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Abstract

Coronary occlusion promotes a state of ischaemia that results in myocardial infarction; it  is  a  major  cause  of  mortality  accounting  for  one  hospital  admission  every  three minutes. At the site of infarct, sterile inflammation is initiated due to pro-inflammatory secretions from cardiac and innate immune cells. The focus of this review is to explore the role of a newly discovered innate immune complex, the nod-like receptor family pyrin domain containing 3 inflammasome. This review discusses the potential of this immune  complex  in  decreasing  the  proportion  of  functional  myocardium  during ischaemia   and   ischaemia-reperfusion   injury.   Due   to   the   central   role   of   this inflammasome  in  promoting  cardiac  dysfunction  following  an  acute  myocardial infarction,  the  risk  of  port-infarction  heart  failure  increases.  With  an  intention  of highlighting the importance of improving current management of patients with acute myocardial  infarction,  this  review  addresses  novel  therapeutic  agents  that  have demonstrated  cardioprotective  outcomes  in  recent  studies.  This  follows  discussion concerning the therapeutic potential of these agents, intending to form the basis of heart failure therapy.
















1.0 Introduction
Currently  in  the  UK,  the  prevalence  of  cardiovascular  disease  is  on  the  rise  and accounts for 150,000 deaths per year, equivalent to one death every 3 minutes [1]. In particular, an estimated 920,000 people are living with heart failure (HF) in the UK [1. Clinical presentations prompting investigation of suspected HF include breathlessness and limited exercise capacity, assessed by the New York Heart Association (NYHA) classification, fatigue and ankle swelling [2]. HF is a known long-term complication of myocardial infarction (MI) as the infarcted region contributes to reduced cardiac output [3]. Currently, 7 out of 10 patients survive a myocardial infarction in the UK and, with raised standards of care and clinical advances, HF incidence has increased [1].


With as many as 200,000 MI-related hospital admissions each year, there is a clear need for effective management of patients with MI [1]. Due to the sterile inflammatory response seen following an acute myocardial infarction, the innate immune system has been thought to cause the associated myocardial damage to reduce the function of the heart as a pump. In particular, a key complex in the innate immune system that has been increasingly recognised for its cardioprotective benefits is the NLR Family Pyrin Domain  Containing  3  (NLRP3)  inflammasome.  Accounting  for  the  complexity  of interactions involved in sterile inflammation, the scopes of this review will be narrowed to the pro-inflammatory role of NLRP3-inflammasome in promoting post-infarction HF. Due to the rising incidence of HF, emphasised by a 12% increase in the number of HF cases between 2002-2014, this review will also consider the therapeutic potential of targeting the NLRP3-inflammasome for HF therapy [4].
2.0 Anatomy of the Heart
The wall of the heart comprises of three layers; the endocardium, myocardium and pericardium [5]. The myocardium contains cardiomyocytes which provide contractile function but contribute to only 20-35% of the cardiac cell population [5][6][7]. Accounting for  two-thirds  of  total  myocardial  cell  number  are  non-myocytes,  including  cardiac fibroblasts [8]. The coronary circulation constitutes the branches of the left coronary artery (LCA) and right coronary artery (RCA), with 85% of coronary occlusions occuring in the left anterior descending (LAD) branch of the LCA, RCA or the circumflex branch of the LCA; the LAD branch accounts for most occlusions [5].

3.0 A Clinical Need: Reducing Mortality from Post-Infarct Heart Failure
Although current reperfusion strategies have inevitably increased survival of post-MI patients,  prognostic  outcomes  remain  poor  due  to  compromised  cardiac  function.
Refinement  in  current  management  may  improve  long-term  outcomes  in  post-MI patients. For example, highly specific biomarkers of myocardial injury may decrease door-to-balloon   (DTB)   time,   currently   set   within   90   minutes,   whilst   novel cardioprotective interventions may be used with current re-perfusion strategies to limit the sterile inflammatory response [9].

