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1. ABSTRACT

Metabolic syndrome is a major health issue in the
western world. An elevated pro-inflammatory state is often
found in patients with metabolic diseases such as type 2
diabetes and obesity. Atherosclerosis is one such clinical
manifestation of pro-inflammatory state associated with the
vasculature. The exact mechanism by which metabolic
stress induces this pro-inflammatory status and promotes
atherogenesis remained elusive until the discovery of the
inflammasome protein complex. This complex is composed
of pro-caspase-1 and pathogen sensors.  Activation of
inflammasome requires the transcriptional upregulation of
inflammasome components and the post-translational
assembly. Three models of inflammasome assembly have
been proposed: 1) the ion channel model; 2) the reactive
oxygen species (ROS) model; and 3) the lysosome model.
In either case, inflammasome activation triggers the auto-
activation of pro-caspase-1 into its mature form. Caspase-1,
which was first discovered as the IL-1 converting enzyme,
is known to be a major player in inflammatory and cell
death pathways. Many endogenous metabolic ligands have
been experimentally shown to activate inflammasome, and
thus initiate the subsequent inflammation process. Further
understanding of the distinct molecular mechanism by which
metabolic ligands activates inflammasome could lead to
developing novel therapeutic interventions for atherosclerosis
and other clinical problems related to metabolic diseases.

2. INTRODUCTION

Metabolic syndrome is a combination of medical
disorders such as hypertension, insulin resistence,
hyperlipidemia and central obesity that, when occurring
together, significantly increase the risk for coronary
artery disease (CAD), stroke, and type 2 diabetes (T2D)
(1). For instance, it is the metabolic stresses on the
vasculature that lead to endothelial cell activation,
endothelial dysfunction, and local vascular inflammation
resulting in a pathogenic process called atherosclerosis, a
leading cause of CAD and stroke. In turn, these
cardiovascular diseases are the leading causes of
morbidity and mortality in metabolic syndrome patients.

Atherosclerosis (also known as arteriosclerotic
vascular disease or ASVD) is a condition commonly
referred to as a hardening or furring of the arteries.
Hyperlipidemia is a major risk factor for atherosclerosis,
and correction of dyslipidemia is the mainstay treatment
for symptomatic cardiovascular disease.  Other
endogenous signals including glucose, oxidized LDL
(oxidized-LDL) ,and free fatty acids (FFAs), which are
elevated in patients with obesity and T2D (2) have also
been known to account for atherogenesis. Despite the
growing evidence that shows the causal effect of
metabolic syndrome to atherosclerosis, the exact
biological mechanism is poorly understood.
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Table 1. Endogenous activators of Nalp3 inflammasome
Activator Signal 1 Signal 2 Mechanism Clinic Relevance Reference (PMID)
Palmitate √ ROS Metabolic Syndrome 21478880
Ceramide √ √ ROS Metabolic Syndrome 21217695
Glucose √ √ ROS Metabolic Syndrome 20023662
oxLDL √ √ ROS Metabolic Syndrome 20428172
Cholesterol Crystals √ Lysosomal Damage Metabolic Syndrome 20428172
Islet Amyloid Polypeptide √ Lysosomal Damage Metabolic Syndrome 20835230
Monosodium Urate (Uric Acid) √ Particle Endocytosis Gout 16407889
Calcium Pyrophosphate Dihydrate (CPPD) √ Particle Endocytosis Pseudogout 16407889
Amyloid  √ Lysosomal Damage Alzheimer's Disease 18604209
Hyaluronan √ Particle Endocytosis Injure 19258328
ATP √ K+ Efflux Injure 16407890

Recently studies have demonstrated that several
endogenous metabolic stress molecules, such as oligomers
of islet amyloid polypeptide (3), glucose (4), ceramid (5),
oxidized low density lipoprotein(6) and cholesterol
crystals, can be sensed by NLRP3 (nucleotide-binding
domain and leucine-rich repeat containing (NLR) family,
pyrin domain containing 3), a cytosolic pathogen associated
molecular pattern (PAMP) recognition receptor similar to
Toll-like receptors (TLRs) (4-7) and stimulate NLRP3
inflammasome complex assembly (Table 1). The
inflammasome is a large, multiprotein complex, in which
pro-caspase-1 is cleavaged into its mature p20-p10
heterodimeric/tetrameric activated proteinase. Activated
caspase-1 then is capable to cleave off the N-terminal 117
amino acids from pro-interleukin (IL)-1(269 amino
acids (aa) in length, 30kD in size) and the N-terminal 35
amino acids from pro-IL-18 (192 aa in length, 21 kD in
size) into their bioactive forms of 17kD, respectively.
Thus, caspase-1 functions as the key bridge linking the
metabolic stresses and innate immune sensors to pro-
inflammatory cytokine production and initiation of
vascular inflammation.

