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Abstract The NLRP3 inflammasome is assembled and
activated in certain types of myeloid cells upon sensing
microbe-derived toxins or host-derived danger signals.
Activation of the NLRP3 inflammasome by endogenous
ligands has been discovered in various disorders, including
metabolic syndrome, type 2 diabetes, atherosclerosis, gout,
reperfusion injury of the heart, neurodegeneration, such as
Alzheimer’s disease, chronic kidney diseases, and macular
degeneration of the eyes. Despite the potential significance
of the NLRP3 inflammasome in the pathogenesis of several
diseases, details on the activation mechanism of the
NLRP3 inflammasome by a variety of stimulators have yet
to be reported. Emerging evidence suggests that mito-
chondrial events are associated with NLRP3 activation in
disease conditions. Mitochondrial dysfunction acts
upstream of NLRP3 activation by providing reactive oxy-
gen species (ROS) to trigger NLRP3 oligomerization or by
inducing o-tubulin acetylation to relocate mitochondria to
the proximity of NLRP3. In addition, mitochondria work as
a platform for inflammasome assembly. Mitochondrial
events may also lie downstream of NLRP3 activation.
While the molecular mechanisms of mitochondrial dys-
function associated with NLRP3 activation are still unclear,
they may involve the perturbation of mitochondria by K*
efflux and subsequent intracellular disequilibrium. Thus,
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mitochondria and NLRP3 machinery appear to be closely
interwoven at multiple levels.
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Introduction

An inflammasome is a cytoplasmic multi-protein complex
composed of a sensor protein, an adaptor protein called
apoptosis-associated speck-like protein, containing a caspase-
recruitment domain (ASC) and pro-caspase-1, a cysteine
protease (Schroder and Tschopp 2010). Inflammasomes can
be classified into four major sub-families depending on the
sensor molecule, such as NACHT, LRR, and PYD domains-
containing protein 3 (NLRP3), NLRP1, NLR Family, CARD
domain containing 4 (NLRC4), and absent in melanoma 2
(AIM2) (Schroder and Tschopp 2010). These sensor mole-
cules are activated by diverse stimulators ranging from
microbial products to host-derived danger signals, leading to
the assembly of the inflammasome complex through homo-
typic interaction of pyrin domain (PYD) and caspase activa-
tion and recruitment domain (CARD) (Rathinam et al. 2012).
Once assembled, inactive pro-caspase-1 in the inflammasome
complex is auto-processed by proximity to active caspase-1,
which subsequently induces the maturation of pro-inter-
leukin-1p (pro-IL-1B) or pro-IL-18 to their active forms
(Rathinam et al. 2012; Schroder and Tschopp 2010) (Fig. 1).
The assembly and activation of the inflammasome complex
thereby leads to the pro-inflammatory process through the
production of IL-1B or IL-18. Among the inflammasomes,
much attention has been given to the NLRP3 inflammasome
due to its potential contribution to the pathogenesis of
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Fig. 1 Contribution of mitochondria to NLRP3 inflammasome activation. Signal 1 confers a priming signal leading to the induction of NLRP3
and pro-IL-1p. Signal 2 allows NLRP3 activation through multiple mechanisms. Mitochondria-damaging conditions or NLRP3 stimulators, such
as ATP or nigericin, induce mitochondrial dysfunction, which contributes to NLRP3 inflammasome activation through release of mtDAMP, such
as mtDNA and mtROS, or by inducing abnormal mitochondrial movement. Mitochondria could also serve as a platform for the assembly of
NLRP3 inflammasome through mitochondrial proteins, such as MAVS or Mfn2, and the mitochondrial lipid cardiolipin in response to viral
infections or other NLRP3 activators. LRR leucine-rich repeat, NACHT NAIP, C2TA, HET-E and TP-1, PYD pyrin domain, CARD caspase

activation and recruitment domain, 7/R Toll/interleukin-1 receptor

infectious, metabolic, and neurodegenerative diseases (Fran-
chi et al. 2012; Henao-Mejia et al. 2014; Heneka et al. 2014).

NLRP3 activation is accompanied by complex cellular
changes that might be causally related to inflammasome acti-
vation. Mitochondrial changes could be particularly important as
inducers of NLRP3 activation amongst such intracellular events.
In this review, we will focus on recent findings on the regulation
of NLRP3 activation associated with mitochondrial dysfunction
in both physiological and pathological contexts.

NLRP3 inflammasome
Expression
The expression of NLRP3 is mainly restricted to myeloid

lineage cells (Yazdi et al. 2010). In particular, conventional
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dendritic cells and monocytes exhibit the highest basal
expression of NLRP3 (Guarda et al. 2011). Robust
expression of NLRP3 has also been observed in macro-
phages and neutrophils. Meanwhile, no expression of
NLRP3 has been found in some myeloid cells, such as
plasmacytoid dendritic cells or eosinophils (Guarda et al.
2011). NLRP3 was hardly expressed in lymphoid cells,
including splenic B cells, T cells, and NK cells. Therefore,
the activation of NLRP3 inflammasome may occur in
myeloid cells already present in tissue or in recruited
myeloid cells. Nonetheless, there is some evidence sug-
gesting that the activation of NLRP3 inflammasome occurs
in non-myeloid cell types, such as keratinocytes, T cells,
and skeletal muscle cells (Martin et al. 2016; Rawat et al.
2010; Watanabe et al. 2007). It is noteworthy to mention
that the expression of NLRP3 can be also induced by the
engagement of toll-like receptors (TLRs) or other receptors
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(Bauernfeind et al. 2009) (Fig. 1). Further investigations
will give more insights into the importance of cell type-
specific activation of NLRP3 inflammasome.

Among the components of inflammasomes, ASC protein
was first identified as a target of methylation-induced
silencing-1 (TMS-1), denoting that the expression of ASC
is controlled by epigenetic regulation (Conway et al. 2000).
The expression of ASC was indeed silenced in many
cancer cells due to an aberrant methylation of CpG island
of ASC1 promoter regions (Salminen et al. 2014). How-
ever, the basal expression of ASC is relatively high in
myeloid cells. Thus, it will be intriguing to investigate
whether epigenetic regulation is able to affect the inflam-
matory responses through modulation of the expression of
ASC in myeloid cells. Furthermore, the cell- or tissue-
specific function of ASC was also suggested in non-mye-
loid cells, such as keratinocytes or helper T cells (Martin
et al. 2016). Further studies will shed light on the signifi-
cance of inflammasome-dependent and -independent role
of ASC in tumorigenesis and autoimmune diseases. Over-
all, the expressions of NLRP3 and ASC are primarily
restricted to myeloid cell types, such as monocytes and
macrophages. In this regard, resident or recruited myeloid
cells are mainly responsible for elevations in NLRP3
inflammasome activation in inflamed tissues.

