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Increasing evidence indicates that inflammation plays an important role in the pathogenesis
of hepatic ischemia-reperfusion (I/R) injury. However, it is still unclear how I/R stimuli induce
inflammatory responses in the liver. NLRP3 is an intracellular pattern recognition receptor and
a component of NLRP3 inflammasomes that can induce caspase-1 activation, and regulate the
processing of a potent inflammatory cytokine, interleukin-1p (IL-1B). Several investigations have
recently suggested that inflammatory responses are mediated through NLRP3 inflammasomes in
hepatic I/R injury. On the other hand, we recently found that NLRP3 regulates neutrophil functions
and contributes to hepatic I/R injury independently of inflammasomes. This review summarizes the
basic information on NLRP3 inflammasomes and discusses inflammasome-dependent/independent
roles of NLRP3 in the pathophysiology of hepatic I/R injury.
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Introduction

Hepatic ischemia-reperfusion (I/R) injury is a major
cause of liver dysfunction and serious complications in
hepatic surgery and liver transplantation. Systemic low-
flow ischemia and hypoxia, such as trauma, hemorrhagic
shock, sepsis, congestive heart failure, and respiratory
failure, may also lead to hepatic I/R injury. In general, I/R
injury results from a prolonged ischemic insult followed

by restoration of blood flow, causing “reperfusion injury”.
Although hepatic I/R injury comprises complex pathological
processes involving numerous cell types and molecular
mediators, it is considered that the liver damage is caused
by excessive inflammatory responses characterized by
the release of inflammatory cytokines and chemokines
that recruit circulating leukocytes, mainly neutrophils
and macrophages, into ischemic tissues'?. In addition,
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because Kupffer cells are located as resident macrophages
in the liver, these resident cells may also be involved in
inflammatory responses after hepatic I/R injury. However,
it is still not known how I/R stimuli induce inflammatory
responses in the liver.

Inflammation is defined as the process by which the body
responds to an injury or infection, and it is triggered by the
innate immune system. It is widely accepted that the innate
immune system is considered as the first line of defense
against infections. However, inflammatory responses also
occur in the absence of infection and these are referred to
as “sterile inflammation®.” Increasing evidence indicates
that several types of sterile inflammation in diseases
are mediated through newly discovered innate immune
pathways known as NLRP3 inflammasomes*®. NLRP3
inflammasomes are intracellular multiprotein complexes that
serve as molecular platforms to induce caspase-1 activation
and interleukin-1 (IL-1B) secretion, leading to inflammatory
responses. Our group recently demonstrated the importance
of NLRP3 inflammasomes in the sterile inflammatory re-
sponses of vascular injury” ?, atherosclerosis'®, myocardial
I/R injury™ ', chronic kidney disease'®, and nanoparticle-
triggered pregnancy complications'®. Furthermore, NLRP3
inflammasomes have been implicated in the process of
sterile inflammatory diseases such as gout, pseudogout,
type 2 diabetes mellitus, metabolic syndrome, asbestosis,
silicosis, and Alzheimer's disease® ®. The role of NLRP3
inflammasomes has been reported in hepatic I/R injury™.
On the other hand, we recently demonstrated that NLRP3
regulates neutrophil functions and contributes to hepatic
I/R injury independently of inflammasomes'®. This review
summarizes the basic information on NLRP3 inflammasomes
and discusses inflammasome-dependent/independent roles
role of NLRP3 in the pathophysiology of hepatic I/R injury.