Acute  coronary  syndrome  (ACS)  encompasses  ischaemic  phenotypes  such  as unstable angina, myocardial infarction with ST-segment elevation (STEMI) or without ST-segment elevation (NSTEMI) [10]. A myocardial infarction is defined as death of cardiomyocytes due to prolonged duration of ischaemia from an imbalance between oxygen supply and demand [11, 12]. 
The current clinical definition of myocardial infarction is detection of myocardial injury from presence of cardiac troponin (cTn), indicative of cardiac  necrosis  [11,  12].  However,  cardiac  troponin  T  (cTnT)  is  present  in  both  the myocardium and diseased skeletal muscle; as elevations of cTnT may present without myocardial ischaemia, its low specificity may impede DTB time [12][13].

Of most importance, NLRP3 inflammasome-mediated inflammation following MI is of current interest as this may indicate therapeutic target to improve current reperfusion strategies [14]. Currently, the National Institute for Health and Care Excellence (NICE) advises immediate assessment of eligibility for coronary re-perfusion therapy, namely primary  percutaneous  coronary  intervention  (PPCI)  or  fibrinolysis  in  patients  with STEMI, whereas drug therapy is recommended for patients with NSTEMI or unstable angina [15]. Due to the urgency of revascularisation in STEMI patients, cardioprotective findings from NLRP3-inhibition discussed in this review may be most beneficial to this patient group.

3.1 Sterile Inflammation: A Culprit of Myocardial Damage
Sterile inflammation enables myocardial repair, scar formation and removal of
necrotic cell debris [14] [16]. This may be triggered by hypoxic stress such as ischaemia [17]. The ischaemic state causes necrotic cardiomyocyte death and release of damage-associated molecular patterns (DAMPs), such as ATP [7]. DAMPs stimulate the complement system and interleukin-1 (IL-1) signalling pathways to produce interleukin-1β (IL-1β) and interleukin 18 (IL-18), by NF-κB, in cardiac fibroblasts [18]. 

Stimulation of cardiac fibroblasts produces pro-inflammatory cytokines, interleukin-6 (IL-6), transforming growth factor beta (TGF-β), transforming growth factor alpha (TNF-α) and IL-1 [19] [20]. Importantly, DAMPs initiate neutrophil infiltration for phagocytosis of cell debris by activating endothelial cells to express adhesion molecules [14]. These bind to receptors on leucocytes to initiate recruitment [14]. Levels of polymorphonuclear leucocytes (PMNs) often peak at days 1-3 following infiltration into the blood [18]. PMNs are key players of the innate immune system and express pattern-recognition receptors (PRRs) which enable secretion of pro-inflammatory cytokines [21] [18]. Many forms of PRRs exist, such as Toll-like receptors (TLRs), C- type lectins (CTLs) and NOD-like receptors (NLRs) [21]. DAMPs and pattern- associated molecular patterns (PAMPs) stimulate immune and cardiac cells, through PRRs, in a paracrine and autocrine fashion [21]. Of main focus, however, is the
NLRP3 protein known to be highly implicated in sterile inflammation through inflammasome assembly [22].


3.2 The Inflammasome: A Key Mediator of Sterile Inflammation
Inflammasomes are cytosolic complexes composing of an upstream sensor protein of the  NLR  family,  adaptor  protein  apoptosis-associated  speck-like  protein  containing CARD (ASC) and caspase-1[21]. The NLR family is recognised by the presence of a central nucleotide-binding and oligmerisation (NACHT) domain, pyrin domain (PYD) and C-terminal leucine-rich repeats (LRRs) [21]. Three sub-families of the NLR family include:  NODs  (NOD1-5),  NLRPs  (NLRP-1-14)  and  NLRC4  (NLR  family  CARD domain-containing protein 4) [21]. 
NLRs detect PAMPs and DAMPs, causing assembly of the inflammasome [21]. Different inflammasome complexes sense various stimuli; non-NLR inflammasomes such as those formed from absence in melanoma 2 (AIM2) sensor  proteins  detect  altered  DNA,  enabling  surveillance  and  maintenance  of  cell integrity [23]. The NLRP3-inflammasome responds to DAMP release from necrosis of cardiomyocytes,  clearly  indicating  its  potential  in  mediating  sterile  inflammation following myocardial injury [24].


3.3 The NLRP3-Inflammasome
Following   activation   by   DAMPs   in   cells   such   as   cardiomyocytes   and   cardiac fibroblasts, the NLRP3 assembles into the NLRP3-inflammasome complex [24].