In addition, recent clinical studies reported the
following findings: 1) activated caspase-1 is found in
patients’ vulnerable atherosclerotic plaques (8); 2) elevated
serum concentrations of caspase-1 are found in patients
with acute angina(9); and 3) Familiar Mediterranean fever
(FMF) is a common hereditary auto-inflammatory disorder
characterized by recurrent febrile attacks and polyserositis,
resulting from missense mutations of Mediterranean FeVer
gene that alters the structure and function of pyrin protein
(10). Major role of pyrin is the regulation of caspase-1
activation. The mutation M694V of pyrin is an independent
risk factor for developing acute myocardial infarction in the
Sicilian population (11). Lastly, endothelium-dependent
flow-mediated dilation is reduced and intima-media
thickness of the carotid arteries is increased in patients with
FMF (12, 13). These clinical reports clearly demonstrate
the pathophysiology of atherogenesis and caspase-1
activation. In this review, we will focus on the recent
progress in the understanding of how a prototype pro-
inflammatory caspase, caspase-1, gets activated by
metabolic stresses and its subsequent role in vascular
inflammation.

3. INFLAMMATORY CASPASE FAMILY

Apoptosis, as a format of programmed cell death,
serves as an evolutionary conserved cellular protective

mechanism. Similarly, inflammation also serves as a tissue
protective mechanism in mammalian species. Most of the
five cardinal features of inflammation including
redness/rubor, swelling/tumor, pain/dolor, heat/calor, and
dysfunction results from the vascular responses to causative
stimuli including vasodilation, increased blood flow,
extravasation of fluid (permeability) and cellular influx
(chemotaxis). However, since apoptosis results in no
inflammation in response to inflammatory stimuli, vascular
cells in the affected tissue would either inflame or perish
via apoptosis or something in between, i.e. newly termed
cell death form “pyroptosis” (14). Pyroptosis, or caspase 1-
dependent cell death, which is inherently inflammatory, can
be triggered by various pathological stimuli, such as stroke,
heart attack or cancer, and is crucial to control microbial
infections. Therefore, activation of either apical/initiator
apoptotic caspases or inflammatory caspases will determine
the fate of the protective responses of the cells.

Caspases (cysteinyl aspartate proteases) are an
evolutionarily conserved class of intracellular proteases.
The history of caspases’ characterization began with the
identification of caspase-1 as the IL-1-converting enzyme
(15). The discovery of the homology of caspase-1 to ced-3,
which is involved in programmed cell death in
Caenorhabditis elegans, suggested the key role of caspases
in apoptosis.(16) The role of apoptotic caspases (caspase-2,
3, 6, 7, 8, 9, and 10) has been well studied (17). However,
several members of caspase family have gained
prominence as critical mediators in inflammation and
innate immune responses.  These caspases are called
inflammatory caspases (also known as the group 1
caspases). Three human caspases (caspase-1, caspase-4,
and caspase-5) and three mouse caspases (caspase-1,
caspase-11, and caspase-12) have been categorized into the
inflammatory caspase subfamily (18). All inflammatory
caspases share a conserved caspase activation and
recruitment domain (CARD) at the N-terminus. Sequence
analysis suggests that human caspase-1 and mouse caspase-
1 are likely orthologues, while human caspase-4 and
caspase-5 have originated from a duplication of mouse
caspase-11 (19). Human caspase-12 homolog lost its C-
terminus and became enzymatic inactivated through
evolution (20).

Activated caspase-1, the prototype of
inflammatory caspases, can process pro-IL-1 and pro-IL-
18, two critical pro-inflammatory cytokines, into their
mature forms. A more sophisticated analysis from our
laboratory (21) demonstrated the existence of up to 70
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protein substrates for caspase-1, most of which play a role
in vascular inflammation, vascular function and
atherogenesis. Of note, no specific substrates have been
characterized for human caspase-4 and caspase-5 and
mouse caspase-11 and caspase-12. Therefore, the
pathophysiological functions of these caspases are poorly
understood.

One report showed that caspase-11-deficient
macrophages have insufficiency of caspase-1 activation and
IL-1β production when infected with Escherichia coli,
Citrobacter rodentium or Vibrio cholera. Similar data was
not observed when these macrophages were treated with
endogenous non-infectious stimuli, such as adenosine-5'-
triphosphate (ATP) and monosodium urate (MSU) crystals.
The authors of the studies thus proposed that caspase-11
was required for non-canonical activation of caspase-1
(22). Murine caspase-12 may be functional as the dominant
negative regulator of caspase-1 and block caspase-1
activation (18). This argument was supported by the
findings that caspase-12-deficient mice have higher IL-1
and Il-18 levels but not tumor necrosis factor-α (TNF-
)and IL-6 as compared to wild-type littermates after
bacterial infection. These results suggest that it is likely that
other members of inflammatory caspases are involved
inflammatory process via facilitating or suppressing the
caspase-1 activation.

