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Abstract  

Inflammasomes are intracellular complexes involved in the innate immunity that convert proIL-1β 

and proIL-18 to mature forms and initiate pyroptosis via cleaving procaspase-1. The most well-

known inflammasome is NLRP3. Several studies have indicated a decisive and important role of 

NLRP3 inflammasome, IL-1β, IL-18, and pyroptosis in atherosclerosis. Modern hypotheses 

introduce atherosclerosis as an inflammatory/lipid-based disease and NLRP3 inflammasome has 

been considered as a link between lipid metabolism and inflammation because crystalline 

cholesterol and oxidized low-density lipoprotein (oxLDL) (two abundant components in 

atherosclerotic plaques) activate NLRP3 inflammasome. In addition, oxidative stress, mitochondrial 

dysfunction, endoplasmic reticulum (ER) stress, and lysosome rupture, which are implicated in 

inflammasome activation, have been discussed as important events in atherosclerosis. In spite of 

these clues, some studies have reported that NLRP3 inflammasome has no significant effect in 

atherogenesis. Our review reveals that some molecules such as JNK-1 and ASK-1 (upstream 

regulators of inflammasome activation) can reduce atherosclerosis through inducing apoptosis in 

macrophages. Notably, NLRP3 inflammasome can also cause apoptosis in macrophages, suggesting 

that NLRP3 inflammasome may mediate JNK-induced apoptosis, and the apoptotic function of 

NLRP3 inflammasome may be a reason for the conflicting results reported. The present review 

shows that the role of NLRP3 in atherogenesis can be significant. Here, the molecular pathways of 

NLRP3 inflammasome activation and the implications of this activation in atherosclerosis are 

explained. This article is protected by copyright. All rights reserved 
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Introduction  

Inflammation is a defense response aiming at eliminating the primary causes of cell damage. 

Although inflammation helps cleaning up infections and other toxic stimuli, inflammatory reactions 

can cause significant damages in such a way that inflammation is regarded as an underlying cause 

of some human diseases, especially diseases with a high rate of morbidly and mortality such as 

atherosclerosis. Atherosclerosis is a fundamental cause of cardiovascular diseases, accounting for 

about 50% of deaths worldwide. Atherosclerosis was conventionally believed to be caused by 

impaired lipid metabolism manifested mainly as increased levels of plasma low-density lipoprotein 

cholesterol (LDL-cholesterol) levels (Anderson et al., 1977; Brown and Goldstein, 1974; Brown 

and Goldstein, 1986; Brown et al., 1980). However, inflammation has also emerged as a causal 

factor in forming atherosclerotic plaques and, according to the newest hypotheses, inflammatory 

processes and lipid metabolism jointly contribute to the formation of atherosclerotic plaques in the 

arterial wall (Hansson and Hermansson, 2011; Libby and Hansson, 2015). Retention of atherogenic 

lipoproteins within the subendothelial space – which is due to the interaction of positively charged 

amino acids in apoB100 protein with negatively charged proteoglycans – plays a key role in 

triggering early steps of atherosclerosis (Gustafsson and Boren, 2004; Tabas et al., 2007).  

(Gustafsson and Boren, 2004).  

Inflammasomes are components of the innate immune system and a considerable number of studies 

have reported an association of inflammasome with the development of several diseases such as 

atherosclerosis (Guo et al., 2015). Inflammasomes are multi-protein complexes in the cytoplasm 

that intensifyinflammation in response to a wide range of danger signals including pathogen-

associated molecular patterns (PAMPs) and danger-associated molecular patterns (DAMPs) 

(Bakker et al., 2014; Martinon et al., 2004; O'Connor et al., 2003; Petrilli and Martinon, 2007; Yin 

et al., 2013). NLRP3 inflammasome, the most well-known inflammasome, is essential for 

atherogenesis and its silence causes the stabilization of atherosclerotic plaque (Zheng et al., 2014). 
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Cholesterol crystals and oxidized LDL (oxLDL), which are considerably present in atherosclerotic 

plaques, can activate inflammasomes. Consequently, inflammasomes induce inflammation by 

activating caspase-1 and subsequent maturation of inflammatory cytokines such as interleukin-1 

beta (IL-1β) and interleukin-18 (IL-18), and initiating a type of inflammatory cell death called 

pyroptosis (Guo et al., 2015). However, some types of inflammasomes such as NLRP3 and AIM2 

also activate caspase-8 and participate in apoptosis induction. The intensity of stimuli determines 

whether apoptosis or pyroptosis occurs (Sagulenko et al., 2013). Since inflammasomes serve as a 

link between inflammation and lipid metabolism, studying their role in atherosclerosis appears to be 

important. 

Inflammasome has been shown to be up-regulated in the aortas of patients at a high risk of 

atherosclerosis such as diabetics, smokers, hypercholesterolemic subjects‎, and hypertensive subjects 

(Zheng et al., 2013). Almost all inflammasome activation mechanisms have been recognized as 

atherogenic mechanisms, even several years before the discovery of inflammasomes. These 

mechanisms are reactive oxygen species (ROS) overproduction, mitochondrial dysfunction 

(Ballinger et al., 2000; Victor et al., 2009), lysosome rupture (Yuan et al., 2000), and endoplasmic 

reticulum (ER) stress (Chistiakov et al., 2014; Outinen et al., 1999). In addition, a wide range of 

inflammasome activators are implicated in atherosclerosis (Table 1). 

In the following parts, we explain inflammasome structure, mechanisms of NLRP3 inflammasome 

activation, and the role of NLRP3 inflammasome in atherosclerosis. 

  

Inflammasome structure 

In 2002, inflammasome was introduced as an activator complex of caspase-1 which causes the 

maturation of proIL-1β. It was already clear that IL-1β is activated by caspase-1, but it was 

unknown how caspase-1 was activated. A landmark study revealed that formation of inflammasome 

complex is the activator of caspase-1 (Martinon et al., 2002). Thus far, two types of inflammasomes 
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have been recognized: Nod-like receptor (NLR) inflammasomes, and Pyrin and HIN domain-

containing protein (PYHIN) inflammasomes. 

 

NLR inflammasomes 

NLRs are a group of intracellular receptors of the immune system and a subset of them including 

NLRP1, NLRP2, NLRP3, NLRC4, NLRP6, NLRP7, NLRP12 act as components of inflammasome 

complexes with the sensory role. NLR proteins, except NLRP1 and NLRC4, are comprised of three 

domains: leucine-rich repeat (LRR), nucleotide-binding domain (NBD), and pyrin domain (PYD). 

NLRC4 consists of LRR, NBD and CARD, and NLRP1 has additional PYD and function-to-find 

domain (FIIND) domains (Finger et al., 2012; Harijith et al., 2014; Latz et al., 2013) (Fig 1, A-E).  

LRR and NBD domains, found in all types of NLRs, act as ligand-recognition domain and self-

oligomerization domain, respectively.  

Apoptosis-associated speck-like protein containing a C-terminal caspase recruitment domain (ASC) 

and procaspase-1 are other components of NLR inflammasomes (Stutz et al., 2009) (Figure 1). 

Sometimes, caspase-5 or caspase-8 also participates in forming inflammasome complex (Martinon 

et al., 2002; Sagulenko et al., 2013). 

ASC contains PYD and caspase recruitment domain (CARD) and procaspase-1 contains CARD and 

caspase-1 domains. NLRs (except NLRC4 which has no PYD domain) bind to ASC through PYD-

PYD interactions and, consequently, ASC binds to procaspase-1 (Sagulenko et al., 2013; Stutz et 

al., 2009) (Fig 1. A, E). NLRP1 and NLRC4 bind to procaspase-1 directly because of the interaction 

of positively charged amino acids in apoB100 protein with negatively charged proteoglycans via 

their CARD domains (Fig 1. B, D). However, it has been observed that NLRP1 and NLRC4 

inflammasome complexes containing ASC have a higher capacity to produce IL-1β (Latz et al., 

2013). Nevertheless, since NLRC4 lacks PYD domain, it is not exactly clear how ASC binds to 

NLRC4 and forms inflammasome complex. The attachment of NLRC4 to ASC through CARD 

domains has been observed in the mammalian two-hybrid analysis (Geddes et al., 2001). Therefore, 
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it is possible that another ASC mediates the attachment of procaspase-1 to other complex 

components (Fig 1. C). 

 

PYHIN inflammasomes 

In this type of inflammasome complexes, PYHIN acts as a sensory part and can interact with viral 

or bacterial dsDNA. 

Absent in melanoma 2 (AIM2) and interferon, gamma-inducible protein 16 (IFI16) are two subsets 

of PYHIN family forming inflammasome complexes.  

 AIM2 has pyrin domain and DNA binding HIN domain. IFI16 in addition to these domains, has an 

extra HIN domain. In this type of inflammasomes, AIM2 or IFI16 attach to ASC through pyrin - 

pyrin interaction and ASC binds to the procaspase-(Bawadekar et al., 2015; Hornung et al., 2009; 

Kerur et al., 2011) (Figure 1. F, G). 

  

NLRP3 inflammasome activation 

It has been showed that two signals are required for NLRP3 inflammasome activation: i) the first 

signal is NLRP3 up-regulation through the NF-κB activation (mainly considered a toll-like 

receptor-dependent pathway (TLR)) or BRCC3 activation (Abais et al., 2015). , ii) the second signal 

is NLRP3 activation and ASC phosphorylation, which lead to the formation of NLRP3 

inflammasome complex (Figure 2). In addition,  many mechanisms have been recognized for the 

inflammasome activation such as K
+
 efflux, ROS overproduction, ER stress, mitochondrial 

dysfunction, Ca
2+

 signaling, and lysosome rupture. These mechanisms could provide the second 

signal; however, as seen in the figure, these mechanisms also activate NF-κB (either directly or 

indirectly through ROS production) or participate in NLRP3 deubiquitination. Therefore, it seems 

that these mechanisms could have a role in providing the first signal. These mechanisms are also 

overlapped. TXNIP, NEK7, ox-mtDNA, PKR, and CB (cathepsin B) are downstream molecules of 

the second signal mechanisms. The second signal could activate JNK and SYK, which 
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phosphorylate ASC and cause ASC speck formation. A notable point in the figure is the 

involvement of ROS in the first signal and in the upstream or downstream of all of the second 

signal mechanisms. All of the molecules in this picture except NEK7 have roles in atherosclerosis 

(Table 1) suggesting that the mechanism of the NLRP3 inflammasome activation and 

atherosclerosis share many similarities. In addition, positive feedback cycles are also notable in 

these pathways.  

 

 

 

 1) Signaling pathways affected by NLRP3  

Several studies have indicated that some signaling pathways could be affected by NLRP3. NLRP3 

regulation could occur at different levels: transcriptional, translational, and post-translational levels. 

In the below sections, we summarize a variety of signaling pathways and molecules that could be 

regulated by NLRP3.  

 

1-1) NLRP3 and NF-κB 

Among various types of molecules and signaling pathways that are affected by NLRP3 is nuclear 

factor kappa-light-chain-enhancer of activated B cells (NF-κB). NF-κB is a nuclear transcription 

factor and is activated by various factors such as ROS, TNF-α, IL-1β, and LPS (Chandel et al., 

2000; Luo et al., 2014). NF-κB up-regulation is observed in many inflammatory diseases and, 

seemingly, it is not easy to consider NF-κB activation as a protective or destructive event in 

inflammatory diseases.  

It has been observed that NF-κB causes up-regulation of IL-1β and NLRP3 in a TLR-dependent 

pathway (Abais et al., 2015). One of the important components in TLR signaling pathway is protein 

kinase R (PKR). Lack of PKR in mice impaired the responsiveness to a variety of TLR ligands 

(Garcia et al., 2006). PKR also plays a role in NF-κB activation (Balachandran et al., 1998). 
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Therefore, it is probable that at least a part of the TLR pathway in NF-κB activation is mediated 

through PKR. PKR is also activated by ROS (Li et al., 2010) (Figure 2). ROS can play a role in 

activating NLRP3 inflammasome through NF-κB activation (Luo et al., 2014). ER stress can also 

activate NF-κB (Tam et al., 2012) (Figs. 2 and 3). Several studies have suggested a decisive effect 

of ROS and ER stress as the second signal of inflammasome activation (Abais et al., 2015; Latz et 

al., 2013). More research on the role of ROS and ER stress in providing the first signal (NLRP3 and 

IL-1β up-regulation) is required. Additionally, viral double-strand RNA (dsRNA) can also activate 

NF-κB and NLRP3 via polymerizing mitochondrial antiviral-signaling protein (MAVS) in the 

mitochondrial membrane (van Kempen et al., 2015). Finally, NLRP3 could affect NF-κB and 

underlying signaling pathways which lead to the progression of atherosclerosis.  