NLRP3 stimulators

Although NLR was first discovered as an intracellular
receptor for microbial products (Inohara et al. 2000), the
direct ligand for NLRP3 has yet to be discovered. Instead, a
wide range of stimulators have been shown to induce
NLRP3-dependent caspase-1 activation (Rathinam et al.
2012). For instance, microbial products, such as nigericin,
maitotoxin, hemolysin, or bacterial RNA, induce the robust
secretion of IL-1PB from lipopolysaccharide (LPS)-primed
bone marrow-derived macrophages (BMDMs) in an
NLRP3-dependent manner (Kanneganti et al. 2006; Mar-
iathasan et al. 2006). In addition, endogenous substances
(ATP, palmitic acid, amyloid B, monosodium urate crys-
tals, cholesterol crystals) and exogenous crystalline parti-
cles (asbestos, silica, alum) could also act as specific
triggers for the activation of NLRP3 inflammasome (He-
nao-Mejia et al. 2014). Besides these conventional NLRP3
stimulators, intracellular LPS from vacuolar or cytosolic
bacteria has been recently shown to trigger caspase-11-
dependent non-canonical activation of caspase-1. Of
interest, non-canonical inflammasome activation mediated
by caspase-11 also requires NLRP3 (Kayagaki et al. 2011),
suggesting that caspase-11-mediated downstream targets
could affect NLRP3 activation. For example, a recent study
showed that the cleavage of gasdermin D by caspase-11 is
required for non-canonical NLRP3 inflammasome

activation by an unknown mechanism (Kayagaki et al.
2015). Further studies are necessary to clarify how caspase-
11 signaling could function as an upstream event of
NLRP3 activation in response to intracellular LPS
stimulation.

These observations collectively suggest that NLRP3
could sense various intra- or extracellular pathogens, dan-
ger signals, or death-associated molecular patterns
(DAMP) inducing pro-inflammatory responses. Neverthe-
less, it is still poorly understood what kind of common
ligand or molecular event is responsible for the conversion
of inactive NLRP3 into active form in response to such
diverse stimulators.

Pathophysiological role of the NLRP3
inflammasome in response to bacterial infection
or endogenous substances

Upon microbial infections, inflammasome-mediated IL-1§
or IL-18 production mainly provides an innate immune
protection. For example, the NLRP3 inflammasome con-
fers an important host innate defense against several
microbial pathogens, such as Streptococcus pneumonia,
Group B Streptococcus, Citrobacter rodentium, Salmonella
typhimurium, or influenza A virus (Broz et al. 2010; Costa
et al. 2012; Liu et al. 2012). On the other hand, deficiency
of NLRP3 mitigated the severity of infection caused by
some pathogens, such as Staphylococcus aureus (Kebaier
et al. 2012). In contrast to the potential role of NLRP3 in
host defense, NLRP3 inflammasome has been frequently
implicated in the progression of several diseases, including
metabolic disorders or neurodegeneration. Mice lacking
NLRP3, ASC or caspase-1 clearly showed an attenuated
clinical manifestations of several disorders, including gout,
atherosclerosis, type 2 diabetes (T2D), or Alzheimer’s
disease (Duewell et al. 2010; Martinon et al. 2006; Van-
danmagsar et al. 2011). Despite the importance of NLRP3
inflammasome in diverse physiological and pathological
context, the underlying molecular mechanisms by which
NLRP3 inflammasome is activated in such conditions
remain unclear. With this, we summarize current progress
in the understanding of the NLRP3 activation mechanism.

Mechanism of NLRP3 inflammasome activation
Two-step process

Unlike other inflammasomes, such as NLRC4 or AIM2, the
NLRP3 inflammasome can be activated by a wide range of
stimulators, including bacterial or viral infection, endoge-

nous metabolites, or particulate substances. So far, a two-
step process has been widely accepted as the activation
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mechanism of the NLRP3 inflammasome (Schroder and
Tschopp 2010). The first step, a priming step, is triggered
by engagement of TLRs with their ligands (signal 1),
leading to the NF-kB-dependent transcription of NLRP3
and pro-IL-1B. Then, many of the stimulators (signal 2)
mentioned above, promote the assembly and activation of
the NLRP3 inflammasome in a manner dependent on K*
efflux, lysosomal rupture, or mitochondrial reactive oxygen
species (mtROS) (Rathinam et al. 2012) (Fig. 1). The
activation of the NLRP3 inflammasome is now considered
much more complicated than previously expected, and a
two-step model is not always applicable in some cases.
Despite the diversity of NLRP3-activating signals, all
NLRP3 stimulators ultimately lead to the molecular asso-
ciation of NLRP3 with ASC and the formation of ASC
speck-like aggregates. This ASC speck formation is now
widely used as a common indicator of inflammasome
activation (Fig. 2).

Priming or licensing step by signal 1

Initial studies suggested that a priming step is required for
the enhanced transcription of NLRP3 and pro-IL-1f.
However, emerging evidence indicates that signal 1 for
the priming step actually does more than transcription
activation (Ghonime et al. 2014; Juliana et al. 2012). The
non-transcriptional priming step, required for activation of
the NLRP3 inflammasome, involves interleukin-1 recep-
tor-associated kinase 1 (IRAKI1), extracellular signal-
regulated kinase (ERK), and caspase-8, which are down-
stream targets of TLR pathways (Allam et al. 2014;
Fernandes-Alnemri et al. 2013; Ghonime et al. 2014;

Gurung et al. 2014). The molecular mechanism of IRAK1
or ERK action in NLRP3 activation is still ambiguous,
although it possibly involves the protein modification of
NLRP3 or upstream targets of NLRP3. For instance, the
deubiquitination of NLRP3 has been proposed as an
essential priming step for NLRP3 activation (Juliana et al.
2012). Of note, NLRP3 deubiquitination was induced by
LPS priming and also by signal 2 stimulators, such as
ATP (Juliana et al. 2012). This observation indicates that
it is not always appropriate to distinguish signal 1 or a
priming step from signal 2. Indeed, priming signal is
sufficient to promote the secretion of IL-1f in certain type
of cells, such as monocytes and dendritic cells (He et al.
2013; Vigano et al. 2015). Furthermore, a recent study
proposed that LPS-stimulated NF-xB signaling could
suppress NLRP3 inflammasome activation through
induction of p62, an autophagy receptor, which helps
eliminate damaged mitochondria by mitophagy (Zhong
et al. 2016). Altogether, these studies suggest a more
complicated role of a priming step by signal 1. Thus, it
will be necessary to investigate the impact of a priming
step in NLRP3 activation at the molecular level in a more
discerning way.