3.1. Inflammasomes and caspase-1 activation
Pro-caspase-1 is present in the cell cytosol as an

inactive zymogen and requires a protein complex assembly
for auto-activation. This protein platform, which is
composed of NLR family member and pro-caspase-1, has
been called the “inflammasome” as an analogy to the
“apoptosome” that controls caspase-9 activation during
mitochondrion-dependent apoptosis. Similarly,caspase-8
and caspase-2 activation are controlled by a protein
complex called the death inducing signaling complexes
(DISCs) and the p53-induced protein with a death domain
complex (PIDDosome) respectively (23). These protein
complex assemblies add an extra layer of regulation in
addition to the existing regulatory mechanisms including
transcription, RNA splicing, mRNA stability, microRNA-
mediated mRNA regulation, translation, and post-
translational modifications. These models of caspase
activation provide several functional advantages, such as
capacity for sensing stimuli and rapid action using pre-
existing protein components without new gene expression.

The NLR family comprises of 22 cytoplasmic
proteins that include 5 members of the NOD (Nucleotide-
binding oligomerization domain) subfamily, 14 NLRP
members [domain present in NAIP, CIITA, HET-E
(Podospora anserine incompatibility locus protein) and
telomerase associated protein (NACHT)-, leucine-rich
repeat domain (LRR)- and pyrin-domain-containing
proteins], interleukin 1β-converting enzyme protease
activating factor (IPAF), neuronal apoptosis inhibitor
protein (NAIP), and major histocompatibility complex
(MHC) class II transactivator (CIITA). Similar to apoptotic
protease activating factor 1 (APAF-1) in the caspase-9
activating protein complex, NLRs have a tripartite

structure, consisting of a C-terminal leucine-rich repeat
domain, a central nucleotide-binding oligomerization
(NOD or NACHT) domain, and an N-terminal effector
domain. The effector domain facilitate downstream
signaling via protein-protein interaction, which can be
either a CARD, a pyrin domain (PYD), or a baculovirus
inhibitor of apoptosis repeat domain. Thus, NLRs can
either directly bind to caspase-1 through a CARD-CARD
domain interaction, such as IPAF or associated with
caspase-1 through an adaptor protein called apoptosis-
associated speck-like protein containing a caspase
recruitment domain (ASC), such as NLRP1 and NLRP3.
Up to now, several members of NLRs have been
documented to assemble into inflammasomes, including
NLRP1, NLRP3, NLRC4 (IPAF), NFLRP6 and NLRP12
(24). These NLRs sense different endogenous and
exogenous stimuli and form the inflammasome complex for
caspase-1 activation. For example, NLRP1 inflammasome
was the first identified inflammasome, and was found to be
the primary mediator of susceptibility to anthrax lethal
toxin (25). On the other hand, IPAF inflammasome (26)
can sense flagellin derived from Legionella P., Salmonella
T., pseudomonas A. and shigella F. Of note, two members
of the pyrin domain (PYD) and HIN domain-containing
(PYHIN), AIM2 and IFI16, were reported to assemble the
NLR-independent inflammasomes. These receptors can
directly engage with double-stranded DNA (dsDNA)
ligands via the DNA-binding HIN domains (27-29).

3.2. Models of NLRP3 activation
NLRP3 inflammasome is the most widely studied

inflammasome, which is found to be capable of sensing a
number of stimuli. It is commonly accepted that activation
of NLRP3 inflammasome involves both transcriptional
(signal 1) and post-translational (signal 2) regulation
(Figure 1).

Signal 1 of inflammasome activation generally
involves the upregulation of inflammasome component via
TLR/NF-B pathway. The Myeloid cells are maintaining a
low level of pro-IL-1 expression when resting. As the
major read-out of inflammasome activation is the secretion
of matured IL-1, researchers always perform a priming
step to raise the pro-IL-1 level before treating the cells
with the actual stimulation of the inflammasome activators.
LPS is a widely used inducer for pro-IL-1, which is
accepted as the signal 1 of inflammasome activation (30).
However, a large range of NF-B activators such as TNF,
CpG, and IL-1 itself can be used instead of LPS (31). The
expression of NLRP3 is relatively low in many cell types
and thus requires a priming signal to be induced (32, 33).