 

1-2) NLRP3 and microRNA 

MicroRNAs down-regulate the expression of genes at the translational level (Ambros, 2004; Bartel, 

2004; Bartel, 2009; Fabian et al., 2010; Fathullahzadeh et al., 2016; Mirzaei et al., 2017b; Mirzaei 

et al., 2016a; Mirzaei et al., 2016b; Mirzaei et al., 2016c; Mohammadi et al., 2016; Rashidi et al., 

2016; Reza Mirzaei et al., 2016; Saadatpour et al., 2016; Salarinia et al., 2016; Simonian et al., 

2017). MicroRNAs can degrade mRNA in cooperation with a protein complex called RNA-induced 

silencing complex (RISC) (Gholamin et al., 2017; Ha and Kim, 2014; Mirzaei et al., 2017a; Mirzaei 

et al., 2017b; Moridikia et al., 2017; Rashidi et al., 2017). MicroRNA-223 is one of the microRNAs 

which degrades NLRP3 mRNA leading to a reduced amount of NLRP3. MicroRNA-223 

antagonists increase the amount of NLRP3 (Bauernfeind et al., 2012). MicroRNA-223 has also been 

shown to act as an important regulator of cholesterol (Vickers et al., 2014). Since microRNA-223 

acts as a regulator of inflammasome activity and cholesterol metabolism, it is important to study its 

alterations in inflammatory/lipid-based diseases such as atherosclerosis.  
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Few studies have assessed the effect of NLRP3 inflammasomes on the expression of microRNAs 

and have shown that inflammasomes could affect the expression profile of a variety of microRNAs. 

Hence, it seems that additional studies in this area are required.  

 

1-3) NLRP3 up-regulation at the post-translational level 

Deubiquitination/ubiquitination of proteins is a mechanism which can change the level of proteins 

within a few minutes. Ubiquitination causes protein degradation in the cellular proteasome whereas 

deubiquitination leads to the increased level of protein.  Findings in mice and human macrophages 

suggest the presence of a basal level of ubiquitinated NLRP3. NLRP3 deubiquitination is required 

for increasing the available amount of NLRP3 (Juliana et al., 2012). TLR and ROS signaling can 

also increase the levels of NLRP3 through its deubiquitination. This deubiquitination is also 

potentiated by extracellular ATP (Juliana et al., 2012). It has been observed that BRCA1/BRCA2-

Containing Complex Subunit 3 (BRCC3) is an enzyme which deubiquitinates the LRR domain of 

NLRP3 and this deubiquitination is necessary for NLRP3 activation (Py et al., 2013) (Figure 2). 

 

2) NLRP3 oligomerization and inflammasome complex formation 

NLRP3 is considered as the sensor of inflammasome complex. Various components such as 

Thioredoxin Interacting Protein (TXNIP) (Zhou et al., 2010), NIMA-related kinase 7 (NEK7) (He 

et al., 2016), oxidized mitochondrial DNA (ox-mtDNA) (Shimada et al., 2012), PKR (Lu et al., 

2012), and cathepsin B can bind to NLRP3. These components are provided through different 

mechanisms including K
+
 efflux, ROS generation, calcium signaling, ER stress, mitochondrial 

dysfunction, and lysosome rupture (Figure 2). 

When NLRP3 it activated, it interacts with ASC. ASC, in the form of speck-like cytoplasmic 

aggregation in cooperation with NLRP3, causes procaspase-1 to be cleaved, resulting in caspase-1 

activation (Compan et al., 2015; Neumann and Ruland, 2013).  
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ASC phosphorylation is also required for the formation of speck. Spleen tyrosine kinase (SYK) and 

c-Jun N-terminal kinase (JNK) are two kinases which phosphorylate ASC. Inhibition of SYK or 

JNK interferes with the ASC speck formation but has no effect on binding of ASC to NLRP3 (Hara 

et al., 2013). ASC speck formation is required for inflammasome activation and the necessity of 

ASC phosphorylation for forming ASC speck suggests that the mechanisms proposed for the 

formation of inflammasome complex (K
+
 efflux, ROS formation, Ca

2+
 signaling, ER stress, 

mitochondrial dysfunction, and lysosome rupture) should lead not only to NLRP3 activation but 

also to ASC phosphorylation. These mechanisms are overlapping (Figure 2) and we explain them as 

four mechanisms: 1- K
+
 efflux, 2- ROS formation, 3- ER stress-induced mitochondrial 

dysfunction- Ca
2+

 signaling, and 4- lysosome rupture. 

 

K
+
 efflux 

K
+
 efflux is one of the mechanisms for inflammasome activation. K

+
 efflux is induced by many 

stimuli and is a common, necessary, and even sufficient signal for NLRP3 activation (Munoz-

Planillo et al., 2013). ATP is an inflammasome activator (Mariathasan et al., 2006) and is able to 

induce K
+
 efflux. ATP is a P2X7 agonist and binds to the P2X7 receptor (P2X7R) and activates it 

(Surprenant et al., 1996). Activated P2X7R causes K
+
 efflux by creating some channels in the cell 

membrane (Pelegrin and Surprenant, 2006); the low level of intracellular K
+
 induces NLRP3 

inflammasome activation (Petrilli et al., 2007). P2X7R also phosphorylates and activates PKR 

(Peng et al., 2015) which is involved in the activation of NLRP1, NLRP3, NLRC4 and AIM2 

inflammasomes by physical interaction with them (Lu et al., 2012). 

NEK7, a member of the mammalian NIMA-related kinases family (NEK proteins), is a downstream 

protein of K
+
 efflux signaling. NEK7 binds to the LRR domain of NLRP3, leading to the activation 

and oligomerization of NLRP3 (He et al., 2016). 
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PKR also plays a role in the activation of JNK (Zhang et al., 2009), a kinase required for ASC 

phosphorylation. SYK activation is also observed downstream of the K
+
 efflux (Yaron et al., 2016). 

 

ROS 

ROS is among the most important factors affecting NLRP3 inflammasome activation. There are 

several sources for ROS production such as cyclooxygenase (COX), lipoxygenase (LPO), NADPH 

oxidase, mitochondrial dysfunction, and ER stress. Most of them participate in activating 

inflammasome or producing IL-1β (Figs. 2 and 3, table 1). 

An in vivo study has shown that TXNIP is essential for NLRP3 inflammasome activation (Zhou et 

al., 2010). TXNIP is activated under the influence of ROS and induces ROS production. TXNIP is a 

protein linking the oxidative stress and the inflammasome activation (Harijith et al., 2014; Lane et 

al., 2013; Zhou et al., 2010). ROS production has been reported to be significantly decreased in 

TXNIP-deficient mice (Shah et al., 2013). It has also been shown that TXNIP reduction impairs 

NLRP3 inflammasome activation and reduces IL-1β production (Zhou et al., 2010). 

TXNIP inhibits the redox activity of thioredoxin (TRX). Under the influence of ROS, TXNIP is 

translocated from the nucleus and binds to TRX1 in the cytosol and TRX2 in the mitochondria, 

leading to increased ROS generation (Harijith et al., 2014). TXNIP-TRX separation in a ROS-

dependent pathway has also been reported (World et al., 2011). When TRX is oxidized, TXNIP is 

separated from TRX. Free TXNIP interacts physically with the LRR domain of NLRP3 (Zhou et al., 

2010). It has been observed that inflammasome activators such as uric acid crystal induce the 

separation of TXNIP from TRX in a ROS-sensitive pathway (Zhou et al., 2010). Therefore, two 

groups of studies have mentioned the attachment and separation of TXNIP to/from TRX in a ROS-

dependent pathway. It seems that this contradiction may be explained as follow: 

Under the influence of ROS, TXNIP comes out of the nucleus, and inhibits the activity of TRX 

viabinding to it, results in increased level of ROS. Increased amount of ROS can oxidize TRX1. 
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TRX in the oxidized form is not able to bind to TXNIP and is separated from it. Now, free TXNIP 

can bind to NLRP3 leading to NLRP3 activation (Zhou et al., 2010) . 

In unstressed cells, TRX is bound with apoptosis signal-regulating kinase (ASK) to block the ASC 

function. In stress conditions, oxidized TRX can also detach from ASK leading to ASK activation. 

Then activated ASK can stimulate JNK, a kinase that participates in forming ASC speck 

(Matsuzawa and Ichijo, 2008; Son et al., 2011) (Figure 2). In addition, TXNIP-TRX2 interaction 

increases the level of ROS in mitochondria (Harijith et al., 2014). Mitochondrial ROS activates 

NEK7, which is an inflammasome activator (He et al., 2016). Increased ROS also causes mtDNA to 

be oxidized (Ballinger et al., 2000). Observations suggest that NLRP3 can be activated by the entry 

of ox-mtDNA to the cytosol and binding to NLRP3 (Shimada et al., 2012). Therefore, TXNIP 

activates NLRP3 not only directly through binding to NLRP3, but also indirectly through producing 

ROS that leads to mtDNA oxidation and NEK7 activation (Figure 2).  

PKR is another molecules activated by ROS (Li et al., 2010) and influences the activity of NLRP3. 

The role of PKR as the activator of NF-κB, JNK, and NLRP3 were mentioned earlier. Despite these 

observations, Yim et al. showed that PKR inhibits the activity of inflammasome through its kinase 

activity (Yim et al., 2016). More studies are needed to clarify the effects of PKR on inflammasome 

activity.  

Mechanisms such as K
+
 efflux (Tschopp and Schroder, 2010), ER stress (Malhotra and Kaufman, 

2007), mitochondrial dysfunction, lysosome rupture, and cathepsin B (Freeman et al., 2013) also 

cause ROS production (Figure 2). It has been observed that many factors that are known as 

inflammasome activators are able to produce ROS. For example, a number of studies have reported 

the importance of NADPH oxidase-derived ROS in the activation of NLRP3 in response to ATP, 

asbestos, and silica (Cruz et al., 2007; Dostert et al., 2008; Hewinson et al., 2008). These findings 

indicate the importance of further investigations on ROS as an important mechanism for NLRP3 

inflammasome activation. However, inflammasome activation in a ROS-independent pathway has 
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also been reported. It has been observed that ROS production is not necessary for NLRP3 activation 

(van de Veerdonk et al., 2010). 

Macrophages in which NADPH oxidase enzymes are genetically impaired have been shown to have 

normal level of NLRP3 inflammasome activity (van Bruggen et al., 2010). In addition, increased 

amounts of ROS result in the inhibition of caspase-1 via reversible oxidation and glutathionylation 

of the redox-sensitive cysteine residue Cys397 in SOD1-deficient macrophages (Meissner et al., 

2008). Therefore, it seems that different concentrations of ROS have contrasting effects on 

inflammasome activation and this may explain the conflicting results reported. 

 

ER stress, mitochondrial dysfunction, and Ca
2+

 signaling 

ER controls synthesis, changing, and folding of the secretory proteins. When protein synthesis 

exceeds the ER folding capacity, misfolded and unfolded proteins accumulate in the ER lumen. 

This accumulation leads to a condition known as ER stress. Various physiological and pathological 

factors can result in ER stress by disrupting ER homeostasis. ER stress has a role in the 

pathogenesis of many inflammatory diseases. When ER stress occurs, a compensatory system called 

unfolded protein response (UPR) is activated trying to turn the ER stress condition to the normal 

state. Nevertheless, in extreme or prolonged ER stress, the UPR system will impel the cell to death.  

Inositol-requiring enzyme 1α (IRE1α), activating transcription factor 6 (ATF6) and protein kinase 

R-like endoplasmic reticulum kinase (PERK) are three ER stress transmembrane sensors which 

trigger UPR response in the presence of misfolded and unfolded proteins. In normal conditions, 

Binding immunoglobulin Protein (BiP, an ER chaperone, binds to the luminal domain of these three 

proteins, but during ER stress state, BiP is dissociated from the aforementioned proteins  and 

attaches to the misfolded proteins. BiP separation from sensory proteins will activate these three 

sensor proteins.  