Activating step by signal 2

As mentioned above, the NLRP3 inflammasome is assem-
bled and activated by extremely diverse stimulators. So far,
K™ efflux has been considered as the most common and
essential phenomenon for promotion of NLRP3 activation
triggered by diverse NLRP3 stimulators (Mufioz-Planillo
et al. 2013). Indeed, the inhibition of K' efflux blocks
NLRP3 inflammasome activation regardless of treatment

Fig. 2 Formation of ASC speck-like aggregates by NLRP3 activation. Mouse bone marrow-derived macrophages were untreated (a) or primed
with 0.25 pg/ml LPS for 3 h, followed with treatment of 2.5 mM ATP for 30 min (b). The immunofluorescent staining was then performed using
anti-ASC antibody. The arrow indicates the speck formation of ASC. DAPI represents nuclear fluorescence. Scale bar, 10 pm
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with NLRP3 stimulators. However, it remains elusive how
K™ efflux is induced by NLRP3-activating signal 2 and what
K™ efflux does in the activation of NLRP3. One possibility
that accounts for the effect of K efflux could be the con-
formational change of NLRP3 due to a decrease in intra-
cellular K™, leading to increased electrostatic interactions
between NLRP3 (Compan et al. 2012). Recent studies
showed that NIMA-related kinase 7 (NEK7) is a critical
upstream regulator of NLRP3 (He et al. 2016; Shi et al.
2016). Intriguingly, K* efflux still occurred in NEK7-defi-
cient BMDMs, despite the abrogation of inflammasome
activation. Moreover, the inhibition of K efflux reduced the
association of NLRP3 with NEK7, which suggests that
NEK7 is a downstream of K efflux (He et al. 2016). Further
studies on NEK7 and NLRP3 interaction will be required to
clarify the molecular mechanism and the impact of K™ efflux
on alterations of NLRP3.

In addition to K™ efflux, stimulus-specific events could
also be required for the activation of NLRP3 inflamma-
some. For example, treatment with crystals or particulate
matters induces the destabilization of lysosome, leading to
the cytoplasmic release of lysosomal proteases, such as
cathepsin B. Lysosomal protease in the cytoplasm is
thought to confer activating signal for NLRP3 (Hornung
et al. 2008), while some papers report no effect of
cathepsin B deficiency on NLRP3 activation (Zhong et al.
2013). It is plausible that lysosomal destabilization or
rupture by particulate substances induces the release of
additional lysosomal contents, such as Ca®" or other pro-
teases. The molecular details for how lysosomal destabi-
lization or lysosomotrophic agents affect the assembly and
activation of NLRP3 inflammasome await further
elucidation.

Another important consideration for the NLRP3 acti-
vation process is the role of extracellular osmolality.
Compan et al. showed that hypotonic solution, which
causes cell swelling and subsequent regulatory volume
decrease (RVD), promotes the activation of NLRP3
inflammasome in a manner dependent on K' efflux or
transient receptor potential (TRP) channels (Compan et al.
2012). It was suggested that, in addition to KT efflux, cell
volume change, which also could be induced by other
NLRP3 stimulators, might be an important event for
NLRP3 activation, possibly through an increase in intra-
cellular Ca®". In contrast, a recent study suggested that
hyperosmotic stress activates NLRP3 and NLRC4
inflammasome, leading to the induction of inflammatory
Th17 response (Ip and Medzhitov 2015). These observa-
tions raise the possibility that NLRP3 inflammasome is a
potential sensor for alterations in environmental osmo-
lality, thereby promoting inflammatory responses. Whe-
ther cell volume change accounts for the common

mechanism of NLRP3 activation further

experimentation.

requires

Mitochondrial control of NLRP3 inflammasome
activation

Role of mitochondrial damage

Mitochondrial events appear to be closely related to
NLRP3 inflammasome activation. Zhou et al. has reported
that mitochondrial damage can activate the NLRP3
inflammasome through mtROS (Zhou et al. 2011) (Fig. 1).
Following studies also supported their notion that the
scavenging of mtROS efficiently suppresses activation of
the NLRP3 inflammasome (Ip and Medzhitov 2015; Kim
et al. 2014b). Consistent with these observations, impaired
mitophagy has been shown to enhance activation of the
NLRP3 inflammasome due to a failure to clear damaged
mitochondria. In addition to the mtROS, mitochondrial
DNA (mtDNA), released into cytoplasm from the damaged
mitochondria, has also been proposed to act as a mito-
chondrial danger signal, promoting the activation of
NLRP3 through its direct association with NLRP3 (Naka-
hira et al. 2011) (Fig. 1). These findings support that the
dysfunction of mitochondria could facilitate the assembly
of the NLRP3 inflammasome.

Although recent evidence suggest that mitochondrial
dysfunction is closely associated with activation of the
NLRP3 inflammasome (Misawa et al. 2013; Nakahira et al.
2011), there is a lack of understanding of the role of
NLRP3 activators in triggering mitochondrial damage. One
possible mechanism could be an increase in intracellular
Ca®* levels. It has been shown that NLRP3 stimulators,
such as ATP, can induce Ca®* influx and promote mito-
chondrial damage, leading to the production of mtROS and
the dissipation of mitochondrial membrane potential (Lee
et al. 2012; Murakami et al. 2012). Furthermore, a recent
study showed that K" efflux mediates the influx of Ca™,
which causes mitochondrial Ca®* overload, resulting in
mitochondrial dysfunction (Yaron et al. 2015). In contrast,
another study proposed that K* efflux induces NLRP3
activation in a Ca®" influx-independent manner (Katsnel-
son et al. 2015). Further studies will be required to validate
the mechanistic basis and significance of Ca*" flux in
NLRP3 inflammasome activation and mitochondrial dys-
function. Recently, another type of mitochondrial change
related to NLRP3 inflammasome activation was reported.
Wolf et al. demonstrated that N-acetylglucosamine derived
from peptidoglycan of G+ bacteria was able to activate
NLRP3 by dissociating hexokinase from mitochondria
outer membrane (Wolf et al. 2016), suggesting an intimate
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relationship between metabolic and
processes.

