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Abstract: Among multiple mechanisms, low-grade inflammation is critical for the development of
insulin resistance as a feature of type 2 diabetes. The nucleotide-binding oligomerization domain-like
receptor family (NOD-like) pyrin domain containing 3 (NLRP3) inflammasome has been linked to
the development of insulin resistance in various tissues; however, its role in the development of
insulin resistance in the skeletal muscle has not been explored in depth. Currently, there is limited
evidence that supports the pathological role of NLRP3 inflammasome activation in glucose handling
in the skeletal muscle of obese individuals. Here, we have centered our focus on insulin signaling
in skeletal muscle, which is the main site of postprandial glucose disposal in humans. We discuss
the current evidence showing that the NLRP3 inflammasome disturbs glucose homeostasis. We
also review how NLRP3-associated interleukin and its gasdermin D-mediated efflux could affect
insulin-dependent intracellular pathways. Finally, we address pharmacological NLRP3 inhibitors
that may have a therapeutical use in obesity-related metabolic alterations.

Keywords: NALP3; chronic inflammation; muscle; glucose transport

1. Introduction

Metabolic disorders, such as obesity, insulin resistance (IR) and type 2 diabetes (T2D)
are linked to a low-grade but chronic inflammatory state, also known as metabolic inflam-
mation [1,2]. The precise pathways by which inflammation is triggered and maintained
without an overt infection in these pathophysiological states are not fully understood. One
current challenge is to find molecular sensors that can respond to environmental cues,
such as the nutritional or metabolic status, which trigger the early phases of inflammatory
cascades. Current evidence indicates the participation of the nucleotide-binding oligomer-
ization domain-like receptor family (NOD-like) pyrin domain containing 3 (NLRP3) inflam-
masome in the development of inflammation and insulin resistance in diverse tissues [3-7],
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which are early stages in the pathogenesis of T2D. The NLRP3 inflammasome, which is the
best-characterized inflammasome, has been implicated in the development of chronic dis-
eases [4]. The mechanisms underlying the activation of NLRP3 inflammasome-dependent
pathways are a current topic of great interest [8]. Here, we discuss how different stimuli,
such as reactive oxygen species (ROS), ion flux and lysosomal destabilization, have crucial
roles in inflammasome activation. We also present the available experimental evidence
linking NLRP3 inflammasome activation with obesity in the skeletal muscle.

2. Skeletal Muscle as a Key Target Organ for Insulin Actions

IR is defined as a process in which normal or elevated insulin levels produce a
reduced biological response characterized by impaired sensitivity to insulin-mediated
glucose disposal [9]. Skeletal muscle IR has been proposed as the primary defect leading
to T2D [10-12]. According to recent data from the International Diabetes Federation,
415 million people are affected with T2D worldwide [13]. Moreover, it is projected that the
number of patients with T2D will increase to 642 million people by 2040 [13]. In humans,
skeletal muscle is the primary site for glucose uptake in the postprandial state [11]. Under
euglycemic and hyperinsulinemic conditions, ~80% of glucose uptake occurs in skeletal
muscle [12,14]. Insulin promotes glucose uptake into the muscle fibers by activating a
complex cascade of phosphorylation-dephosphorylation pathways [9]. In skeletal muscle,
insulin binds to the insulin receptor (InsR), leading to the phosphorylation of key tyrosine
residues [15]. The phosphorylation of the InsR causes the migration of the insulin receptor
substrate (IRS)-1 to the plasma membrane where it is phosphorylated. The phosphorylation
of IRS-1 results in the activation of the p85 regulatory subunit of phosphatidylinositol
(PI)-3 kinase (PI-3K) and the activation of its p110 catalytic subunit, which promotes an
increase in phosphatidylinositol-3,4,5 triphosphate [15]. The activation of PI-3K results in
the activation of Akt protein and the phosphorylation of Akt substrate 160 (AS160), which
facilitates the translocation of glucose transporter type 4 (GLUT4)-containing vesicles from
intracellular store compartments to the transverse tubules (TTs) network and sarcolemmal
membrane, leading to subsequent glucose uptake [16]. In skeletal muscle fibers, the TTs
are the major membrane surface, and they are the main site of insulin signaling, GLUT4
translocation and glucose uptake [17-19]. Under physiological conditions, the transported
glucose is phosphorylated by hexokinase, which can be used in glycolysis to produce ATP
or stored as glycogen [20]. Glucose can also be directed to the hexosamine or pentose
pathways [21,22]. During IR states, both insulin-induced GLUT4 translocation and glucose
uptake into the skeletal muscle are dramatically reduced [23,24]. An increased serine and
threonine—instead of tyrosine—phosphorylation of IRS-1 has been shown to impair insulin
signaling, leading to IR and T2D [25]. Interestingly, a crucial role of inflammatory cytokines
has been proposed to mediate abnormal IRS-1 phosphorylation and other effects on the
insulin signaling cascade [1,2] (Figure 1).
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Figure 1. Crosstalk between inflammatory pathways and insulin-mediated glucose transport. Both Toll-like receptors (TLR)
and cytokine receptor agonists—such as interleukin (IL)-13—recruit the adaptor MyD88 (left). The activated MyD88, which
involves the activation of the interleukin-1 receptor associated kinase (IRAK) family downstream, leads to the activation
of the kinase inhibitor « kinase (IKK), which in turn phosphorylates the nuclear factor kappa B (NF-«B) inhibitor IkB«x,
resulting in ubiquitin-dependent IkBox degradation. NF-B is translocated to the nucleus and it initiates the transcription of
proinflammatory genes. Furthermore, c-Jun N-terminal kinase (JNK) protein is activated through this pathway. JNK, IKK
and inflammatory cytokines promote inhibitory phosphorylation in IRS on serine residues impacting insulin-mediated
glucose transport (right). In physiological conditions, insulin binds to its receptor and recruits and phosphorylates IRS-1
on tyrosine residues, which then recruits PI3K via Src homology 2 (SH2) domains. PI3K promotes the phosphorylation
of phosphatidylinositol bisphosphate (PIP2) at the plasma membrane to PIP3. Then, PIP3-dependent kinase (PDK) and
mTORC2 phosphorylate and activate Akt. Activated Akt phosphorylates and inactivates AS160, allowing sustained Rabs