ER stress activates the inflammasome (Mekahli et al., 2011; Ron and Walter, 2007; Schroder and 

Kaufman, 2005), although the exact molecular pathway of it has not been well understood. Studies 
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have suggested that inflammasome activation occurs in a UPR-independent pathway (Menu et al., 

2012); however, UPR sensor molecules such as IRE1α, ATF6 and PERK are involved in NF-κB 

activation and ROS production (Wang and Kaufman, 2014). Since NF-κB and ROS participate in 

the upregulation of NLRP3 and activation of the inflammasome, respectively, it seems that UPR 

may be able to activate inflammasome. This reveals the necessity for further studies on UPR 

response as an inflammasome activator. 

PERK, IRE1α also increase the levels of TXNIP which is an NLRP3 activator. TXNIP reduction is 

observed in PERK knockdown mouse embryonic fibroblasts under the ER stress conditions 

(Oslowski et al., 2012). IRE1α, having kinase and endonuclease (RNAase) activities, degrades the 

microRNA-17 through its RNAase activity. MicroRNA-17 decreases the mRNA level of TXNIP. 

Therefore,  IRE1α increases the level of TXNIP by reducing microRNA17 (Hassler et al., 2012). 

IRE1α also activates JNK, which is involved in the formation of ASC speck (Urano et al., 2000) 

(Fig 3). 

ER also serves as a storage for Ca
2+

 and can regulate the cytosolic Ca
2+

 levels. When ER Ca
2+

 

level decreases, ER Ca
2+

-dependent chaperone are deactivated, resulting in the accumulation of 

misfolded proteins in ER (Oslowski and Urano, 2011). There is an interaction between Ca
2+

 level 

and ER stress, in such a way that IP3R, which regulates the Ca
2+

 to flow out of the ER, serves as 

the fourth sensor of ER stress. At unstressed cell state, an appropriate and necessary amount of 

Ca
2+

 leaves ER through IP3R. In the initial and adaptive phase of ER stress, the efflux of Ca
2+

 is 

reduced by IP3R. However, in the prolonged ER stress which is beyond the adjustable level, IP3R 

pushes the cell toward apoptosis by increasing the outflow of Ca
2+

 from the ER (Mekahli et al., 

2011). Increased level of cytosolic Ca
2+

 enters the mitochondria and causes ROS production. It 

mentioned that mitochondrial ROS causes mtDNA to be oxidized that leads to the inflammasome 

activation. 



This article is protected by copyright. All rights reserved 

Ca
2+

 also activates JNK, a necessary kinase for ASC speck formation, by activating tat-associated 

kinase (TAK1)-JNK pathway (Okada et al., 2014). Increased extracellular Ca
2+

 can also cause the 

activation of the inflammasome (Rossol et al., 2012) (Figure 3). The increased concentration of 

extracellular Ca
2+

 at the site of infection (Kaslick et al., 1970) and chronic inflammation (Korff et 

al., 2006; Tzimas et al., 2004) is observed. Necrotic cells seem to be a resource for the increased 

extracellular Ca
2+

 (Rossol et al., 2012). The increased extracellular Ca
2+

 activates NLRP3 

inflammasome through G protein-coupled calcium-sensing receptor in a inositol (1,4,5)-

trisphosphate (PI3) / Ca
2+

 pathway. PI3 binds to IP3R leading to the Ca
2+

 to flow out the ER 

through IP3R (Lee et al., 2012; Rossol et al., 2012). G protein-coupled receptor (GPCR) signaling 

pathway also can reduce cyclic AMP (cAMP), which inhibits the activity of NLRP3 by binding to 

it. Hence, GPCR can activate NLRP3 by lowering the level of cAMP (Lee et al., 2012). 

Increased amount of extracellular Ca2+ in the site of infection or inflammation causes Ca2+ to be  

released from ER in a G protein coupled receptor (GPCR) signaling pathway. Ca2+ enters the 

mitochondria and increses ROS. Subsequently, ROS oxidize mtDNA leading to NLRP3 activation.   

Reduced Ca2+of ER also causes ER stress followed by UPR response. IRE1α, ATF6, and PERK are 

three UPR sensor and cause NFkB, JNK, and TXNIP activation which all participate in 

inflammasome activation. G protein (GP), phospholipase C (PLC), 4,5-bisphosphate (PIP2), 

diacylglycerol ( DAG), inositol triphosphate (IP3), protein kinase C (PKC) 

Lysosome rupture:  

Lysosome rupture is another mechanism for NLRP3 inflammasome activation (Figure 2). During 

lysosome rupture, cathepsin B is released from the lysosome (Rajamaki et al., 2010). A recent study 

showed that cathepsin B binds to the LRR domain of NLRP3 and activates NLRP3 (Bruchard et al., 

2013). Cathepsin B is also involved in the activation of mitogen-activated protein kinases 

(MAPKs), one of which is JNK (Figure 2). Inhibition of cathepsin B or cysteine proteases impairs 

the activation of MAPKs (Okada et al., 2014). 
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Cholesterol crystals (Rajamaki et al., 2010) and ROS (Zdolsek et al., 1993) lead to lysosome 

rupture (Figure 2). The effects of cholesterol crystals in activating inflammasomes have led to an 

increasing number of studies on The joint inflammatory/lipid-based nature of atherosclerosis. 

Cluster of differentiation 36 (CD36) can also be considered as a link between lipid metabolism and 

inflammasome activation (Figure 2). CD36, a scavenger receptor on the cell surface, is involved in 

oxLDL internalization and its transformation into cholesterol crystals (Oury, 2014). In addition, 

CD36 interaction with TLR4 /TLR6 heterodimer is involved in NLRP3 and proIL-1β upregulation 

(Sheedy et al., 2013). 

 

Atherosclerosis and inflammasome: 

Atherosclerotic plaques are developed as a result of inflammatory processes and lipid metabolism 

abnormalities; these plaques are, in essence, accumulation of foam cells, immune cells, cholesterol 

crystals, and smooth muscle cells (SMCs) which are proliferated under the influence of 

inflammatory cytokines. Plaque formation is a slow but progressive process, starting in childhood 

and resulting in clinical symptoms in adulthood. There are several risk factors for atherosclerosis 

among which hypercholesterolemia is key one. In comparison to normal forms of cholesterol and 

LDL, crystalline cholesterol and oxLDL participate extensively in forming plaques. OxLDL binds 

with CD36 and is phagocytosed by macrophages. Unlike LDL, oxLDL is resistant to the lysosomal 

enzymes of macrophages, resulting in the oxLDL accumulation in macrophages and subsequent 

formation of foam cells (Hoff et al., 1993; Lougheed et al., 1991). 

The exact mechanism of LDL oxidation is controversial and several oxidative sources such as ROS, 

metal ions, lipoxygenase, and myeloperoxidase have been suggested (Gaut and Heinecke, 2001; 

Parthasarathy et al., 2010; Yoshida and Kisugi, 2010). However, the presence of oxLDL in the 

subendothelial space and its impact on the development of atherosclerotic plaque has been 

suggested by a considerable number of studies. 
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As mentioned earlier, cholesterol crystals and oxLDLs, found in abundance in atherosclerotic 

plaques, cause inflammasome activation. Thus, inflammasome links lipid metabolism and the 

inflammatory condition to each other. Several studies have shown the significant role of NLRP3 

inflammasome in atherosclerosis. NLRP3 is correlated with the severity and prognosis of coronary 

atherosclerosis in patients with acute coronary syndrome (Afrasyab et al., 2015). It has also been 

observed that NLRP3 inflammasome is localized in the cytoplasm of foam cells and macrophages 

(Shi et al., 2015). 

In the carotid atherosclerotic plaques of patients undergoing carotid endarterectomy, there is an up-

regulation of NLRP3, ASC, caspase-1, IL-1β, and IL-18. These molecules are all more expressed in 

unstable plaques compared with stable ones (Shi et al., 2015). 

Inhibition of NLRP3 signaling by lentivirus-mediated RNA interference inhibits pro-inflammatory 

cytokines in apolipoprotein E-deficient (apo E -/-) mice fed with a high-fat diet. This RNA 

interference also reduces macrophages and lipids, and increases SMCs and collagen of the plaque 

leading to plaque stabilization (Zheng et al., 2014).  

Hypercholesterolemia, hypertension, diabetes, and smoking are other risk factors for 

atherosclerosis. Zheng et al. reported an overexpression of NLRP3 in the aorta of smoker patients 

with hypercholesterolemia, hypertension and diabetes. The expression of NLRP3 in the aorta of 

these patients was directly associated with total cholesterol, LDL-cholesterol, lipoprotein(a), and 

inversely associated with HDL-cholesterol levels (Zheng et al., 2013). 

Oxidative stress, mitochondrial dysfunction (Victor et al., 2009), ER stress (Chistiakov et al., 2014), 

and lysosome rupture (Yuan et al., 2000) which are the mechanisms of inflammasome activation, 

are all observed in atherosclerosis. In addition, extracellular Ca
2+

 is another inflammasome 

activator found in atherosclerotic plaques especially in necrotic parts. However, few studies have 

been conducted on these mechanisms in atherosclerosis. 

IL-1β, IL-18, and pyroptosis are inflammasome activation products that have important roles in 

atherogenesis. In recent years, other mechanisms of IL-1β activation independent of the 
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inflammasome and caspase-1 have been found (Mayer-Barber et al., 2010). However, the role of 

inflammasome in IL-1β activation is still impressive. 

IL-1β production in endothelial cells and macrophages has been reported in the atherosclerotic 

coronary arteries (Galea et al., 1996). Around 30% reduction in the size of atherosclerotic plaques 

has been observed in apo E-/- and IL-1β-/- mice compared with the control group of apo E-/- mice 

(Kirii et al., 2003). In addition, monoclonal antibodies against IL-1β inhibit plaque formation in apo 

E-/- mice (Bhaskar et al., 2011). Decreased levels of inflammatory molecules such as VCAM-1, IL-

6, IL-8, MCP-1, TNF-α, MMP-3 and MMP-9 have been reported to accompany reduced levels of 

IL-1β (Bhaskar et al., 2011; Kirii et al., 2003). 

IL-18 is a pro-inflammatory and pro-atherogenic cytokine. Up-regulation of IL-18 and its receptor 

has been reported in macrophages, endothelial cells and SMCs (Gerdes et al., 2002). In addition, 

expression of IL-18 in unstable plaques is more than that in stable ones (Mallat et al., 2001). Studies 

in apo E-/- and IL-18-/- mice showed a reduction of IL-18 in plaque by 35%, compared with IL-18 

competent littermates (Elhage et al., 2003). 

Pyroptosis is an inflammatory cell death process that occurs during activation of caspase-1 by 

oxLDL in macrophages (Lin et al., 2013). It seems that pyroptosis is involved in the development of 

atherosclerotic plaque by intensifying the inflammation (Chang et al., 2013). Despite several 

observations regarding the role of NLRP3 inflammasome in the development of atherosclerosis, 

some reports have indicated no significant effect of NLRP3 inflammasome on the pathogenesis of 

atherosclerosis. It has been observed that atherosclerosis developed in apo E-/- mice is independent 

of NLRP3 inflammasome (Menu et al., 2011). It has also been suggested that NLRP1, not NLRP3, 

has a key role in shifting the endothelial cells to the proinflammatory state (Bleda et al., 2014). In 

addition, JNK-1 and ASK-1, which participate in inflammasome activation, attenuate plaque 

formation via inducing apoptosis in macrophages (Table 1). These are upstream molecules in 

caspase-8 activation which cause apoptosis (Bhattacharyya et al., 2003; Chinen et al., 2010). The 

interesting point is that NLRP3 inflammasome can also cause apoptosis via activating caspase-8 in 
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macrophages.Whether NLRP3 inflammasome mediates the JNK and ASK-induced apoptosis, or if 

at the lower intensity of stimuli the NLRP3 inflammasome apoptotic function protects against 

atherosclerosis development are still unanswered questions (Figure 4). 

 NLRP3 inflammasome causes pyroptosis which is an inflammatory cell death. In addition, NLRP3 

inflammasome-mediated production of IL-1β and IL-18 can intensify inflammation and plaque 

formation through up-regulation of some components. For example, IL-1β increases monocyte 

chemo-attractant protein-1 (MCP-1) and vascular cell adhesion molecule 1 (VCAM-1) which 

participate in leukocyte adhesion to endothelium, IL-8 which is a neutrophil chemotactic factor, and 

matrix metalloproteinases (MMPs) which degrade extracellular matrix such as collagen fibers. IL-

1β also increases IL-8 and TNF-α. Unstable plaques are symptomatic ones with a lower amount of 

SMCs and collagens and more amount of lipids and macrophages, in comparison to stable plaques 

which are asymptomatic. NLRP3 inflammasome is more expressed in unstable plaques, decreases 

SMCs and collagen and increases lipids and macrophages. Therefore, NLRP3 inflammasome 

predisposes plaque to rupture which is followed by thrombus formation. Ultimately, NLRP3 

inflammasome-induced plaque development and thrombus formation narrows the luminal space of 

the vessel and subsequently reduces the blood flow. On the other hand, NLRP3 inflammasome can 

also induce apoptosis in macrophages which may modulate plaque formation. 