There are also conflicting results regarding the causality
between mitochondrial damage and NLRP3 activation. A
study proposed that inflammasome activation causes
mitochondrial damage (Yu et al. 2014), suggesting that
mitochondrial damage might be the consequence of
inflammasome activation, rather than the cause. Addition-
ally, the direct target of mtROS in NLRP3 activation is still
unknown. There is a report suggesting that ROS scavengers
like N-acetyl-lysine (NAC) block the transcription of
NLRP3 and pro-IL-1B, but have no effect on the direct
activation of NLRP3 by classical NLRP3 agonists
(Bauernfeind et al. 2011). In this regard, how mitochon-
drial events and danger signals derived from the damaged
mitochondria affect the activation of NLRP3 needs to be
further elucidated.

inflammatory

Role of mitochondrial protein associated
with NLRP3

Besides mitochondrial damage mentioned above, mito-
chondria alone have been shown to contribute to the
activation of NLRP3 inflammasome by acting as a plat-
form for the assembly of inflammasomes. In particular,
mitochondrial anti-viral signaling protein (MAVS) or
mitofusin 2 (Mfn2) was suggested to recruit NLRP3 to
mitochondria in response to viral infection or NLRP3
stimulators (Ichinohe et al. 2013; Subramanian et al.
2013) (Fig. 1). Of more interest, MAVS could form
prion-like aggregates via engaging RNA-trapped retinoic
acid-inducible gene I (RIG-I) in RIG-I-like receptor
(RLR) signaling (Hou et al. 2011). These MAVS aggre-
gates may also facilitate the oligomerization of NLRP3 to
assemble the inflammasome complex. Subramanian et al.
reported that knockdown of MAVS expression reduced
NLRP3-dependent IL-1f secretion upon classical NLRP3
agonists, including ATP or nigericin (Subramanian et al.
2013). In contrast, other studies showed that MAVS is not
required for activation of NLRP3 inflammasome by
classical stimulators (Park et al. 2013). Thus, the role of
MAYVS in NLRP3 activation in response to non-viral
stimulations is still controversial. In addition to mito-
chondrial proteins, mitochondrial lipid cardiolipin was
also reported to interact with NLRP3, promoting its
activation (Iyer et al. 2013) (Fig. 1). Based on these
results, it is likely that mitochondria could serve as a
signaling platform for the assembly of NLRP3 inflam-
masome. However, more evidence will be necessary to
firmly establish the mechanism and the role of recruit-
ment of inflammasome components to mitochondria upon
stimulation with classical NLRP3 activators.

@ Springer

Mitochondrial dynamics

Mitochondria are dynamic organelles and undergo contin-
uous fusion and fission. Mitochondria maintain their
integrity or homeostasis by eliminating damaged mito-
chondria through mitochondrial fission and mitophagy
(Liesa et al. 2009). Growing evidence suggests that mito-
chondrial dynamics have an impact on innate immune
responses, particularly the anti-viral response (Yasukawa
et al. 2009). Recent studies also suggest that impaired
mitochondrial dynamics affect NLRP3 inflammasome
activation. For instance, the knockdown of Mfn2, a critical
protein for mitochondrial fusion, reduced IL-1pB secretion
by RNA virus infection, suggesting that mitochondrial
fusion is required for robust activation of the NLRP3
inflammasome (Ichinohe et al. 2013). In accordance with
this finding, aberrant mitochondrial elongation caused by a
knockdown of Drpl led to an increased sensitivity to the
classical NLRP3 stimulators (Park et al. 2015). These
observations suggest that elongated mitochondria could act
as a favorable platform for the assembly of NLRP3
inflammasome. Conversely, another study showed reduced
IL-1B secretion in Drpl-knockdown macrophages in
responses to poly I:C stimulations (Wang et al. 2014).
Given that mitochondrial fusion and fission are closely
associated with the removal of damaged mitochondria,
further systemic approaches will be required to address the
role of mitochondrial dynamics and mitochondrial dys-
function in NLRP3 inflammasome activation.

Mitochondrial transport

In neurons, mitochondrial transport is critical for cellular
homeostasis, and defects in mitochondrial transport have
been closely associated with the pathogenesis of several
neurological disorders (Sheng and Cai 2012). However, the
physiological roles of mitochondrial transport in innate
immune responses have not been studied in detail. Misawa
et al. showed that NLRP3-stimulating conditions induced
the mitochondrial transport to endoplasmic reticulum (ER)
through the microtubule network (Misawa et al. 2013).
Movement of mitochondria imposed the apposition of
ASC, which is expressed on mitochondria, with NLRP3
localized on ER. Of note, the authors showed that NLRP3
agonists induce mitochondrial damage leading to decreases
in intracellular levels of NAD™. Thereby, a reduction in
NAD™ might drive the movement of mitochondria through
SIRT2 inactivation and o-tubulin acetylation. It is thus
possible that mitochondrial dysfunction could contribute to
activation of NLRP3 by triggering aberrant mitochondrial
movement (Fig. 1). It will be interesting to further delin-
eate whether the transport of organelles associated with
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inflammasome activation is a common critical factor for
the assembly of the NLRP3 inflammasome.

Disorders involving inflammasome activation
associated with mitochondrial dysfunction