Signal 2 induces the assembly of NLRP3
oligomer. The list of NLRP3 inflammasome activators
includes a wide variety of chemically and biologically
unrelated PAMPs and DAMPs (danger-associated
molecular patterns) (34). Such diversity of stimuli leads
to the question by what mechanisms these structurally
distinct molecules activate NLRP3 inflammasome
activation. Although this question has not been fully
answered, a few hypothetical mechanisms have been
proposed (35).
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Figure 1. proposed models of metabolic stress induced nlrp 3 inflammasome activation. The signal 1 of NLRP3 inflammasome
activation proceeds via TLR/NF-B to upregulate the mRNA levels of inflammasome components. Three models have been
proposed to activate NLRP3 inflammasome assembly (signal 2) by metabolic stress, including ion channel model, ROS model,
and lysosome model.  Pro-caspase-1 is processed into activated caspase-1 via inflammasome, which is then capable to cleavage
pro-IL-1 and pro-IL-18 into their mature forms. The bioactive forms of IL-1 and IL-18 can be secreted out and further induce
inflammatory response. LRR : leucine-rich repeat domain; NACHT: nucleotide-binding oligomerization (NOD or NACHT)
domain; CARD : Caspase activation and recruitment domains.

Extracellular ATP, as a NLRP3 agonist, is a major
danger signal released at the sites of cellular injury and
necrosis. The first model suggests that ATP-mediated
inflammasome activation depends on the activation of the
ATP-gated P2X7 purinergic receptor, which is an ATP-
gated ion channel responsible for potassium (K+) efflux
through the cell membrane. In agreement with this model,
an in vitro experiment has already demonstrated that NLRP
inflammasome assembly and procaspase-1 recruitment
occur spontaneously at K+ concentrations below 90 mM,
but that this is prevented at higher concentrations. Thus,
low intracellular K+ may be at least a common trigger of
NLRP-inflammasome activation (36). In addition, blockade
of K+ efflux induced by NLRP3 activators suppresses
inflammasome activation as measured by caspase-1
activation and IL-1 maturation. ATP-dependent activation
of NLRP3 has also been linked to another type of P2X7
receptor interaction channel, pannexin-1. Muramyl
dipeptide (MDP), the microbial activator for NLRP1/3
inflammasome, can be phagocytosed and translocated into
primary macrophages and accumulates in the acidified
endosomal compartments. Upon ATP stimulation, MDP is
then rapidly released from acidified vesicles into the
cytosol through a pathway dependent on pannexin-1
function. One explanation is that pannexin-1 will form a

hemi-channel that will allow extracellular NLRP3 activator,
especially bacterial products, to access the cytoplasm and
interact with and activate NLRP3 directly (37). Moreover,
any pore formation in the plasma membrane would lead to
K+ efflux from the cells, which can cooperate with the K+

channels in controlling the intracellular K+ concentration
after ATP stimulation.

The second model of NLRP3 inflammasome
activation claims that considering the size of many NLRP3
activators such as MSU crystals or the particulate asbestos,
they are too large for cytoplasmic translation, but may lead
to phagosomal destabilization and lysosome rupture during
phagocytosis. Supporting evidence for this model shows
that crystal-induced NLRP3 activation can be impaired by
the inhibition of the lysomal protein, cathepsin B and
phagocytosis impairs (3, 30). Consistence with this
hypothesis, sterile lysomomal rapture itself (in the absence
of any microbial stimuli) is sufficient to induce NLRP3
activation in human cells. However, the detailed molecular
mechanism of this model is still unclear.

The third model proposes that NLRP3 is a
general sensor for ROS generation to the inflammasome.
Accompanied with inflammasome activation, ROS
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production is observed in all the NLRP3 activator-treated
cells, including ATP and the particle activators. ROS
blockade via knockdown of nicotinamide adenine
dinucleotide phosphate (NAPDH) oxidase subunit
expressions or the use of antioxidants impairs
inflammasome activation (38, 39). These findings indicate
that ROS generation is essential for NLRP3 inflammasome
activation. A recent study demonstrated that NLRP3 agonist
can induce the dissociation of thioredoxin-interacting
protein (TXNIP; also known as VDUP1) (4) from its
inhibitory protein, oxidoreductase thioredoxin in a ROS-
sensitive manner. After that, free TXNIC binds with
NLRP3 through LLRs and leads to NLRP3 inflamamsome
activation. This report provides some insight into the
mechanism of ROS-dependent inflammasome activation in
molecular levels. However, TXNIP deficiency only
partially impairs the activation of the NLRP3
inflammasome and subsequent secretion of IL-1, which
indicates that other pathways may also be involved.

