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Abstract

Abdominal aortic aneurysm (AAA) is a life-threatening disease associated with chronic
inflammation in the vascular wall while its specific pathogenesis is not fully understood. Recently,
a growing number of studies have indicated that pyroptosis, which is a pro-inflammatory kind
of programmed cell death, might play a vital role in AAA. In this review, we first summarize the
role of pyroptosis in AAA progression by not only providing a literature review on the expression
changes of NLRP3 inflammasome components and effector mediators in clinical and experimental
AAAs, but also discussing the effects of genetic defects or pharmacological inhibition of NLRP3
inflammasome components on experimental AAAs. Next, we introduce the mechanism of canonical
and non-canonical pathway of pyroptosis and its activation and execution process. Finally, we
discuss several pyroptosis-related drug targets for treating AAA by inhibiting the assembly of
NLRP3 inflammasome and its effector mediators. In conclusion, we believe that pyroptosis might be
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INTRODUCTION

In recent years, abdominal aortic aneurysm (AAA) has
become a severe threat to public health with smoking, male
sex, age (>60), family history and other cardiovascular diseases
being possible risk factors for its development [1,2]. The aortic
wall is composed of endothelial cells (ECs), vascular smooth
muscle cells (VSMCs), fibroblasts and extracellular matrix (ECM)
proteins and is divided into three layers: intima, media and
adventitia [3]. Previous studies revealed that AAA is a chronic
vascular complication with pathological features of VSMCs
depletion [4], accelerated ECM degradation [5], activation of the
renin-angiotensin system (RAS)[6-8], accumulation of reactive
oxygen species (ROS)[9] and infiltration of inflammatory cells
[10], which lead to weakening of the aortic wall. However,
although inflammation and cell death (CD) are key factors in the
development of this disease, the specific regulatory mechanism
remains unclear. Currently, except for risky open surgery or
endovascular intervention, there is no effective drug therapy to
prevent the progression of AAA [11].

For many years, atherosclerosis was thought to be a major
cause of the progression of AAA. However, in recent decades
more and more evidence has supported the notion that CD and
sterile inflammation across the tunica media/adventitia junction
contributes to the pathological process of AAA in pivotal ways
[12,13]. In this review, we summarize the current knowledge of
pyroptosis, which is a pro-inflammatory kind of programmed CD
and its role in AAA progression and treatment.

Cell Death (CD)

CD is of great importance in maintaining homeostasis and
normal physiological functions and its changes are vital in the
pathology of various kinds of diseases. Until now increasing forms
of CD have been defined according to different characteristics of
morphology and biological changes [14]. Basically, CDs can be
divided into programmed cell death (PCD) and non-programmed
cell death (NPCD) with apoptosis and necrosis being typical
representatives of both. Apoptosis is an autonomous and
ordered process of CD only influencing single cell without any
inflammatory response morphologically characterized by cell
shrinkage and integrated cell membrane [15]. On the contrary,
necrosis is a passive process of CD that affects a large area of
adjacent cells and often occurs with a marked inflammatory
response, morphologically characterized by cell swelling and
membrane rupture [16]. With the deepening of research, more
and more forms of CD have been discovered, such as pyroptosis,
autophagy, necroptosis and ferroptosis [17-20]. (Table 1)
Although pyroptosis shares several features with apoptosis,
such as chromatin condensation and annexin V positive staining,
there are some differences in detail. Compared with apoptosis,
pyroptosis is often accompanied with an inflammatory response
and the nucleus remains intact without karyorrhexis. Apart from
that, cells tend to swell in pyroptotic cells due to pore formation
on cell membrane but shrink in apoptosis [21]. Moreover,
the caspase involved in apoptosis and pyroptosis is different.
Apoptosis-related caspases mainly include caspase-2,8,9,10 in the
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Table 1: Differences among various types of cell death.
Apoptosis pyroptosis autophagy ferroptosis necroptosis necrosis
Type programmed cell programmed cell | programmed cell programmed cell programmed cell | non-programmed
P death death death death death cell death
nutrient overwhelming the stimulation overwhelmin
Predisposing . pathological deprivation, lipid peroxidation of TNFR1, TLRs . . 8
gene regulation ) S . : stimuli from
factors stimulus oxidative stress and | causing complete and certain other .
. . outside the cell
protein aggregates | cell failure receptors
cell shrinkage, plz'isma mitochondrial .
membrane blebbing . autophagosome . cell swelling, plasma membrane
. . cell swelling, . volume shrinkage, .
with integrity, nuclear formation, . . loss of plasma rupture, swelling
. rupture of plasma o increased density .
fragmentation, vacuolization of membrane of cytoplasmic
Morphology ) membrane and and rupture of . . .
formation of the cytoplasm, ) ) integrity, swelling | organelles, lack of
. . release of cell . mitochondrial . .
apoptotic bodies no chromatin . of cytoplasmic inter-nucleosomal
. contents . membrane but with .
and phagocytosis by condensation organelles. DNA fragmentation
. . normal nucleus
neighbouring cells
caspase-1,
. caspase-11/4/5,
caspase family i
Mechanism proteins (caspase-3,6, caspase-3, ATGs GPX4, System Xc RIPK1, RIPKS3, —
caspase-8, MLKL
and 7) ) .
gasdermin family
proteins
Peripheral no inflammatory inflammatory no inflammatory inflammatory inflammatory inflammatory
reaction response response response response response response