Metabolic syndrome and diabetes

Metabolic syndrome or T2D is a representative metabolic
disorder characterized by inflammation in metabolic tis-
sues, such as adipose tissue, the liver, and pancreatic islets
(metainflammation). Thus, infiltration of macrophages,
dendritic cells, T cells, B cells, and NK cells is frequently
observed in those tissues, which is accompanied by induc-
tion of various cytokines and chemokines. For low-grade
tissue inflammation, innate immune receptors and their
ligands are necessary. Regarding the innate immune
receptors for metainflammation, Vandanmagsar et al.
reported a crucial role of NLRP3 in obesity-induced
inflammation and insulin resistance. Therein, the NLRP3
inflammasome was activated in visceral adipose tissue and
the liver of obese mice. Furthermore, glucose intolerance
and metainflammation associated with obesity were
improved by targeted disruption of NLRP3 (Vandanmagsar
et al. 2011). Such changes in innate immunity were
accompanied by reductions in CD4" or CD8" effector
memory cells, although without significant changes in
numbers of naive T cells. As to the activator of NLRP3
inflammasome associated with metabolic syndrome or T2D,
Wen et al. showed that palmitic acid, the most abundant
saturated fatty acid in vivo, can activate NLRP3 inflam-
masomes (Wen et al. 2011) (Table 1). They reported that
palmitic acid, together with LPS, a TLR4 agonist, leads to
AMPK inhibition, decreased autophagy, and subsequently
increased mtROS due to delayed mitochondrial turnover,
which eventually activates NLRP3. These results suggest
that NLRP3 inflammasome activation in association with
mitochondrial dysfunction occurs in metabolic syndrome or
T2D. Ceramide generated from fatty acids may also play a
part in inflammasome activation (Vandanmagsar et al.
2011) (Table 1). Another recent paper supported the par-
ticipation of mtROS due to defective mitophagy in the
NLRP3 inflammasome activation by palmitic acid in con-
junction with LPS. In this case, mitochondrial dysfunction
was ascribed to the dysregulation of Rheb, a small GTPase
that may induce mitophagy through an mTOR-independent
pathway, and that of KIF5B, a microtubule motor protein
(Yang et al. 2014) (Table 1). A role of mtROS in inflam-
masome activation in peripheral blood leukocytes from
T2D patients has also been shown (Lee et al. 2013). How-
ever, since mitochondria- or ROS-independent NLRP3
activation has also been reported (Lawlor and Vince 2013),

further works will be required to confirm the role of mito-
chondrial dysfunction or defective mitophagy in NLRP3
activation associated with metabolic syndrome or T2D.

Besides insulin target tissues, such as adipose tissue or
liver, the role of NLRP3 inflammasome activation in
pancreatic islets producing insulin has been demonstrated
as well. Thus, mice with Nirp3 deletion had improved
metabolic profiles after a high-fat diet (HFD), which was
ascribed to the reduced IL-1B production in NLRP3-
knockout islets (Zhou et al. 2010). Hyperglycemia has also
been reported to induce IL-1B release causing islet
inflammation, which could be due to increased ROS,
TXNIP induction, dissociation from thioredoxin, and
increased interaction of TXNIP with NLRP3 and its acti-
vation (Table 1). However, the role for TXNIP in NLRP3
activation was not confirmed in subsequent experiments
(Masters et al. 2010). Apart from the above-mentioned
metabolites inducing NLRP3 activation in rodent models
of T2D, there is one more candidate causing inflammasome
activation in human T2D. Human islet amyloid polypeptide
(hIAPP) can form oligomer and amyloid, which accounts
for deposition of islet amyloid in up to 90 % of T2D
patients (Kahn et al. 1999). In contrast, rodent IAPP does
not form oligomer or amyloid. hIAPP oligomer, but not
rodent IAPP, could activate NLRP3 inflammasome (Mas-
ters et al. 2010), suggesting greater contribution of islet
inflammasome activation in human T2D, compared to
rodent T2D (Table 1). The role of mitochondrial events in
hIAPP oligomer-induced beta cell apoptosis has been
reported (Gurlo et al. 2010); however, it is not clear whe-
ther mitochondrial events contribute to hIAPP-induced
NLRP3 activation.

Since mitochondrial function and turnover of dysfunc-
tional mitochondria are critically dependent on autophagy
or mitophagy (Misawa et al. 2013), inflammasome acti-
vation associated with mitochondrial dysfunction would be
accentuated in autophagy-deficient macrophages, which
may lead to aggravation of metabolic profile associated
with obesity and lipid injury. Indeed, recent papers have
shown that insulin resistance and metainflammation are
exacerbated in mice with systemic autophagy insufficiency
or myeloid-specific autophagy deficiency (Lee et al. 2016;
Lim et al. 2014).

Atherosclerosis

Atherosclerosis is a well-known metabolic disease with clear
evidence for activation of innate immunity. Besides previ-
ously a reported role of TLR activation in atherosclerosis
(Michelsen et al. 2004), involvement of NLRP3 activation
by cholesterol crystals has been shown in this disorder
(Duewell et al. 2010) (Table 1). Lysosomal injury after
phagocytosis of cholesterol crystals appears to be
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Table 1 NLRP3 stimulators inducing inflammasome activation associated with mitochondrial dysfunction in disease models

Disease model NLRP3 stimulator

Mediator

Metabolic syndrome and T2D

Palmitic acid, ceramide, Glucose, hIAPP

AMPK, mtROS, Rheb, KIF5B

Atherosclerosis Cholesterol crystal, mmLDL LOX-1, Lysosomal injury
Gout MSU Lysosomal injury, mtROS
Sepsis ATP, mtDNA®, LPS UCP2, caspase-11
Neurodegeneration Amyloid-f, a-synuclein Lysosomal injury

Colitis DSS mtROS

Heart ATP ROS

Kidney Aldosterone, albumin mtROS

Allergy ATP mtROS

Eye Alu RNA, drusen mtROS

Aging mtDAMP?, protein aggregate mtROS

2 DAMPs such as ATP or mitochondrial DAMP (mtDAMP) including mitochondrial DNA (mtDNA) were regarded as NLRP3 stimulators, and
intracellular machinery or products including mitochondrial ROS (mtROS) were regarded as mediators

hIAPP human islet amyloid polypeptide, mmLDL minimally modified low-density lipoprotein, MSU monosodium urate, DSS dextran sodium

sulfate

responsible for NRLP3 activation. In addition to cholesterol
crystals, minimally modified low-density lipoprotein
(mmLDL) crystal may also participate in the priming and
activation of NLRP3 (Duewell et al. 2010) (Table 1). The
role for mitochondrial dysfunction in NLRP3 activation
associated with atherosclerosis has been suggested in an
in vitro experiment showing involvement of LOX-1, a major
receptor for oxidized LDL, in the ROS production, mtDNA
damage, and NLRP3 activation (Ding et al. 2014) (Table 1).
However, in vivo evidence for the role of LOX-1 in NLRP3
activation associated with mitochondrial dysfunction has not
been presented. A recent paper reported that fatty acid-me-
diated mitochondrial uncoupling facilitated NLRP3-inde-
pendent IL-lo release in vitro (but not IL-1B) and
atherosclerosis in vivo (Freigang et al. 2013), which is dif-
ferent from the previously reported role of IL-1 due to
inflammasome activation in atherosclerosis (Razani et al.
2012). Further studies are warranted to confirm the role of
mitochondrial events associated with inflammasome acti-
vation in atherosclerosis.