Although evidence can be found to support each
of these three models, much is still unknown regarding the
specific details. In addition, these three models are not
functionally independent but rather they might be
interactive. For example, ROS generation is frequently
accompanied by K+ efflux (40). It is possible that low K+

concentration can induce ROS production or vice versa.
Incomplete or “frustrated phagocytosis” can also induce
ROS production (39). Future studies are needed to clarify
these issues.

3.3. Downstream functions of caspase-1 activation
The consequence of inflammasome activation is

the maturation of caspase-1. Caspase-1 was firstly
recognized as the IL-1 converting enzyme and is known
to be required to process pro-IL-1 and pro-IL-18 into their
mature form (41). Both cytokines attain a potent pro-
inflammatory activity and are capable to induce a wide
variety of biological effects. During infection, local injury
or immunological challenge, IL-1 can be induced and then
can regulate systemic and local inflammation by
upregulating the expression of many effector proteins
through IL-1RI and Nuclear factor (NF)-B pathway (42).
These effector proteins including cytokines/chemokines
(43) (e.g., monocyte chemotactic protein 1), adhesion
molecules (44) (e.g., vascular cell adhesion molecule 1 and
intercellular adhesion molecule 1), nitric-oxide synthase
(45), and matrix metalloproteinases (46), will then mediate
several immune responses such as generating fever,
activating lymphocytes and promoting leukocyte
transmigration to the injury site. IL-18, although less
effective than IL-1, also plays key roles in a various
disease models, including atherosclerosis (47), lupus
erythematosus (48), acute graft-versus-host disease (49),
hepatitis (50), and obesity (51). Therefore, it is a rational
conclusion that IL-1 and IL-18 are the most important
effector proteins for inflammasome activation. However,
not all inflammasome functions can be explained by the
effects of IL-1 and IL-18. For example, caspase-1-
deficient mice are resistant to lipopolysaccharide (LPS)-
induced shock, whereas this phenotype was not observed in
both IL1 and IL-18-deficient mice (52). Additional

evidence shows that aside from IL-1 and IL-18, caspase-1
can also mediate the cleavage and/or secretion of numerous
other cytoplasmic targets, which indicates that caspase-1
can regulate different cellular functions beyond IL-1 and
IL-18 activation.

Unlike other members of the caspase family,
caspase-1 is not involved in the apoptosis pathway.
Caspase-1 activation drives a specialized form of cell death
known as pyroptosis, which is caspase-1-dependent, pro-
inflammatory cell death. It was firstly discovered in
macrophages when infected with shigella flexner,(53), and
subsequently observed in macrophages and dendritic cells
when infected with other bacteria (54). In contrast to
apoptosis, which is an immunologically “silent”, pyroptosis
features the release of pro-inflammatory intracellular
contents. A rapid plasma-membrane rupture and plasma-
membrane pore formation are also observed during
pyroptosis via a caspase-1-dependent manner (55). The
pores formed on the plasma membrane produce a net
increase in osmotic pressure and induce water influx and
cell swelling resulting in osmotic lysis and release of
inflammatory-cellular contents (56). Thus, the pyroptotic
cell death allows the eliminating infected cells, as well as
alerting the immune system for further responses. Although
the mechanism of caspase-1-dependent cell death is poorly
understoody, it seems to be independent of IL-1 and IL-18
(54), which indicates that pyroptosis involves unknown
caspase-1 pathways requiring further investigation.

Besides IL-1 and IL-18, caspase-1 can also
regulate production and/or secretion of several other
cytokines. The evidence is that the plasma level of IL-1,
TNF- and IL-6 were also down-regulated in the caspase-
1-deficient mice after LPS shock compared to wide-type
controls (57). More recent proteomic approaches have
confirmed that caspase-1 is a regulator for unconventional
protein secretion (58). Most secreted proteins contain signal
peptides that mediate its secretion via the classical
endoplasmic reticulum (ER) and Golgi pathway. However,
a small amount of proteins including the major caspase-1
substrates, IL-1 and IL-18 are known to be released by
unconventional protein secretion pathways which are
independent of the ER and Golgi (59). Caspase-1 was
demonstrated to be essential for the secretion of some other
proteins which are secreted non-classically, including IL-
1, high mobility group box-1 (HMGB1) and fibroblast
growth factor-2 (FGF2). It is likely that caspase-1 regulates
the secretion of these proteins via protein-protein binding.
However, the distinct pathway of the unconventional
protein secretion needs further studies.