Innate immune pathway and pattern re-

cognition receptors
The innate immune system is the first line of host defense

against pathogens and is mediated by phagocytes,
including macrophages and dendritic cells (DCs)'”. The
system consists of multiple families of germline-encoded
pattern-recognition receptors (PRRs) that recognize
microbial as well as non-microbial insults. PRRs of the
innate immune system are divided into at least 4 distinct
genetic families: the Toll-like receptors (TLRs), C-type lectin
receptors (CLRs), retinoic acid-inducible gene (RIG)-I-like
receptors (RLRs), and nucleotide-binding oligomerization
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domain, leucine-rich repeat-containing receptors (NLRs),
also known as Nod-like receptors. PRRs recognize con-
served motifs associated with microbial components, known
as pathogen-associated molecular patterns (PAMPs), as
well as endogenous danger signals, known as danger/
damage-associated molecular patterns (DAMPSs). Activation
of these receptors leads to the production of inflammatory
cytokines, which drive the inflammatory responses. Among
them, NLR family proteins have been associated with large
multiprotein complexes called inflammasomes, which induce
caspase-1 activation and IL-1B production® '*"®. TLRs also
play a critical role in IL-18 production by inducing pro-IL-13
synthesis. The pathophysiological role of TLRs in hepatic
I/R injury is comprehensively reviewed elsewhere' *. To
date, little information is available on the role of RLRs and
CLRs in hepatic I/R injury.

Inflammasomes
The inflammasome is a large multiprotein complex

formed in response to DAMPs and PAMPs in the cytosol.
Most inflammasomes contain a member of the NLR family
proteins, the adaptor protein apoptosis-associated speck-
like protein containing a caspase recruitment domain (ASC),
and the inflammatory pro-caspase-1'®. Upon activation,
the NLR protein changes its conformation and associates
with ASC, which recruits caspase-1 and then induces its
activation. Because caspase-1 was previously known
as an IL-1B-converting enzyme (ICE), active caspase-1
subsequently cleaves pro-IL-1f3 into its mature forms, which
can be secreted. Inflammasomes are also involved in the
processing of IL-18, another IL-1 family member. In addition
to IL-1B secretion, inflammasome activation induces
caspase-1-dependent cell death, termed “pyroptosis.”
Pyroptosis is a highly inflammatory form of cell death,
characterized by both apoptosis (e.g., DNA fragmentation)
and necrosis (e.g., cell swelling and rupture). To date,
many types of inflammasomes have been described,
each of which is generally named according to the specific
NLR it contains. These include NLRP1 [NLR family, pyrin
domain (PD) containing 1], NLRP3 (also known as NALP3),
NLRP6, NLRP7, NLRP12, and NLRC4 [NLR family,
caspase recruitment domain (CARD) domain containing 4].
Furthermore, two other inflammasomes that contain pyrin
and HIN domain-containing protein (PYHIN) family proteins
have been described: absence in melanoma 2 (AIM2)
inflammasomes and IFN-y-inducible protein 16 (IFI16)

inflammasomes'®.
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Fig.1 Activation model of NLRP3 inflammasomes

NLRP3 inflammasomes are formed by NLRP3, ASC, and caspase-1.
PD-PD and CARD-CARD homotypic interactions are critical for
the recruitment and activation of either ASC or caspase-1. LRRs
of NLRP3 are considered to sense putative ligands, leading to the
oligomerization of the NACHT domain and to initiate the formation of
NLRP3 inflammasome assembly.

Among these inflammasomes, the NLRP3 inflammasomes
are the most studied, and their activation has been linked
to endogenous and exogenous danger signals”. NLRP3
inflammasomes are formed by NLRP3, ASC, and caspase-1
(Fig. 1). NLRP3 is composed of three domains: C-terminal
leucine-rich repeats (LRRs), a central nucleotide domain
termed the NACHT domain, and an N-terminal effector
domain (pyrin domain, PD). ASC contains an N-terminal
PD and a C-terminal CARD. Caspase-1 comprises CARD
and a caspase domain. LRRs of NLRP3 are considered
to sense putative ligands, leading to the oligomerization
of the NACHT domain and initiating the formation of the
NLRP3 inflammasome assembly. When activated, PD
of NLRP3 homotypically interacts with that of ASC, after
which CARD of ASC recruits and binds to pro-caspase-1.
These interactions finally form the assembly of NLRP3
inflammasomes that leads to caspase-1 activation. Until
now, three common pathways of NLPR3 inflammasome
activation have been described® '®: (1) potassium efflux
by channels or ionophoric compounds, (2) lysosomal de-
stabilization and release of its enzymes, and (3) mito-
chondrial reactive oxygen species (ROS) generation (Fig. 2).