Gout

Gout is one of the classical examples of inflammasome
activation as a pathogenic mechanism. Monosodium urate
(MSU) crystals can activate NLRP3 in gout (Martinon
et al. 2006) through lysosomal injury (Maejima et al. 2013)
(Table 1). A paper reported that quenching of ROS from
dysfunctional mitochondria or knockdown of VDACI
inhibited NLRP3 activation by MSU, suggesting a crucial
role for mitochondria in NLRP3 activation by MSU (Zhou
et al. 2011). Another paper showed that resveratrol, a
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natural polyphenol compound and sirtuin modulator with
an anti-inflammatory activity, ameliorated NLRP3 activa-
tion by MSU by suppressing spatial rearrangement of
mitochondria caused by accumulation of acetylated o-
tubulin in vitro. Resveratrol also inhibited the development
of peritonitis after MSU administration (peritoneal gout)
in vivo (Misawa et al. 2015), supporting the role of NLRP3
activation associated with mitochondrial dysfunction in
gout.

Sepsis

Since Nod-like receptor (NLR) family members, including
NLRP3, recognize diverse bacteria and IL-1B is an
important mediator of septic process (Wiersinga 2011), the
NLRP3 inflammasome is likely to participate in the clinical
manifestation of sepsis. Consistently, IL-1p release, prob-
ably due to inflammasome activation, was noted in a cecal
ligation and puncture (CLP) model, which was aggravated
in autophagy-deficient mice (Nakahira et al. 2011). In vitro
data have also suggested that exacerbated inflammasome
activation after treatment with LPS and ATP in autophagy
deficiency is due to cytoplasmic release of mtDNA in
response to inflammasome activator, which may also occur
in similar in vivo conditions (Nakahira et al. 2011)
(Table 1). A role for UCP2-induced fatty acid synthase in
NLRP3 activation during sepsis induced by CLP or LPS
administration was also reported (Moon et al. 2015)
(Table 1). These results suggest a potential role of NLRP3
activation in association with mitochondrial dysfunction in
the clinical manifestation of sepsis, which is further sup-
ported by a paper reporting that nitric oxide (NO)
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downregulates NLRP3 activation by stabilization of mito-
chondria in vitro and protects mice from sepsis after LPS
administration (Mao et al. 2013). A recent paper also
reported that elimination of dysfunctional mitochondria
through p62-mediated mitophagy is an important mecha-
nism regulating NLRP3 activation in inflammatory pro-
cesses (Zhong et al. 2016). This notion could explain
paradoxical aggravation of septic shock in mice with
macrophage-specific deletion of IKKp, a critical mediator
of inflammatory process, since p62 is a target of IKK/NF-
kB (Greten et al. 2007). Another recent paper demonstrated
that sestrin2, a stress-inducible protein and a leucine sen-
sor, suppresses sepsis through mitophagy and subsequent
downregulation of NLRP3 activation (Kim et al. 2016).

A novel mechanism of non-canonical inflammasome
activation by intracellular LPS has recently been discov-
ered, which may have relevance to host responses to LPS
that manages to infiltrate into host cells. This event
involves direct recognition of intracellular LPS by caspase-
11, but not by TLR4 (Hagar et al. 2013; Kayagaki et al.
2013) (Table 1). The role of mitochondrial events in the
non-canonical inflammasome activation by intracellular
LPS was shown in Rip2-knockout cells infected with
Citrobacter rodentium. In those cells, accumulation of
dysfunctional mitochondria and enhanced ROS, leading to
JNK activation and subsequent caspase-11 induction, were
observed (Lupfer et al. 2014).

Neurodegeneration

Accumulating reports suggest that there is a potential link
between the NLRP3 inflammasome and neurodegenerative
disorders, such as Alzheimer’s disease (Heneka et al.
2014). Fibrillar amyloid-f, considered as the most impor-
tant molecule in the pathogenesis of Alzheimer’s disease,
was shown to promote the activation of NLRP3 inflam-
masome in brain microglia (Halle et al. 2008) (Table 1).
Supporting this finding, deficiency of NLRP3 markedly
reduced the processing of brain caspase-1 and the cognitive
impairments of APP/PS1 mice (Heneka et al. 2013).
Parkinson’s disease could be another neurodegenerative
disorder associated with inflammasome activation. Aggre-
gated o-synuclein, a critical factor in the pathogenesis of
Parkinson’s disease, was reported to promote caspase-1-
dependent IL-1f secretion in human monocytes (Codolo
et al. 2013) (Table 1). Furthermore, administration of
interleukin-1 receptor antagonist (IL-Ira, Anakinra) has
significantly attenuated the loss of dopaminergic neurons in
a rat model of Parkinson’s disease (Koprich et al. 2008).
Consistent with these results, clinical data show a signifi-
cant increase in IL-1f and IL-18 in the cerebrospinal fluid
of Parkinson’s disease patients, but not in their serum,

compared with control individuals (Zhang et al. 2016).
While amyloid-p oligomer or a-synuclein has been repor-
ted to induce mtROS (Freeman et al. 2013; Parajuli et al.
2013), the role of mitochondrial events has not been clearly
demonstrated in inflammasome activation in Alzheimer’s
disease or Parkinson’s disease. Further studies will shed
light on the linkage of NLRP3 inflammasome associated
with mitochondrial dysfunction to neurodegenerative or
neurodevelopmental disorders.

Colitis

The exact pathogenesis of inflammatory bowel disease is
not clearly understood, though it is a major health threat in
developed countries. Susceptibility genes include
ATGI6L1, IRGM, ULKI and NOD2, suggesting dysregu-
lation of innate immunity, autophagy, or related processes
as etiologic factors (Hoefkens et al. 2013). A role of
NLRP3 inflammasome therein was also suggested in
genetic studies or animal experiments (Schoultz et al.
2009; Seo et al. 2015). A couple of papers described
NRLP3 activation in colonic tissue after sodium dextran
sulfate (DSS) administration, a commonly used animal
model of inflammatory bowel disease. In this model,
NLRP3 activation was associated with enhanced mtROS
production (Table 1). Furthermore, mtROS-specific
quencher or a natural compound downregulating mtROS
generation ameliorated experimental colitis (Dashdorj et al.
2013; Guo et al. 2014a), supporting the role of mitochon-
drial event and associated inflammasome activation in the
pathogenesis of colitis. On the other hand, a protective role
of NLRP3 inflammasome against experimental colitis has
also been reported, which could be due to the suppression
of colon epithelial injury by IL-18 (Zaki et al. 2010).