initiation process and caspase-3,6,7 in the execution process [22]
while caspases participating in pyroptosis include caspase-1 in
the canonical inflammasome pathway and caspase-4/5/11 in the
non-canonical inflammasome pathway [23]. Recently, a growing
number of studies have indicated the specific role of pyroptosis
and related inflammasome activation in AAA development.

Pyroptosis in AAA

Previous studies have shown that pyroptosis plays a vital
role in the progression of AAA by promoting the destruction of
the elastic layer of the vascular wall [24]. A study found that the
mRNA levels for NLRP3, caspase-1 and IL-1f in circulating blood
leukocytes were elevated in AAA patients compared with non-
AAA patients while the protein levels for NLRP3 indicated the
opposite result [25]. Another study also found increased protein
levels of caspase-1 and mRNA levels of NLRP3 in the abdominal
aorta of AAA patients and this increase was also proved by
immunohistochemical staining of NLRP3 and caspase-1 in the
following study [26,27]. In experimental AAAs induced by Ang
IT or calcium chloride, NLRP3 and caspase-1 were also highly
expressed in the AAA group than in the WT group [28]. As for the
in vitro study, VSMCs from patients with AAA showed increased
ability to express NLRP3 and caspase-1 under the stimulation of
IFN-y [29].

To further analyze the role of pyroptosis in AAA pathogenesis,
we summarize several studies using mice with genetic knockout
of NLRP3, caspase-1 or apoptosis-associated speck-like protein
containing a caspase recruitment domain (ASC). In the Ang II-
infused ApoE - mice, we found that depletion of NLRP3, ASC, or
caspase-1 in mice alleviated the severity of AAA and reduced the
infiltration of inflammatory cells in the aortic wall with decreased
serum levels of IL-1f3, MMP2, MMP9 [30]. In addition, application
of siRNAs-mediated NLRP3 silencing to aortic wall could also
attenuate AAA formation and reduce aortic MMP9 activity in

calcium chloride-induced AAA model [31]. Except the gene
knockout method, specific inhibitors were also used in exploring
influence of pyroptosis on experimental AAAs. Treatment
with MCC950, a selective NLRP3-inflammasome inhibitor,
could prevent aortic aneurysms and dissections by inhibiting
NLRP3-caspase-1 inflammasome activation and diminishing the
N-terminal cleavage of MMP-9 in Ang Il-infused WT mice with a
high-fat, high-cholesterol diet [28]. Apart from that, Q-Vd-OPh, a
pan-caspase inhibitor, was also found to inhibit the enlargement
of abdominal artery and reduce AAA incidence in Ang II-infused
ApoE 7/~ mice by alleviating aortic macrophage infiltration and
apoptosis of smooth muscle cell [32]. Moreover, administration
of many anti-diabetic drugs, including glyburide, glucagon-like
peptide receptor agonists and sitagliptin have also been proved
to suppress AAA formation by decreasing ROS production and
inflammatory response [33-36].

As the effect mediator of pyroptosis, IL-1f and IL-18 also
participate in the progress of AAA. In clinical AAAs, serum IL-1f3
levels were higher in AAA patients than healthy controls, as well
as its mRNA and protein levels in aortic tissues [25]. Similarly,
the mRNA and protein levels of IL-18 in the aorta of patients with
AAA were also increased compared with non-aneurysm controls
[37]. In IL-1B knockout mice or mice treated with anakinra, an
IL-1 receptor blocker, we found reduction of aortic dilatation
and less macrophage and neutrophil accumulation after intra-
aortic infusion of elastase [38]. In Ang II- infused mice with
treatment of (-aminopropionitrile, genetic depletion of IL-18
lowered AAA incidence and the maximum diameter of AAA by
reducing aortic CD68-positive macrophage infiltration. This
mechanism was further illustrated that IL-18 deficiency caused
a switch of macrophage from M1 phenotype associated with pro-
inflammatory response toward M2 phenotype associated with
anti-inflammatory response in aneurysmal aorta [39].
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Mechanism of pyroptosis

