pathogenic bacteria and soluble, but 
not crystalline, infl ammasome-priming agents [ 36 ]. Interestingly, GBP5-defi cient 
mice demonstrate impairments in both host defense and NLRP3- dependent infl am-
matory responses, indicating that proteins other than NLRP3, ASC, and caspase-1 
are involved in sensing pathogenic “danger signals” that activate the NLRP3 infl am-
masome. Moreover, the restricted range of NLRP3 infl ammasome stimuli 
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recognized by GBP5 suggests that more than one sensor is involved in this process. 
These results, however, do not fully preclude the possibility of different sensor pro-
teins giving rise to a common signaling intermediate that directly regulates the 
NLRP3 infl ammasome complex. Given the ability of the NLRP3 infl ammasome to 
regulate critical innate and adaptive immune responses to induce both protective and 
pathogenic responses, future studies are required to characterize signaling small 
molecules and proteins that regulate NLRP3 infl ammasome activation.   

2.3     The Diverse Regulation of NLRP3 
Infl ammasome Activation 

 Notably, the NLRP3 infl ammasome is responsive to a wide array of stimuli, ranging 
from microorganisms of both endogenous and exogenous origin to inorganic agents 
such as asbestos, silica, and alum (Table  2.1 ). Specifi c activators have been identi-
fi ed for the NLRP1, NLRC4, and AIM2 infl ammasomes, but much less is known 
about what triggers the assembly and activation of the NLRP3 infl ammasome [ 37 ]. 
Studies indicate that reactive oxygen species (ROS), potassium effl ux, and lyso-
somal damage are involved in NLRP3 infl ammasome activation. Indeed, regulation 
of NLRP3 infl ammasome activity by many stimuli can be explained by these three 
mechanisms; however, no single mechanism accounts for infl ammasome activation 
by all known stimuli. The following sections summarize and discuss these models 
and the potential metabolic signals that can induce NLRP3 infl ammasome responses.

2.3.1       Reactive Oxygen Species 

 Many NLRP3 agonists induce ROS formation, and reactive oxygen compounds 
such as hydrogen peroxide can induce infl ammasome formation [ 38 ]. NADPH oxi-
dase was initially postulated as the cellular ROS source that activated the NLRP3 
infl ammasome [ 39 – 41 ], since many factors that induce infl ammasome activity also 
induce NADPH oxidase. However, studies performed with cells lacking various 
NADPH oxidase components indicate that NADPH oxidase activity is not required 
for NLRP3 infl ammasome activation [ 42 – 44 ]. 

 More recent studies have implicated mitochondrial ROS in infl ammasome acti-
vation. Mitochondria are the main source of cellular ROS and markedly increase 
mitochondrial ROS production under various stress conditions [ 45 ]. Mitochondria 
also produce ROS during normal respiration, which can eventually alter respiratory 
chain function and lead to increased mitochondrial ROS production [ 46 ]. Such 
damaged mitochondria are continuously removed by a specialized form of autoph-
agy, known as mitophagy, to avoid cellular damage from excess ROS exposure. 
Chemical and genetic manipulations that increase mitochondrial dysfunction and 
ROS production activate NLRP3 infl ammasomes [ 47 ,  48 ], as does pharmacologic 
or genetic inhibition of mitophagy leading to the accumulation of damaged, ROS- 
producing mitochondria [ 46 ,  47 ,  49 ]. Both NLRP3 and ASC relocate to the 
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perinuclear space upon infl ammasome activation to colocalize with endoplasmic 
reticulum mitochondria, further implying a role for mitochondrial ROS in infl am-
masome activation [ 48 ]. 

 However, while ROS have been repeatedly implicated in NLRP3 infl ammasome 
activation, it is still not clear precisely how ROS alter the infl ammasome complex to 
activate capase-1 activity. ROS are toxic, but can also serve as signals for various 
physiologic processes. One recent study found that thioredoxin-interacting protein 
(TXNIP), a binding partner of the antioxidant protein thioredoxin, can directly bind 
NLRP3 and regulate infl ammasome activation in a ROS-inducible manner [ 50 ], and 
similar results were found in a second study, albeit with minor differences [ 51 ]. It is 
possible that NLRP3 is infl uenced directly by ROS, although there is currently no 
experimental evidence to support such a mechanism.  

2.3.2     Cytoplasmic Potassium 

 Intracellular potassium is a common initiator of infl ammasome activity, as inhibi-
tion of potassium effl ux by hyperosmotic potassium can block NLRP3 infl amma-
some activation [ 39 ,  52 ,  53 ]. Cellular potassium concentration can serve as an 

   Table 2.1    Sensing of microbes, pathogen-associated molecular pattern (PAMPs), bacterial toxins, 
and “danger signals” by NLRP3   

 Elicitor  References 

 Microbial motifs 
 MurNAc- L -Ala- D -isoGln (muramyldipeptide)  [ 221 ] 
 Bacterial RNA  [ 26 ] 
 Imidazoquinoline compounds (R837, R848)  [ 26 ] 

 Live bacteria 
  Staphylococcus aureus   [ 27 ] 
  Listeria monocytogenes   [ 27 ] 
  Shigella fl exneri   [ 222 ] 

 Virus 
 Sendai virus  [ 223 ] 
 Infl uenza virus  [ 223 ,  224 ] 
 Adenovirus  [ 225 ] 

 Microbial toxins 
 Aerolysin ( A. hydrophila )  [ 226 ] 
 Maitotoxin ( Marine dinofl agellates )  [ 27 ] 
 Nigericin ( Streptomyces hygroscopicus )  [ 27 ] 
 Listeriolysin O ( L. monocytogenes )  [ 226 ] 

 Danger-associated host components 
 ATP, NAD+ (P2RX7  )  [ 27 ,  28 ] 
 Mitochondrial membrane potential and generation of ROS  [ 47 ,  48 ] 
 Crystalline or aggregated substances (asbestos, silica, uric acid (MSU), etc.)  [ 37 ] 
 Necrotic cell components  [ 227 ] 
 Low intracellular potassium  [ 228 ] 
 Cell volume change  [ 56 ] 
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indicator of membrane integrity, due to its high cellular and low extracellular levels. 
NLRP3 infl ammasomes are activated by disruption of cell membrane integrity, but 
extracellular potassium as low as 20 mM is suffi cient to block NLRP3 infl amma-
some formation [ 54 ]. NLRP3 infl ammasome activity is thus likely regulated at least 
in part by potassium effl ux during loss of membrane integrity, but many stimuli 
markedly induce infl ammasome activity without signifi cantly destabilizing the cell 
membrane. Infl ammasome responses to several such stimuli, including PAMPs, 
DAMPs, and crystals, can be markedly attenuated by the potassium channel inhibi-
tor glibenclamide [ 55 ], however, suggesting that potassium channels mediate many 
of these responses by increasing intracellular potassium effl ux. 