3.31 Assembly of the NLRP3 Inflammasomes
Assembly of the inflammasome is a two-step process involving a priming signal (signal 1) and a trigger signal (signal 2) [21][24]. The expression of NLRP3 and inflammasome components is regulated by nuclear factor kappa-light-chain-enhancer of activated B cells  (NF-kB)  [21].  Key  to  the  priming  event,  is  activation  of  NF-kB  by  signal  1  for transcription of inflammasome components [25].





3.32 The Initial Priming Event for NLRP3 Activation: Signal 1
Lipopolysaccharides  (LPS)  or  proinflammatory  cytokines  such  as  IL-1  and  TNF-α, function  as  signal  1  to  activate  toll-like  receptor  4  (TLR4);  TLR4  levels  have  been identified has the highest in the heart, supporting its role in priming events [14] [26] [27]. Signal 1 triggers the IKK/NF-kB canonical pro-inflammatory pathway to promote NF- kB-mediated expression of IL-1β and NLRP3 [25][28]. NκB is normally held inactive by nuclear  factor  of  kappa  light  polypeptide  gene  enhancer  in  B-cells  inhibitor  (IκB), however IL-1 and TNF-α release from cardiomyocyte injury can activate IκB kinase (IKK), leading to IKK phosphorylation [25]. This degrades and inactivates IKK, allowing NF-kB translocation to the nucleus to induce expression of genes such as NLRP3, pro- IL-1β and pro-IL-18 for inflammasome assembly [25].


3.33 Activating the NLRP3-Inflammasome: Signal 2
Signal 2 induces potassium ion (K+) efflux, reactive oxygen species (ROS) generation or  lysosomal  rupture  [21].  These  signals  enable  NLRP3  agonists  to  directly  activate NLRP3 and trigger NLRP3-inflammasome assembly [16]. However, exact mechanisms of  direct  NLRP3  activation  is  not  completely  understood;  three  models  have  been proposed [21]:

A)  The Channel Model
Adenosine  triphosphate  (ATP)  molecules,  released  from  necrotic  cell  death  of cardiomyocytes,  function  as  agonists  at  plasma  membrane  P2X7   ATP-gated  ion channels [29]. 
Activation of P2X7 channels induce potassium ion (K+) efflux and recruits the  pannexin-1  membrane  pore  (a  high-conductance,  voltage-gated  channel)  [30]. Insertion of pannexin-1 mediates entry of NLRP3 agonists into the cytosol to activate NLRP3 [29].

B)  The Lysosome Rupture Model
When  phagocytes  engulf  particular  structures  such  as  crystalline,  this  causes lysosomal damage and release of lysosomal contents, mediated by cathepsin-B; this is sensed by the NLRP3 protein [21]. To support this model, Cathepsin B leakage from lysosomes  and  autophagic  vesicles  induced  NLRP3  inflammasome-mediated  IL-1β activation when CA-074Me, a cathepsin-B inhibitor, was administered to rats [ 31].

C)  The Reactive Oxygen Species Model
This model focuses on NLRP3 as a sensor of cellular stress. All NLRP3 stimuli trigger formation of short-lived reactive oxygen species (ROS), which induces K+  efflux and trigger NLRP3 activation [24]. This model was supported by one study which found that during oxidative stress thioredoxin-interacting protein (TXNIP), thought to be produced in oxidative stress to inhibit thioredoxin, was able to bind and activate NLRP3 [32]. NLRP3 assembles into the NLRP3 inflammasome following activation, as outlined in figure 1.



 (
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4.0. The Role of NLRP3-Inflammasome in Promoting Heart Failure
As shown in Figure 1 and mechanisms highlighted by the channel model, the NLRP3 inflammasome  assembly  triggers  caspase-1-mediated  release  of  IL-1β,  however, another key consequence is caspase-1-mediated pyroptosis of the cardiomyocyte [34] [35]  [36]. This will now be explored for its role in increasing infarct size during AMI and ischaemia-reperfusion  (I/R)  injury.  Following  this,  there  will  be  discussion  of  novel NLRP3 inflammasome-targeted strategies.