Pyroptosis canbeinitiated by the activation ofinflammasomes,
including NLRP3 inflammasome, AIM2 inflammasome and pyrin
inflammasome, which act as molecular signal platforms leading to
CD and inflammatory response [40]. The NLRP3 inflammasome
comprises three parts: NLRP3, pro-caspase-1 and ASC [41].
Upon triggered by pathogen-associated molecular patterns
(PAMPs) and damage-associated molecular patterns (DAMPs),
the pyrin domain in NLRP3 combines with the pyrin domain in
ASC, which in turn binds to pro-caspase-1 through a card-card
interaction, resulting in the assembly of NLRP3 inflammasome
[42]. Basically, pyroptosis is mainly divided into the canonical
pathway depending on caspase-1 and the non-canonical pathway
depending on caspase-4,5 in human or caspase-11 in mice.
Apart from that, recent studies have found that caspase-3 and
caspase-8 could also induce pyroptosis via gasdermin E (GSDME)
and gasdermin D (GSDMD) respectively. In the canonical
pathway, PRRs recognize pathogenic stimuli and bind to pro-
caspase-1, triggering the assembly of a multi-protein complex,
further activating the auto-cleavage of pro-caspase-1 to initiate
pyroptosis [43]. In the non-canonical pathway, caspase-11 in
mice and caspase-4 and caspase-5 in human could recognize the
lipopolysaccharide (LPS) component of Gram-negative bacterial
to initiate pyroptosis [44]. Once inflammatory caspases are
activated, IL-18 and IL-18 are produced as precursor proteins
without biological activity and are cleaved as bioactive cytokines
prior to secretion [45]. The secretion and maturation of IL-1f3
and IL-18 are essential for the cleavage of GSDMD, which is the
executor of pyroptosis [46], leading to formation of membrane
pore and secretion of inflammatory mediators to trigger
pyroptosis [47].

Recent studies have shown that gasdermin family proteins
are direct executors of pyroptosis, including GSDMD and
GSDME [46]. The GSDMD protein can be divided into a lipophilic
N-terminal domain and a hydrophilic C-terminal domain [48].
N-terminal GSDMD shows a lipid-binding preference and thus
binds with the lipid components of plasma membrane and
intracellular organelle membranes, leading to its oligomerization.
Then nonselective pores are formed, resulting in the afflux of
cytokines, ions and free extracellular water [49]. The cells swell
and rupture rapidly, causing the release of cell contents and thus
inflammatory response. Apart from GSDMD, GSDME can also be
cleaved into N-terminal and C-terminal fragments by caspase-3
and the N-terminal fragment of GSDME is similar to that of
GSDMD [50]. Caspase-3 was considered to be a vital activator of
apoptosis previously and now proved to also participate in the
process of pyroptosis by cleaving and activating GSDME [51].

NLRP3 inflammasome activation requires a two-step
process: priming signaling through pattern recognition receptors
(PRRs) to activate NF-xB pathway, leading to up-regulation of
transcriptional responses to pro-inflammatory mediators and
activation signaling to form a molecular platform triggering the
assembly of NLRP3 inflammasome. Generally, there are three
types of NLRP3 activators: ROS, lysosome rupture and ion efflux
[40,52,53].ROSisconsidered to be the mostimportant mechanism
among these three activators, which mainly derived from the
byproducts of oxygen metabolism in the electron transport

chain of mitochondria [54]. Under physiological conditions,
the production and clearance of ROS in vivo are in equilibrium.
However, this balance could be broken when electrons escaping
from the electron transport chain under mitochondrial
dysfunction, resulting in the accumulation of excessive ROS [55].
Apart from that, ATP-induced mtROS production could lead to
the synthesis of oxidative mtDNA and mitochondrial dysfunction,
which has also been reported to promote activation of NLRP3
inflammasome [56]. In addition to ROS, lysosome membrane
rupture and release of lysosomal protease cathepsin B caused
by phagocytosis of large particles or crystals also lead to NLRP3
activation [57]. Cathepsins, particularly cathepsin B, have been
reported to be involved in the NLRP3 inflammasome activation by
using CA-074-Me, the mostly used cathepsin B-specific inhibitor
which was reported to significantly inhibit NLRP3 inflammasome
activation in microvascular ECs under the stimulation of cell wall
fragments [58]. In addition, ion flux, especially K* efflux, was
reported to serve as triggers in NLRP3 inflammasome activation.
K* efflux and intracellular ionic contents alteration can be induced
by nigericin, a K*/H* ionophore, or ATP, thus triggering NLRP3
inflammasome activation and promoting IL-1f3 maturation [59]
(Figure 1).