 Changes in cell volume in response to low environmental osmolarity can also 
regulate NLRP3 infl ammasome activation [ 56 ], at least in part by decreasing intra-
cellular potassium concentrations. However, low intracellular potassium is required 
but not suffi cient to induce NLRP3 infl ammasome activation during cell swelling. 
Cell swelling was also found to alter transient receptor potential (TRP) channel 
activity to regulate an intracellular calcium increase that was found to stimulate 
transforming growth factor β-activated kinase 1 (TAK1) to activate the NLRP3 
infl ammasome.  

2.3.3     Phagocytosis and Lysosomal Damage 

 Phagocytosis of crystalline or particulate structures, such as MSU, silica, asbestos, 
amyloid-β, and alum, can lead to the release of proteolytic lysosomal contents into 
the cytosol, resulting in NLRP3 infl ammasome activation [ 42 ,  57 ]. Leakage of the 
lysosomal cysteine protease cathepsin B into the cytoplasm has been proposed to 
result in the cleavage of a putative factor regulating NLRP3 complex activity, since 
specifi c inhibition or genetic ablation of cathepsin B activity impairs infl ammasome 
activation induced by phagocytosis of various particulates [ 42 ,  58 ,  59 ]. However, 
either cathepsin B or cathepsin L defi ciency attenuated NLRP3 infl ammasome acti-
vation in one of these studies, and repression was less pronounced at higher doses 
[ 58 ], implying functional redundancy or alternative protease activities. Further, not 
all studies found cathepsin B defi ciency attenuated NLRP3 infl ammasome  activation 
by crystalline agonists [ 60 ].  

2.3.4     The NLRP3 Infl ammasome is Negatively Regulated 
by IFNγ and T Cell Responses 

 Emerging evidence indicates that cytokine signaling events can inhibit infl amma-
some activation and IL-1β production [ 15 ]. For example, IFNγ transiently inhibits 
LPS-stimulated IL-1β production in mouse macrophages and dendritic cells, although 
not in human cells [ 61 ], but is limited by LPS-induced SOCS1 expression, a negative 
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regulator of the IFNγ signaling cascade. Endogenous IFNγ production in 
 M .  tuberculosis - infected  mice also selectively inhibits IL-1α and IL-1β production by 
monocyte-macrophages and DCs [ 15 ]. IFNγ is a signature cytokine of CD4+ Th1 and 
CD8+ T cells [ 62 ,  63 ], suggesting that T cell IFNγ secretion during adaptive immune 
responses may act to attenuate infl ammasome responses. Similarly, both effector and 
memory T cells can directly attenuate NLRP3 and NLRP1 infl ammasome activity in 
macrophages and DCs through a cell-to-cell contact-dependent mechanism appar-
ently mediated by TNF superfamily ligand-receptor interactions [ 16 ].   

2.4     NLRP3 Infl ammasome Is a Metabolic Regulator 

 Excess weight gain is associated with the dysregulation of multiple metabolic fac-
tors that increase infl ammasome activation. 

2.4.1     Fatty Acids 

 Elevated plasma free fatty acids (FFA) are strongly associated with insulin resis-
tance and type 2 diabetes [ 64 ]. Saturated FFAs can activate toll-like receptor 4 
(TLR4) signaling to induce proinfl ammatory responses in adipocytes, macrophages, 
and pancreatic β-cells to increase insulin resistance in target tissues and reduce 
 pancreatic β-cell function [ 65 ,  66 ]. TLR4-NFκB pathway signaling induces tran-
scription of multiple proinfl ammatory factors, including IL-1β [ 67 ]. Recent work 
indicates that the saturated FFA palmitate can induce NLRP3-infl ammasome activ-
ity by suppressing AMP-activated protein kinase activity, resulting in decreased 
autophagy, accumulation of damaged mitochondria, and increased production of 
mitochondrial-derived ROS [ 68 ]. Thus high FFA levels can provide both the tran-
scription and infl ammasome activation signals required for IL-1β production. 

 Cellular palmitate uptake also induces ceramide accumulation, which can func-
tion as a second messenger in several key signaling pathways [ 69 ]. Plasma cerami-
des are increased in obese patients with type 2 diabetes and positively correlate with 
insulin resistance, implying a potential role for ceramide in obesity- induced insulin 
resistance [ 70 ]. Ceramide has been shown to potently activate NLRP3 infl amma-
somes in isolated macrophages and adipose tissue explants [ 71 ], suggesting a new 
mechanism for ceramide-mediated insulin resistance in target tissues.  

2.4.2     Hyperglycemia 

 Hyperglycemia induces IL-1β production in multiple cell types, including endo-
thelial cells, monocytes, and pancreatic islet β-cells [ 72 – 74 ], and has been shown 
to activate the PKCα-NFκB signaling pathway to stimulate IL-1β gene 
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transcription [ 75 ]. More recent work suggests that TXNIP plays an important role in 
 hyperglycemia- induced pancreatic β-cells IL-1β secretion by directly interacting with 
the NLRP3-infl ammasome in a ROS-dependent manner [ 50 ]. TXNIP  expression is 
consistently higher in β-cells of subjects with type 2 diabetes [ 76 ], and its expression is 
robustly induced in response to high glucose [ 77 ]. Similar results are found in human 
adipocytes, where high glucose markedly induces TXNIP expression, caspase-1 acti-
vation, and IL-1β secretion [ 78 ], and TXNIP knockdown reduces hyperglycemia-
induced IL-1β production, albeit primarily through IL-1β transcription [ 78 ]. Thus, both 
FFA and hyperglycemia appear to act through the NF-κB signaling pathway to stimu-
late IL-1β gene transcription, but use alternate mechanisms to provide the second sig-
nal required for infl ammasome activation, IL-1β processing, and release.  

2.4.3     Uric Acid and MSU Crystals 

 Multiple studies have indicated that uric acid or MSU crystals can stimulate infl am-
masome activity. For example, mice intraperitoneally injected with MSU crystals 
demonstrate NLRP3 infl ammasome activation and develop IL-1β-dependent perito-
nitis [ 79 ]. MSU crystals are frequently found in patients with gout, but uric acid has 
also been implicated in infl ammasome activation in other acute and chronic proin-
fl ammatory disease conditions. For example, during bleomycin-induced acute lung 
injury leading to pulmonary infl ammation and fi brosis, uric acid released from 
injured cells can activate the NLRP3 infl ammasome to induce IL-1β production 
[ 80 ]. Both adipose tissue uric acid levels [ 81 ] and infl ammasome activity [ 82 ] are 
elevated in obesity, suggesting that uric acid may also promote NLRP3 infl amma-
some activation and IL-1β production in adipocytes, although there is no direct 
evidence for such a mechanism. Similarly, since plasma uric acid concentrations 
were one of the original diagnostic criteria for metabolic syndrome, it is tempting to 
speculate on the role of uric acid on systemic complications of obesity. Several 
recent studies have indicated that elevated plasma uric acid confers increased risk 
for multiple disease states associated with metabolic syndrome, including obesity, 
insulin resistance, hypertension, and cardiovascular disease [ 83 ].  