In addition, caspase-1 can regulate NF-B
activation (60). One group reported that caspase-1 can
regulate NF-B and P38 MAPK activity which is
independent of caspase-1 catalytic activity (61). The
authors also proposed that caspase-1 may interact with the
receptor interacting protein-2 (RIP2) through CARD
domain. Furthermore, overexpression of the caspase-1-like
protein COP, which in contrast to caspase-1 only consists of
a CARD domain, is capable of activating NF-B via RIP2
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(62). It was proposed that caspase-1 was able to cleavage
MyD88 adapter-like (MAL) at the its TIR domain which
mediates its binding to TLR and thus regulates
TLR/MyD88/NF-B pathway. This is supported by the
evidence that impaired NF- activation and TNF-
production were observed in caspase-1-deficient
macrophage in response to TLR2 or TLR4 stimulation (60).
Interestingly, other members of inflammatory caspases
were found to regulate NF-B activity.For instance, LPS
treatment leads to the interaction of caspase-4 and TNF
receptor associated factor 6 (TRAF6) via a TRAF6-binding
motif which may boost the NF-B signaling pathway while
deficiency of caspase-4 in THP-1 leads to a diminished NF-
B activity upon LPS stimulation (63). Caspase-12, which
is a decoy protein for caspase-1, on the other hand, can
blunt NF-B activation by binding to RIP2 and displacing
TRAF6 from the RIP2 signaling complex (64).

In summary, activated caspase-1 is capable of
regulating the secretion of unconventional proteins via
either directly cleavage process (eg. IL-1 and IL-18) or a
yet unknown process involved in protein-protein
interaction. It could also regulate TLR/MyD88/NF-B
through interacting with RIP2 and MAL. Furthermore, it
would lead to cell membrane pore formation and eventually
a caspase-1-dependent cell death featured with cell lysis
and pro-inflammatory cellular content release.

4. INFLAMMASOME AND METABOLIC STRESS

4.1. Inflammasome and wargurg effect
The Warburg effect generally refers to the

aerobic glycolysis process adopted by cancer cells to
generate enough energy for cellular process (65). Most
differentiated cells primarily metabolize glucose to carbon
dioxide by oxidation of glycolytic pyruvate in the
mitochondrial Krebs cycle (the tricarboxylic acid cycle) to
maximal the production of ATP under the presence of
oxygen (known as “oxidative phosphorylation”, generating
36 mol ATP/ mol glucose). Only when there is insufficient
oxygen these cells will produce large amount of lactate
(known as “anaerobic glycolysis”, generating 2 mol ATP/
mol glucose). However, most cancer cells employ the
“aerobic glycolysis” process for energy production. This
process generates 4 mol ATP/mol glucose which is less
efficiency than oxidative phosphorylation. However, the
beneficial effect of it on cancer cells is still unclear.

Interestingly, LPS also promote a profound
metabolic switch from oxidative phosphorylation to aerobic
glycolysis in both macrophages and dendritic cells.(66)
However, the mechanism of the Warburg effect in activated
inflammatory cells remains largely unknown. One seminal
study demonstrated that in LPS activated macrophages, the
6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase
(PFK2) from the liver type-PFK2 (L-PFK2) to the more
active ubiquitous PFK2 (uPFK2) isoform which potentiates
the glycolytic flux (67). It is also supported by the
phenomenon that interference of uPFK2 attenuated
macrophage activation in responses to LPS (67). The
mechanism of the Warburg effect in activated inflammatory
cells may also involve a signal from mitochondria as LPS

directly suppresses mitochondrial energy production.
Significant decreases in mRNA level of the mitochondrial
respiratory chain complex I-V genes in blood leukocyte
occur after intravenous administration of LPS to healthy
human subjects (68). Moreover, the rate of mitochondrial-
dependent β-oxidation of free fatty acids and rate of
mitochondrial-dependent oxygen consumption are
significantly suppressed after LPS stimulation of dendritic
cells (69).

LPS induced Warburg effect in inflammatory
immune cells interacts with LPS induced inflammasome
activation, especially for the priming step of the activation.
Treatment of macrophages with the glycolytic inhibitor 2-
deoxyglucose (2-DG) prevents the induction of IL-1β
mRNA induced by LPS but does not affect transcription of
the gene encoding TNF-. In addition, 2-DG prevented
islet amyloid polypeptide (IAPP) induced IL-1β release in a
dose-dependent manner and this effect is only seen when 2-
DG is added before but not after LPS priming suggesting
that the Warburg effect is only required for priming (signal
1) but not activation (signal 2) of the inflammasome (7).

Furthermore, inflammasome activation can
reciprocally regulate glycolysis process. It has been shown
that a series of glycolytic enzymes including aldolase,
triose-phosphate isomerase, glyceraldehyde-3-phosphate
dehydrogenase, α-enolase, and pyruvate kinase are directly
cleaved by caspase-1 (70). Cleavage forms of these
enzymes were detected in macrophage and diaphragm
muscle after Salmonella typhimurium infection and septic
shock along with caspase-1 activation. However it was not
observed in caspase-1-deficient cells (70). This report
supports that inflammasome activation can inhibit
glycolysis. Nonetheless, whether this phenomenon is
responsible for reversing the Warburg effect in activated
inflammatory cells as a feedback mechanism needs to be
further investigated.