4.1 Immediate Damage: NLRP3-Induced Expands Infarct Size During AMI Cardiomyocytes  in  the  infarct  border  zone,  receiving  blood  from  collateral  arterial supply, possess sufficient ATP to undergo self-repair or execute an energy-requiring form of programmed cell death, apoptosis [37]. However, necrosis of cardiomyocytes from the initial infarct zone may provide death signals to induce apoptosis or DAMPs to  activate  the  NLRP3-inflammasome  in  surrounding  cardiomyocytes,  illustrated  in figure   1.   As   the   NLRP3-inflammasome   exerts   infarct-increasing   consequences through pyroptosis and IL-1β release, it is clear that mode of cardiomyocyte death differs and is due to complex interactions [37].

Necrosis in Initial Infarct Region Activates the NLRP3-Inflammasome
When  compensatory  increase  in  glucose  transporter-4  (GLUT-4)  fails  to  provide sufficient ATP for cell function during ischaemia, necrosis of cardiomyocyte results to form  the  initial  infarct  zone  [38][39].  Anaerobic  metabolism  results  and  decreases intracellular  pH  from  lactic  acid  production  [40].  To  buffer  this,  Na+/H+-exchanger excretes H+  for uptake of sodium (Na+), causing a state of acidosis [40]. 
In addition, deficient  ATP  causes  leads  to  dysfunction  of  sodium-potassium  ATPase  (Na+/K+- ATPase),  further  encouraging  Na+   influx  [40].  Raised  intracellular  Na+   encourages exchange of calcium (Ca2+) by sarcolemmal Na+/Ca2+-exchangers and, coupled with reduced Ca2+ re-uptake by the endoplasmic reticulum, this causes Ca2+ overload in the cardiomyocyte  [40].  The  mitochondrial  permeability  transition  (MPT)  pore,  vital  in ischaemia-reperfusion injury, then mediates loss of mitochondrial membrane potential and deteriorates ATP production [40] [41]. Calcium toxicity triggers necrosis and release of  DAMPs,  such  as  IL-1a,  ATP  and  TLR  agonists  to  trigger  assembly  of  NLRP3 inflammasome [36].

Consequences of NLRP3-Inflammasome Assembly
Consequence 1: Pyroptosis of Surrounding Cardiomyocytes
Pyroptosis, inflammatory cell death, manifests through activation sites on caspase-1, which is linked to the inflammasome through PYD [42]. Its lytic form of cell death is thought to be triggered by caspase 1 and its cleaved products, IL-1β and IL-18 [35]. An event possibly contributing to cell lysis is caspase-1-mediated pore-formation in which caspase-1 cleaves Gasmerdin D, a member of the Gasmerdin protein family (GSDMD) [42].  Cleavage  generates  a  31  kDa  N-terminal  fragment  that  is  released  from  its autoinhibited  confirmation  to  translocate  to  the  membrane  [42][43].  The  N-terminal fragment binds membrane lipids and causes pore formation with diameter of 10-14 nm [44]. This is sufficient for the passage of caspase-1 (7.5 nm) and IL-1β (4.5 nm) [44]. 
Cell swelling  and  subsequent  lysis  mediates  IL-1β  release  which  recruits  and  activates leucocyte, thereby exaggerating sterile inflammation [45].

Consequence 2: Apoptosis Triggered by Paracrine Signalling of IL-1β
Although mitochondrial pathway of apoptosis can be triggered by the hypoxic state in cardiomyocytes; however, studies have indicated that IL-1β paracrine signalling may also cause apoptosis [7][46].

IL-1β is a pro-inflammatory cytokine with complex and pleiotropic effects dependent on cell type and derives from the IL-1 family of cytokines [47] [48]. In cardiomyocytes, caspase-dependent apoptosis was found to be triggered by IL-1β through Western blot analysis  which  illustrated  active  levels  of  caspase-3  following  incubation  of  IL-1β treatment  on  murine  neonatal  hearts  [46].  Notably,  a  statistically  significant  rise  in apoptosis was not seen until 72 hours of incubation with IL-1β, suggesting a potential clinical   time   window   in   limiting   expansion   of   infarct   size   through   therapeutic interventions  [46].  In  addition,  active  caspase-3  levels  were  found  following  IL-1β incubation  suggesting  that  IL-1β  activates  caspase  pathways  in  cardiomyocytes  to cause mitochondrial apoptosis, mechanisms of which are beyond the scopes of this review [46].