Endogenous danger signals that activate the NLRP3
inflammasomes include extracellular adenosine tri-
phosphate (ATP)?", monosodium urate (MSU)??, calcium

phosphate crystals'?, cholesterol crystals®, amyloid-g**,

Fig.2 NLRP3 inflammasome activation pathways

Common pathways of NLPR3 inflammasome activation include (1)
potassium efflux by channels or ionophoric compounds, (2) lysosomal
destabilization and release of its enzymes, and (3) mitochondrial
ROS generation. Activation of NLRP3 inflammasomes induces IL-18
processing and caspase-1-dependent cell death (pyroptosis).

hyaluronan®, and islet amyloid polypeptide (also known as
amylin)®®, whereas exogenous activators include asbestos
and silica®”. The NLRP3 inflammasome activation by these
DAMPs triggers inflammatory responses that may contribute
to the pathophysiology of various diseases. Importantly,
however, IL-1B secretion requires another signal: pro-IL-
1B synthesis at the transcriptional level. This first signal is
thought to be mediated by a TLR-nuclear factor-kB (NF-kB)
pathway'®. Thus, a system comprising pro-IL-1B synthesis
and inflammasome-mediated IL-1B processing is believed
to be necessary for the tight regulation of this potent
inflammatory cytokine secretion.

Hepatic I/R injury and NLRP3 inflam-

masomes
Tissue I/R injury is characterized not only by the

generation of ROS but also by the release of inflammatory
cytokines and chemokines that recruit circulating leukocytes,
mainly neutrophils and macrophages, into the injured
tissue. Hence, one of the hallmarks of I/R injury is excessive
inflammatory responses. In particular, one prominent and
early mediator for inflammatory responses in tissue I/R
injury is IL-18%; this suggests that NLRP3 inflammasomes
play a substantial role in tissue I/R injury. We have previously
shown that, using mice deficient in ASC and caspase-1,
I/R stimuli markedly induce inflammatory responses in
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the heart and that systemic deletion of inflammasome
components, such as ASC and caspase-1, significantly
reduces inflammatory responses such as inflammatory cell
infiltration and cytokine expression, as well as subsequent
myocardial injuries such as infarct development and cardiac
remodeling‘”. Furthermore, we revealed that inflammasome
activation occurs in cardiac fibroblasts, but not in cardio-
myocytes, during myocardial I/R injury and proposed cardiac
fibroblasts as sentinel cells that can sense DAMPs and
trigger initial inflammatory responses'.
With respect to hepatic I/R injury, Zhu et a
that, using a small hairpin RNA interference approach,
the NLRP3 signaling is involved in hepatic I/R injury and
NLRP3 gene silencing attenuates hepatic I/R injury by
reducing inflammatory cytokines, including IL-18 and
tumor necrosis factor-a (TNF-a), as well as high mobility
group box 1 (HMGBH1) release. Recently, Kamo et al.”
showed that NLRP3 inflammasome activation mediated by
ASC leads to IL-1B production and subsequently induces
HMGB1 induction, which triggers TLR4/NF-kB-driven
inflammatory responses (Fig. 3). In their study, lower levels
of inflammatory responses and hepatic I/R injury were
shown by ASC-deficient mice. Huang et al.*” also reported
that the livers of mice deficient in NLRP3 and caspase-1
are protected from hepatic I/R injury and that extracellular
histones activate the NLRP3 inflammasomes as DAMPs
during hepatic I/R (Fig. 3). Using mice deficient in NLRP3,
ASC, and caspase-1, we also examined the effect of I/R
on inflammation and injury in the liver, and surprisingly we
found that NLRP3-deficient mice are markedly protected
from hepatic I/R injury, but this protective effect is not
detected in ASC- and caspase-1-deficient mice'®. Although
the reason for the discrepancy between our study and that
by Kamo et al." is not known, the differences between
these two studies are the hepatic I/R protocol used and the
extent of injury®”. Compared with our study, it is likely that
the I/R protocol adopted by Kamo et al. induced excessive
inflammation and injury in the liver. These data suggest that
the contribution of the NLRP3 inflammasomes depends on
the severity of liver injury and the extent of inflammatory
responses. On this issue, Kamo and Weglinski commented
that this conclusion requires testing of mice “under one roof”
by the same microsurgeon and under identical experimental
conditions because even minor differences in room tem-
perature may significantly affect liver damage in this model
of hepatic I/R injury®®. They also suggested the idea that
different TLRs and inflammasome components operate
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Fig.3 Role of NLRP3 inflammasomes in hepatic I/R injury
In the inflammasome-dependent pathway, extracellular histones
and HMGB-1 may activate NLRP3 inflammasomes as DAMPs
and induce inflammatory responses and subsequent I/R injury.