 

 

Conclusion  

Inflammasomes are known as intracellular complexes which are able to convert pro-IL-1β and 

proIL-18 to mature forms and initiate pyroptosis through cleaving pro-caspase-1. NLRP3 is a well-

know inflammasome which has central roles in atherosclerosis. It has been shown that NLRP3 

inflammasome contributes to the progression of atherosclerosis via affecting a sequence of cellular 

and molecular targets such as STAT, MAPK, JNK, microRNA network, ROS and PKR. Some 

pathogenic events such as oxidative stress, mitochondrial dysfunction, ER stress, and lysosome 



This article is protected by copyright. All rights reserved 

rupture which are associated with atherosclerosis, could affect inflammasome activation. A broader 

understanding of biology and activation/inhibition mechanisms of inflammasomes is required to 

define the value of these complexes as potential therapeutic targets in atherosclerosis.  

  

References:  

 

Abais JM, Xia M, Zhang Y, Boini KM, Li PL. 2015. Redox regulation of NLRP3 inflammasomes: 

ROS as trigger or effector? Antioxidants & redox signaling 22(13):1111-1129. 

Afrasyab A, Qu P, Zhao Y, Peng K, Wang H, Lou D, Niu N, Yuan D. 2015. Correlation of NLRP3 

with severity and prognosis of coronary atherosclerosis in acute coronary syndrome patients. 

Heart and vessels. 

Ambros V. 2004. The functions of animal microRNAs. Nature 431(7006):350-355. 

Anderson RG, Goldstein JL, Brown MS. 1977. A mutation that impairs the ability of lipoprotein 

receptors to localise in coated pits on the cell surface of human fibroblasts. Nature 

270(5639):695-699. 

Babaev VR, Yeung M, Erbay E, Ding L, Zhang Y, May JM, Fazio S, Hotamisligil GS, Linton MF. 

2016. Jnk1 Deficiency in Hematopoietic Cells Suppresses Macrophage Apoptosis and 

Increases Atherosclerosis in Low-Density Lipoprotein Receptor Null Mice. Arterioscler 

Thromb Vasc Biol 36(6):1122-1131. 

Bakker PJ, Butter LM, Kors L, Teske GJ, Aten J, Sutterwala FS, Florquin S, Leemans JC. 2014. 

Nlrp3 is a key modulator of diet-induced nephropathy and renal cholesterol accumulation. 

Kidney international 85(5):1112-1122. 

Balachandran S, Kim CN, Yeh WC, Mak TW, Bhalla K, Barber GN. 1998. Activation of the 

dsRNA-dependent protein kinase, PKR, induces apoptosis through FADD-mediated death 

signaling. The EMBO journal 17(23):6888-6902. 

Ballinger SW, Patterson C, Yan CN, Doan R, Burow DL, Young CG, Yakes FM, Van Houten B, 

Ballinger CA, Freeman BA, Runge MS. 2000. Hydrogen peroxide- and peroxynitrite-

induced mitochondrial DNA damage and dysfunction in vascular endothelial and smooth 

muscle cells. Circulation research 86(9):960-966. 

Bandyopadhyay S, Lane T, Venugopal R, Parthasarathy PT, Cho Y, Galam L, Lockey R, Kolliputi 

N. 2013. MicroRNA-133a-1 regulates inflammasome activation through uncoupling protein-

2. Biochemical and biophysical research communications 439(3):407-412. 

Barlan AU, Griffin TM, McGuire KA, Wiethoff CM. 2011. Adenovirus membrane penetration 

activates the NLRP3 inflammasome. Journal of virology 85(1):146-155. 

Bartel DP. 2004. MicroRNAs: genomics, biogenesis, mechanism, and function. cell 116(2):281-

297. 

Bartel DP. 2009. MicroRNAs: target recognition and regulatory functions. cell 136(2):215-233. 

Bauernfeind F, Rieger A, Schildberg FA, Knolle PA, Schmid-Burgk JL, Hornung V. 2012. NLRP3 

inflammasome activity is negatively controlled by miR-223. J Immunol 189(8):4175-4181. 

Bawadekar M, De Andrea M, Lo Cigno I, Baldanzi G, Caneparo V, Graziani A, Landolfo S, 

Gariglio M. 2015. The Extracellular IFI16 Protein Propagates Inflammation in Endothelial 

Cells Via p38 MAPK and NF-kappaB p65 Activation. Journal of interferon & cytokine 

research : the official journal of the International Society for Interferon and Cytokine 

Research 35(6):441-453. 

Bhaskar V, Yin J, Mirza AM, Phan D, Vanegas S, Issafras H, Michelson K, Hunter JJ, Kantak SS. 

2011. Monoclonal antibodies targeting IL-1 beta reduce biomarkers of atherosclerosis in 



This article is protected by copyright. All rights reserved 

vitro and inhibit atherosclerotic plaque formation in Apolipoprotein E-deficient mice. 

Atherosclerosis 216(2):313-320. 

Bhattacharyya A, Pathak S, Basak C, Law S, Kundu M, Basu J. 2003. Execution of macrophage 

apoptosis by Mycobacterium avium through apoptosis signal-regulating kinase 1/p38 

mitogen-activated protein kinase signaling and caspase 8 activation. J Biol Chem 

278(29):26517-26525. 

Bleda S, de Haro J, Varela C, Esparza L, Ferruelo A, Acin F. 2014. NLRP1 inflammasome, and not 

NLRP3, is the key in the shift to proinflammatory state on endothelial cells in peripheral 

arterial disease. International journal of cardiology 172(2):e282-284. 

Brown MS, Goldstein JL. 1974. Familial hypercholesterolemia: defective binding of lipoproteins to 

cultured fibroblasts associated with impaired regulation of 3-hydroxy-3-methylglutaryl 

coenzyme A reductase activity. Proceedings of the National Academy of Sciences of the 

United States of America 71(3):788-792. 

Brown MS, Goldstein JL. 1986. A receptor-mediated pathway for cholesterol homeostasis. Science 

232(4746):34-47. 

Brown MS, Kovanen PT, Goldstein JL. 1980. Evolution of the LDL receptor concept-from cultured 

cells to intact animals. Annals of the New York Academy of Sciences 348:48-68. 

Bruchard M, Mignot G, Derangere V, Chalmin F, Chevriaux A, Vegran F, Boireau W, Simon B, 

Ryffel B, Connat JL, Kanellopoulos J, Martin F, Rebe C, Apetoh L, Ghiringhelli F. 2013. 

Chemotherapy-triggered cathepsin B release in myeloid-derived suppressor cells activates 

the Nlrp3 inflammasome and promotes tumor growth. Nature medicine 19(1):57-64. 

Burleigh ME, Babaev VR, Oates JA, Harris RC, Gautam S, Riendeau D, Marnett LJ, Morrow JD, 

Fazio S, Linton MF. 2002. Cyclooxygenase-2 promotes early atherosclerotic lesion 

formation in LDL receptor-deficient mice. Circulation 105(15):1816-1823. 

Burleigh ME, Babaev VR, Yancey PG, Major AS, McCaleb JL, Oates JA, Morrow JD, Fazio S, 

Linton MF. 2005. Cyclooxygenase-2 promotes early atherosclerotic lesion formation in 

ApoE-deficient and C57BL/6 mice. Journal of molecular and cellular cardiology 39(3):443-

452. 

Byon CH, Han T, Wu J, Hui ST. 2015. Txnip ablation reduces vascular smooth muscle cell 

inflammation and ameliorates atherosclerosis in apolipoprotein E knockout mice. 

Atherosclerosis 241(2):313-321. 

Chandel NS, Trzyna WC, McClintock DS, Schumacker PT. 2000. Role of oxidants in NF-kappa B 

activation and TNF-alpha gene transcription induced by hypoxia and endotoxin. J Immunol 

165(2):1013-1021. 

Chang W, Lin J, Dong J, Li D. 2013. Pyroptosis: an inflammatory cell death implicates in 

atherosclerosis. Medical hypotheses 81(3):484-486. 

Chen J, Tung CH, Mahmood U, Ntziachristos V, Gyurko R, Fishman MC, Huang PL, Weissleder 

R. 2002. In vivo imaging of proteolytic activity in atherosclerosis. Circulation 

105(23):2766-2771. 

Chen S, Smith BA, Iype J, Prestipino A, Pfeifer D, Grundmann S, Schmitt-Graeff A, Idzko M, 

Beck Y, Prinz G, Finke J, Duyster J, Zeiser R. 2015. MicroRNA-155-deficient dendritic 

cells cause less severe GVHD through reduced migration and defective inflammasome 

activation. Blood 126(1):103-112. 

Chen Y, Li X, Boini KM, Pitzer AL, Gulbins E, Zhang Y, Li PL. 2015. Endothelial Nlrp3 

inflammasome activation associated with lysosomal destabilization during coronary arteritis. 

Biochim Biophys Acta 1853(2):396-408. 

Chinen T, Nagumo Y, Watanabe T, Imaizumi T, Shibuya M, Kataoka T, Kanoh N, Iwabuchi Y, 

Usui T. 2010. Irciniastatin A induces JNK activation that is involved in caspase-8-dependent 

apoptosis via the mitochondrial pathway. Toxicology letters 199(3):341-346. 

Chistiakov DA, Sobenin IA, Orekhov AN, Bobryshev YV. 2014. Role of endoplasmic reticulum 

stress in atherosclerosis and diabetic macrovascular complications. BioMed research 

international 2014:610140. 



This article is protected by copyright. All rights reserved 

Compan V, Martin-Sanchez F, Baroja-Mazo A, Lopez-Castejon G, Gomez AI, Verkhratsky A, 

Brough D, Pelegrin P. 2015. Apoptosis-associated speck-like protein containing a CARD 

forms specks but does not activate caspase-1 in the absence of NLRP3 during macrophage 

swelling. J Immunol 194(3):1261-1273. 

Cruz CM, Rinna A, Forman HJ, Ventura AL, Persechini PM, Ojcius DM. 2007. ATP activates a 

reactive oxygen species-dependent oxidative stress response and secretion of 

proinflammatory cytokines in macrophages. J Biol Chem 282(5):2871-2879. 

Dickhout JG, Colgan SM, Lhotak S, Austin RC. 2007. Increased endoplasmic reticulum stress in 

atherosclerotic plaques associated with acute coronary syndrome: a balancing act between 

plaque stability and rupture. Circulation 116(11):1214-1216. 

Ding Z, Liu S, Wang X, Dai Y, Khaidakov M, Deng X, Fan Y, Xiang D, Mehta JL. 2014. LOX-1, 

mtDNA damage, and NLRP3 inflammasome activation in macrophages: implications in 

atherogenesis. Cardiovascular research 103(4):619-628. 

Dostert C, Petrilli V, Van Bruggen R, Steele C, Mossman BT, Tschopp J. 2008. Innate immune 

activation through Nalp3 inflammasome sensing of asbestos and silica. Science 

320(5876):674-677. 

Elhage R, Jawien J, Rudling M, Ljunggren HG, Takeda K, Akira S, Bayard F, Hansson GK. 2003. 

Reduced atherosclerosis in interleukin-18 deficient apolipoprotein E-knockout mice. 

Cardiovascular research 59(1):234-240. 

Erbay E, Babaev VR, Mayers JR, Makowski L, Charles KN, Snitow ME, Fazio S, Wiest MM, 

Watkins SM, Linton MF, Hotamisligil GS. 2009. Reducing endoplasmic reticulum stress 

through a macrophage lipid chaperone alleviates atherosclerosis. Nature medicine 

15(12):1383-1391. 

Fabian MR, Sonenberg N, Filipowicz W. 2010. Regulation of mRNA translation and stability by 

microRNAs. Annual review of biochemistry 79:351-379. 

Fathullahzadeh S, Mirzaei H, Honardoost M, Sahebkar A, Salehi M. 2016. Circulating microRNA-

192 as a diagnostic biomarker in human chronic lymphocytic leukemia. Cancer gene therapy 

23(10):327-332. 

Feng L, Chen Y, Ding R, Fu Z, Yang S, Deng X, Zeng J. 2015. P2X7R blockade prevents NLRP3 

inflammasome activation and brain injury in a rat model of intracerebral hemorrhage: 

involvement of peroxynitrite. Journal of neuroinflammation 12:190. 