activation of the trafficking of GLUT4 storage vesicles to the plasma membrane for the surface expression of GLUTA4.

3. Obesity-Related Chronic Low-Grade Inflammation in Skeletal Muscle and Its
Contribution to Insulin Resistance

Obesity is usually associated with a chronic low-grade inflammatory state that is
involved in the pathogenesis of IR, T2D, atherosclerosis and hepatic steatosis, among
others [26]. The expression of several pro-inflammatory cytokines has been found to be
elevated in adipose tissue, liver and skeletal muscle from obese and insulin-resistant animal
models and human patients [26]. Inflammation and elevated proinflammatory cytokine
levels, particularly in the skeletal muscle of obese individuals, have been associated with
the expansion of muscle adipose deposits and immune cell infiltration [27-29]. In mice,
one week of feeding with a high fat diet (HFD) caused a 76% increase in the presence of
proinflammatory macrophages in skeletal muscle; after 10 weeks, macrophages remained
elevated by 47% compared to normal control diet-fed mice [28]. Other studies have found
that T cell infiltration in skeletal muscle was induced by HFD feeding and correlates with
insulin resistance. T cells presented a proinflammatory TH1 phenotype, with increased
signal transducer and activator of transcription 1 (§TAT1) phosphorylation in skeletal
muscle of obese mice [29]. In humans, markers for macrophages and T cells were upregu-
lated in skeletal muscle from obese subjects compared to lean ones [29]. In T2D patients,
inflammatory macrophage phenotype marker clusters were increased in skeletal muscle,
which was associated to higher levels of both glycated hemoglobin (Hb1Ac) and fasting
glycemia [30]. On the other hand, myocytes from obese T2D patients secreted higher levels
of proinflammatory cytokines compared to non-obese non-diabetic individuals [31,32],
suggesting a specific role of skeletal muscle fibers in the development of obesity-related
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inflammation. We have recently shown that isolated skeletal muscle fibers can express
inflammatory markers in diet-induced obese mice, leading to muscle insulin resistance [33].
These data suggest that the contribution of muscle fibers to obesity-associated inflammation
could complement immune cell infiltration being important factors for chronic low grade
inflammation development.

The activation of intracellular inflammatory signaling in obese individuals is linked
to stimuli such as high circulating levels of free fatty acids (FFA) and proinflammatory
cytokines [34,35]. The activation of the enzymatic complex inhibitor k kinase (IKK) leads to
the phosphorylation of the nuclear factor kB inhibitor, IkBe, and its subsequent degradation
through the proteasome [26]. This causes the translocation of nuclear factor kB (NF-«B) to
the nucleus and promotes the gene expression of pro-inflammatory cytokines, chemokines
and adhesion factors, among others [26]. The activation of c-Jun N-terminal kinase (JNK)
and IKK, both serine kinases, disrupts insulin signaling and promotes insulin resistance
through the phosphorylation of insulin receptor substrates, IRS-1 and IRS-2, in serine
residues, causing their inactivation, in opposition to phosphorylation in tyrosine residues
associated with insulin-dependent IRS-1 activation in healthy subjects [36]. The JNK
inhibitory phosphorylation of IRS1/2 leads to a decreased recruitment of the PI-3K/ Akt
signaling pathway in response to insulin [37]. A JNK phosphorylation site on IRS-1 was
mapped at serine-307, and it was shown that phosphorylation on this residue inhibited the
interaction of IRS-1 with the InsR, as opposed to tyrosine phosphorylation of IRS-1, which
promotes this protein interaction [38,39]. The inhibition of the PI3K/Akt pathway blocks
almost all metabolic actions of insulin, including the stimulation of glucose transport,
glycogen synthesis and lipid synthesis [35]. Thus, understanding the mechanisms that
maintain the functionality of the InsR/IRS-1/PI-3K/ Akt pathway, which directly impacts
on GLUT4 translocation, is essential to develop new strategies to ameliorate IR and T2D.