Heart

Inflammasome activation has been shown to play a role in
heart disease models such as ischemia/reperfusion (I/R)
injury which could be mediated by ROS or ATP (Kawa-
guchi et al. 2011; Sandanger et al. 2013) (Table 1). In an
animal model of diabetic cardiomyopathy, NLRP3 silenc-
ing with lentiviral expression of NLRP3-miRNA improved
cardiac function. Therein, mitochondrial morphological
abnormalities associated with diabetic cardiomyopathy
such as destruction of myofibrils, mitochondrial swelling or
disrupted cristae were ameliorated by NLRP3 silencing
(Luo et al. 2014), suggesting that mitochondrial events are
downstream of NLRP3 activation. However, since a pro-
tective role of NLRP3 activation in cardiac I/R model has
also been reported (Sandanger et al. 2016), further studies
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will be required to fully understand the clinical implication
of NLRP3 inflammasome in cardiac diseases.

Kidney

Kidney diseases, such as hyperuricemic nephropathy, are
well recognized examples of disorders caused by inflam-
masome activation. Aldosterone, a contributing factor in
the development of chronic kidney disease (CKD), was
shown to activate inflammasome by enhancing the
expression of NLRP3, ASC, pro-caspase-1, and pro-1L-13
(Ding et al. 2016) (Table 1). Genetic deletion of NLRP3
ameliorated renal injury by aldosterone, indicating the role
of NLRP3 inflammasome in this condition. Aldosterone
also induced mtROS generation in this condition. Fur-
thermore, quenching of mtROS reversed NLRP3 activation
by aldosterone (Ding et al. 2016), which indicates the role
of mitochondrial events in NLRP3 activation. Renal
tubular injury by albumin overload, a model of kidney
damage caused by proteinuria, was also shown to be
mediated by NLRP3 activation (Table 1). In these condi-
tions, NLRP3 knockout attenuated not only kidney injury
by albumin but also mitochondrial damage (Zhuang et al.
2014), suggesting that NLRP3 activation contributes to
kidney damage by proteinuria and that mitochondrial
events occur downstream of NLRP3 activation.

Allergy

NLRP3 inflammasome activated by extracellular ATP has
been reported to contribute to the development of asthma
(Idzko et al. 2007) (Table 1). Participation of NLRP3 acti-
vation has also been observed in airway hyperreactivity
associated with obesity (Kim et al. 2014a). Furthermore,
administration of IL-1f neutralizing antibody ameliorated
clinical and histological manifestations of bronchial asthma,
supporting the pathogenic role of inflammasome in this dis-
order (Kim et al. 2014b). mtROS was increased in tissues of
asthmatic animal models, and an mtROS inhibitor improved
diverse features and inflammasome activation in asthma,
substantiating the role of mitochondrial dysfunction associ-
ated with NLRP3 activation in this disease (Kim et al. 2014b).

Eye

Inflammation and ROS damage are important components
of macular degeneration (MD). A crucial role of NLRP3
inflammasome in MD induced by deficit of DICER RNase
or Alu RNA exposure has been reported (Tarallo et al.
2012) (Table 1). In this model, NRLP3 activation was
preceded by mtROS production and blocked by quenching
of mtROS, suggesting a causative role of mitochondrial
events in NLRP3 activation. Another paper reported
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mitochondrial damage associated with NLRP3 activation
in retinal pigment epithelium of age-related MD (Wang
et al. 2016). In contrast, a protective role of NLRP3 acti-
vation by drusen, a yellowish deposit in a layer of the
retina, in the development of MD has also been reported
(Table 1), which was attributed to the inhibition of retinal
damage by IL-18 (Doyle et al. 2012).

Aging

Inflammation theory of aging posits low-grade tissue
inflammation as one of the hallmarks of aging, which was
termed “inflammaging” (Franceschi et al. 2007). Inflam-
masome activation could be a cause of ‘inflammaging’, as
several waste or oxidized materials and amyloidogenic
protein aggregates that accumulate in aged or senescent
tissues can act as activating signals for canonical or non-
canonical NLRP3 inflammasome (Salminen et al. 2012;
Zanoni et al. 2016) (Table 1). A paper clearly showed the
role for NLRP3 inflammasome in thymic aging or immune
senescence (Youm et al. 2012). Deterioration of mitochon-
drial function is another hallmark of aging, the mitochondrial
theory of aging (Linnane et al. 1989). Thus, it is likely that
mitochondrial dysfunction contributes to NLRP3 activation
in aged tissues by releasing mtROS or mitochondrial DAMP
(mtDAMP) (Kapetanovic et al. 2012) (Table 1). Since both
maintenance of mitochondrial function and clearance of
amyloidogenic proteins protein aggregates rely on autop-
hagy, decline of autophagic activity in aging (Sun et al. 2015)
could profoundly affect inflammaging, presumably as an
underlying cause of activation (Green et al. 2011). Further
studies will be needed to clarify the role of inflammasome
activation and autophagy deficiency in aging, since there are
not much data from long-term aging studies, particularly
those of mammalian system.

Inflammasome inhibitors as potential therapeutic
agents

Given the role of inflammasome in the disease conditions
mentioned above, much effort has been made to develop
inflammasome inhibitors against those diseases.

Glyburide

Glyburide, a well-known anti-diabetic drug belonging to
sulfonylurea, has been found to inhibit ATP-sensitive K™
channels by binding to sulfonylurea receptor (SUR). Lam-
kanfi et al. reported that glyburide inhibits NLRP3 inflam-
masome activation, which may have relevance to its anti-
diabetic action (Lamkanfi et al. 2009). Inflammasome-in-
hibitory action of glyburide was downstream of P2X7, an
extracellular ATP-gated ion channel involved in
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inflammasome activation, but was not related to ATP-sen-
sitive K+ channels or ATPase activity of NLRP3. Likely
because of inhibitory activity on NLRP3 inflammasome,
glyburide was found to delay mortality in LPS-treated mice
(Lamkanfi et al. 2009). Glyburide has also been shown to
inhibit hIAPP-induced inflammasome activation (Masters
et al. 2010). Consistently, an intermediate in the glyburide
synthesis without cyclohexylurea moiety, 16673-34-0, was
reported to limit ischemia—reperfusion injury of the heart by
inhibiting NLRP3 inflammasome (Marchetti et al. 2014).