2.4.4     Cholesterol 

 Plasma cholesterol levels are strongly linked to atherosclerosis, and cholesterol 
crystals are a recognized hallmark of advanced atherosclerotic lesions [ 84 ]. 
Cholesterol crystals can induce robust, dose-responsive, and caspase-1-dependent 
macrophage IL-1β secretion by inducing lysosomal damage [ 58 ]. Bone marrow 
NLRP3, ASC, or IL-1α/β defi ciency markedly decreases atherosclerosis and 
infl ammasome- dependent IL-18 levels, suggesting that NLRP3 infl ammasomes 
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play major roles in atherosclerosis [ 58 ]. Recently, autophagosomes were identifi ed 
in atherosclerotic plaques, but autophagy was found to be defective [ 85 ]. Complete 
defi ciency of autophagy in the apolipoprotein E-defi cient mouse led to accelerated 
atherosclerosis with increased IL-1β levels and ASC protein bodies indicative of 
infl ammasome complex formation and activation. These results are consistent with 
observations suggesting that lysosomal cholesterol crystals alter autophagic pro-
cesses [ 58 ,  86 ]. These changes, in addition to increased vascular ROS, contributed 
to infl ammasome activation.  

2.4.5     Amyloid 

 Islet amyloid polypeptide (IAPP), which is co-secreted with insulin, can form amy-
loid deposits in the pancreas during type 2 diabetes. IAPP aggregates have cytotoxic 
properties that are believed to play a key role in β-cell loss and type 2 diabetes pro-
gression [ 87 ]. Recent work now indicates that IAPP crystals can trigger pancreatic 
NLRP3 infl ammasome activation and IL-1β secretion [ 51 ].   

2.5     Obesity and the NLRP3 Infl ammasome 

 Chronic infl ammation and recruitment of macrophages has been recognized as a 
hallmark of obesity for decades. Recent work indicates that innate and adaptive 
immune processes in adipose tissue play central roles in the development of obesity- 
induced infl ammatory responses and indicates potential roles for NLRP3 infl amma-
some activity in these processes. 

2.5.1     Chronic Infl ammation in Adipose Tissue 

 Adipose tissue is an important endocrine organ, which can undergo marked changes 
in both its cellular composition and secretory profi le during the onset of obesity. 
Caloric excess alters adipocyte function and dramatically increases the relative abun-
dance and proinfl ammatory phenotype of adipose-resident immune cells, resulting in 
increased serum levels of proinfl ammatory adipokines [ 88 ,  89 ], while reductions in fat 
mass strongly correlate with serum adipokine decreases [ 90 ], suggesting that adipose 
tissue plays a central role in the systemic proinfl ammatory milieu of obesity. 
Adipocytes are important endocrine cells in this process, and adipocyte secretion of 
proinfl ammatory or pathogenic adipokines, such as TNFα, leptin, plasminogen activa-
tor inhibitor-1, monocyte chemotactic protein-1, IL-6, resistin, angiotensinogen, and 
IL-1β, markedly increases with obesity [ 88 ,  89 ]. Obesity also increases the relative 
adipose abundance of proinfl ammatory CD4 T cells (Th1) and CD8 T cells, resulting 
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in increased adipose expression of IFNγ [ 91 ,  92 ]. The polarization of adipose tissue 
macrophages (ATMs) from an anti- infl ammatory (M2) to a proinfl ammatory (M1) 
phenotype likely results from this increase in adipose IFNγ [ 93 ]. However, other 
immune cells, including B cells [ 94 ], mast cells [ 95 ], eosinophils [ 96 ], and neutrophils 
[ 97 ], have also been reported to regulate obesity-induced infl ammation. The trigger 
signals for immune cell accumulation and polarization are unclear, although adipocyte 
death, hypoxia, and adipokines secreted in response to metabolic overload may all 
direct infl ammatory cells to adipose tissue [ 98 ]. 

 NLRP3 infl ammasome components are highly expressed in ATMs, whose abun-
dance can dramatically increase with the onset of obesity and contribute to the met-
abolic dysregulation and insulin resistance that give rise to obesity-associated 
complications. IL-1β directly inhibits adipocyte insulin signaling by decreasing 
insulin receptor substrate-1 [ 99 ], and both IL-1β and IL-18 can induce adipose- 
resident Th1 and CD8+ T cells [ 71 ,  100 ] to further increase adipose tissue infl am-
mation. NLRP3 infl ammasome activation in preadipocytes inhibits adipocyte 
differentiation and fat accumulation by reducing preadipocyte expression of PPARγ, 
a key regulator of adipogenesis, while caspase-1-defi cient adipocytes are more met-
abolically active, suggesting that obesity-induced changes in NLRP3 infl amma-
some activity can negatively impact adipocyte function [ 82 ]. High-fat diet (HFD)-fed 
IL-1R knockout mice have less adipose infl ammation and better insulin sensitivity 
than wild-type control mice [ 101 ]. Similarly, HFD-fed Nlrp3 −/− , Asc −/− , and Casp1 −/−  
mice demonstrate decreased weight gain and body fat, reduced infl ammation, and 
improved insulin sensitivity [ 71 ,  82 ,  102 ], although both IL-1R and IL-18 defi cien-
cies were subsequently found to induce hyperphagia resulting in delayed-onset obe-
sity and insulin resistance in chow-fed mice [ 103 – 105 ].  

2.5.2     NLRP3 Infl ammasome Expression and Activity 
in Obese Mice 

 Several studies have investigated IL-1β/IL-18 production and infl ammasome activa-
tion in mouse models of diet-induced obesity. Visceral adipose IL-1β and Nlrp3 
mRNA expression is reported to positively correlate with body weight and adiposity 
in mice fed with standard chow diet and to markedly decrease upon caloric restric-
tion [ 71 ], while adipose tissue IL-1β protein is increased in obese db/db and HFD- 
fed C57BL/6 mice relative to their lean controls [ 71 ,  82 ]. Similar to IL-1β, adipose 
tissue and circulating IL-18 protein levels are increased in HFD-fed or genetically 
obese mice [ 71 ,  82 ,  106 ], despite no IL-18 mRNA differences, suggestive of 
increased adipose infl ammasome activity. Caspase-1 mRNA and activity are 
increased in multiple tissues of HFD-fed and genetically obese mice [ 71 ,  82 ]. 
NLRP3 ablation attenuates obesity-induced caspase-1 activity in adipose tissue 
and liver, but not kidney [ 71 ], implying that kidney caspase-1 activation is either 
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NLRP3 independent or complemented by another infl ammasome. NLRP3 
 infl ammasome- dependent IL-1β secretion by the pancreas also increases during obe-
sity and likely mediates chronic obesity-induced pancreatic damage [ 107 ].  