On  the  other  hand,  hypoxia  increases  the  permeability  of  the  mitochondria  to  pro- apoptotic proteins [7]. Usually, mitochondrial apoptosis, known as the intrinsic apoptotic pathway, is mediated by interaction of the bcl-2 family of anti-apoptotic (Bcl-2, Bcl-XL, Mcl-1) proteins and pro-apoptotic, further subdivided into BH3-only proteins (Bid, Bim, Bad, Bnip3, Nix, Puma and Noxa) and into Bax and Bak [7]. Pro-apoptotic proteins translocate to the mitochondria and interact with anti-apoptotic proteins that constitute the  mitochondrial  membrane  [7].  Bax  and  Bak  then  oligomerise  to  form  pores  in mitochondrial   membrane   which   enables   release   of   apoptotic   the   mediators, cytochrome C and smac/DIABLO [7].

One study supported the role of NLRP3 in infarct size expansion when reduced infarct size was observed following NLRP3 inhibition, possibly due to a lack of caspase-1 mediated   effects   [49].   Ultimately,   although   hypoxic   conditions   are   sufficient   for cardiomyocyte death, necrosis of cardiomyocytes at the initial infarct zone increases infarct  size  by  causing  pyroptosis  and  apoptosis  in  surrounding  cardiomyocytes  by activation of NLRP3-inflammasome.

4.2 Delayed Damage: NLRP3 Inflammasome Mediated I/R injury Following AMI Reversal of the ischaemic state by reperfusion promotes the well-known ischaemia- reperfusion (I/R) injury, causing reactive oxygen species (ROS) generation [50].

Evidence has indicated that I/R injury accounts for up to 50% of the final infarct size, indicating a need to minimise cardiac damage by targeting reperfusion strategies [37][51]. An  increasing  amount  of  evidence  has  supported  the  continuous  role  of  NLRP3- inflammasome in reducing myocardial functionality during I/R injury. For example, an experimental AMI mice model demonstrated clinical potential of NLRP3-inhibition in conjunction to reperfusion therapy [52]. Following treatment with NLRP3-, decreased caspase-1 activity and infarct size were identified within 1 hour of reperfusion, but not when administered within 3 hours [52]. 
This finding may suggest a clinically relevant time frame during which novel therapeutics should be administered for cardioprotective effects.  Although  findings  have  indicated  the  translational  potential  of  NLRP3- inflammasome  inhibitors  in  limiting  I/R  injury,  the  underlying  mechanisms  are  not completely understood [53]. A better understanding of signalling pathways underlying I/R injury would assist in developing novel therapeutic agents.

Reperfusion normalises extracellular pH by washing out accumulated H+, however, it may cause ROS generation, calcium overload and opening of the MPT pore which induces I/R injury [54]. Mitochondria-generated ROS is key in release of cytochrome C and   pro-apoptotic   proteins   to   mediate   caspase-dependent   apoptosis,   possibly responsible for the death of cardiomyocytes underlying I/R injury [55]. Moreover, I/R injury causes myocardial stunning as reperfusion triggers short-lived post-ischaemic contractile dysfunction [56]. This event triggers ROS generation, calcium overload and activation of calpains [40][53]. Nevertheless, the mitochondrial respiratory chain (MRC) is the main source of ROS generation but is ATP-dependent [57]. If compromised, the MRC loses mechanisms to detoxify ROS and repair ROS-induced damage, subjecting the cell to oxidative stress and ROS release [44]. Such cellular stress causes reversible opening of the mitochondrial permeability transition pore; this increases permeability of  the  mitochondrial  membrane  to  cytochrome  C  and  pro-apoptotic  proteins  which mediates apoptosis [58].
ROS generation activates the NLRP3 inflammasome in cardiac disease [8]. One group of  researchers  administered  ethyl  pyruvate  (EP)  to  rats,  followed  by  30  minutes  of ischaemia and 4 hours of reperfusion. A decrease in ERK and p38 phosphorylation was  identified,  along  with  attenuated  NLRP3  and  IL-1β  levels  [54].  These  findings suggest    a    mechanism    underlying    ROS-dependent    activation    of    NLRP3- inflammasome. Decreased levels of ERK, a key component in the mitogen-activated protein  kinase  (MAPK)  pathway,  suggests  that  MAPK  pathway  may  contribute  to NLRP3   activation.   Although   the   exact   mechanism   of   ROS-mediated   NLRP3- inflammasome  activation  is  unclear,  these  findings  have  suggested  that  the  MAPK pathway may be implicated in I/R injury [54].