Pyroptosis-related drug targets for treating AAA

Recently, more and more studies have shown that the
progression of AAA can be prevented by many inhibitors
of pyroptosis by alleviating inflammation response and
degeneration of the aortic wall. In general, the complicated
mechanism of pyroptosis provides several targets for inhibiting
its activation, including blocking of assembly of NLRP3
inflammasome, suppression of caspase-1 activation and GSDMD
cleavage and other traditional cardiovascular drugs.

Inhibitors ofthe NLRP3 inflammasome: NLRP3 inflammasome
can be activated by ROS, lysosome rupture and ion efflux, so
application of ROS scavenger, blockage of P2X7 signaling and
inhibition of K* efflux may prevent pyroptosis by blocking the
assembly of NLRP3 inflammasome. MCC950, a diarylsulfonylurea-
containing compound, selectively inhibited the NLRP3
inflammasome without influencing other inflammasomes and
immune responses while the specific molecular mechanism
remains unclear. MCC950 may bind to NLRP3 and affect key steps
in its activation, which involves post-translational modifications
[60]. A recent study indicated that MCC950 was effective at
lowering the blood pressure of mice and inhibiting secretion
of pro-inflammatory cytokines [61], which might prevent the
progression of AAA. In vitro studies, we observed that MCC950
could reduce caspase-1 activity and further downregulate the
expression of IL-1p and IL-18 by inhibiting NLRP3 inflammasome
[62]. Recent years, another specific NLRP3 inhibitor, CY-09 was
found to directly bind to the NACHT domain of NLRP3, limiting
its oligomerization and assembly of the inflammasome [63]. CY-
09 could significantly reduce platelet aggregation by affecting
the threshold concentration of collagen and the contraction of
damaged clots in platelets [64]. P2X7 receptor (P2X7R), which
is located on cell membrane, can activate NLRP3 inflammasome
by forming nonselective pores and mediating K* efflux in the
progression of AAA [65]. Brilliant blue G (BBG) is a specific P2X7R
inhibitor and was proved to inhibit endoplasmic reticulum stress
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Figure 1 The mechanism of canonical and non-canonical pyroptosis pathway. In the canonical pathway, NLRP3 inflammasome activation requires
a two-step process: priming signaling and activation signaling. In the priming signaling process, membrane PRRs and cytoplasmic PRRs first
recognize extracellular and intracellular danger signals, including DAMPs and PAMPs, and then activate the translocation of NF-kB to nucleus,
further inducing the transcription of NLRP3 and pro-IL-18. In the activation signaling process, several activation signals promote assembly of the
NLRP3 inflammasome, including K+ efflux, mitochondrial reactive oxygen species (mtROS) and mitochondrial DNA (mtDNA), cathepsin B released
by lysosomal rupture. The NLRP3 inflammasome is a protein complex consisting of three parts: the sensor NLRP3, the adaptor ASC and the effector
pro-caspase-1. Once activated, NLRP3 recruits and binds ASC through PYD-PYD interactions. In turn, ASC recruits and binds pro-caspase-1 through
CARD-CARD interactions, leading to auto-cleavage of pro-caspase-1 and release of its active subunits p20/10. Active cleaved-caspase-1 converts
pro-IL-1f and pro-IL-18 to mature IL-18 and IL-18, leading to inflammation. The active pro-caspase-1 also converts FL-GSDMD to NT-GSDMD, which
oligomerizes and forms pores on the plasma membrane in turn. In the non-canonical pathway, pro-caspase-11 in mouse cells and pro-caspase-4/5
in human cells could recognize the LPS component of Gram-negative bacteria through a direct binding between LPS and the caspases, inducing
the oligomerization and activation of the inflammatory caspases. The active caspase-4/5/11 subsequently cleaves FL-GSDMD to NT-GSDMD and

induces pyroptosis.

and reduce pyroptosis in PHN rats [66]. In addition, parthenolide,
BAY 11-7082, INF39, and 3,4-methylenedioxy-f-nitrostyrene
(MNS) were all reported to prevent K* efflux by inhibiting the
ATPase activity [67-69].

Caspase inhibitors: Quinoline-Val-Asp-
difluorophenoxymethylketone (Q-VD-OPh) is a broad-spectrum
caspase inhibitor that can reduce Ang II-induced AAAs in Apo E7/-
mice with profoundly diminished levels of medial apoptosis and
inflammation [32]. In addition, pharmacologic blockade of the
NLRP3-caspase-1 inflammasome cascade by glyburide, which
is used as a type of anti-diabetic drugs could also attenuate AAA
formation in WT mice [33].