Skeletal muscle represents ~40% of the body weight and constitutes the body’s largest
organ in non-obese individuals [40]. Recent studies have shown that inflammation associ-
ated with obesity also occurs in skeletal muscle [1,31-33]; however, its cause and its role
in IR and T2D development is not well understood. The following evidence supports the
relevance of inflammation in skeletal muscle: (i) a broad range of experimental and clinical
findings show that skeletal muscle acts as a secretory organ [40]; (ii) during physiological
conditions (e.g., exercise), muscle fibers produce and secrete cytokines and other peptides—
collectively classified as myokines—that may exert autocrine, paracrine and endocrine
effects [40,41]. However, the current information on the involvement of these myokines
during pathological conditions in skeletal muscle is limited; (iii) the list of myokines is
growing and includes interleukins (IL) such as IL-1, IL-1R«, IL-6, IL-8, IL-10, IL-15, tumor
necrosis factor alpha (TNF-o) and monocyte chemoattractant protein (MCP-1) [26,34,40,42].
In addition, skeletal muscle expresses many of the innate immune system components,
including biologically active cytokine receptors and Toll-like receptors (TLRs) [43]. For
example, in obese individuals, high levels of saturated FFA can induce the phosphorylation
and activation of JNK and IKK through TLR4 in adipocytes and skeletal muscle cells [44,45].
Besides, TLR4 expression is upregulated in skeletal muscle from insulin-resistant and obese
subjects [46]. Recently, it has been suggested that TLR4 mediates some of the metabolic
effects of exercise on skeletal muscle [47]; however, its role in IR and T2D is far less ex-
plored. There is evidence showing that nutrients can directly activate inflammatory muscle
response, possibly through TLR receptors. For example, parenteral administration of FFA
to mice for 2 h induces JNK phosphorylation and IR in skeletal muscle and liver [48]. In
the case of cytokine receptors, it has been proposed that HFD feeding stimulates the IL-1
type I receptor, mediating an inflammatory signaling cascade with NF-kB activation in the
skeletal muscle of mice [49]. These relationships are summarized in Figure 1.

4. NLRP3 Inflammasome: Mechanisms of Activation and Downstream Effectors

Metabolic inflammation is currently a very active research area, wherein aberrations
in metabolic and inflammatory pathways contribute to IR and T2D [50]. Metabolic insults
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arising from obesity promote inflammation, which in turn can impair insulin signaling [51].
Since the discovery of the NLRP3 inflammasome, it has been suggested that this protein
complex is a molecular link between metabolism and inflammation [52]. The NLRP3
inflammasome is formed through the interaction of a core of intracellular proteins identified
as NLRP3 (for nucleotide-binding domain, leucine-rich containing family, pyrin domain-
containing-3), bipartite adaptor protein ASC (an apoptosis-associated speck-like protein
containing a caspase recruitment domain or CARD) and effector protein procaspase-1 [53].
The activated NLRP3 inflammasome cleaves procaspase-1 to its enzymatically activated
form of caspase-1 and releases mature pro-inflammatory cytokines, such as IL-13 and
IL-18 [50,54] (Figure 2). The maturation and release of IL-13 and IL-18 require two distinct
steps (Figure 3): (i) the first step, known as priming, leads to the synthesis of pro-IL-13
and pro-IL-18 and other inflammasome components such as NLRP3 itself [8]. The priming
signal, mediated by Toll-like receptors (TLR) activated by microbial components (called
pathogen-associated molecular patterns, PAMPs) or by cytokine receptors activated by
endogenous cytokines, promotes the NF-«kB pathway to upregulate these proteins, the level
of which is otherwise relatively low [8,55,56]. The activation of TLR signaling not only
transcriptionally upregulates NLRP3 expression but also post-transcriptionally activates
NLRP3 by phosphorylation and deubiquitination [57]; (ii) the second step results in the
assembly of the NLRP3 inflammasome, with caspase-1 activation and IL-1f and IL-18
secretion [50]. A variety of extracellular stimuli including extracellular ATP, pore-forming
toxins, RNA viruses and particulate material are necessary for creating this second signal.
In addition, multiple extracellular or intracellular events, including reactive oxygen species
(ROS) generation, ionic flux and lysosomal damage, have also been suggested to activate
the NLRP3 inflammasome [4,8,58] (Figure 3).
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Figure 2. The nucleotide-binding oligomerization domain-like receptor family (NOD-like) pyrin domain containing

3 (NLRP3) inflammasome complex. The NLRP3 inflammasome is part of the NLR protein family which contains a
pyridine 3 domain (NLRP3). The NLRP3 protein (1), through the internal interaction between the NACHT domain
(or also referred to as NOD) and LRR (leucine-rich repeats), is self-repressed under normal cellular conditions. In the

presence of pathogen-associated molecular patterns (PAMP) of microorganisms, damage-associated molecular patterns

(DAMP) or metabolic perturbances, this self-repression is removed. The exposition of the NACHT domain leads to the

oligomerization and recruitment of both ASC protein—through its PYR domain—and procaspase-1 through its CARD

domain (2). Oligomerization or assembly triggers the activation of caspase-1 (3) and the processing of pro-inflammatory
interleukins such as IL-1f and IL-18 (4).
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Figure 3. Activation of the NLRP3 inflammasome signaling pathway requires two signals. The signal 1 or priming (left) is

provided by the activation of TLRs or cytokine receptors, leading to the NF-«B activation that upregulates the levels of

several inflammasome components such as the protein NLRP3, prolL-1f and prolL-18. In addition, during the priming
step, INK-mediated phosphorylation occurs at S194 of NLRP3. Signal 2 or activation (right) is provided by any of numerous
PAMPs or DAMPs including virus, cholesterol, potassium efflux, reactive oxygen species (ROS), extracellular ATP and

lysosomal dysfunction, among others. ASC, an adaptor protein, recruits NLRP3 and procaspase-1 to form the NLRP3

inflammasome complex. Caspase 1 promotes the processing of interleukins for its subsequent release.