Interestingly, cardiac fibroblasts, were identified as potential mediators of I/R injury in a small animal study [8]. Using C57BL/6 mice and Wister rats, researchers induced ischaemia through ligation of the left anterior descending artery (LAD) [8]. Following LPS stimulation, a dose-dependent rise in NLRP3 and IL-1β mRNA was identified in cardiac  fibroblasts;  this  identifies  cardiac  fibroblasts  as  an  additional  source  of proinflammatory  cytokine  secretion  following  NLRP3-inflammasome-mediated  IL-1β release [47]. Supporting this, NLRP3, IL-1β and IL-18 gene expression were found to be highest in the non-cardiomyocyte cell fraction [8]. This adds to current understanding in that cardiac fibroblasts are an additional source of IL-1β secretion and may explain the aggressive inflammatory response following re-perfusion, since these cells account for  the  majority  in  the  cardiac  cell  population.  It  should  also  be  noted  that  mRNA expression of IL-18, normally induced following NLRP3 activation, was not increased by  ligands  such  as  LPS  in  cardiac  fibroblasts  [8].  This  either  leaves  a  gap  in understanding the exact role of NLRP3-inflammasome signalling during I/R injury or it is possible that IL-18 expression is less prominent in cardiac fibroblasts.

It can be appreciated that reperfusion causes inevitable damage to the myocardium. However,   the   immediate   pro-inflammatory   response   transitions   into   an   anti- inflammatory response to promote wound healing and scar formation [18]. Imbalance between both phases can reduce cardiac function by promoting adverse left ventricular remodelling, a key promoter of heart failure [14][16]. It is crucial that the pro-inflammatory phase following AMI is limited by more effective reperfusion.

5.0 Novel Therapeutic Agents: NLRP3 Inflammasome Inhibition
Undoubtedly, PPCI has contributed to a drastic improvement in the management of acute AMI in the last 30 years [59]. However, due to a clinical need in reducing post- infarction  heart  failure,  this  review  addresses  new  agents  targeting  the  NLRP3- inflammasome,  such  as  the  small  molecule  inhibitor,  MCC950  and  interestingly,  a derivative of a currently used anti-hyperglycaemic drug.

5.32 Can 16673-34-0 specifically inhibit the NLRP3-inflammasome?
Glyburide is an anti-hyperglycaemic drug used to treat type 2 diabetes mellitus [60]. A glyburide analogue, 16673-34-0 (5-chloro-2-methoxy-N-[2-(4-sulfamoylphenyl)-ethyl]- benzamide) which lacks the cycloxyurea moiety required for insulin release, retains beneficial NLRP3-inhibitory actions [61]. This has enabled focus on its NLRP3 inhibitory without confounding effects of hypoglycaemia. Currently, only one small-scale study has explored the anti-inflammatory potential of 16673-34-0 [61]. Following techniques described in table 1, researchers found that as a percentage of the control, a lower percentage of cell death was observed in cardiomyocytes receiving 16673-34-0 [61]. In addition, a 90% reduction in caspase-1 activity occurred 24 hours following ischaemia [61].  Troponin  I  levels,  a  specific  biomarker  of  necrotic  cardiomyocyte  death,  also showed 70% reduction, compared to the vehicle group [61]. Although reduced caspase-1 indicates NLRP3-inhibition, reduced number of cell death combined with reduced troponin I levels suggests the inflammasome may have potential to reduce infarct size. Significantly,  an  equivalent  dose  of  glyburide  administered  to  mice  showed  100% mortality with AMI; if this dose translates to a hypoglycaemic state in humans, this may limit 16673-34-0 use in heart failure therapy [61]. Moreover, 16673-34-0 was unable to inhibit  the  AIM-2  and  NLRC4-inflammasome  which  demonstrated  specificity  to  the NLRP3-inflammasome,   however   this   agent   may   hold   potential   to   inhibit   other inflammasomes [61]. Although the cardioprotective potential of 16683-34-0 has been indicated from preliminary findings, the exact mechanism of 16673-34-0 is still unclear and tentative conclusions should be drawn at this stage.