2.5.3     NLRP3 Infl ammasome Expression and Activity 
in Obese Patients 

 Circulating IL-1β concentrations are low in healthy human subjects. Elevated circu-
lating IL-1β levels have been reported in some studies of obese patients [ 108 ,  109 ], 
but it is questionable whether these concentrations, typically <100 pg/mL, can 
induce biologically meaningful systemic effects. IL-1β protein concentrations in 
metabolic tissues, such as adipose tissue and liver, however, are clearly increased in 
obese human subjects, at levels likely to produce pathological effects, and weight 
loss reduces adipose and liver IL-1β mRNA expression [ 71 ,  110 ]. IL-1β secretion 
from human omental fat explants is correlated with the donor’s body mass index 
[ 111 ], while LPS-stimulated IL-1β production from primary monocytes of obese 
alcoholics is correlated with body mass index, percent body fat, abdominal circum-
ference, and total histologic score [ 112 ]. Similar to IL-1β, circulating IL-18 concen-
trations are higher in overweight subjects [ 113 ] and are decreased by weight loss 
[ 114 ]. However, unlike IL-1β, weight loss signifi cantly decreases IL-18 mRNA 
expression in liver, but not in adipose tissue [ 110 ]. 

 Few studies have investigated NLRP3 infl ammasome genes in obese human sub-
jects. In one study, adipose tissue caspase-1 mRNA expression increased in obese 
subjects, while NLRP3, IL-1β, and IL-18 mRNA expressions were not signifi cantly 
different in normal-weight and obese subjects [ 115 ]. Results from weight loss stud-
ies are contradictory, with weight loss reducing NLRP3 expression in one study 
[ 71 ] but having no effect in another [ 110 ], although gender, ethnicity, and adiposity 
differences between these cohorts may explain this discrepancy. 

 No comparable data is available for the effect of weight gain and loss on caspase-
 1 activity in human adipose tissue. However, a recent analysis of paired subcutane-
ous and visceral adipose tissue biopsies from ten overweight subjects found that 
IL-1β and IL-18 production as well as caspase-1 activity was dramatically higher in 
visceral than subcutaneous adipose tissue [ 100 ]. Interestingly, caspase-1 activity 
levels were positively correlated with CD8+ T cell numbers present in both tissues. 
These fi ndings are consistent with well-established results that visceral adipose tis-
sue is more infl ammatory than subcutaneous adipose tissue, and suggest a possible 
role for caspase-1 activity in the infi ltration of CD8+ T cells into human adipose 
tissue. Further, our recent microarray analysis and RT-PCR analyses of high-purity 
human and mouse adipocyte fractions from subcutaneous and visceral adipose tis-
sue indicate that the expression of NLR pathway genes, including NLRP3 and ASC, 
is signifi cantly upregulated during obesity (unpublished data), suggesting that obe-
sity may induce adipocyte infl ammasome activity.  
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2.5.4     Mechanisms of NLRP3 Infl ammasome Activation 
in Adipose Tissue 

 Adipose tissue TLR4 signaling plays an important role in obesity-associated insulin 
resistance [ 66 ]. In obesity, increased FFA levels stimulate adipose tissue TLR4 sig-
naling by increasing adipose expression of fetuin A, an endogenous TLR4 ligand 
[ 116 ]. Since the proinfl ammatory TLR4-NFκB signaling cascade regulates both 
NRLP3 and IL-1β transcription, increased TLR4 signaling may provide the priming 
signal for the increased NLRP3 infl ammasome activity observed in obesity. 
However, while TLR4 signaling may prime the system, it is unclear what triggers 
NLRP3 infl ammasome activation during obesity. Extracellular ATP can active the 
NLRP3 infl ammasome via a P2X purinoceptor 7 (P2RX7)-dependent mechanism 
[ 117 ], but infl ammasome activation and adipose and metabolic phenotypes are sim-
ilar in HFD-fed P2RX7-defi cient and wild-type mice [ 118 ], excluding it from a role 
in this process. Obesity-associated metabolic danger signals, such as elevated FFA 
and ceramide, hyperglycemia, and mitochondrial dysfunction, may trigger NLRP3 
infl ammasome activation, as discussed above. Due to the central role adipose 
infl ammation plays in obesity-related complications, identifi cation of the responsi-
ble signal(s) regulating adipose tissue infl ammasome activity is an important chal-
lenge for future investigation.   

2.6     The NLRP3 Infl ammasome in Metabolic Diseases 
Associated with Obesity 

 The prevalence of obesity has led to the increased incidence of obesity-associated 
metabolic diseases and become a serious threat to public health in the developed 
world. Overweight and obesity are associated with increased risk of atherosclerosis, 
type 2 diabetes, nonalcoholic fatty liver disease (NAFLD), neurodegenerative dis-
ease, and cancer [ 119 ]. Chronic infl ammation, a key feature of obesity, plays an 
important role in the development of many metabolic diseases. As discussed above, 
the NLRP3 infl ammasome has been recognized to mediate infl ammatory reactions 
to several metabolic danger signals that are increased in obesity, implying that these 
stimuli induce NLRP3-driven infl ammation to produce tissue injury in obesity. 
Indeed, the major effectors of infl ammasome activation, IL-1β and IL-18, have been 
linked to infl ammatory responses in various metabolic diseases [ 9 ,  120 ]. However, 
new research has just begun to explain the specifi c stimuli and molecular mecha-
nisms acting on the NLRP3 infl ammasome for individual metabolic diseases. 

2.6.1     Type 1 and Type 2 Diabetes 

 Diabetes is characterized by uncontrolled blood glucose elevations resulting from 
inadequate insulin production due to pancreatic β-cell loss (type 1 diabetes) or 
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insulin resistance in skeletal muscle and other metabolic tissues associated that is 
with a slower decline in pancreatic β-cell function (type 2 diabetes). Mounting evi-
dence now indicates that infl ammasome activity plays critical roles in the dysregu-
lation of both insulin production and insulin signaling. 

 IL-1β production by both pancreatic β-cells and infi ltrating immune cells is 
known to regulate β-cell viability and insulin secretion. IL-1β treatment of both 
rodent and human pancreatic islets potently inhibits pancreatic β-cell-specifi c tran-
scription factors and insulin secretion [ 121 ], while IL-1β secretion from invading 
immune cells induces pancreatic β-cell death during the development of autoim-
mune type 1 diabetes [ 122 ], partially through increased β-cell iNOS expression and 
NO production [ 123 ,  124 ]. Chronic hyperglycemia can also stimulate pancreatic 
β-cells to produce IL-1β, further impairing their viability and insulin secretion [ 73 ], 
through ROS-mediated activation of the NLRP3 infl ammasome [ 50 ]. Finally, dur-
ing type 2 diabetes high insulin secretion can result in the formation of cytotoxic 
IAPP aggregates that induce NLRP3 infl ammasome activation and IL-1β secretion 
to stimulate β-cell apoptosis [ 51 ].  