4.1. ROS-Mediated NLRP3 Inflammasome Activation

Obesity has been linked to increased ROS production, through mechanisms depen-
dent on NADPH oxidase activity and mitochondrial dysfunction [59-61]. Exacerbated
production of ROS has been reported to disrupt normal insulin response in skeletal mus-
cle [62], leading to insulin resistance [63]. Interestingly, the inhibition of HyO, producer
enzyme—NADPH oxidase 2—by apocynin improves glucose tolerance and glucose uptake
in the skeletal muscle of mice fed with an HFD [64]. In addition, a muscle-specific overex-
pression of catalase prevents the insulin resistance caused by an HFD through a decrease
in mitochondrial ROS emission [65]. Despite these results, it is not clear which is the
predominant cellular source of ROS during insulin resistance. Regarding the mechanism
linking oxidative stress with insulin resistance, it has been described that the production of
ROS promotes the activation of the serine/threonine kinases p38 MAPK, JNK and IKK,
which are involved in the inhibitory phosphorylation of IRS-1 [62]. Increased ROS produc-
tion has been proposed as a pivotal mechanism of NLRP3 inflammasome activation [58].
Thioredoxin-interacting protein (TXNIP) has been suggested as a link connecting the pro-
duction of ROS and NLRP3 inflammasome activation [66]. TXNIP modulates the activity
of the thioredoxin (TRX) redox system, thus influencing the cellular redox status in the
cell. However, ROS production induces a dissociation of TXNIP/TRX, while it leads to an
interaction between TXNIP/NLRP3 [66]. Evidence from different pathological conditions,
including diabetic nephropathy [67], diabetic retinopathy [68], acute kidney injury [69],
critical limb ischemia [70] or Alzheimer’s disease [71], have shown a relationship among
oxidative stress, TXNIP and NLRP3. All of these results suggest that TXNIP is required for
ROS-induced NLRP3 inflammasome activation. Interestingly, the expression of TXNIP in
skeletal muscle is modulated by insulin, with a decrease in TXNIP mRNA levels observed
in response to a euglycemic-hyperinsulinemic clamp [72]. These results suggest that in-
sulin resistance could cause an alteration in the modulation of TXNIP expression. However,
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the precise molecular mechanism by which TXNIP induces NLRP3/ASC/pro-caspase 1
oligomerization and NLRP3 activation in skeletal muscle has not been determined yet.

4.2. Ionic-Mediated Pathways for NLRP3 Inflammasome Activation

Early work showed that the NLRP3 complex is activated by nigericin [73,74] and
maitotoxin [73]. Nigericin is an ionophore that induces both K* efflux and H* influx,
leading to the activation of NLPR3 complex [75,76]. It has been suggested that obesity
induces metabolic acidosis [77], which can acidify intracellular pH [78]. However, its role
in the pathological activation of NLRP3 is not clear.

The reported action mechanisms of maitotoxin are contradictory. It has been shown
to form Na* channel pores [79] and induce calcium entry in cultured cells [80] through
the activation of verapamil-sensitive calcium channels [81]. Maitotoxin is the most potent
marine toxin described to date [82] and activates TRPC1 at a picomolar concentration in
Xenopus laevis oocytes [83]. TRCP1 is part of the store-operated calcium entry channels
in many cell types and it forms non-selective cationic channels [84]. Therefore, it is likely
that maitotoxin activates NLRP3 inflammasome through an intracellular calcium increase.
A recent report shows that, in mice, obesity does not disturb the skeletal muscle calcium
handling during contraction [85], suggesting that this calcium dysregulation could not be
involved in NLRP3 activation in skeletal muscle. However, other calcium pathways might
be involved in the activation of the skeletal muscle NLRP3 inflammasome. The activation
of the extracellular calcium-sensing receptor pathway is engaged in inositol triphosphate
(IP3) release and intracellular calcium signaling [86] and activates NLRP3 in monocytes [87].
Currently, the exact mechanism of NLRP3 activation by calcium is unknown. The inhibition
of intracellular calcium increase mediated by endoplasmic reticulum, store-operated Ca®*
entry and Ca®* entry from the extracellular milieu attenuate NLRP3 activation, and there
is a consensus that intracellular Ca?* increase is associated to K* efflux [88]. Interestingly,
glyburide, a sulfonylurea drug extensively used for the treatment of T2D, which inhibits
the ATP-dependent potassium (Karp) channel, blocking K* efflux, has been identified as
an NLRP3 inhibitor [89].