4.2. Inflammasome and atherosclerosis
Atherosclerosis, which is a pathogenic condition involved
in a chronic vascular inflammation, accounts for the
morbidity and mortality of metabolic diseases, including
T2D and obesity. Elevated amounts of glucose, oxidized
LDL and free fatty acids were also commonly found in
patients with obesity, T2D or atherosclerosis. These
endogenous molecules may induce pro-inflammatory
cytokines production from macrophages and other cell
types and accelerate the chronically pro-inflammatory state
resulting atherosclerosis. Both IL-1 and IL-18 are
considered to be the major contributors of atherogenesis
(47, 71). IL-1β is one of the cytokines commonly expressed
in human atherosclerotic plaques (72), and IL-18 has also
been shown to be highly expressed in the atherosclerotic
plaques as compared to normal arteries localized primarily
in plaque macrophages (73). IL-1β deficiency decreases the
severity of atherosclerosis in ApoE-deficient mice (43). In
addition, the data from IL-18-deficient ApoE−/− mice
showed reduced atherosclerosis despite the increased level
of serum cholesterol supporting the proatherogenic role of
IL-18 (74). In contrast, atherosclerotic lesion size in IL-
1Ra+/−/ApoE−/− mice is significantly increased as compared
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Table 2. Inflammasome components and atherosclerosis

Inflammasome
Components

Animal Genotype
Genomic
Background

Age
(weeks)

High Fat
Fed
(weeks)

Gender
Atherosclerosis
Lesion

References
(PMID)

NLRP3 NLRP3-/-/ApoE -/- C57BL/6 15 11 Not Specified No Difference 21451572
LDLr-/-x BMT NLRP3-/- * C57BL/6 16 8 Female Decrease 20428172

Caspase-1 Caspase-1-/-/ApoE -/- C57BL/6 16 8
Both Male and
Female

Decrease 22265992

Caspase-1-/-/ApoE -/- C57BL/6 15 11 Not Specified No Difference 21451572
ASC ASC-/-/ApoE -/- C57BL/6 15 11 Not Specified No Difference 21451572

LDLr-/-x BMT ASC-/- C57BL/6 16 8 Female Decrease 20428172

IL-1β IL-1β -/-/ApoE -/-
DBA/1
C57BL/6J

24 0 Male Decrease 12615675

LDLr-/-x BMT IL-1β-/- C57BL/6 16 8 Female Decrease 20428172
IL-18 IL-18-/-/ApoE -/- C57BL/6 24 0 Male Decrease 12829194

* BMT: Bone Marrow Transplantation

to IL-1Ra+/+/ApoE−/− mice (75). However, the question of
how endogenous metabolic stress could induce IL-1 and
IL-18 production and thus induce atherogenesis remains
unanswered.

An exciting development in this field is the
identification of the roles of pathogen-recognition receptors
(PRRs) in the pathogenesis of atherosclerosis. Toll-like
receptors, as the major member of PRRs, recognize a
variety of conserved PAMPs derived from bacteria, viruses,
protozoa, and fungi, and then signal an upregulation of a
range of immune and inflammatory genes. Genetic
deficiency of TLRs (eg: TLR2, TLR4) in atherogenic mice
significantly decrease the size of atherosclerotic lesions
(76), suggesting the significant role of TLRs in
atherogenesis. A recent study demonstrated that synergistic
activation of TLRs and other cytosolic sensing receptor
families including NLRs led to the assembly of a
multiprotein complex, termed inflammasome, which then
activate caspase-1 and its subsequent substrates (reference).
As described previously, activated caspase-1 can induce
inflammation by cleaving pro-inflammatory cytokines (IL-
1 and IL-18) into their mature forms or control
inflammatory pathway by regulating NF-B activity.