2.6.2     Metabolic Liver Disease 

 NAFLD is strongly associated with abdominal adiposity, and proinfl ammatory liver 
gene expression increases with adiposity [ 125 ]. NAFLD affects more than one-third 
of the Western world population, but only about 25 % of cases develop nonalcoholic 
steatohepatitis (NASH), which is characterized by chronic infl ammation. NASH is 
a major cause of cirrhosis and liver transplantation, but the mechanism(s) underly-
ing NAFLD progression to NASH remains elusive. Liver expression of NLRP3 
infl ammasome genes, caspase-1 activity, and mature IL-1β is, however, dramati-
cally increased in mouse models of NASH [ 126 ]. NAFLD, the precursor to NASH, 
is also characterized by a marked increase in hepatocyte lipid accumulation (steato-
sis), which is attenuated by genetic ablation of NLRP3 infl ammasome components 
[ 71 ,  82 ]. Saturated fatty acid accumulation in NAFLD may play an important role 
in hepatic infl ammation, since the saturated fatty acid palmitate can induce infl am-
masome activation in cultured hepatocytes [ 126 ]. Hepatic infl ammasome activation 
appears to require TLR2 signaling, which is induced by saturated fatty acids, since 
hepatic caspase-1 activation and serum IL-1β levels are suppressed in TLR2 −/−  mice 
fed with a NASH-inducing choline-defi cient diet [ 127 ]. Finally, a gene regulating 
the elongation of C12- to C16-length saturated and monounsaturated fatty acids, 
Elovl6, has also been reported to regulate NASH development, hepatic NLRP3 
infl ammasome activation, and IL-1β release [ 128 ]. Taken together these results sug-
gest that fatty acid accumulation directly or indirectly stimulates NLRP3 infl amma-
some activity. Genetic or pharmaceutical blockade of IL-1R signaling also attenuates 
NASH progression in mice [ 129 ,  130 ]. However, NAFLD/NASH phenotypes in 
these studies could result from non-hepatic infl ammasome effects on insulin resis-
tance and infl ammation. Liver-specifi c NLRP3 infl ammasome knockouts are 
required to address this argument.  
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2.6.3     Atherosclerosis 

 Chronic infl ammation is a well-known contributor to atherosclerosis. Macrophage 
phagocytosis of modifi ed low-density lipoprotein cholesterol present in the vascula-
ture results in the accumulation of cholesterol-laden foam cells, increased oxidative 
stress, and vascular infl ammation, which can ultimately lead to plaque destabiliza-
tion and thrombosis. Moreover, IL-1β has been shown to participate in both the 
development and destabilization of atherosclerotic lesions. For example, genetic 
ablation of IL-1β or the IL-1 receptor in apolipoprotein E-defi cient (Apoe −/− ) mice, 
a standard mouse model of atherosclerosis, signifi cantly decreased atherosclerosis 
development [ 131 ,  132 ], as did treatment with an IL-1 receptor antagonist [ 133 , 
 134 ]. Results from low-density lipoprotein receptor-defi cient (Ldlr −/− ) mice fed with 
a high-cholesterol diet also indicated that macrophage-derived NLRP3 and IL-1 
were essential for cholesterol-driven atherosclerosis, since these mice revealed sig-
nifi cantly less atherosclerosis after receiving bone marrow transplants from NLRP3- 
or IL-1α/IL-1β-defi cient mice [ 58 ]. Surprisingly, however, NLRP3 infl ammasome 
activity was not required for normal atherosclerosis progression in Apoe −/−  mice, 
since mice defi cient in NLRP3, ASC, or caspase-1 expression revealed no decrease 
in atherosclerosis [ 135 ]. 

 It is not clear why these results differ from those of Apoe −/−  mice lacking IL-1β 
or IL-1 receptor expression or Ldlr −/−  mice with NLRP3- or IL-1α/IL-1β-defi cient 
bone marrow. One possible explanation, however, may be that Apoe −/−  mice, unlike 
Ldlr −/−  mice fed with a high-cholesterol diet, represent a nonobese mouse model of 
atherosclerosis and may therefore lack a metabolic stimulus found in obese mice. 
Furthermore, while this data indicates that infl ammasome activity can play an 
important role in the pathogenesis of atherosclerosis, the agents that trigger NLRP3 
infl ammasome activation remain unclear. Duewell et al. have reported that choles-
terol crystals, detected in early atherosclerotic lesions, induce NLRP3 infl ammasome- 
dependent IL-1β production in murine macrophages [ 58 ], with similar results 
observed for human macrophages [ 86 ]. However, several other factors associated 
with increased atherosclerotic risk or the atherosclerotic microenvironment (hyper-
glycemia, ROS, uric acid) may also impact infl ammasome activation.  

2.6.4     Gout 

 Gout is the accumulation of MSU crystals in the joints, often leading to an infl am-
matory arthritis associated with elevated plasma uric acid. MSU crystals have long 
been identifi ed as the causative agent of gout [ 136 ], but only recently has progress 
been made regarding the mechanism underlying their recognition as a proinfl amma-
tory danger signal. MSU crystals induce the production of infl ammatory cytokines 
from monocytes and macrophages, particularly IL-1β [ 137 – 139 ], but do not induce 
IL-1β production in macrophages with ablations of various NRLP3 infl ammasome 
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components [ 79 ], indicating that infl ammasome activity plays an essential role in 
MSU recognition. Elevated plasma uric acid was proposed as one of the original 
criteria for diagnosis of obesity-associated metabolic syndrome [ 140 ], and obese 
patients are more than twice as likely to develop gout [ 141 ] and develop it about 11 
years earlier than their normal-weight counterparts [ 142 ].  

2.6.5     Alzheimer’s Disease 

 Cerebral accumulation of amyloid-β plaques is one of the main pathologic features 
of Alzheimer’s disease (AD), the most common form of dementia, and this is 
believed to be a critical stimulus for many proinfl ammatory components of AD that 
induce neuronal death and memory loss. Although the role of IL-1β in the patho-
genesis of AD is controversial, numerous studies suggest that IL-1β can induce 
neuronal death and recruit infl ammatory cells into the central nervous system [ 143 ]. 
Amyloid fi brils have been reported to trigger IL-1β release from microglia and 
monocytes [ 144 ,  145 ], suggesting a potential role for infl ammasome activity in AD 
pathology. In keeping with this hypothesis, microglial NLRP3 infl ammasome activ-
ity and IL-1β secretion are activated by phagocytosis of amyloid-β protein [ 57 ], 
while microglia with genetic ablation of caspase-1 or infl ammasome components 
revealed lack of attenuated or defective infl ammatory responses to amyloid-β expo-
sure. Taken together, this data suggests that the infl ammasome may represent a 
novel therapeutic target for the treatment of AD. Small molecule caspase-1 inhibi-
tors such as those currently in clinical trials (see below) appear to be the best candi-
dates for AD therapeutics, due to the diffi culty expected in delivering recombinant 
protein therapeutics across the blood–brain barrier.   