at distinct stages and in different cell types during hepatic
I/R injury. More recently, although Kim et al.*® reported
that AIM2 inflammasomes might be involved in hepatic I/R
injury, its role remains to be elucidated.

In addition to the role of NLRP3 inflammasomes, the
role of IL-1B in hepatic I/R injury is also controversial.
Kato et al.*” reported that no difference in liver injury was
observed between wild-type and IL-1 receptor (IL-1R)-
deficient mice after hepatic I/R injury, suggesting a limited
role of IL-1B in causing hepatic I/R injury. In contrast, Tan et
al.* demonstrated that I/R upregulates hepatic IL-18 and
that hepatic I/R injury, liver inflammation, and neutrophil
infiltration are attenuated in mice deficient in IL-1R1 or
treated with the IL-1R antagonist Anakinra. Similarly, we
observed that hepatic I/R injury is attenuated in IL-183-
deficient mice'®. Thus, further investigations are necessary
to elucidate the precise role of NLRP3 inflammasomes and
IL-18 in the pathophysiology of hepatic I/R injury.

As a possible explanation for the mechanism by which
NLRP3 deficiency attenuates hepatic I/R injury, we revealed
a reduction in neutrophil infiltration, inflammatory cytokine
expression, ROS production, and apoptotic cell death in I/R
livers of NLRP3-dficient mice'®. Furthermore, we verified
that NLRP3-deficient neutrophils exhibited an impairment
of chemokine-mediated signaling and functions, including
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Fig.4 Inflammasome-independent role of

NLRPS3 in hepatic I/R injury
In the inflammasome-independent pathway,
NLRP3 may regulate neutrophil functions, including
activation of heterotrimeric G-proteins via GPCRs,
[Ca™]i elevation, Rac activation, and actin assembly
formation, and migration. IL-1B processing by
putative serine proteases derived from neutrophils
may induce inflammatory responses and contribute
to hepatic I/R injury.

activation of heterotrimeric G-proteins via G-protein-coupled
receptors (GPCRs), [Ca2']i elevation, Rac activation, and
actin assembly formation, and migration in response to
chemokine CXCL1 (KC) (Fig. 4). It is generally accepted
that neutrophils play a pivotal role in excessive inflammatory
responses and resultant tissue injury during I/R in the
liver®. I/R stimuli trigger chemotactic signals (e.g., KC)
from the parenchyma (e.g., hepatocytes), leading to the
recruitment of neutrophils into the ischemic tissues. The
recruited neutrophils are then activated, and they produce
a large amount of ROS and inflammatory cytokines, which
promote apoptotic cell death and tissue injury. Therefore,
our findings on neutrophil function provide a molecular basis
for the prevention of hepatic I/R injury observed in NLRP3-
deficient mice.

The observation that hepatic I/R injury is reduced in
mice deficient in NLRP3 and IL-13, but not in ASC and
caspase-1, is rather puzzling. These data suggest that the
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inflammasome-independent IL-1B-driven inflammatory
responses are important in hepatic I/R injury. In this
regard, previous investigations reported that neutrophil-
derived serine proteases, such as neutrophil elastase and
proteinase 3, mainly induce IL-13 processing and suggest
a redundant or minor role of caspase-1 in neutrophil IL-13
processing” *®. Guma et al.* reported that IL-1B processing
is observed in neutrophils isolated from caspase-1-deficient
mice. Menzel et al.*” observed no protective effects against
liver injury and inflammatory responses during trauma and
hemorrhagic shock in caspase-1-deficient mice. Taken
together, the inflammasome-independent IL-1B3-driven
inflammatory responses might be involved in hepatic I/R
injury.