Finger JN, Lich JD, Dare LC, Cook MN, Brown KK, Duraiswami C, Bertin J, Gough PJ. 2012. 

Autolytic proteolysis within the function to find domain (FIIND) is required for NLRP1 

inflammasome activity. J Biol Chem 287(30):25030-25037. 

Franceschini A, Capece M, Chiozzi P, Falzoni S, Sanz JM, Sarti AC, Bonora M, Pinton P, Di 

Virgilio F. 2015. The P2X7 receptor directly interacts with the NLRP3 inflammasome 

scaffold protein. FASEB journal : official publication of the Federation of American 

Societies for Experimental Biology 29(6):2450-2461. 

Freeman D, Cedillos R, Choyke S, Lukic Z, McGuire K, Marvin S, Burrage AM, Sudholt S, Rana 

A, O'Connor C, Wiethoff CM, Campbell EM. 2013. Alpha-synuclein induces lysosomal 

rupture and cathepsin dependent reactive oxygen species following endocytosis. PloS one 

8(4):e62143. 

Galea J, Armstrong J, Gadsdon P, Holden H, Francis SE, Holt CM. 1996. Interleukin-1 beta in 

coronary arteries of patients with ischemic heart disease. Arterioscler Thromb Vasc Biol 

16(8):1000-1006. 

Garcia MA, Gil J, Ventoso I, Guerra S, Domingo E, Rivas C, Esteban M. 2006. Impact of protein 

kinase PKR in cell biology: from antiviral to antiproliferative action. Microbiology and 

molecular biology reviews : MMBR 70(4):1032-1060. 

Gaut JP, Heinecke JW. 2001. Mechanisms for oxidizing low-density lipoprotein. Insights from 

patterns of oxidation products in the artery wall and from mouse models of atherosclerosis. 

Trends in cardiovascular medicine 11(3-4):103-112. 



This article is protected by copyright. All rights reserved 

Geddes BJ, Wang L, Huang WJ, Lavellee M, Manji GA, Brown M, Jurman M, Cao J, Morgenstern 

J, Merriam S, Glucksmann MA, DiStefano PS, Bertin J. 2001. Human CARD12 is a novel 

CED4/Apaf-1 family member that induces apoptosis. Biochemical and biophysical research 

communications 284(1):77-82. 

Gerdes N, Sukhova GK, Libby P, Reynolds RS, Young JL, Schonbeck U. 2002. Expression of 

interleukin (IL)-18 and functional IL-18 receptor on human vascular endothelial cells, 

smooth muscle cells, and macrophages: implications for atherogenesis. The Journal of 

experimental medicine 195(2):245-257. 

Gholamin S, Miezaei H, Razavi SM, Hassanian SM, Saadatpour L, Masoudifar A, ShahidSales S, 

Avan A. 2017. GD2‐ Targeted Immunotherapy and Potential Value of Circulating 

microRNAs in Neuroblastoma. Journal of Cellular Physiology. 

Guo H, Callaway JB, Ting JP. 2015. Inflammasomes: mechanism of action, role in disease, and 

therapeutics. Nature medicine 21(7):677-687. 

Gustafsson M, Boren J. 2004. Mechanism of lipoprotein retention by the extracellular matrix. Curr 

Opin Lipidol 15(5):505-514. 

Ha M, Kim VN. 2014. Regulation of microRNA biogenesis. Nature reviews Molecular cell biology 

15(8):509-524. 

Hansson GK, Hermansson A. 2011. The immune system in atherosclerosis. Nature immunology 

12(3):204-212. 

Hara H, Tsuchiya K, Kawamura I, Fang R, Hernandez-Cuellar E, Shen Y, Mizuguchi J, 

Schweighoffer E, Tybulewicz V, Mitsuyama M. 2013. Phosphorylation of the adaptor ASC 

acts as a molecular switch that controls the formation of speck-like aggregates and 

inflammasome activity. Nature immunology 14(12):1247-1255. 

Harijith A, Ebenezer DL, Natarajan V. 2014. Reactive oxygen species at the crossroads of 

inflammasome and inflammation. Frontiers in physiology 5:352. 

Hassler J, Cao SS, Kaufman RJ. 2012. IRE1, a double-edged sword in pre-miRNA slicing and cell 

death. Developmental cell 23(5):921-923. 

He Q, You H, Li XM, Liu TH, Wang P, Wang BE. 2012. HMGB1 promotes the synthesis of pro-

IL-1beta and pro-IL-18 by activation of p38 MAPK and NF-kappaB through receptors for 

advanced glycation end-products in macrophages. Asian Pacific journal of cancer 

prevention : APJCP 13(4):1365-1370. 

He Y, Zeng MY, Yang D, Motro B, Nunez G. 2016. NEK7 is an essential mediator of NLRP3 

activation downstream of potassium efflux. Nature 530(7590):354-357. 

Hernandez RH, Armas-Hernandez MJ, Velasco M, Israili ZH, Armas-Padilla MC. 2003. Calcium 

antagonists and atherosclerosis protection in hypertension. American journal of therapeutics 

10(6):409-414. 

Hewinson J, Moore SF, Glover C, Watts AG, MacKenzie AB. 2008. A key role for redox signaling 

in rapid P2X7 receptor-induced IL-1 beta processing in human monocytes. J Immunol 

180(12):8410-8420. 

Hoff HF, Zyromski N, Armstrong D, O'Neil J. 1993. Aggregation as well as chemical modification 

of LDL during oxidation is responsible for poor processing in macrophages. Journal of lipid 

research 34(11):1919-1929. 

Hollestelle SC, De Vries MR, Van Keulen JK, Schoneveld AH, Vink A, Strijder CF, Van 

Middelaar BJ, Pasterkamp G, Quax PH, De Kleijn DP. 2004. Toll-like receptor 4 is involved 

in outward arterial remodeling. Circulation 109(3):393-398. 

Hornung V, Ablasser A, Charrel-Dennis M, Bauernfeind F, Horvath G, Caffrey DR, Latz E, 

Fitzgerald KA. 2009. AIM2 recognizes cytosolic dsDNA and forms a caspase-1-activating 

inflammasome with ASC. Nature 458(7237):514-518. 

Hsieh CC, Papaconstantinou J. 2006. Thioredoxin-ASK1 complex levels regulate ROS-mediated 

p38 MAPK pathway activity in livers of aged and long-lived Snell dwarf mice. FASEB 

journal : official publication of the Federation of American Societies for Experimental 

Biology 20(2):259-268. 



This article is protected by copyright. All rights reserved 

Hua KF, Chou JC, Ka SM, Tasi YL, Chen A, Wu SH, Chiu HW, Wong WT, Wang YF, Tsai CL, 

Ho CL, Lin CH. 2015. Cyclooxygenase-2 regulates NLRP3 inflammasome-derived IL-1beta 

production. Journal of cellular physiology 230(4):863-874. 

Hussen J, Duvel A, Koy M, Schuberth HJ. 2012. Inflammasome activation in bovine monocytes by 

extracellular ATP does not require the purinergic receptor P2X7. Developmental and 

comparative immunology 38(2):312-320. 

Judkins CP, Diep H, Broughton BR, Mast AE, Hooker EU, Miller AA, Selemidis S, Dusting GJ, 

Sobey CG, Drummond GR. 2010. Direct evidence of a role for Nox2 in superoxide 

production, reduced nitric oxide bioavailability, and early atherosclerotic plaque formation 

in ApoE-/- mice. American journal of physiology Heart and circulatory physiology 

298(1):H24-32. 

Juliana C, Fernandes-Alnemri T, Kang S, Farias A, Qin F, Alnemri ES. 2012. Non-transcriptional 

priming and deubiquitination regulate NLRP3 inflammasome activation. J Biol Chem 

287(43):36617-36622. 

Kardakaris R, Gareus R, Xanthoulea S, Pasparakis M. 2011. Endothelial and macrophage-specific 

deficiency of P38alpha MAPK does not affect the pathogenesis of atherosclerosis in ApoE-

/- mice. PloS one 6(6):e21055. 

Kaslick RS, Chasens AI, Mandel ID, Weinstein D, Waldman R, Pluhar T, Lazzara R. 1970. 

Quantitative analysis of sodium, potassium and calcium in gingival fluid from gingiva in 

varying degrees of inflammation. Journal of periodontology 41(2):93-97. 

Kerur N, Veettil MV, Sharma-Walia N, Bottero V, Sadagopan S, Otageri P, Chandran B. 2011. 

IFI16 acts as a nuclear pathogen sensor to induce the inflammasome in response to Kaposi 

Sarcoma-associated herpesvirus infection. Cell host & microbe 9(5):363-375. 

Kirii H, Niwa T, Yamada Y, Wada H, Saito K, Iwakura Y, Asano M, Moriwaki H, Seishima M. 

2003. Lack of interleukin-1beta decreases the severity of atherosclerosis in ApoE-deficient 

mice. Arterioscler Thromb Vasc Biol 23(4):656-660. 

Korff S, Riechert N, Schoensiegel F, Weichenhan D, Autschbach F, Katus HA, Ivandic BT. 2006. 

Calcification of myocardial necrosis is common in mice. Virchows Archiv : an international 

journal of pathology 448(5):630-638. 

Koulis C, Chen YC, Hausding C, Ahrens I, Kyaw TS, Tay C, Allen T, Jandeleit-Dahm K, Sweet 

MJ, Akira S, Bobik A, Peter K, Agrotis A. 2014. Protective role for Toll-like receptor-9 in 

the development of atherosclerosis in apolipoprotein E-deficient mice. Arterioscler Thromb 

Vasc Biol 34(3):516-525. 

Kuhn H, Heydeck D, Hugou I, Gniwotta C. 1997. In vivo action of 15-lipoxygenase in early stages 

of human atherogenesis. The Journal of clinical investigation 99(5):888-893. 

Lane T, Flam B, Lockey R, Kolliputi N. 2013. TXNIP shuttling: missing link between oxidative 

stress and inflammasome activation. Frontiers in physiology 4:50. 

Langbein H, Brunssen C, Hofmann A, Cimalla P, Brux M, Bornstein SR, Deussen A, Koch E, 

Morawietz H. 2016. NADPH oxidase 4 protects against development of endothelial 

dysfunction and atherosclerosis in LDL receptor deficient mice. European heart journal 

37(22):1753-1761. 

Latz E, Xiao TS, Stutz A. 2013. Activation and regulation of the inflammasomes. Nature reviews 

Immunology 13(6):397-411. 

Lebeaupin C, Proics E, de Bieville CH, Rousseau D, Bonnafous S, Patouraux S, Adam G, Lavallard 

VJ, Rovere C, Le Thuc O, Saint-Paul MC, Anty R, Schneck AS, Iannelli A, Gugenheim J, 

Tran A, Gual P, Bailly-Maitre B. 2015. ER stress induces NLRP3 inflammasome activation 

and hepatocyte death. Cell Death Dis 6:e1879. 

Lee GS, Subramanian N, Kim AI, Aksentijevich I, Goldbach-Mansky R, Sacks DB, Germain RN, 

Kastner DL, Chae JJ. 2012. The calcium-sensing receptor regulates the NLRP3 

inflammasome through Ca2+ and cAMP. Nature 492(7427):123-127. 



This article is protected by copyright. All rights reserved 

Li G, Scull C, Ozcan L, Tabas I. 2010. NADPH oxidase links endoplasmic reticulum stress, 

oxidative stress, and PKR activation to induce apoptosis. The Journal of cell biology 

191(6):1113-1125. 

Libby P, Hansson GK. 2015. Inflammation and immunity in diseases of the arterial tree: players and 

layers. Circulation research 116(2):307-311. 

Lin J, Shou X, Mao X, Dong J, Mohabeer N, Kushwaha KK, Wang L, Su Y, Fang H, Li D. 2013. 

Oxidized low density lipoprotein induced caspase-1 mediated pyroptotic cell death in 

macrophages: implication in lesion instability? PloS one 8(4):e62148. 

Lindau A, Hardtner C, Hergeth SP, Blanz KD, Dufner B, Hoppe N, Anto-Michel N, Kornemann J, 

Zou J, Gerhardt LM, Heidt T, Willecke F, Geis S, Stachon P, Wolf D, Libby P, Swirski FK, 

Robbins CS, McPheat W, Hawley S, Braddock M, Gilsbach R, Hein L, von zur Muhlen C, 

Bode C, Zirlik A, Hilgendorf I. 2016. Atheroprotection through SYK inhibition fails in 

established disease when local macrophage proliferation dominates lesion progression. 