MCC950

MCC950 was developed as a diarylsulfonylurea-containing
compound. MCC950 inhibits canonical NLRP3 inflam-
masome activation, NLRP3-dependent pyroptosis, and also
non-canonical inflammasome activation in vitro by block-
ing ASC oligomerization. MCC950 exhibits the ability to
attenuate the severity of experimental autoimmune
encephalomyelitis, and was found to be effective in a
mouse model of cryopyrin-associated periodic syndromes
(CAPS) with NLRP3 mutations in vivo (Coll et al. 2015).

Parthenolide

Parthenolide is a sesquiterpene lactone with potent anti-
cancer and anti-inflammatory activities. Juliana et al.
reported that Parthenolide inhibits inflammasome activa-
tion by inhibiting ATPase activity of NLRP3, which was
independent of its well-known inhibitory action on IKK/
NF-xB (Juliana et al. 2010). Other NF-xB inhibitors that
can also suppress NLRP3 inflammasome activation include
Bay 11-7082 and isoliquiritigenin (ILG), while other NF-
kB inhibitors do not inhibit NLRP3 inflammasome acti-
vation (Honda et al. 2014; Juliana et al. 2010). ILG also
ameliorates metabolic inflammation, steatosis, and insulin
resistance in mice fed HFD (Honda et al. 2014).

NZ

Olean-28,13B-olide 2 (NZ) was designed as a modification
of 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (CDDO), a
triterpenoid showing anti-inflammatory properties. NZ was
shown to suppress activation of NLRP3 inflammasome and
TLR4-NF-xB in LPS-treated RAW264.7 macrophages
(Xiang et al. 2015), while the mechanism of NLRP3
inflammasome activation in RAW?264.7 cells lacking ASC
is not clear (Pelegrin et al. 2008).

Polyenylpyrrole

Polyenylpyrroles from Gymnoascus reessli, a soil fungus,
exert anti-bacterial and anti-tumor activity. Recently,

polyenylpyrroles, such as auxarconjugatin A or its deriva-
tives, were reported to block NLRP3 inflammasome acti-
vation by inhibiting ROS production and MAPK activation
(Hua et al. 2013).

Rapamycin

Since autophagy is closely related to the modulation of
inflammasome activation, autophagy enhancers may be
able to suppress NLRP3 activation. Indeed, rapamycin, a
classical activator of autophagy inhibiting mTOR, was
reported to suppress IL-1p release in response to classical
inflammasome activators, such as ATP or alum (Harris
et al. 2011).

Andrographolide

Andrographolide is a natural diterpenoid with anti-bacterial
and anti-viral activities. A recent paper reported that
andrographolid can prevent DSS-induced colitis and coli-
tis-associated cancer after azoxymethane (AOM)-DSS
administration, which was attributed to the inhibition of
NLRP3 inflammasome activation due to enhanced mito-
phagy (Guo et al. 2014b).

Resveratrol

Resveratrol  (3,5,4'-trihydroxy-trans-stilbene),  is a
polyphenol that is abundant in grapes or berries and can
activate sirtuin. Resveratrol has been shown to ameliorate
NLRP3 activation by MSU and to inhibit the development
of ‘peritoneal gout’ after MSU administration through
downregulation of o-tubulin acetylation (Misawa et al.
2015), as described in the previous section.

Aloe

Aloe vera, a traditional herbal medicine, is known to have
anti-inflammatory action. A paper has reported that Aloe
vera suppresses IL-1f release in response to LPS due to
downregulation of NLRP3, procaspase-1, and P2X7 in
human monocyte-derived macrophages (Budai et al. 2013).

NO

NO donors, such as SNAP or GSNO, have been reported to
suppress NLRP3 inflammasome activation through inhibi-
tion of ASC pyroptosome formation, which may be related
to the downregulation of inflammation by NO (Mao et al.
2013).
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Benzoimidazole

Fclla-2, a novel benzoimidazole derivative discovered in a
screening of synthetic chemical library, was reported to
inhibit NLRP3 inflammasome activation by suppressing
caspase-1 autocleavage and its release from NLRP3/ASC
complex. Fclla-2 attenuates the severity of colitis after
DSS administration in vivo (Liu et al. 2013).

-3 fatty acid

-3 polyunsaturated fatty acids, such as docosahexaenoic
acid (DHA) or eicosapentaenoic acid (EPA), are known to
possess anti-inflammatory activity. Yan et al. showed that
DHA and EPA suppress NLRP3 inflammasome activation
through GPR120 and GPR40 in vitro and thereby attenuate
metabolic inflammation or insulin resistance in mice fed
HFD in vivo (Yan et al. 2013).

Dopamine

Dopamine is a neurotransmitter modulating diverse neu-
roendocrine processes, movement, and behavior. A recent
paper reported that dopamine can attenuate NLRP3
inflammasome activation by producing cAMP and induc-
ing subsequent autophagy-dependent degradation of
NLRP3 through K48 ubiquitination (Yan et al. 2015).
Dopamine also attenuated LPS-induced systemic inflam-
mation and MSU-induced peritonitis in vivo.

Concluding remarks

Mitochondria are considered the power plants of cells,
producing ATP and intermediary metabolites. Now we
know that mitochondria actively engage in vital cellular
and organismal processes, such as cell death, degeneration,
aging, and ‘mitokine’ responses (Durieux et al. 2011; Kim
et al. 2013; Tyynismaa et al. 2010). Recent investigations
have revealed that mitochondria are hubs for innate
immune processes, such as NLRP and RLR signaling.
Mitochondria also provide ligands for innate immunity,
such as mtDNA or formyl peptides. Furthermore, mito-
chondria control adaptive immunity by modulating meta-
bolism of T or B cells. The interaction between
mitochondria and NLRP3 inflammasome has a profound
impact in various physiological states and pathological
conditions, such as metabolic syndrome, atherosclerosis,
gout, neurodegeneration, allergy, and diseases of the heart,
kidneys, and eyes. Ongoing and future studies of the
complex relationship between mitochondria and inflam-
masome or inflammation as a whole in these conditions
will provide a new horizon for understanding of the

@ Springer

advantages and sequelae of the symbiosis between mito-
chondria and host and will spur the development of novel
therapeutic strategies against diverse diseases and aging.
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