Previous studies suggest that NLRP3 inflammasomes are
mainly activated in inflammatory cells such as macrophages
and neutrophils. Our data on experiments with bone
marrow transplantation indicate that NLRP3 not only in
bone marrow-derived inflammatory cells but also in non-
bone marrow-derived cells plays a role in hepatic I/R
injury'®. In this regard, Watanabe et al.*” reported that
the inflammasome components, including NLRP3 and
ASC are present in hepatic stellate cells and contribute
to the progression of liver fibrosis. Consistent with this,
we previously observed that inflammasome activation of
cardiac fibroblasts plays an essential role in I/R injury and
subsequent cardiac remodeling in the heart". Therefore,
it is assumed that hepatic stellate cells participate in the
development of hepatic I/R injury.

Another important issue to be discussed is the inflammasome-
independent roles of inflammasome components. We
observed that hepatic I/R injury is prevented in mice
deficient only in NLRP3, but not in ASC and caspase-1'°,
suggesting an inflammasome-independent role of NLRP3
in hepatic I/R injury. In addition, we revealed that NLRP3
regulates neutrophil function without activation of NLRP3
inflammasomes. Consistent with our findings, several
investigations suggest that each inflammasome-related
molecule has a role independently of inflammasome
activation. For example, Ippagunta et al.*” showed that ASC
regulates the lymphocyte migration and antigen uptake
by DCs via Dock2 expression and contributes to adaptive
immune responses, independently of the inflammasomes.
They further importantly noted that that the loss of Dock2
expression was detected in several, but not all, ASC-
deficient mouse lines*®. Therefore, caution should be
taken when interpreting results from various different ASC-
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deficient mice. Supporting our findings on hepatic I/R injury,
Shigeoka et al.*” also showed that a reduction in renal I/R
injury was observed in mice deficient in NLRP3, but not
in those deficient in ASC or caspase-1, and suggested
that an NLRP3-dependent, inflammasome-independent
pathway contributes to the development of I/R injury in the
kidney. At present, the inflammasome-independent role of
inflammasome components is still not entirely clear and
remains to be determined in the future.

Conclusion
Accumulating evidence suggests the essential role of

NLRP3 inflammasomes in various sterile inflammatory
diseases. Simultaneously, several investigations have
recently reported a limited role of NLRP3 inflammasomes
in such disease conditions. In hepatic I/R injury, there are
somewhat inconsistent reports: NLRP3 inflammasome
activation may mediate hepatic I/R injury and NLRP3
contributes to hepatic I/R injury independently of inflam-
masome activation (Fig. 3 and 4). In particular, as described
in this review, an inflammasome-independent role of
inflammasome components has attracted much attention. A
better understanding of the role of inflammasomes and their
component molecules will not only offer new therapeutic
targets but also break new ground in the study of the role
of inflammation in various types of sterile inflammatory
diseases.

Acknowledgement and Source of funding

This work was supported by the Japan Society for the Promotion of
Science (JSPS) through the “Funding Program for Next Generation
World-Leading Researchers (NEXT Program),” initiated by the
Council for Science and Technology Policy (MT), MEXT-Supported
Program for the Strategic Research Foundation at Private Universities
(MT), and a Grant-in-aid for Research Activity Start-up in Jichi
Medical University (YI).

Conflict of interests
None

References
1)van Golen RF, van Gulik TM, Heger M: The sterile
immune response during hepatic ischemia/reperfusion.
Cytokine Growth Factor Rev. 2012; 23: 69-84.
2)Zhai Y, Busuttil RW, Kupiec-Weglinski JW. Liver
ischemia and reperfusion injury: new insights into
mechanisms of innate-adaptive immune-mediated tissue

Inlammation and Regeneration Vol.35 No.2 March 2015 66

inflammation. Am J Transplant. 2011; 11: 1563-1569.