Recent reports demonstrate that several
endogenous molecules (oligomers of islet amyloid
polypeptide (3), glucose (4), ceramid (3), oxidized LDL
(6), and cholesterol crystals (6)) that are abundant in T2D
and atherosclerosis patients can induce NLRP3
inflammasome activation resulting in IL-1and IL
production. Both human and animal data support the role of
caspase-1 activation in the development of cardiovascular
disease. Activated caspase-1 was observed in ruptured
plaque but not stable plaque in patients with sudden
coronary death (8), and patients with high level of plasma
caspase-1 were found to have significantly lower survival
rate after myocardial infarction (77). Moreover, a recent
study showed that LDL receptor-deficient mice, a mouse
model of atherosclerosis, have significantly reduced aortic
lesion size and serum IL-18 level when reconstituted with
NLRP3-, ASC-, and IL-1-deficient bone marrow (6)
(Table 2). However, this finding is not consistent with the
data generated from Dr.’s J Tschopp’s lab (78). His data
showed that there was no significant difference in
atherosclerosis progression, infiltration of plaques by
macrophages, plaque stability, and phenotype across the

genotypes when comparing ApoE-/-/NLRP3-/-, ApoE-/-/ASC-

/- and ApoE-/-/caspase-1-/- double-knockout mice to ApoE-/-

mice after of 11-week feeding of high fat diet. One
explanation for this discrepancy is that ApoE-/- mice usually
form a more severe atherosclerotic lesion as compared to
LDLr-/- mice, especially after 11-week high fat diet. It is
possible that NLRP3 inflammasome regulate early
atherogenesis while in later stage, this affect is negated by
other factors.

4.3. Inflammasome and vascular cells
Macrophage is considered to be the major source

of IL-1 in vivo, and thus majority of inflammasome
related work were done in macrophages. However, vascular
cells including smooth muscle cells (SMCs) and
endothelial cells (ECs) can also produce IL-1 and other
cytokines but to a lesser amount (79). This indicates that
cells may express inflammasome components and activate
inflammasome to a different extent. Experimental data
showed that granulocytes, monocytes (very weakly),
dendritic cells, and B and T cells all express NLRP1 and
NLRP3. The highest levels of NLRP1 are found in T cells
and Langerhans cells. To further our understanding of the
level of expression of TLRs, NLRs, inflammasome
components, and proinflammatory caspases, we took
different approaches and examined the mRNA transcript
levels of these genes (80). Based on the expression data of
three major inflammasomes (NLRP1, NLRP3, and IPAF
inflammasomes), the examined tissues were grouped into
three tiers: 1) the first tier tissues including brain, placenta,
blood, and thymus express inflammasome(s) in a
constitutive status; 2) the second tier tissues have
inflammasome(s) in nearly-ready expression status (with
the requirement of upregulation of one component); and
3) the third tier tissues, like heart and bone marrow,
require upregulation of at least two components in order
to assemble functional inflammasomes. This model leads
to a new concept of third tier tissues inflammation
privilege, which provides insight in the differences of
tissues in initiating inflammatory response. Notably,
vascular tissue is classified in the second/third tier of the
inflammation privilege which indicates that vascular
cells are protected from inflammasome activation and
IL-1 production during acute inflammation and require
an upregulation of inflammasome components for
inflammasome activation.
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5. REGULATION OF INFLAMMASOME AS A
THERAPEUTIC TARGET

As previously reviewed, activation of
inflammasome complexes leads to caspase-1 activation,
which then regulate various facets of inflammatory
response.  Pharmacologically controlling of this process
can regulate the pathogenesis of many inflammatory
diseases, including atherosclerosis and T2D. In fact,
glyburide, which is used in the treatment of T2D, was
found to inhibit NLRP3 inflammasome activity (81). Orally
active inhibitors of caspase-1, such as VX-740
(pralnacasan) and VX-765, have been used in clinical trials
in patients with rheumatoid arthritis, and found to decrease
disease progression (82).This supports the potential
therapeutic role of caspases-1 inhibitors in other
inflammatory diseases like atherosclerosis.

6. CONCLUSION

Discovery of the inflammasome has greatly
enhanced our understanding on how metabolic stress
activates our immune system. Activation of inflammasome
leads to the maturation of caspase-1, which is the major
enzyme that process pro-IL-1 and pro-IL-18 into their
bioactive forms. In this review, we summarized the
potential models of how endogenous metabolic ligands
activate NLRP3 inflammasome, including the ion channel
model, the ROS model, and the lysosome model. However,
distinct molecular pathway of these models is still unclear.
In addition, we also reviewed the downstream effects of
caspase-1 activation beyond cytokines maturation and it is
believed that caspase-1 is involved in inflammatory process
in various aspects.  Atherosclerosis is the major
consequence of metabolic diseases on macro vessel.
Several endogenous ligands, including oxLDL, cholesterol
crystals, and FFA have been documented to activate
inflammasome and promote atherogenesis. Clinical data
also supports that during metabolic stress induced vascular
inflammation, in particularly atherosclerosis, caspase-1 is a
major player.  Considering that abolishing IL-1 activity
has already been targeted for potential therapy for many
metabolic diseases, we proposed that caspase-1 may be the
most potent therapeutic target to combat metabolic
syndrome and related clinical complications.
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