2.7     Cancer, Obesity and Infl ammation 

 Mounting evidence suggests that infl ammation promotes cancer development. 
Infl ammatory responses are associated with 15–20 % of all cancer deaths world-
wide, and infl ammatory cells and factors are present in the microenvironment of 
most tumors, where they are often associated with metastasis and poor prognosis 
[ 146 ]. Proinfl ammatory cytokines, including IL-1β, IL-6, and TNFα, implicated to 
link infl ammation and increased cancer risk, are expressed by adipose tissue and 
demonstrate increased systemic expression in overweight and obese human subjects 
[ 90 ]. Body fat is convincingly associated with colorectal, kidney, esophageal, pan-
creatic, endometrial, and postmenopausal breast cancer, and a recent meta-analysis 
of prospective cancer studies has expanded this list to include thyroid cancer, leuke-
mia, multiple myeloma, and non-Hodgkin lymphoma in both men and women and 
increased risk of malignant melanoma in men [ 147 ]. Body weight is also associated 
with increased cancer mortality, since a prospective analysis of more than 900,000 
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US adults proposed that overweight and obesity may account for 14 % and 20 % of 
cancer deaths in men and women ≥50 years of age, respectively [ 148 ]. Based on the 
growing worldwide obesity epidemic, weight gain may represent the largest avoid-
able cause of cancer in nonsmokers. 

2.7.1     Cell Death and Infl ammasome Activity 

 An important hallmark of cancer is the ability of cancer cells to escape immunosur-
veillance [ 149 ]. Cancer cells are often resistant to various types of programmed cell 
death including apoptosis, programmed necrosis, and mitotic catastrophe [ 150 ]. 
Similarly infl ammasome-mediated cell death, or pyroptosis, also appears to be 
involved in oncogenesis, since dysregulation of pyroptosis is tightly associated with 
tumor progression [ 151 ,  152 ]. Pyroptosis is stimulated by caspase-1 activity and 
plays key roles in anti-pathogen infl ammatory responses, since bacterially infected 
macrophages and dendritic cells are usually eliminated through pyroptosis [ 152 ]. 
Caspase-1 activity can be activated by several mechanisms during pyroptosis. First, 
caspase-1 activity can be induced by classical infl ammasomes, which usually con-
tain NLRP3 or the cytoplasmic DNA sensor protein AIM2 [ 153 ]. Second, ASC can 
be recruited to a single subcellular location and aggregate into a polymer called an 
“ASC focus,” “ASC speck,” or “pyroptosome” that can then recruit and activate 
caspase-1 [ 154 – 156 ]. Finally, the NLRC4 infl ammasome can also activate caspase-
 1 via a nonclassical, ASC-independent mechanism [ 157 ]. 

 In pyroptosis, activated caspase-1 catalyzes the proteolytic activation of caspase-
 7, but not caspase-3, caspase-8, or caspase-9, to initiate programmed cell death 
[ 158 ]. However, while pyroptosis shares certain features with classical programmed 
cell death mediated via apoptosis, recent studies have identifi ed characteristics that 
distinguish pyroptosis from apoptosis. First, apoptotic and pyroptotic cells demon-
strate distinct DNA damage patterns. Both apoptotic and pyroptotic DNA damage 
can be detected by TUNEL staining [ 159 ,  160 ], but pyroptotic cells have a distinct 
nuclear morphology and usually lack the DNA laddering pattern characteristic of 
apoptotic DNA damage [ 159 ,  161 ]. Second, these processes have differential effects 
on cell membrane composition and integrity. For example, apoptosis triggers phos-
phatidylserine translocation from the inner to the outer plasma membrane, resulting 
in a cell surface annexin V-staining pattern. By contrast, during pyroptosis the for-
mation of plasma membrane pores allows annexin V to enter the cell to produce an 
inner cell membrane staining pattern [ 162 – 164 ]. Finally, apoptotic and pyroptotic 
cell debris demonstrate different fates. During apoptosis, dying cells are cleaved 
into spherical membrane-bound structures known as apoptotic bodies that are ulti-
mately cleared by phagocytosis [ 165 ], while the cytosolic contents of pyroptotic 
cells are released into extracellular space [ 159 ]. 

 Similar to apoptosis, pyroptosis is thought to contribute to cell-autonomous 
tumor suppression. In support of this hypothesis, caspase-1 is downregulated in 
most human prostrate cancers, and caspase-1 overexpression in cultured prostate 
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cancer cells enhances their sensitivity to radiation-induced killing [ 166 ]. One study 
has also reported that NLRP3-defi cient mice are more susceptible to colitis- 
associated colon cancer [ 167 ], while another has reported that NLRC4-defi cient 
mice, but not NLRP3-defi cient mice, have more tumor load than wild-type mice 
after exposure to azoxymethane-dextran sulfate sodium (AOM-DSS) [ 168 ]. Thus, 
while the function of specifi c infl ammasomes in tumor suppression remains a mat-
ter of debate, these results appear to support the hypothesis that pyroptosis plays an 
important regulatory role in cancer development.  

2.7.2     The Infl ammasomes and Carcinogenesis 

 Chronic infl ammation is often linked with increased cancer risk, and proinfl amma-
tory cytokines, such as IL-1β, TNF-α, and IL-6, are frequently associated with 
tumor progression [ 169 ]. However, the effect of infl ammasomes on specifi c proin-
fl ammatory processes associated with increased cancer risk, such as colitis and 
colitis-associated cancer, remains controversial. For example, capase-1 or NLRP3 
defi ciency is reported to reduce colitis severity in DSS-treated mice [ 170 ,  171 ]. 
Consistent with these results, high levels of IL-1 in the tumor microenvironment 
usually correlate with a poor prognosis [ 172 ]. However, other authors have reported 
that mice with NLRP3, ASC, caspase-1, NLRP6, or NLRP12 defi ciencies are more 
susceptible to DSS-induced colitis and death [ 167 ,  173 – 177 ]. In one case, an IL-18 
defi cit following AOM-DSS-induced intestinal damage in caspase-1 and ASC- 
defi cient mice caused a systemic spread of commensal bacteria due to the inability 
of these mice to repair the mucosal barrier [ 174 ]. Colitis-associated cancer has also 
been reported to be signifi cantly increased upon genetic deletion of components of 
the NLRP3 infl ammasome (ASC, NLRP3, or caspase-1) [ 167 ,  168 ,  177 ]. These 
contradictory observations for NLRP3 infl ammasome effects on AOM-DSS-
induced colitis may be due to animal facility-dependent differences in gut micro-
fl ora [ 178 ]. 

 Despite contradictory reports on infl ammasome effects on colitis, in vivo experi-
ments suggest that IL-1β and IL-18 play important roles in promoting gastric, 
hepatic, and breast cancer progression [ 179 – 181 ]. Further, gastric-specifi c IL-1β 
expression in transgenic mice induces gastric tumorigenesis [ 182 ], while IL-1β-
defi cient mice have reduced and retarded subcutaneous tumor development in 
response to transdermal 3-methylcholanthrene [ 183 ], suggesting that local IL-1β-
induced infl ammation is strongly associated with carcinogenesis. 