3)Abu-Amara M, Yang SY, Tapuria N, Fuller B, Davidson
B, Seifalian A: Liver ischemia/reperfusion injury:
processes in inflammatory networks--a review. Liver
Transpl. 2010; 16: 1016-1032.

4)Chen GY, Nunez G. Sterile inflammation: sensing
and reacting to damage. Nat Rev Immunol. 2010; 10:
826-837.

5)Davis BK, Wen H, Ting JP: The inflammasome NLRs in
immunity, inflammation, and associated diseases. Annu
Rev Immunol. 2011; 29: 707-735.

6)Strowig T, Henao-Mejia J, Elinav E, Flavell R:
Inflammasomes in health and disease. Nature. 2012;
481: 278-286.

7)Takahashi M: Role of the inflammasome in vascular
injury and atherosclerosis. Inflamm Regen. 2012; 32:
112-118.

8) Takahashi M: Role of the inflammasome in myocardial
infarction. Trends Cardiovasc Med. 2011; 21: 37-41.

9) Yajima N, Takahashi M, Morimoto H, Shiba Y, Takahashi
Y, Masumoto J, Ise H, Sagara J, Nakayama J, Taniguchi
S, lkeda U: Critical role of bone marrow apoptosis-
associated speck-like protein, an inflammasome adaptor
molecule, in neointimal formation after vascular injury in
mice. Circulation. 2008; 117: 3079-3087.

10)Usui F, Shirasuna K, Kimura H, Tatsumi K, Kawashima
A, Karasawa T, Hida S, Sagara J, Taniguchi S, Takahashi
M: Critical role of caspase-1 in vascular inflammation
and development of atherosclerosis in Western diet-fed
apolipoprotein E-deficient mice. Biochem Biophys Res
Commun. 2012; 425: 162-168.

11) Kawaguchi M, Takahashi M, Hata T, Kashima Y, Usui
F, Morimoto H, l1zawa A, Takahashi Y, Masumoto J,
Koyama J, Hongo M, Noda T, Nakayama J, Sagara
J, Taniguchi S, lkeda U: Inflammasome activation of
cardiac fibroblasts is essential for myocardial ischemia/
reperfusion injury. Circulation. 2011; 123: 594-604.

12) Takahashi M: NLRP3 inflammasome as a novel player
in myocardial infarction. Int Heart J. 2014; 55: 101-105.

13)Komada T, Usui F, Shirasuna K, Kawashima A, Kimura
H, Karasawa T, Nishimura S, Sagara J, Noda T,
Taniguchi S, Muto S, Nagata D, Kusano E, Takahashi M:
ASC in renal collecting duct epithelial cells contributes
to inflammation and injury after unilateral ureteral
obstruction. Am J Pathol. 2014; 184: 1287-1298.

14) Shirasuna K, Usui F, Karasawa T, Kimura H, Kawashima
A, Mizukami H, Ohkuchi A, Nishimura S, Sagara



Mini Review NLRP3 inflammasomes in hepatic I/R injury

Inflammation and Regeneration

J, Noda T, Ozawa K, Taniguchi S, Takahashi M:
Nanosilica-induced placental inflammation and
pregnancy complications: Different roles of the
inflammasome components NLRP3 and ASC.
Nanotoxicology. 2014; 11: 1-14.

15)Kamo N, Ke B, Ghaffari AA, Shen XD, Busuttil RW,
Cheng G, Kupiec-Weglinski JW: ASC/caspase-1/IL-
1beta signaling triggers inflammatory responses
by promoting HMGB1 induction in liver ischemia/
reperfusion injury. Hepatology. 2013; 58: 351-362.

16)Inoue Y, Shirasuna K, Kimura H, Usui F, Kawashima
A, Karasawa T, Tago K, Dezaki K, Nishimura S,
Sagara J, Noda T, Iwakura Y, Tsutsui H, Taniguchi S,
Yanagisawa K, Yada T, Yasuda Y, Takahashi M: NLRP3
Regulates Neutrophil Functions and Contributes to
Hepatic Ischemia-Reperfusion Injury Independently of
Inflammasomes. J Immunol. 2014; 192: 4342-4351.