Basic research in cardiology 111(2):20. 

Liu Y, Lian K, Zhang L, Wang R, Yi F, Gao C, Xin C, Zhu D, Li Y, Yan W, Xiong L, Gao E, 

Wang H, Tao L. 2014. TXNIP mediates NLRP3 inflammasome activation in cardiac 

microvascular endothelial cells as a novel mechanism in myocardial ischemia/reperfusion 

injury. Basic research in cardiology 109(5):415. 

Lougheed M, Zhang HF, Steinbrecher UP. 1991. Oxidized low density lipoprotein is resistant to 

cathepsins and accumulates within macrophages. J Biol Chem 266(22):14519-14525. 

Lu B, Nakamura T, Inouye K, Li J, Tang Y, Lundback P, Valdes-Ferrer SI, Olofsson PS, Kalb T, 

Roth J, Zou Y, Erlandsson-Harris H, Yang H, Ting JP, Wang H, Andersson U, Antoine DJ, 

Chavan SS, Hotamisligil GS, Tracey KJ. 2012. Novel role of PKR in inflammasome 

activation and HMGB1 release. Nature 488(7413):670-674. 

Luo B, Li B, Wang W, Liu X, Xia Y, Zhang C, Zhang M, Zhang Y, An F. 2014. NLRP3 gene 

silencing ameliorates diabetic cardiomyopathy in a type 2 diabetes rat model. PloS one 

9(8):e104771. 

Malhotra JD, Kaufman RJ. 2007. Endoplasmic reticulum stress and oxidative stress: a vicious cycle 

or a double-edged sword? Antioxidants & redox signaling 9(12):2277-2293. 

Mallat Z, Corbaz A, Scoazec A, Besnard S, Leseche G, Chvatchko Y, Tedgui A. 2001. Expression 

of interleukin-18 in human atherosclerotic plaques and relation to plaque instability. 

Circulation 104(14):1598-1603. 

Mao K, Chen S, Chen M, Ma Y, Wang Y, Huang B, He Z, Zeng Y, Hu Y, Sun S, Li J, Wu X, 

Wang X, Strober W, Chen C, Meng G, Sun B. 2013. Nitric oxide suppresses NLRP3 

inflammasome activation and protects against LPS-induced septic shock. Cell research 

23(2):201-212. 

Mariathasan S, Weiss DS, Newton K, McBride J, O'Rourke K, Roose-Girma M, Lee WP, 

Weinrauch Y, Monack DM, Dixit VM. 2006. Cryopyrin activates the inflammasome in 

response to toxins and ATP. Nature 440(7081):228-232. 

Martinon F, Agostini L, Meylan E, Tschopp J. 2004. Identification of bacterial muramyl dipeptide 

as activator of the NALP3/cryopyrin inflammasome. Current biology : CB 14(21):1929-

1934. 

Martinon F, Burns K, Tschopp J. 2002. The inflammasome: a molecular platform triggering 

activation of inflammatory caspases and processing of proIL-beta. Mol Cell 10(2):417-426. 

Matsuzawa A, Ichijo H. 2008. Redox control of cell fate by MAP kinase: physiological roles of 

ASK1-MAP kinase pathway in stress signaling. Biochim Biophys Acta 1780(11):1325-

1336. 

Mayer-Barber KD, Barber DL, Shenderov K, White SD, Wilson MS, Cheever A, Kugler D, Hieny 

S, Caspar P, Nunez G, Schlueter D, Flavell RA, Sutterwala FS, Sher A. 2010. Caspase-1 

independent IL-1beta production is critical for host resistance to mycobacterium 

tuberculosis and does not require TLR signaling in vivo. J Immunol 184(7):3326-3330. 



This article is protected by copyright. All rights reserved 

Meissner F, Molawi K, Zychlinsky A. 2008. Superoxide dismutase 1 regulates caspase-1 and 

endotoxic shock. Nature immunology 9(8):866-872. 

Mekahli D, Bultynck G, Parys JB, De Smedt H, Missiaen L. 2011. Endoplasmic-reticulum calcium 

depletion and disease. Cold Spring Harbor perspectives in biology 3(6). 

Menu P, Mayor A, Zhou R, Tardivel A, Ichijo H, Mori K, Tschopp J. 2012. ER stress activates the 

NLRP3 inflammasome via an UPR-independent pathway. Cell Death Dis 3:e261. 

Menu P, Pellegrin M, Aubert JF, Bouzourene K, Tardivel A, Mazzolai L, Tschopp J. 2011. 

Atherosclerosis in ApoE-deficient mice progresses independently of the NLRP3 

inflammasome. Cell Death Dis 2:e137. 

Mirzaei H, Fathullahzadeh S, Khanmohammadi R, Darijani M, Momeni F, Masoudifar A, Goodarzi 

M, Mardanshah O, Stanveng J, Jaafari MR. 2017. State of the art in MicroRNA as 

diagnostic and therapeutic biomarkers in chronic lymphocytic leukemia. Journal of Cellular 

Physiology. 

Mirzaei H, Momeni F, Saadatpour L, Sahebkar A, Goodarzi M, Masoudifar A, Kouhpayeh S, 

Salehi H, Mirzaei HR, Jaafari MR. 2017. MicroRNA: Relevance to Stroke Diagnosis, 

Prognosis and Therapy. Journal of Cellular Physiology. 

Mirzaei H, Naseri G, Rezaee R, Mohammadi M, Banikazemi Z, Mirzaei HR, Salehi H, Peyvandi 

M, Pawelek JM, Sahebkar A. 2016. Curcumin: A new candidate for melanoma therapy? 

International journal of cancer 139(8):1683-1695. 

Mirzaei H, Sahebkar A, Jaafari MR, Goodarzi M, Mirzaei HR. 2016. Diagnostic and Therapeutic 

Potential of Exosomes in Cancer: The Beginning of a New Tale? Journal of Cellular 

Physiology. 

Mirzaei H, Yazdi F, Salehi R, Mirzaei HR. 2016. SiRNA and epigenetic aberrations in ovarian 

cancer. Journal of Cancer Research and Therapeutics 12(2):498. 

Mohamed IN, Hafez SS, Fairaq A, Ergul A, Imig JD, El-Remessy AB. 2014. Thioredoxin-

interacting protein is required for endothelial NLRP3 inflammasome activation and cell 

death in a rat model of high-fat diet. Diabetologia 57(2):413-423. 

Mohammadi M, Goodarzi M, Jaafari M, Mirzaei H, Mirzaei H. 2016. Circulating microRNA: a new 

candidate for diagnostic biomarker in neuroblastoma. Cancer gene therapy 23(11):371-372. 

Moridikia A, Mirzaei H, Sahebkar A, Salimian J. 2017. MicroRNAs: potential candidates for 

diagnosis and treatment of colorectal cancer. Journal of Cellular Physiology. 

Munoz-Planillo R, Kuffa P, Martinez-Colon G, Smith BL, Rajendiran TM, Nunez G. 2013. K(+) 

efflux is the common trigger of NLRP3 inflammasome activation by bacterial toxins and 

particulate matter. Immunity 38(6):1142-1153. 

Neumann K, Ruland J. 2013. Kinases conquer the inflammasomes. Nature immunology 

14(12):1207-1208. 

O'Connor W, Jr., Harton JA, Zhu X, Linhoff MW, Ting JP. 2003. Cutting edge: 

CIAS1/cryopyrin/PYPAF1/NALP3/CATERPILLER 1.1 is an inducible inflammatory 

mediator with NF-kappa B suppressive properties. J Immunol 171(12):6329-6333. 

Okada M, Matsuzawa A, Yoshimura A, Ichijo H. 2014. The lysosome rupture-activated TAK1-JNK 

pathway regulates NLRP3 inflammasome activation. The Journal of biological chemistry 

289(47):32926-32936. 

Oslowski CM, Hara T, O'Sullivan-Murphy B, Kanekura K, Lu S, Hara M, Ishigaki S, Zhu LJ, 

Hayashi E, Hui ST, Greiner D, Kaufman RJ, Bortell R, Urano F. 2012. Thioredoxin-

interacting protein mediates ER stress-induced beta cell death through initiation of the 

inflammasome. Cell Metab 16(2):265-273. 

Oslowski CM, Urano F. 2011. Measuring ER stress and the unfolded protein response using 

mammalian tissue culture system. Methods in enzymology 490:71-92. 

Oury C. 2014. CD36: linking lipids to the NLRP3 inflammasome, atherogenesis and 

atherothrombosis. Cellular & molecular immunology 11(1):8-10. 



This article is protected by copyright. All rights reserved 

Outinen PA, Sood SK, Pfeifer SI, Pamidi S, Podor TJ, Li J, Weitz JI, Austin RC. 1999. 

Homocysteine-induced endoplasmic reticulum stress and growth arrest leads to specific 

changes in gene expression in human vascular endothelial cells. Blood 94(3):959-967. 

Parthasarathy S, Raghavamenon A, Garelnabi MO, Santanam N. 2010. Oxidized low-density 

lipoprotein. Methods in molecular biology 610:403-417. 

Pelegrin P, Surprenant A. 2006. Pannexin-1 mediates large pore formation and interleukin-1beta 

release by the ATP-gated P2X7 receptor. The EMBO journal 25(21):5071-5082. 

Peng K, Liu L, Wei D, Lv Y, Wang G, Xiong W, Wang X, Altaf A, Wang L, He D, Wang H, Qu P. 

2015. P2X7R is involved in the progression of atherosclerosis by promoting NLRP3 

inflammasome activation. International journal of molecular medicine 35(5):1179-1188. 

Petrilli V, Martinon F. 2007. The inflammasome, autoinflammatory diseases, and gout. Joint, bone, 

spine : revue du rhumatisme 74(6):571-576. 

Petrilli V, Papin S, Dostert C, Mayor A, Martinon F, Tschopp J. 2007. Activation of the NALP3 

inflammasome is triggered by low intracellular potassium concentration. Cell death and 

differentiation 14(9):1583-1589. 

Ponnuswamy P, Schrottle A, Ostermeier E, Gruner S, Huang PL, Ertl G, Hoffmann U, Nieswandt 

B, Kuhlencordt PJ. 2012. eNOS protects from atherosclerosis despite relevant superoxide 

production by the enzyme in apoE mice. PloS one 7(1):e30193. 

Py BF, Kim MS, Vakifahmetoglu-Norberg H, Yuan J. 2013. Deubiquitination of NLRP3 by 

BRCC3 critically regulates inflammasome activity. Mol Cell 49(2):331-338. 

Qiao Y, Wang P, Qi J, Zhang L, Gao C. 2012. TLR-induced NF-kappaB activation regulates 

NLRP3 expression in murine macrophages. FEBS letters 586(7):1022-1026. 

Rada B, Park JJ, Sil P, Geiszt M, Leto TL. 2014. NLRP3 inflammasome activation and interleukin-

1beta release in macrophages require calcium but are independent of calcium-activated 

NADPH oxidases. Inflammation research : official journal of the European Histamine 

Research Society  [et al] 63(10):821-830. 

Rajamaki K, Lappalainen J, Oorni K, Valimaki E, Matikainen S, Kovanen PT, Eklund KK. 2010. 

Cholesterol crystals activate the NLRP3 inflammasome in human macrophages: a novel link 

between cholesterol metabolism and inflammation. PloS one 5(7):e11765. 

Rashidi B, Hoseini Z, Sahebkar A, Mirzaei H. 2016. Anti‐ Atherosclerotic Effects of Vitamins D 

and E in Suppression of Atherogenesis. Journal of Cellular Physiology. 

Rashidi B, Malekzadeh M, Goodarzi M, Masoudifar A, Mirzaei H. 2017. Green tea and its anti-

angiogenesis effects. Biomedicine & Pharmacotherapy 89:949-956. 

Reza Mirzaei H, Sahebkar A, Mohammadi M, Yari R, Salehi H, Hasan Jafari M, Namdar A, 

Khabazian E, Reza Jaafari M, Mirzaei H. 2016. Circulating microRNAs in hepatocellular 

carcinoma: potential diagnostic and prognostic biomarkers. Current pharmaceutical design 

22(34):5257-5269. 

Ricci R, Sumara G, Sumara I, Rozenberg I, Kurrer M, Akhmedov A, Hersberger M, Eriksson U, 

Eberli FR, Becher B, Boren J, Chen M, Cybulsky MI, Moore KJ, Freeman MW, Wagner 

EF, Matter CM, Luscher TF. 2004. Requirement of JNK2 for scavenger receptor A-

mediated foam cell formation in atherogenesis. Science 306(5701):1558-1561. 