GSDMD inhibitors: Necrosulfonamide (NSA) which is a
chemical inhibitor of GSDMD binds to cysteine 191 to block
oligomerization of GSDMD and pore formation, thus suppressing
IL-1B release and pyroptotic killing without GSDMD cleavage
[70]. Another study also indicated that NSA could inhibit the
accumulation of the long chain of GSDMD and pore formation
through physical binding [71].

IL-1B inhibitors: Inhibition of cytokine IL-13 was another
strategy used to prevent pyroptosis in AAA. IL-1 receptor
antagonist (IL-1Ra) which is produced by ECs, SMCs and

macrophages could significantly suppress AAA formation after
Ang Il infusion through diminishing the inflammatory level
[72]. Anakinra, another IL-1R antagonist, was also proved to
attenuate experimental AAA formation by disrupting IL-1f3
signaling pathway[38]. Interestingly, a recently completed
clinical trial CANTOS indicated that canakinumab which is an
IL-1B-neutralizing antibody could decrease the rate of recurrent
cardiovascular events by targeting the IL-1f innate immunity
pathway, demonstrating that targeting inflammation in AAA is
effective [73].

Others: Dipeptidyl Peptidase-4 (DPP-4) inhibitors, such as
sitagliptin and teneligliptin, have been demonstrated to play
a protective role in AAA [74]. Treatment with DPP-4 inhibitors
suppressed AAA formation in Apo E/ mice with HFD and
Ang 11 infusion by reducing macrophage infiltration, levels of
gelatinolytic activity and apoptotic cells [35,75,76]. Additionally,
this suppression was associated with increased levels of plasma
active glucagon-like peptide-1 (GLP-1) [77], which is another
type of anti-diabetic drugs and was also proved to prevent
AAA development in rats with the use of GLP-1 receptor analog
(lixisenatide) [34].

Resveratrol, which is extracted from red wine and grape
skin, is reported to have an antioxidant and anti-inflammatory
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Table 2: Potential pharmacological approaches targeting the NLRP3 inflammasome and pyroptosis to reduce AAA.

Drugs Mechanism of Action Effects on AAA Organism References
MCC950 selectively inhibits the NLRP3 inflammasome — — 60-62
directly binds to the NACHT domain, limiting
CY-09 oligomerization of NLRP3 and assembly of the NLRP3 — — 63,64
inflammasome

Brilliant blue G oo ST

(BBG) specific P2X7R inhibitor — — 66
reduce Ang II-Induced AAAs with

Q-VD-OPh broad-spectrum caspase inhibitor profoundly diminished levels of Apo E7/- mice 32
inflammation

Glyburide blockade of the NLRP3-caspase-1 inflammasome cascade | reduce Ang II-Induced AAAs WT mice 33

Necrosulfonamide | inhibitor of GSDMD, binding to cysteine 191 to block its

. N . — — 70,71

(NSA) oligomerization and pore formation

Anakinra IL-1R antagonist attenua_lte experimental Apo E/ mice | 38
formation

Canakinumab IL-1R antagonist — — 73
suppress AAA formation in Apo

Sitaglintin and E”/- mice with HFD and Ang I

g. p. . Dipeptidyl Peptidase-4 (DPP-4) inhibitors infusion by reducing macrophage | Apo E/"mice |35,75,76

teneligliptin e . . -
infiltration, levels of gelatinolytic
activity and apoptotic cells

Lixisenatide Glucagon-like peptide-1 (GLP-1) receptor analog prevent AAA development rat 34
prevent AAA development by
reducing angiogenesis, oxidative

Resveratrol antioxidant which can activate silent sirtuin 1 (Sirt1) stres_s, 1nﬂammatory_ response, Apo E7/- mice 78-82
matrix metalloproteinase
activity, and extracellular matrix
destruction

CA-074-Me cathepsin B-specific inhibitor — — 58
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effect on preventing cardiovascular events [78,79]. Recently,
resveratrol has been shown to activate silent sirtuin 1 (Sirt1),
which is a regulator of aging [80]. H. Kaneko et al found that
treatment with resveratrol prevents the development of AAAs
in mice and is associated with reduced angiogenesis, oxidative
stress, inflammatory response, matrix metalloproteinase activity,
and extracellular matrix destruction [81]. Another study also
indicated the protective role of resveratrol in AAA progression
with upregulation of angiotensin-converting enzyme 2 (ACE2),
which is important in maintaining the balance of the RAS [82].
(Figure 2) (Table 2).
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