17) Takeuchi O, Akira S: Pattern recognition receptors and
inflammation. Cell. 2010; 140: 805-820.

18)Latz E, Xiao TS, Stutz A. Activation and regulation
of the inflammasomes. Nat Rev Immunol. 2013; 13:
397-411.

19)Chang WJ, Toledo-Pereyra LH: Toll-like receptor
signaling in liver ischemia and reperfusion. J Invest
Surg. 2012; 25: 271-277.

20)Katsargyris A, Klonaris C, Alexandrou A, Giakoustidis
AE, Vasileiou |, Theocharis S: Toll-like receptors in
liver ischemia reperfusion injury: a novel target for
therapeutic modulation? Expert Opin Ther Targets.
2009; 13: 427-442.

21)Mariathasan S, Weiss DS, Newton K, McBride J,
O'Rourke K, Roose-Girma M, Lee WP, Weinrauch
Y, Monack DM, Dixit VM: Cryopyrin activates the
inflammasome in response to toxins and ATP. Nature.
2006; 440: 228-232.

22)Martinon F, Petrilli V, Mayor A, Tardivel A, Tschopp J:
Gout-associated uric acid crystals activate the NALP3
inflammasome. Nature. 2006; 440: 237-241.

23)Duewell P, Kono H, Rayner KJ, Sirois CM, Vladimer
G, Bauernfeind FG, Abela GS, Franchi L, Nunez G,
Schnurr M, Espevik T, Lien E, Fitzgerald KA, Rock
KL, Moore KJ, Wright SD, Hornung V, Latz E: NLRP3
inflammasomes are required for atherogenesis and
activated by cholesterol crystals. Nature. 2010; 464:
1357-1361.

24)Halle A, Hornung V, Petzold GC, Stewart CR, Monks
BG, Reinheckel T, Fitzgerald KA, Latz E, Moore KJ,

Vol.35 No.2 March 2015 67

Golenbock DT: The NALP3 inflammasome is involved
in the innate immune response to amyloid-beta. Nat
Immunol. 2008; 9: 857-865.

25)Yamasaki K, Muto J, Taylor KR, Cogen AL, Audish D,
Bertin J, Grant EP, Coyle AJ, Misaghi A, Hoffman HM,
Gallo RL: NLRP3/cryopyrin is necessary for interleukin-
1beta (IL-1beta) release in response to hyaluronan,
an endogenous trigger of inflammation in response to
injury. J Biol Chem. 2009; 284: 12762-12771.

26)Masters SL, Dunne A, Subramanian SL, Hull RL,
Tannahill GM, Sharp FA, Becker C, Franchi L, Yoshihara
E, Chen Z, Mullooly N, Mielke LA, Harris J, Coll RC,
Mills KH, Mok KH, Newsholme P, Nunez G, Yodoi
J, Kahn SE, Lavelle EC, O'Neill LA: Activation of the
NLRP3 inflammasome by islet amyloid polypeptide
provides a mechanism for enhanced IL-1beta in type 2
diabetes. Nat Immunol. 2010; 11: 897-904.

27)Dostert C, Petrilli V, Van Bruggen R, Steele C, Mossman
BT, Tschopp J: Innate immune activation through Nalp3
inflammasome sensing of asbestos and silica. Science.
2008; 320: 674-677.

28)Wanderer AA: Ischemic-reperfusion syndromes: bio-
chemical and immunologic rationale for IL-1 targeted
therapy. Clin Immunol. 2008; 128: 127-132.

29)Zhu P, Duan L, Chen J, Xiong A, Xu Q, Zhang H, Zheng
F, Tan Z, Gong F, Fang M: Gene silencing of NALP3
protects against liver ischemia-reperfusion injury in
mice. Hum Gene Ther. 2011; 22: 853-864.

30)Huang H, Chen HW, Evankovich J, Yan W, Rosborough
BR, Nace GW, Ding Q, Loughran P, Beer-Stolz D,
Billiar TR, Esmon CT, Tsung A: Histones activate the
NLRP3 inflammasome in Kupffer cells during sterile
inflammatory liver injury. J Immunol. 2013; 191: 2665-
2679.