Ron D, Walter P. 2007. Signal integration in the endoplasmic reticulum unfolded protein response. 

Nature reviews Molecular cell biology 8(7):519-529. 

Rossol M, Pierer M, Raulien N, Quandt D, Meusch U, Rothe K, Schubert K, Schoneberg T, 

Schaefer M, Krugel U, Smajilovic S, Brauner-Osborne H, Baerwald C, Wagner U. 2012. 

Extracellular Ca2+ is a danger signal activating the NLRP3 inflammasome through G 

protein-coupled calcium sensing receptors. Nat Commun 3:1329. 

Saadatpour L, Fadaee E, Fadaei S, Mansour RN, Mohammadi M, Mousavi S, Goodarzi M, Verdi J, 

Mirzaei H. 2016. Glioblastoma: exosome and microRNA as novel diagnosis biomarkers. 

Cancer Gene Therapy 23(12):415-418. 

Sagulenko V, Thygesen SJ, Sester DP, Idris A, Cridland JA, Vajjhala PR, Roberts TL, Schroder K, 

Vince JE, Hill JM, Silke J, Stacey KJ. 2013. AIM2 and NLRP3 inflammasomes activate 



This article is protected by copyright. All rights reserved 

both apoptotic and pyroptotic death pathways via ASC. Cell death and differentiation 

20(9):1149-1160. 

Salarinia R, Sahebkar A, Peyvandi M, Reza Mirzaei H, Reza Jaafari M, Matbou Riahi M, 

Ebrahimnejad H, Sadri Nahand J, Hadjati J, Ostadi Asrami M. 2016. Epi-drugs and Epi-

miRs: moving beyond current cancer therapies. Current cancer drug targets 16(9):773-788. 

Schroder M, Kaufman RJ. 2005. The mammalian unfolded protein response. Annual review of 

biochemistry 74:739-789. 

Seimon TA, Wang Y, Han S, Senokuchi T, Schrijvers DM, Kuriakose G, Tall AR, Tabas IA. 2009. 

Macrophage deficiency of p38alpha MAPK promotes apoptosis and plaque necrosis in 

advanced atherosclerotic lesions in mice. The Journal of clinical investigation 119(4):886-

898. 

Shah A, Xia L, Goldberg H, Lee KW, Quaggin SE, Fantus IG. 2013. Thioredoxin-interacting 

protein mediates high glucose-induced reactive oxygen species generation by mitochondria 

and the NADPH oxidase, Nox4, in mesangial cells. J Biol Chem 288(10):6835-6848. 

Sheedy FJ, Grebe A, Rayner KJ, Kalantari P, Ramkhelawon B, Carpenter SB, Becker CE, 

Ediriweera HN, Mullick AE, Golenbock DT, Stuart LM, Latz E, Fitzgerald KA, Moore KJ. 

2013. CD36 coordinates NLRP3 inflammasome activation by facilitating intracellular 

nucleation of soluble ligands into particulate ligands in sterile inflammation. Nature 

immunology 14(8):812-820. 

Shi X, Xie WL, Kong WW, Chen D, Qu P. 2015. Expression of the NLRP3 Inflammasome in 

Carotid Atherosclerosis. Journal of stroke and cerebrovascular diseases : the official journal 

of National Stroke Association 24(11):2455-2466. 

Shimada K, Crother TR, Karlin J, Dagvadorj J, Chiba N, Chen S, Ramanujan VK, Wolf AJ, 

Vergnes L, Ojcius DM, Rentsendorj A, Vargas M, Guerrero C, Wang Y, Fitzgerald KA, 

Underhill DM, Town T, Arditi M. 2012. Oxidized mitochondrial DNA activates the NLRP3 

inflammasome during apoptosis. Immunity 36(3):401-414. 

Simonian M, Mosallayi M, Mirzaei H. 2017. Circulating miR-21 as novel biomarker in gastric 

cancer: diagnostic and prognostic biomarker. 

Son Y, Cheong YK, Kim NH, Chung HT, Kang DG, Pae HO. 2011. Mitogen-Activated Protein 

Kinases and Reactive Oxygen Species: How Can ROS Activate MAPK Pathways? Journal 

of signal transduction 2011:792639. 

Stachon P, Geis S, Peikert A, Heidenreich A, Michel NA, Unal F, Hoppe N, Dufner B, Schulte L, 

Marchini T, Cicko S, Ayata K, Zech A, Wolf D, Hilgendorf I, Willecke F, Reinoehl J, von 

Zur Muhlen C, Bode C, Idzko M, Zirlik A. 2016. Extracellular ATP Induces Vascular 

Inflammation and Atherosclerosis via P2Y2 in Mice. Arterioscler Thromb Vasc Biol. 

Stunden HJ, Latz E. 2013. PKR stirs up inflammasomes. Cell research 23(2):168-170. 

Stutz A, Golenbock DT, Latz E. 2009. Inflammasomes: too big to miss. The Journal of clinical 

investigation 119(12):3502-3511. 

Surprenant A, Rassendren F, Kawashima E, North RA, Buell G. 1996. The cytolytic P2Z receptor 

for extracellular ATP identified as a P2X receptor (P2X7). Science 272(5262):735-738. 

Tabas I, Williams KJ, Boren J. 2007. Subendothelial lipoprotein retention as the initiating process 

in atherosclerosis: update and therapeutic implications. Circulation 116(16):1832-1844. 

Tam AB, Mercado EL, Hoffmann A, Niwa M. 2012. ER stress activates NF-kappaB by integrating 

functions of basal IKK activity, IRE1 and PERK. PloS one 7(10):e45078. 

Tschopp J, Schroder K. 2010. NLRP3 inflammasome activation: The convergence of multiple 

signalling pathways on ROS production? Nature reviews Immunology 10(3):210-215. 

Tulenko TN, Laury-Kleintop L, Walter MF, Mason RP. 1997. Cholesterol, calcium and 

atherosclerosis: is there a role for calcium channel blockers in atheroprotection? 

International journal of cardiology 62 Suppl 2:S55-66. 

Tzimas GN, Afshar M, Emadali A, Chevet E, Vali H, Metrakos PP. 2004. Correlation of cell 

necrosis and tissue calcification with ischemia/reperfusion injury after liver transplantation. 

Transplantation proceedings 36(6):1766-1768. 



This article is protected by copyright. All rights reserved 

Urano F, Wang X, Bertolotti A, Zhang Y, Chung P, Harding HP, Ron D. 2000. Coupling of stress 

in the ER to activation of JNK protein kinases by transmembrane protein kinase IRE1. 

Science 287(5453):664-666. 

van Bruggen R, Koker MY, Jansen M, van Houdt M, Roos D, Kuijpers TW, van den Berg TK. 

2010. Human NLRP3 inflammasome activation is Nox1-4 independent. Blood 

115(26):5398-5400. 

van de Veerdonk FL, Smeekens SP, Joosten LA, Kullberg BJ, Dinarello CA, van der Meer JW, 

Netea MG. 2010. Reactive oxygen species-independent activation of the IL-1beta 

inflammasome in cells from patients with chronic granulomatous disease. Proceedings of the 

National Academy of Sciences of the United States of America 107(7):3030-3033. 

van Kempen TS, Wenink MH, Leijten EF, Radstake TR, Boes M. 2015. Perception of self: 

distinguishing autoimmunity from autoinflammation. Nat Rev Rheumatol 11(8):483-492. 

Vickers KC, Landstreet SR, Levin MG, Shoucri BM, Toth CL, Taylor RC, Palmisano BT, Tabet F, 

Cui HL, Rye KA, Sethupathy P, Remaley AT. 2014. MicroRNA-223 coordinates 

cholesterol homeostasis. Proceedings of the National Academy of Sciences of the United 

States of America 111(40):14518-14523. 

Victor VM, Apostolova N, Herance R, Hernandez-Mijares A, Rocha M. 2009. Oxidative stress and 

mitochondrial dysfunction in atherosclerosis: mitochondria-targeted antioxidants as 

potential therapy. Current medicinal chemistry 16(35):4654-4667. 

Wang M, Kaufman RJ. 2014. The impact of the endoplasmic reticulum protein-folding environment 

on cancer development. Nature reviews Cancer 14(9):581-597. 

World C, Spindel ON, Berk BC. 2011. Thioredoxin-interacting protein mediates TRX1 

translocation to the plasma membrane in response to tumor necrosis factor-alpha: a key 

mechanism for vascular endothelial growth factor receptor-2 transactivation by reactive 

oxygen species. Arterioscler Thromb Vasc Biol 31(8):1890-1897. 

Wu C-W, Dong Y-J, Liang Q-Y, He X-Q, Ng SS, Chan FK, Sung JJ, Yu J. 2013. MicroRNA-18a 

attenuates DNA damage repair through suppressing the expression of ataxia telangiectasia 

mutated in colorectal cancer. PloS one 8(2):e57036. 

Xiang Y, Wang X, Yan C, Gao Q, Li SA, Liu J, Zhou K, Guo X, Lee W, Zhang Y. 2013. 

Adenosine-5'-triphosphate (ATP) protects mice against bacterial infection by activation of 

the NLRP3 inflammasome. PloS one 8(5):e63759. 

Yamada S, Ding Y, Tanimoto A, Wang KY, Guo X, Li Z, Tasaki T, Nabesima A, Murata Y, 

Shimajiri S, Kohno K, Ichijo H, Sasaguri Y. 2011. Apoptosis signal-regulating kinase 1 

deficiency accelerates hyperlipidemia-induced atheromatous plaques via suppression of 

macrophage apoptosis. Arterioscler Thromb Vasc Biol 31(7):1555-1564. 

Yaron JR, Rao MY, Gangaraju S, Zhang L, Kong X, Su F, Tian Y, Glenn HL, Meldrum DR. 2016. 

The oxindole Syk inhibitor OXSI-2 blocks nigericin-induced inflammasome signaling and 

pyroptosis independent of potassium efflux. Biochemical and biophysical research 

communications 472(3):545-550. 

Yim H, Wang D, Yu L, White CL, Faber PW, Williams BR, Sadler AJ. 2016. The kinase activity of 

PKR represses inflammasome activity. Cell research 26(3):367-379. 

Yin Y, Pastrana JL, Li X, Huang X, Mallilankaraman K, Choi ET, Madesh M, Wang H, Yang XF. 

2013. Inflammasomes: sensors of metabolic stresses for vascular inflammation. Frontiers in 

bioscience 18:638-649. 

Yoshida H, Kisugi R. 2010. Mechanisms of LDL oxidation. Clinica chimica acta; international 

journal of clinical chemistry 411(23-24):1875-1882. 

Yu E, Calvert PA, Mercer JR, Harrison J, Baker L, Figg NL, Kumar S, Wang JC, Hurst LA, Obaid 

DR, Logan A, West NE, Clarke MC, Vidal-Puig A, Murphy MP, Bennett MR. 2013. 

Mitochondrial DNA damage can promote atherosclerosis independently of reactive oxygen 

species through effects on smooth muscle cells and monocytes and correlates with higher-

risk plaques in humans. Circulation 128(7):702-712. 



This article is protected by copyright. All rights reserved 

Yuan XM, Li W, Brunk UT, Dalen H, Chang YH, Sevanian A. 2000. Lysosomal destabilization 

during macrophage damage induced by cholesterol oxidation products. Free radical biology 

& medicine 28(2):208-218. 

Zdolsek J, Zhang H, Roberg K, Brunk U. 1993. H2O2-mediated damage to lysosomal membranes 

of J-774 cells. Free radical research communications 18(2):71-85. 

Zhang P, Langland JO, Jacobs BL, Samuel CE. 2009. Protein kinase PKR-dependent activation of 

mitogen-activated protein kinases occurs through mitochondrial adapter IPS-1 and is 

antagonized by vaccinia virus E3L. Journal of virology 83(11):5718-5725. 

Zheng F, Xing S, Gong Z, Mu W, Xing Q. 2014. Silence of NLRP3 suppresses atherosclerosis and 

stabilizes plaques in apolipoprotein E-deficient mice. Mediators of inflammation 

2014:507208. 

Zheng F, Xing S, Gong Z, Xing Q. 2013. NLRP3 inflammasomes show high expression in aorta of 

patients with atherosclerosis. Heart, lung & circulation 22(9):746-750. 