Skeletal muscle is an excitable tissue with tightly modulated intracellular ionic concen-
trations [90]. During muscle contraction, there is a significant K* efflux, causing a 10-30 mM
reduction in intracellular K* concentration [91]. On the other hand, each contraction is
promoted by a large intracellular calcium concentration increase [92]. Therefore, during
the normal function of skeletal muscle, there is a significant K* efflux and intracellular
CaZ* increase; however, it is unknown whether exercise activates NLRP3 through these
processes. Thus, the activity of NLRP3 in skeletal muscle must be strongly regulated to
prevent pathological activation during exercise. NLRP3 activation has been proposed to
contribute to sarcopenia [93], and NLRP3 knockout is protected against inflammation-
induced and Duchene associated sarcopenia [94,95]. However, the NLRP3 inflammasome
activation mechanism in these pathologies remains undetermined.

In skeletal muscle, the stimulation with extracellular ATP (eATP) induces hypertrophy
through IP3-induced intracellular calcium increase [96]. The sustained stimulation with
mM levels of eATP induces the assembly of a large non-selective pore that permeates
900 Da molecules and is permeable to Na* and Ca?* and K*, disrupting cellular ionic
homeostasis [97]. High levels of eATP activate intracellular kinases associated with inflam-
mation, triggering insulin resistance in hepatocytes and adipocytes [98,99]. Recently, it
has been shown that eATP is elevated in the skeletal muscle of HFD-fed mice, and eATP
is responsible for triggering an inflammatory response—with IL-13 upregulation—and
insulin resistance in skeletal muscle [33]. New studies are necessary to evaluate whether
elevated levels of eATP promote metabolic disturbances in skeletal muscle cells from obese
individuals through ionic flux alteration and NLRP3 activation.
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4.3. Lysosomal Dysfunction-Mediated NLRP3 Inflammasome Activation

Recently, it has been demonstrated that there is a significant lysosomal dysregulation
in the adipose tissue of obese mice. For example, in the white adipose tissue (WAT) of
HFD-induced obese mice and in ob/ob mice, the lysosomal cysteine protease activity of
cathepsin L was decreased compared to control animals [100]. Some authors also found
an accumulation of autophagosomes in WAT adipocytes from obese mice, suggesting that
lysosomal dysfunction could contribute to autophagic alterations [100,101], which can
promote the upregulation of IL-1§3, IL-6 and MCP-1 in adipose cells [102]. In the hepato-
cytes of obese mice, lysosomes present a reduced acidification, causing a reduction in the
lysosomal proteolytic activity of cathepsins B and L [103]. It has been proposed that these
lysosomal alterations are triggered by an excess of intracellular lipids content in hepatic
cells [101]. In skeletal muscle under physiological conditions, the lysosomal-autophagic
pathway degrades a large amount of damaged proteins, attenuating the oxidative dam-
age within muscle cells [104]. Interestingly, a decrease in the expression of cathepsin
L has been found in the skeletal muscle of HFD-fed mice [105]. On the other hand, in
control C2C12 muscle cells, the use of chloroquine, a lysosomal inhibitor, reduced insulin-
mediated Akt phosphorylation and insulin sensitivity [106]. Several factors that disrupt
the function and homeostasis of lysosomes activate NLRP3. Among these factors, inor-
ganic crystals [107], the disruption of lysosomes associated to K* efflux [55,108] and the
accumulation of autophagosomes and lysosomes [109] have been described. Nonetheless,
the molecular pathways that connect lysosomal dysregulation and NLRP3 activation are
unclear. In endothelial cells, the damage induced by palmitate can be prevented by the
use of simvastatin, which improves lysosome function and consequently reduces NLRP3
inflammasome activation [110]. The authors proposed that simvastatin promotes lysosome
and autophagosome biogenesis, reducing lysosome injury and the release of lysosomal
cathepsins and mediating the blockage of NLRP3-dependent cell damage [110]. On the
other hand, some cathepsins have been associated with NLRP3 activation. In a renal is-
chemia/reperfusion injury model, the downregulation of cathepsin B and L reduce NLRP3
function and NF-«B signaling [111]. Besides, obese human subjects show consistent el-
evations in cathepsin S levels in blood [112]. Accordingly, extracellular cathepsin S has
been proposed as a biomarker for lysosomal disruption [113], which might be associated
with NLRP3 activation. In line with this, knockout mice for cathepsin S fed with an HFD
showed lower levels of blood glucose compared to HFD-fed WT mice, plus a reduction in
hepatic glucose production [114]. However, in skeletal muscle, there is still no evidence
of the role of lysosomal cathepsins in the activation of the NLRP3 inflammasome in an
obesogenic context.