31)Inoue Y, Yasuda Y, Takahashi M: Role of the inflam-
masome in inflammatory responses and subsequent
injury after hepatic ischemia-reperfusion injury.
Hepatology. 2013; 58: 2212.

32)Kupiec-Weglinski JW, Kamo N: Reply: To PMID
23408710. Hepatology. 2013; 58: 2212-2213.

33)Kim HY, Kim SJ, Lee SM: Activation of NLRP3 and
AIM2 inflammasomes in Kupffer cells in hepatic
ischemia/reperfusion. FEBS J. 2015; 282: 259-270.

34)Kato A, Gabay C, Okaya T, Lentsch AB: Specific
role of interleukin-1 in hepatic neutrophil recruitment
after ischemia/reperfusion. Am J Pathol. 2002; 161:
1797-1803.



Mini Review NLRP3 inflammasomes in hepatic I/R injury

Inflammation and Regeneration

35)Tan Z, Jiang R, Wang X, Wang Y, Lu L, Liu Q, Zheng
SG, Sun B, Ryffel B: RORgammat+IL-17+ neutrophils
play a critical role in hepatic ischemia-reperfusion injury.
J Mol Cell Biol. 2013; 5: 143-146.

36)Jaeschke H: Mechanisms of Liver Injury. Il. Mechanisms
of neutrophil-induced liver cell injury during hepatic
ischemia-reperfusion and other acute inflammatory
conditions. Am J Physiol Gastrointest Liver Physiol.
2006; 290: G1083-G1088.

37)Colletti LM, Green M, Burdick MD, Kunkel SL, Strieter
RM: Proliferative effects of CXC chemokines in rat
hepatocytes in vitro and in vivo. Shock. 1998; 10:
248-257.

38)Karmakar M, Sun Y, Hise AG, Rietsch A, Pearlman E:
Cutting edge: IL-1beta processing during Pseudomonas
aeruginosa infection is mediated by neutrophil serine
proteases and is independent of NLRC4 and caspase-1.
J Immunol. 2012; 189: 4231-4235.

39)Guma M, Ronacher L, Liu-Bryan R, Takai S, Karin M,
Corr M: Caspase 1-independent activation of interleukin-
1beta in neutrophil-predominant inflammation. Arthritis
Rheum. 2009; 60: 3642-3650.

40)Menzel CL, Sun Q, Loughran PA, Pape HC, Billiar TR,
Scott MJ: Caspase-1 is hepatoprotective during trauma

Vol.35 No.2 March 2015 68

and hemorrhagic shock by reducing liver injury and
inflammation. Mol Med. 2011; 17: 1031-1038.

41)Watanabe A, Sohail MA, Gomes DA, Hashmi A, Nagata
J, Sutterwala FS, Mahmood S, Jhandier MN, Shi
Y, Flavell RA, Mehal WZ: Inflammasome-mediated
regulation of hepatic stellate cells. Am J Physiol
Gastrointest Liver Physiol. 2009; 296: G1248-G1257.

42)Ippagunta SK, Malireddi RK, Shaw PJ, Neale GA,
Walle LV, Green DR, Fukui Y, Lamkanfi M, Kanneganti
TD: The inflammasome adaptor ASC regulates the
function of adaptive immune cells by controlling Dock2-
mediated Rac activation and actin polymerization. Nat
Immunol. 2011; 12: 1010-1016.

43)Ippagunta SK, Malireddi RK, Shaw PJ, Neale GA,
Vande Walle L, Fukui Y, Green DR, Lamkanfi M,
Kanneganti TD: Addendum: defective Dock2 expression
in a subset of ASC-deficient mouse lines. Nat Immunol.
2012; 13: 701-702.

44)Shigeoka AA, Mueller JL, Kambo A, Mathison JC, King
AJ, Hall WF, Correia Jda S, Ulevitch RJ, Hoffman HM,
McKay DB: An inflammasome-independent role for
epithelial-expressed NIrp3 in renal ischemia-reperfusion
injury. J Immunol. 2010; 185: 6277-6285.