Zhou R, Tardivel A, Thorens B, Choi I, Tschopp J. 2010. Thioredoxin-interacting protein links 

oxidative stress to inflammasome activation. Nature immunology 11(2):136-140. 

Zhou Y, Lu M, Du RH, Qiao C, Jiang CY, Zhang KZ, Ding JH, Hu G. 2016. MicroRNA-7 targets 

Nod-like receptor protein 3 inflammasome to modulate neuroinflammation in the 

pathogenesis of Parkinson's disease. Molecular neurodegeneration 11:28. 

 

  



This article is protected by copyright. All rights reserved 

 

Table 1.  Role of some inflammasome activators in atherosclerosis. 

 

Molecule  Effect on 

inflammasome 

activation  

Source of 

experimental 

evidence  

Effect on 

atherosclerosis  

Source of 

experimental 

evidence 

Ref  

TLR  TLR agonists and 

LPS (TLR4 

ligand) upregulate 

NLRP3 

expression 

TLR9 increases the 

expression of 

inflammasome 

components and 

the release of IL-1β 

in human but not 

mouse 

macrophages 

 Murine   

macrophages 

 Human  

macrophages 

 

 TLR4 induces 

plaque formation  

 TLR9 protects 

against 

atherosclerosis  

TLR4 deficiency 

decreases plaque 

even in 

hypercholesterolemic 

state 

 Apo E-/- 

mouse 

 Apo E-/- mice 

 genetic 

deficiency of 

TLR4 or 

MyD88 in 

atherosclerosis-

prone Apo E-/- 

mice 

(Qiao et al., 

2012) 

(Barlan et al., 

2011) 

(Koulis et al., 

2014) 

(Hollestelle 

et al., 2004) 

 

 

MicroRNA 

 MicroRNA-155 

deficiency impairs 

the activation of 

the NLRP3 

inflammasome  

 MicroRNA-7 

influences NLRP3 

 dendritic cells 

 microglial in 

vitro 

 THP1 cells 

derived from 

human lung 

adenocarcino

? - 

(Chen et al., 

2015a) 

(Zhou et al., 

2016) 

(Bandyopadh

yay et al., 

2013) 
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gene and 

significantly 

reduced NLRP3 

protein levels 

 MicroRNA -133a-

1 increases  IL-1β 

release  

ma 

BRCC3 

 Increases the 

release of  IL-1β 

by NLRP3 

deubiquitination 

 

 LPS-primed  

peritoneal  

macrophages   

of murine   

? - 

(Py et al., 

2013) 

ATP 

 Extracellular ATP 

activates NLRP3 

inflammasome 

independent of 

P2X7R. 

 NLRP3 

inflammasome 

activation 

 bovine 

monocytes 

 bone marrow  

macrophages 

of murine 

 Extracellular ATP 

promotes 

atherosclerosis via 

P2Y2  

 in mice 

(Hussen et 

al., 2012) 

(Xiang et al., 

2013) 

(Stachon et 

al., 2016) 

P2X7R 

 P2X7R gene 

silencing prevent 

NLRP3 

inflammasome to 

be activated  

 The P2X7R 

 in rat  

 microglial and 

macrophage 

cells from 

P2X7R -/- 

mice 

 Enhanced 

expression of 

P2X7R in 

atherosclerosis 

 The progression of 

atherosclerosis is 

 aortic sinus of 

cholesterol-fed 

Apo E -/- mice 

 P2X7R 

knockdown 

Apo E -/- mice 

(Feng et al., 

2015) 

(Franceschini 

et al., 2015) 

(Peng et al., 

2015) 
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directly interacts 

with the scaffold 

protein of  

NLRP3 

inflammasome  

reduced by P2X7R 

siRNA 

NEK7 

 Is required for 

NLRP3 

inflammasome 

activation 

 NLRP3-NEK7 

complex 

formation along 

with ASC speck  

 NEK7 -/- or 

NLRP3 -/- 

hematopoietic 

cells of mouse 

in vivo 

? - 

(He et al., 

2016) 

TXNIP 

 participates in 

NLRP3 

inflammasome 

complex 

activation 

 knockdown of 

TXNIP decreases 

the activated 

amount of NLRP3  

 TXNIP mediates 

the activation of 

endothelial 

NLRP3 

 Macrophages 

of TXNIP -/- 

mice  

 endothelial 

cells 

 high-fat diet 

rats 

 TXNIP ablation 

reduces 

atherosclerotic 

lesion by 49%  in 

the rout of aorta 

and 71% in the 

abdominal aorta 

 Apo E -/- mice 

(Zhou et al., 

2010) 

(Liu et al., 

2014) 

(Mohamed et 

al., 2014) 

(Byon et al., 

2015) 
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inflammasome 

and pushes cell 

toward death 

Ca
2+

 

 Is essential for IL-

1β release  

 

 human 

macrophage in 

vitro 

 Ca
2+

 channel 

blockers would 

have 

atheroprotective 

roles 

 Ca
2+

 antagonists 

reduce the rate of 

atherogenesis 

 in SMC in 

vitro and in 

vivo  

 long-term 

clinical trials 

of  Ca
2+

 

antagonists 

(Rada et al., 

2014) 

(Tulenko et 

al., 1997) 

(Hernandez 

et al., 2003) 

NO 

 Suppresses NLRP3 

inflammasome-

mediated IL-1β 

secretion and 

caspase-1 

activation  

 mouse 

macrophages 

 Endothelial NO 

synthesis (eNOS ) 

enzyme protects  

from 

atherosclerosis  

 

 carotid 

arteries of 

Apo E -/- and 

eNOS -/- 

mice 

(Mao et al., 

2013) 

(Ponnuswam

y et al., 2012) 

PKR 

 Normal activated 

level of NLRP3 

inflammasome  

 Deficiency of PKR 

decreases the level 

of IL-1β   

 PKR deficient 

bone marrow 

derived 

macrophages 

 PKR -/- mice 

 PKR  deficiency 

significantly 

protected against 

atherogenesis  

   PKR -/- mice 

(Wu et al., 

2013) 

(Stunden and 

Latz, 2013) 

(Lu et al., 

2012) 

MAPK 

 HMGB1 

promotes the 

 THP-1 

macrophages 

 P38α MAPK -/-  

reduces the 

 p38α MAPK -

/-  macrophage 

(He et al., 

2012) 
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synthesis of 

proIL-1β  and 

proIL-18 in by the 

activation of p38 

MAPK 

amounts of 

collagen and the 

fibrous cap 

 P38α MAPK -/- did 

not affect the 

pathogenesis of 

atherosclerosis  

in vivo 

 P38α MAPK-

/- endothelial 

cell and 

macrophage of 

ApoE-/- mice 

(Seimon et 

al., 2009) 

(Kardakaris 

et al., 2011) 

NADPH 

oxidase 

 Knockdown of the 

common NADPH 

oxidase subunit 

,p22phox, 

diminishes IL-1β 

secretion 

 knockdown -

p22 phox mice 

 NADPH oxidase 4 

prevented the 

endothelial 

dysfunction and 

atherosclerosis 

development 

 50% reduction of 

atherosclerotic 

lesion in NOX2 -/y 

and Apo E -/- mice 

 

 NOX4 -/-  

LDL receptor
 
-

/- mice  

 NOX2 -/y and 

Apo E -/- mice 

(Dostert et 

al., 2008) 

(Langbein et 

al., 2016) 

(Judkins et 

al., 2010) 

COX-2 

 Activates NLRP3 

inflammasome 

leading to the 

increased amount 

of IL-1β and the 

pyroptosis 

 COX-2 -/- 

macrophages  

 promotes the early 

stage of 

atherogenesis 

 Macrophage COX-

2 promoted early 

atherogenesis  

 

 Apo E -/- mice 

 LDL Receptor 

-/- Mice 

(Hua et al., 

2015) 

(Burleigh et 

al., 2005) 

(Burleigh et 

al., 2002) 
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LPO ? - 

 15-lipoxygenase 

enzyme was active 

in human lesions  

 in human in 

vivo 

(Kuhn et al., 

1997) 

Cathepsin 

B 

  Cathepsin 

B inhibitor 

abolishes LCWE-

induced 

inflammasome 

activation in 

coronary arterial 

endothelium 

 In  mice 

 Is upregulated in 

aortic lesions  

 

 Apo E-/-mice 

(Chen et al., 

2015b) 

(Chen et al., 

2002) 

Ox-

mtDNA 

 Participates 

in inflammasome 

activation 

 

 human 

monocytic 

cell line THP-

1 

 

 Promoted 

atherosclerosis  

 Apo E -/- 

mice 

 

(Ding et al., 

2014) 

(Yu et al., 

2013) 

JNK 

 JNK inhibition 

causes reduced 

amount of IL-1β 

and decreased 

activation of 

caspase-1  

 JNK1 and JNK2 

participate in  IL-

1β cleavage  

 Peritoneal 

macrophages 

 JNK1 and 

JNK2 

knockdown 

THP-1 

macrophages 

 JNK1 deficiency 

increased 

atherosclerosis 

through reducing  

macrophage 

apoptosis  

 Loss of JNK2, but 

not JNK1, reduces 

plaque formation 

 LDL receptor  

Null mice 

 Apo E -/- and 

JNK1-/- 

mice. 

 

(Hara et al., 

2013) 

(Okada et al., 

2014) 

(Babaev et 

al., 2016) 

(Ricci et al., 

2004) 
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SYK 

 

 SYK 

inhibition reduces 

IL-1β secretion 

and caspase-1 

activation  

 not required 

for NLRP3 

inflammasome  

 peritoneal 

macrophages 

 dendritic cells 

 SYK inhibition 

reduces plaque 

development   

 Apo E -/- mice 

(Hara et al., 

2013) 

(Lindau et 

al., 2016) 

 

ASK-1 

 Activates 

p38MAPK which 

is an important 

factor for IL-1β 

production. 

 ASK-/- 

macrophages 

 In mice 

 Suppresses 

hyperlipidemia-

induced 

atherosclerosis via 

increased 

macrophage 

apoptosis  

 ASK-/- and 

Apo E-/- mice 

(Hsieh and 

Papaconstant

inou, 2006) 

(Yamada et 

al., 2011) 

ER stress 

 activates the 

inflammasome 

 a UPR-

independent 

pathway activated 

NLRP3 

inflammasome 

 sensors of 

ER stress inducing 

PERK and IRE1α 

 In mice 

 In mice  

 livers from 

obese mice 

 ER stress/UPR 

activation is 

observed in 

development of 

different stages of 

atherosclerotic 

lesion  

 Improvement of ER 

chaperoning 

function inhibits 

 

 Apo E-/- mice 

 In macrophage 

 

(Lebeaupin et 

al., 2015) 

(Menu et al., 

2012) 

(Lebeaupin et 

al., 2015) 

(Dickhout et 

al., 2007) 

(Erbay et al., 

2009) 
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increased the 

activity of the 

NLRP3 

inflammasome 

plaque 

development 

induced by toxic 

lipids 

 

 

TLR: Toll-like receptor,  BRCC3: BRCA1/BRCA2-Containing Complex 

Subunit 3, ATP : adenosine triphosphate,  P2X7R: P2X7 receptor,  NEK7: 

NIMA Related Kinase 7, Txnip: Thioredoxin-interacting protein, Ca
2+

: Calcium 

ions, NO: Nitric oxide, PKR: protein kinase R, MAPK : mitogen-activated 

protein kinase,  NADPH oxidase: nicotinamide adenine dinucleotide phosphate 

oxidase, COX-2: Cyclooxygenase 2, LPO: Lactoperoxidase,  Ox-mtDNA: 

Oxidized mitochondrial DNA, JNK: c-Jun N-terminal kinase, SYK: Spleen 

tyrosine kinase, ASK1: Apoptosis signal-regulating kinase 1, ER: endoplasmic 

reticulum, PERK :  PKR-like ER kinase  and IRE1α: Inositol Requiring 1 alpha  
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Figure 1: The interaction between the components of each inflammasome. A-E NLR, F and G PYHIN 
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Figure 2: Activation of the NLRP3 inflammasome. 
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Figure 3: Role of ER stress, mitochondrial dysfunction, and Ca2+ signaling in NLRP3 inflammasome activation 
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Figure 4: Role of NLRP3 inflammasome in plaque formation. OxLDL ( ), crystalline cholesterol ( ), and Ca2+ ( ) 

are found in abundant in atherosclerotic lesions which cause endothelial cells (EC), smooth muscle cells (SMC), 

and macrophages (M) to activate NLRP3 inflammasome within their cytoplasm 
 
 
 