5.332  A Specific NLRP3 Inflammasome Inhibitor: MCC950
Further supporting benefits of NLRP3-inhibition, is a large animal blinded study using pig  models  of  myocardial  infarction  [49].  This  group  of  researchers  investigated  the cardioprotective effects of a selective, small molecule NLRP3-inflammasome inhibitor, MCC950, during re-perfusion injury [49]. MCC950 was administered after occluding the LAD branch of the LCA artery, described in table 1 [49]. 


Along with the observation of a dose-dependent effect following MCC950 treatment, shown in table 1, the high dose group  showed  greater  reduction  in  infarct  size/left  ventricle  (IS/LV)  percentage, compared to the low dose group which was only similar to the control [49]. Reduction in IS/LV percentage illustrates NLRP3-inflammasome as a culprit in expanding infarct size by increasing the proportion of AAR undergoing caspase-1-dependent pyroptosis during I/R injury. Both of these findings support MCC950 inhibition of NLRP3 following the priming stage due to the observation of deficient caspase-1-dependent effects. Of importance, however, the researchers investigated changes in total cardiac function after  a  7-day  follow  up  [49].  A  parameter  normally  implicated  in  heart  failure,  left ventricular ejection fraction (LVEF), was elevated in both treatment groups, compared to the control (high dose group 47 ± 8%, low dose group 45 ± 7% and control group 37
± 6%) [49]. Although this addresses NLRP3-inhibition in the context of overall cardiac 
function, a longer duration of follow-up may have allowed a more confident conclusion to be drawn on MCC950. Interestingly, both active and inactive intra-myocardial IL-1β levels were decreased by MCC950 but not IL-18 levels [49]. This may raise uncertainty with the specificity of MCC950 in interfering directly with the NLRP3-inflammasome since unchanged IL-18 levels suggests that MCC950 may target other complexes that prompt IL-1β production. Equally, MCC950 may act to inhibit NLRP3, which itself may lead to compensatory signalling pathways resulting in mature IL-18 secretion. As such, these  speculations  prompt  for  further  investigations  on  the  exact  mechanisms  of MCC950 to increase potential for clinical use.


Table 1. Summary of animal myocardial infarction models investigating the therapeutic potential of NLRP3 inflammasome inhibition. Results taken from [49] and [61].


Therapy            Type & Size of Study       Duration & Mode of Administration     Key Findings
 (
17
)

16673-34-0 (Glyburide analogue)


A preliminary study which used a small animal myocardial infarction model.


3 groups of mice

N = 4-6 mice per group


In Vitro

Adult murine cardiomyocytes administered with 16673-34-0 (400μM) or glyburide (400μM) following LPS priming stage (2 hours). This was followed by ATP treatment (1 hour).


In Vivo

Each group was given 16673-34-0, dimethyl sulfoxide solution
(vehicle) or sodium chloride solution (control) 30 minutes prior to LCA ligation. Treatment repeated at re-perfusion and at every 6 hours for 3 additional doses.


In Vitro

16673-34-0 limits caspase-1 activity and inflammatory cell death in adult murine cardiomyocytes.








In Vitro

Following 16673-34-0 administration: (1) 90% reduction in caspase-1 activity measured 24h following ligation
(2) 40% reduction in infarct size (TTC)

(3) 70% reduction of Troponin I compared to vehicle group.
*100% mortality in mice after glyburide treatment*


MCC950 (Small Molecule Inhibitor)

A randomised, blinded study which used a large animal myocardial infarction model.


N = 30 female pigs

In Vitro

Porcine peripheral blood mononuclear cells stimulated with
10 ug/mL LPS. After 1 hour, 5mM ATP and different concentrations of MCC950 added: 0, 0.3, 75,
450uM.



In Vivo

Closed-chest LAD coronary artery balloon occlusion carried out in pigs for 75 minutes, followed by 7 days of reperfusion. 15 minutes before re-perfusion, pigs randomly assigned to high dose MCC950 (6mg/kg), low dose (3mg/kg) or PBS alone. On balloon deflation, additional dose of 6mg, 3mg or PBL alone selectively injected into LAD. IV infusion repeated daily on days 1-6.