5. Gasdermins: A Specific Pathway for IL-13 Secretion

NLRP3 inflammasome activity promotes the maturation and subsequent release of
IL-13 and IL-18 through caspase-1-mediated cleavage from their inactive precursors [50,54].
Members of the IL-1 family lack a signal peptide related to protein processing and secretion,
thus impeding IL-1 from being secreted by the classic exocytic pathway [115]. Alternative
routes have been proposed for the secretion of these cytokines; a new family of proteins
known as Gasdermins (GSDMs) have been shown to accomplish this role [115,116]. GS-
DMs are characterized by their ability to form pores in the plasma membrane [117]. Upon
GSDM caspase mediated-cleavage and the association between their N-terminal ends,
the complex can be inserted in the plasma membrane, leading to the formation of pores
that lack ion selectivity [117]. Six GSDM proteins have been described to date in humans:
GSDMA, GSDMB, GSDMC, GSDMD, GSDME (DFNAJ5) and GSDMF (DFNB59) [118,119].
GDSMD is the only member of the family that harbors an inflammatory caspase cleavage
site, thus rendering the active protein in an inflammatory context [118]. The basal GSDMD
conformation maintains the protein in an autoinhibitory state. After activation, the GS-
DMD N-terminal domains oligomerize to generate membrane pores (of around 10-15 nm
diameter), which could be the route for IL-1{ secretion, since it was demonstrated that
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primary bone-marrow-derived macrophage knockout for GSDMD significantly decreased
their IL-13 secretion [120]. These and other observations led investigators to conclude that
GSDMD was necessary for IL-1§3 release and that GSDMD pores were not associated with
cell death in monocytes [118]. Furthermore, it has been described that IL-1(3 can be secreted
by hyperactive phagocytes (viable cells), as opposed to dying cells [116].

The majority of the functions for the different GSDM family members have been
described in leukocytes, upper gastrointestinal tract and liver [116,121,122], but for skeletal
muscle, information is very limited. We have observed increased GSDMD protein expres-
sion in muscle fibers from HFD-fed mice compared to controls (Llanos P, unpublished
results). In a recent publication, Hu et al. (2020) inhibited GSDMD-mediated cytokine re-
lease by using Disulfiram (DSF) in human monocytic THP-1 cell line, mouse immortalized
bone marrow-derived macrophages, and also in septic mice models [119]. By modifying
the residue Cys191 that only exists in GSDMD, DSF blocks pore formation [119]. Relating
GSDM inhibition and obesity, a recent work demonstrated that using DSF in the diet of
HFD-fed mice for 64 weeks prevented the metabolic alterations observed in untreated
HFD-fed mice. DSF was shown to improve fasting blood glucose levels, induce a loss in
adiposity, and a decrease in body weight in obese animals [123]. Although this study did
not deepen our understanding of the molecular mechanisms behind these positive effects,
the anti-obesity properties of this drug offer interesting ways to study GSDMD function in
highly metabolic tissues affected by obesity, as in the case of skeletal muscle.

6. NLRP3 Role in Metabolic Disorders: Limited Information in Skeletal Muscle

The aberrant activation of the NLRP3 inflammasome is associated with the pathogene-
sis of various inflammatory, autoimmune and metabolic diseases, including atherosclerosis
and T2D [124,125]. In line with this concept, mice genetically deficient in NLRP3 are pro-
tected against HFD-induced insulin resistance [126,127]. The NLRP3 inflammasome path-
way has been well characterized in cells participating in innate immunity [128]; however,
there is limited information regarding its expression and activation in non-hematopoietic
cells, such as skeletal muscle fibers. Nonetheless, there is evidence showing that the
NLRP3 inflammasome appears to be involved in myopathies [129], muscle atrophy [94]
and sarcopenia [93].

Interestingly, NRLP3 mRNA expression in humans is higher in skeletal muscle biopsies
from subjects that eat a high palmitate diet than those eating a low-palmitate /high-oleate
diet [130]. The insulin-induced phosphorylation of Akt in the skeletal muscle of NLRP3~/~
HFD-fed mice was similar or potentiated compared to their littermate controls [5,6], sug-
gesting that the NLRP3 inflammasome can mediate obesity-associated deleterious signals
in the skeletal muscle and contribute to obesity-induced inflammation and IR [5]. In con-
cordance, the IRS-1/ Akt cascade can be restored by pharmacological inhibition of NLRP3
activity in both the liver and skeletal muscle of HFD-fed mice [127]. However, the effect of
NLRP3 inhibition has been evaluated mainly in basal conditions, and its effect in an insulin-
stimulated context remains poorly explored. Additionally, in an animal model of dementia
(PLB27AU), glucose homeostasis is altered, displaying inflammation and glucose intoler-
ance [131]. The pharmacological inhibition of NLRP3 improved glycemia management in
PLB214y animals, with an increment in InsR (Tyr1162/1163) phosphorylation, increased
IRS1 protein levels and reduced JNK phosphorylation levels in the skeletal muscle and liver,
showing that NLRP3 could have an active role in the metabolic signaling of insulin target
organs [131]. All these data suggest a link between NLRP3 inflammasome and insulin
signaling; however, relevant aspects of this NLRP3 metabolic role such as its influence over
glucose uptake and GLUT4 translocation have not been studied in skeletal muscle.