 Based on this link, approaches that inhibit NLRP3, caspase-1, IL-1β, and IL-18 
have been used to develop novel therapies to that have been assessed in a variety of 
experimental cancer systems. Small compounds targeting infl ammasomes or 
NLRP3 have not been successful due to off-target effects [ 184 – 187 ]. However, 
reagents targeting IL-1β and IL-18, including monoclonal antibodies and recombi-
nant derivatives [ 188 ,  189 ], have been more successful. For example, in patients 
with smoldering or indolent multiple myeloma, treatment with anakinra, a 
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recombinant non-glycosylated form of the human IL-1 receptor antagonist (IL-1ra), 
was found to decrease myeloma proliferation rates and high-sensitivity C-reactive 
protein (hsCRP) levels, leading to a chronic disease state with improved progression- 
free survival [ 190 ]. IL-1 inhibitors have also been shown to reduce the side effects 
of anticancer therapy [ 191 ,  192 ]. Based on the ability of IL-1R antagonism to reduce 
tumor burden and metastasis and the relatively low risk of in vivo IL-1 inhibition, 
future preclinical and clinical trials are needed to examine the effect of IL-1 inhibi-
tion on cancer outcomes [ 193 ].  

2.7.3     Infl ammasome-Dependent Anticancer Responses 

 While the infl ammasome has often been linked to innate immunity, chronic infl am-
mation, and carcinogenesis, mounting evidence suggests that the infl ammasome is 
also involved in anticancer responses. Infl ammasomes are hypothesized to inhibit 
tumor progression through several mechanisms, including (1) triggering innate 
immune reactions against potentially carcinogenic microbiota; (2) inducing the 
pyroptotic demise of premalignant, infected cells; and (3) facilitating antitumor 
adaptive immune responses [ 11 ]. 

 IL-1β plays an essential role in stimulating adaptive immune responses and facil-
itating anticancer immunosurveillance [ 194 ]. Anticancer chemotherapies primarily 
eliminate tumors by inducing immunogenic cell death [ 195 ]. The immunogenic 
signals secreted by dying tumor cells not only attract innate immune effector cells 
into the tumor bed but also stimulate P2RX7 receptor-mediated activation of the 
NLRP3 infl ammasome to produce IL-1β [ 196 ]. IL-1β, in conjunction with IL-23, 
then induces IL-17 secretion by γδ T cells [ 197 ,  198 ] and the polarization of CD8+ 
αβ T cell responses toward increased IFN-γ secretion [ 199 ]. Mice lacking P2RX7, 
NLRP3, ASC, caspase-1, or IL-1R1 do not respond to chemotherapies that elicit 
immunogenic cell death signals in wild-type mice [ 196 ]. Similarly, blockade of 
IL-1β signaling signifi cantly impairs the growth-inhibitory effects of tumor chemo-
therapies in a variety of mouse models [ 197 ,  200 ]. Finally, P2RX7-mediated activa-
tion of the NLRP3 infl ammasome is also required for the effi cacy of anticancer 
therapies in patients [ 196 ,  201 – 203 ]. Taken together, these results indicate that 
infl ammasome activity contributes to antitumor adaptive immune responses induced 
during chemotherapy. The study of the precise molecular mechanisms through 
which infl ammasomes modulate anticancer immune responses may therefore yield 
insight into better anticancer therapeutics.   

2.8     Pharmaceutical Interventions Targeting the Infl ammasome 

 Several treatments designed to attenuate complications of metabolic disorders have 
now been developed using approaches that target NLRP3 infl ammasome activity. 
Most of these strategies have focused on the development of therapeutic agents to 
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attenuate IL-1β activity, although other agents that directly target infl ammasome 
function and caspase-1 activity are also under development and may provide alter-
native therapeutic approaches with distinct advantages and disadvantages. One 
major concern of all these approaches, however, is the potential for reduced tissue 
repair and immune surveillance, as a result of excessive suppression of NLRP3 
infl ammasome responses. 

2.8.1     Therapeutics Targeting IL-1β Activity 

 IL-1β can reduce tissue insulin sensitivity and inhibit insulin production by pancre-
atic β-cell [ 204 ,  205 ], while antagonism of IL-1β signaling, by receptor blockade or 
cytokine neutralization approaches, has been shown to ameliorate several proin-
fl ammatory conditions, including type 2 diabetes. For example, short-term treat-
ment of a small cohort of type 2 diabetic patients with anakinra, a recombinant 
non-glycosylated form of the human IL-1 receptor antagonist (IL-1ra) that is FDA 
approved for treatment of rheumatoid arthritis, was found to signifi cantly improve 
glycemia and β-cell function, while decreasing the plasma level of two surrogate 
markers of systemic infl ammation, hsCRP and IL-6 [ 206 ]. These effects occurred 
within 4 weeks of treatment and were sustained at 13 weeks of treatment. However, 
no signifi cant improvements were observed in insulin sensitivity, insulin-regulated 
skeletal muscle gene expression, or serum adipokine levels, indicating anakinra 
treatment effects were due primarily to improvements in β-cell function rather than 
enhanced glucose disposal. Similar results were found in a second study performed 
with a cohort of insulin-resistant but nondiabetic obese human subjects, where 
anakinra also failed to improve insulin sensitivity [ 207 ]. Anakinra-mediated IL-1β 
antagonism does not, therefore, appear to signifi cantly impact skeletal muscle insu-
lin sensitivity, although the reason for this failure is unclear. Adverse events associ-
ated with anakinra usage in these studies were relatively mild, primarily consisting 
of transient injection-site reactions that most likely result from the solution used to 
dissolve the recombinant protein, although this is aggravated by a need for daily 
subcutaneous injections due to the short half-life (<1 h) of anakinra [ 208 ]. 

 IL-1 neutralizing agents provide an alternate means to attenuate the deleterious 
effects of infl ammasome activation. Rilonacept, a recombinant therapeutic agent 
used to neutralize free IL-1α and IL-1β, has been shown to signifi cantly reduce pain 
scores and plasma hsCRP levels in a small study of ten patients with chronic gouty 
arthritis, refractive to standard treatment approaches, and to prevent acute gout 
fl ares during the initiation of urate-lowering therapy [ 209 ,  210 ]. Rilonacept, how-
ever, attenuates both IL-1α and IL-1β activity and thus cannot differentiate between 
infl ammasome-mediated IL-1β effects and those of IL-1α. More recent approaches 
to specifi cally inhibit IL-1β bioactivity in the treatment of human infl ammatory 
disorders have resulted in the production of new agents such as canakinumab, a 
fully human monoclonal antibody that neutralizes IL-1β bioactivity. Canakinumab 
can be administered intravenously or subcutaneously and is FDA approved for the 
treatment of cryopyrin-associated periodic syndromes (CAPS), including familial 

2 Infl ammasomes and Obesity



46

cold auto-infl ammatory syndrome and Muckle-Wells syndrome [ 211 ], which are 
associated with mutations in NLRP3 [ 13 ]. Canakinumab is also now being used in 
clinical trials for the treatment of a number of infl ammation-related disorders such 
as type 2 diabetes and its derived complications and chronic obstructive pulmonary 
disease, with the CANTOS trial (cardiovascular risk reduction in type 2 diabetes) 
representing the largest trial of any anti-cytokine drug to date [ 212 ]. 