In obese and T2D patients, there is an elevation of multiple cytokines, including those
with NLRP3-dependent activation, such as IL-1p3 and IL-18 [132-134]. Both IL-1f3 and IL-18
are members of the IL-1 family [135]. Less is known about IL-1f3 in skeletal muscle com-
pared with other tissues with a high metabolic rate. In vitro studies have shown that chronic
treatment with IL-13 slightly decreases GLUT4 expression and markedly inhibits its insulin-
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induced translocation to the plasma membrane in murine and human adipocytes [136,137].
It has been reported that HFD feeding stimulates IL-1 type I receptor (IL-1R), mediating
intracellular inflammatory signaling in murine skeletal muscle, suggesting that the IL-1R
type I/Myeloid differentiation primary response 88 (MyD88)/NF-«B signaling pathway is
involved in the skeletal muscle inflammatory response in a diet-induced obesity model [49].
Notably, the NF-«B pathway controls the expression of inflammatory cytokines involved in
the pathogenesis of insulin resistance [31,138]. Elevated NF-«B activation is conserved in
human myocytes cultured from obese T2D patients, confirming the muscle’s contribution
to the inflammatory response [31]. Moreover, hypercholesterolemia induces inflammation
by the activation of TLR-dependent pathways and, subsequently, the NF-kB-mediated
release of a broad range of cytokines and chemokines, including IL-13 [139].

There is limited evidence regarding the cellular mechanisms engaging IL-18 signaling
pathways. Human skeletal muscle expresses IL-18 mRNA, but a role for IL-18 in muscle
remains elusive. A plasma infusion of TNF-« in human subjects increases IL-18 expression
in muscle and reduces insulin-mediated glucose uptake [140]. The authors propose that
TNF-o and IL-18 may interact, and both could have critical regulatory roles in the pathogen-
esis of insulin resistance [140]. However, a more recent work showed that IL-18 knockout
mice develop spontaneous obesity due to lipid accumulation. Moreover, when IL-18 null
mice were exposed to HFD, the ensuing obesity phenotype was exacerbated [141]. These
controversial findings indicate that more research is needed to clarify the role of IL-18 in
obesity and IR.

7. Skeletal Muscle Lipid Infiltration: Possible Role on Local Inflammation?

Skeletal muscle has a crucial role in whole-body metabolism, including glucose up-
take, the amino acid reservoir and fatty acid oxidation [48,142]. In obesity conditions,
skeletal muscle is infiltrated with lipids, causing a reduction in its fatty acid 3-oxidation
and altering its insulin sensitivity [143,144]. In skeletal muscle, intramyocellular lipids
(IMCLs) are stored as triglyceride-rich lipid droplets depending on the muscle fiber type,
with a higher content in type I fibers compared to type II [145,146]. Lipid increments
in intermuscular deposits and the saturation with IMCL have been shown to alter glu-
cose homeostasis independent of age [147]. Interestingly, this IMCL accretion seems to
be detrimental in obesity and T2D but not for endurance-trained athletes, who exhibit
high oxidative capacity and enhanced insulin sensitivity despite their high levels of lipids
within skeletal muscle, a process known as the “athlete paradox” [148,149]. However,
more recently, both the location (such as sarcolemmal, cytosolic, mitochondrial /ER) and
lipid composition are likely to be relevant for insulin action impairments [150-153]. In
obesity, the parallel increase of lipid intermediates (e.g., diacylglycerol, sphingolipids,
acylcarnitine and long-chain acyl-CoA) promotes the lipotoxic potential and lipid role in
inflammation development [154]. For example, ceramide, a sphingosine-based intracel-
lular lipid increased by cytokines such as TNF-o and IL-13, can block protein synthesis
in vitro [155]. Actually, it has been proposed that obesity—and particularly the degree of
inflammation—has a powerful impact on the disruption of anabolic signaling [156,157].
Furthermore, skeletal muscle myoblasts treated in vitro with palmitate show ceramide
accumulation, increased forkhead box O3 (FoXO3) and MaFbx mRNA levels and impaired
protein synthesis, resulting in muscle atrophy [158]. In this context, in NLRP3~/~ C2C12
cells, atrophy is reduced when myotubes were exposed to an inflammatory insult [94]. On
the other hand, it has been shown that perilipin PLIN2, one of five lipid droplet-associated
proteins responsible for triglyceride storage, can alter insulin-mediated glucose uptake by
the activation of NLRP3 and subsequent IL-1f increase on C2C12 cells [159].

Regarding the role of NLPR3 in the adipose tissue of obese mice, the pharmacological
inhibition of the NLRP3 inflammasome has been demonstrated to improve lipid and
glucose handling, reducing cytokine secretion, fibrosis and adipose tissue remodeling,
suggesting a potential therapeutic role for metabolic alterations associated to obesity [160].
Meanwhile, in skeletal muscle, our understanding of NLRP3 is still limited, and whether
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muscle tissue releases pro-inflammatory cytokines induced by increased IMCL or if the
NLRP3 mediates this effect is currently unknown. It has been stated that, in mice and
human skeletal muscle, an HFD induces an expansion of intramuscular lipids and IMCL,
and these increments are associated with T-cell infiltration and differentiation to a pro-
inflammatory Th1 phenotype with exacerbated STAT1 phosphorylation [29]. Lipid-induced
local secretion of MCP-1 is associated with the expression of inflammatory markers such
as IL-13, TNFe«, and the recruitment of macrophages within the skeletal muscle of obese
mice and T2D patients [161]. These results imply that a lipotoxic environment induced
by either HFD or a diabetic state can promote leukocytes recruitment to skeletal muscle.
However, it is unknown if this leukocyte recruitment is mediated by IMCL expansion
associated with obesity and T2D. The current available data suggest a relevant role for
lipid infiltration over the inflammatory signaling that could account for skeletal muscle
acting as an autocrine/paracrine organ to potentiate local low-grade chronic inflammation,
as seen in adipose tissue; however, its potential participationover NRLP3 inflammasome
activation in skeletal muscle needs further investigation.