 In addition to these three FDA-approved drugs, a number of agents targeting the 
IL-1 pathway are under preclinical or clinical development. The majority of these 
agents are neutralizing antibodies, such as gevokizumab (XOMA-052) and 
LY2189102, that reduce IL-1β bioavailability [ 212 ], although IL-1 receptor block-
ing antibodies, such as MEDI-8968 and AMG-108 (aka MEDI-78998), are also 
under study as novel therapeutics for treatment of chronic infl ammatory diseases. 
XOMA-052 has been granted orphan drug status by the FDA for the treatment of 
Behçet’s disease, a rare condition where chronic immune-mediated vascular infl am-
mation can result in severe neurological, pulmonary, gastrointestinal, and cardio-
vascular complications [ 213 ]. XOMA-052, LY2189102, MEDI-8968, and 
AMG-108 are all now under investigation in phase II clinical trials: XOMA-052 and 
LY2189102 for the treatment of type 2 diabetes, MDI-8968 for the treatment of 
chronic obstructive pulmonary disease [ 212 ], and AMG-108 for the treatment of 
rheumatoid arthritis. Both MEDI-8968 and AMG-108 are fully human monoclonal 
antibodies that selectively bind IL-1R to inhibit the binding and subsequent signal-
ing of both IL-1α and IL-1β, resulting in inhibition that is not restricted to 
infl ammasome- mediated IL-1β responses. However, a clinical trial of AMG-108 
effects on patients with rheumatoid arthritis or osteoarthritis of the knee found mod-
erate disease improvement coupled with an excellent safety profi le [ 214 ,  215 ], sug-
gesting that an “off-target” suppression of IL-1α may not produce severe side 
effects. Finally, induction of endogenous antibodies by therapeutic vaccines has 
proven to be a safe and effective means of attenuating other disease conditions 
[ 216 ]. Recently, this approach has also been extended to cytokine-induced disease 
conditions, and a vaccine targeting IL-1β (CYT-013) is currently in phase I clinical 
trial in patients with type 2 diabetes [ 212 ].  

2.8.2     Therapeutic Approaches Acting on the Infl ammasome 
or Caspase-1 

 Infl ammasomes play important roles in immune surveillance and tissue repair. 
Thus, approaches designed to directly target pathological infl ammasome activity 
need to maintain a careful balance between attenuating deleterious infl ammatory 
activity and maintaining necessary host defense and tissue repair responses. 
Relatively little is known about the exact mechanisms that regulate infl ammasome 
assembly and caspase-1 activation, however, and these may differ according to the 
stimulus and NLR subtype of the infl ammasome complex. Caspase-1 blockade thus 
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appears to be a far more attractive target for treatment of infl ammasome-related 
disorders due to the greater knowledge base available for caspase-1 inhibition. 

 Two small molecule caspase-1 inhibitors, VX-765 and VX-740 (pralnacasan), 
have been tested in clinical trials for the treatment of chronic plaque psoriasis, rheu-
matoid arthritis, and psoriasis [ 217 ]. VX-765 has also been tested on six patients 
with Muckle-Wells syndrome, resulting from mutations in NLRP3, where it was 
found to signifi cantly reduce infl ammatory markers, recurrent fevers, and arthritis 
[ 212 ]. The rheumatoid arthritis clinical trial using VX-740 was discontinued, how-
ever, due to liver abnormalities in animal toxicology studies [ 217 ]. No caspase-1 
inhibitors are currently approved for clinical use, but other approved drugs with 
known anti-infl ammatory activity may function in part by attenuating infl amma-
some complex activity. For example, treatment with glyburide, a sulfonylurea drug 
frequently used for the treatment of type 2 diabetes [ 51 ,  55 ], has been shown to 
attenuate infl ammation under diabetic conditions by blocking IAPP-stimulated 
NLRP3 infl ammasome activation and IL-1β secretion [ 51 ]. Glyburide has also been 
shown to prevent NLRP3 infl ammasome activation in response to  pathogen- associated 
and DAMP signals and biological crystals [ 55 ]. Glyburide inhibits ATP- sensitive 
potassium channels (K 

ATP
 ) in pancreatic β-cells to induce insulin secretion, but 

NLRP3 activation and glyburide-mediated inhibition were preserved in  macrophages 
lacking K 

ATP
  subunits and ATP-binding cassette transporter proteins, indicating that 

glyburide does not inhibit NLRP3 infl ammasome activity through attenuating 
 potassium effl ux. Moreover, glyburide had no effect on NLRP3 ATPase activity, 
strongly suggesting that glyburide acts upstream of the NLRP3 infl ammasome [ 55 ].  

2.8.3     Other Therapeutic Targets to Attenuate 
Infl ammasome Activity 

 Improved knowledge of the signaling networks involved in infl ammasome activa-
tion has led to the discovery and testing of new therapeutic targets, such as the P2X 
purinoceptor 7 (P2RX7), an ATP receptor that regulates potassium effl ux to induce 
infl ammasome-mediated caspase-1 activation [ 117 ]. However, while several studies 
have now been performed with P2RX7 antagonists, none have shown signifi cant 
action to reduce infl ammation. AZD9056, an oral P2RX7 antagonist, has been eval-
uated in a phase IIa and subsequent phase IIb clinical trial for treatment of rheuma-
toid arthritis, but failed to demonstrate any signifi cant effi cacy [ 218 ]. The P2RX7 
antagonist CE-224,535 also failed to reveal effi cacy in patients with active rheuma-
toid arthritis and an inadequate response to methotrexate [ 219 ]. Finally, the P2RX7 
modulator GSK1482160 was also recently investigated for single-dose safety, toler-
ability, pharmacokinetics, and pharmacodynamics, in healthy human subjects, but 
simulations lead to the conclusion that it was not possible to achieve the desired 
level of pharmacology, resulting in the termination of GSK1482160 development 
for chronic infl ammatory pain [ 220 ].   
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2.9     Summary 

 Increasing evidence indicates multiple metabolic and cellular factors  contribute to 
NLRP3 infl ammasome activation, which plays a key role in adipose tissue infl amma-
tion and resultant obesity-associated tissue injury and metabolic derangement. These 
observations have widespread implications for a variety of diseases that are increased 
in obesity including diabetes, atherosclerosis, NASH, Alzheimer’s disease, and 
 cancer. Better understanding of the roles of NLRP3, IL-1β and IL-18 in mediating 
specifi c tissue injuries coupled with new therapeutics that target infl ammasome activ-
ity may permit the development of novel and more precise interventions to prevent or 
treat these important disease conditions. Therapeutic control of the infl ammasome is 
in our grasp.     
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