8. NLRP3 Inflammasome Inhibitors

Several drugs can inhibit NLRP3 but with nonspecific effects on other targets. In
2015, MCC950—a diarylsulfonylurea-containing compound—was presented as a specific
inhibitor of NLRP3, leading to impaired IL-1(3 processing and decreased secretion of the
cytokine [54]. The authors also showed that MCC950 does not inhibit other members of
the inflammasome family such as NLRC4 and NLRP1, both of which are involved in the
response to microbial infections [54]. There is no evidence evaluating the NLRP3 inflam-
masome blockade with MCC950 in skeletal muscle as a therapeutic approach for obese IR
individuals. However, several pieces of evidence show improvements in different inflam-
matory conditions. For example, attenuating the NLRP3 inflammasome using MCC950
reduces myocardial fibrosis after coronary artery ligation in mice [162]. Besides this, in
diabetic mice, the vascular neointima hyperplasia induced by hyperglycemia associated
with NLRP3 activation is inhibited with MCC950 [163]. Finally, MCC950 in vivo treat-
ment has been shown to reduce inflammation and muscle damage in a valosin-containing
protein myopathy mice model [129]. T2D is associated with cognitive impairments and
neuropsychiatric abnormalities named diabetic encephalopathy, with an inflammatory
component in its pathogenesis [164]. In diabetic db/db mice, treatment with MCC950
improves insulin sensitivity and attenfuates anxiety and depression-like behaviors and
cognitive dysfunctions [165]. Interestingly, the hormone fibroblast growth factor 21 (FGF21)
mimics the effect of MCC950 by suppressing NLRP3 activation through spleen tyrosine ki-
nase (Syk) phosphorylation, thus representing a potential alternative to inhibit the NLRP3
inflammasome [163]. Syk inhibition with the selective inhibitor EMD638683 also has
anti-inflammatory effects due to inhibiting NLRP3 inflammasome activation, preventing
angiotensin Il-induced cardiac inflammation and fibrosis [164].

Another interesting NLRP3 inflammasome inhibitor is p-hydroxybutyrate
(BHB) [166,167]. Ketone bodies are released to blood circulation by the liver during
fasting, carbohydrate restriction and prolonged exercise [166]. BHB has been proposed as
a signaling molecule that can endogenously inhibit class I histone deacetylases, leading to
hyperacetylation and modulating gene expression, altering in particular the activity of the
stress response FoXO3 transcription factor [168]. As an NLRP3 inflammasome inhibitor,
BHB, through the HCAR?2 receptor, has a role in preventing retinal damage in diabetic
db/db mice [166]. Furthermore, some reports show a beneficial effect against brain [167]
and liver [168] inflammatory damage mediated by NLRP3; however, whether HB has
an impact on NLRP3 inflammasome activation in skeletal muscle is currently unknown.
Thomsen et al. (2018) showed that the infusion of BHB resulted in an attenuation of
muscle amino acid degradation under an LPS infusion protocol in human subjects [169],
suggesting that, in the presence of acute inflammation, which is a known condition in
which the NLRP3 inflammasome is activated [8], fHB could act as an anti-inflammatory
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and anticatabolic molecule, with positive effects on skeletal muscle health and function;
however, its association with NLRP3 remains to be elucidated.

9. Conclusions and Perspectives

Obesity and IR are associated with the reduced insulin-mediated translocation of
GLUT4 in skeletal muscle which directly impairs glucose transport (Figure 1). Mounting
evidence suggests that in IR, there is a first signal that increases the expression of the NLRP3
inflammasome complex components in skeletal muscle and a second signal involved in
their assembly, which in turn increases the maturation and release of pro-inflammatory
cytokines. Little is known about how the skeletal muscle NLRP3 inflammasome might
disrupt normal insulin signaling. How the activation of the NLRP3 inflammasome im-
pairs glucose homeostasis at the muscle level is an open question. We have presented
a significant amount of evidence that suggests that cytokines processed by the NLRP3
inflammasome and potentially released by skeletal muscle could have an autocrine or
paracrine inhibitory effect on insulin signaling, leading to insulin resistance (Figure 4).
Unraveling these mechanisms may open new therapeutic targets for treating this pervasive
metabolic condition.
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decreased expression and processing of pro-interleukins (1). In response to insulin (2), the GLUT4 transporters translocate

to the sarcolemma and T-tubule system, promoting glucose transport (3). During IR conditions, an increased priming

signal promotes the NF-kB mediated expression of the NLRP3 inflammasome components, plus their assembly and

activation. Several extracellular and intracellular stimuli may play a role in NLRP3 inflammasome activation, highlighting
the importance of free fatty acids (FFA), ionic flux, extracellular ATP (eATP) and ROS, among others, which could lead to
the proteolytic activation of the pro-inflammatory cytokines IL-1f3 and IL-18 and its Gasdermins D (GSDMD)-mediated

secretion (4,5). Excessive or prolonged NLRP3-dependent pro-inflammatory cytokine exposure may cause IR in skeletal
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