In Vitro

Dose-dependent Effects:

Decrease following 0.3 uM MCC950 (P=0.002 compared with control) but significant decrease noted with 450uM (P<0.001 compared with control).




In Vivo

Infarct size:

(1) AAR/LV % similar in all three groups

(2) IS/LV % higher in control compared to high- dose group, but not to low-dose group
(3) IS/AAR % higher in control group compared with both high-dose and low-dose groups.


Global Cardiac Function (at 7 days follow-up): (1) End-systolic volume significantly lower in high-dose group
(2) Left ventricular ejection fraction higher in both high-dose and low-dose groups.
6.0 Discussion

The  NLRP3-inflammasome  is  undoubtedly  a  key  player  in  the  aggressive,  sterile inflammation triggered by an acute myocardial infarction and I/R injury. Despite recent development  of  many  NLRP3-inhibitors,  with  therapeutic  potential  to  hinder  heart failure, most are at their infancy stages of research. With a lack of representation of the  clinical  setting,  many  potential  interventions  have  been  investigated  using  only small and large experimental animal models and only a scarce number have targeted MI models. Despite the clinical relevance of cardioprotective mechanisms observed in NLRP3-inhibition,   such   observations   lack   external   validity   clearly   due   to   the evolutionary distance between animals and humans. Although tentative conclusions should be drawn from experimental animal studies mentioned in this review, there is translational  potential  for  identified  novel  cardioprotective  strategies  intended  for clinical use.


The  Hatter  Workshop  Recommendations  proposed  suggestions  to  mimic  clinical characteristics  seen  in  post-AMI  patients when  designing  animal  models  [62].  The original   MCC950   blinded,   randomised   study,   involving   30   pigs,   illustrated   the efficacious use of the intervention through demonstrating reduced infarct size following MCC950 therapy and reperfusion. However, this study suffered attrition bias whereby one of the pigs was identified with a ventricular septal defect and was excluded from the study. This revealed a lack of exclusion criteria in the pre-trial stages, since the remaining pigs may have had pre-existing conditions, such as other cardiac-related pathologies that may have confounded response to MCC950 treatment. This underlies potential bias due to concurrent disease and therefore limits the internal validity of their results. Furthermore, common co-morbidities such as type 2 diabetes are usually seen in  the  clinical  setting  of  AMI  patients  [62].  Inclusion  criteria  for  these  co-morbidities should have been established to account for the potential of such conditions to worsen or potentiate a cardioprotective intervention, that would otherwise be seen in human participants.


In contrast, efforts by the researchers to increase internal validity should be credited; a blinded approach to both experiments and analysis of results encouraged avoidance of  information  bias.  Notably,  this  study  was  based  on  large  animal  models;  recent evidence suggests that larger animal models allow for less invasive procedures which
 (
30
)
avoids  major  injuries  that  may  confound  results  of  the  anti-inflammatory  therapy  in question [36]. Therefore, this study may provide evidence superior to that of current mice models such as the murine model used in the 16673-34-0 study [61]. Although bias in this study may compromise the validity of results showcasing the potential of MCC950,  conclusions  should  be  drawn  with  caution,  considering  the  translational needs of this study.


Although cardioprotective potential of 166-73-34-0 was illustrated in a small animal study  using  murine  models  of  myocardial  infarction,  this  small-scale  study  only provided preliminary results [62]. In addition, despite recommendations for therapy to be administered prior to reperfusion, 16673-34-0 was only administered 30 minutes prior to proximal LAD ligation and later repeated at the time of re-perfusion [62]. The schedule of therapy administration was not in line with recommendations to increase its  translational  potential,  which  limits  the  external  validity  of  the  results.  The researchers also used mice aged 3-4 months, 7-10 years in human age, which is a clear  misrepresentation  of  the  typical  age  group  often  presenting  with  AMI  [62]. Moreover, inclusion criteria in clinical trials usually select patients with proximal LAD infarct; this was clearly a method used through ligation of the LAD artery in mice [62]. Due to the preliminary nature of this study, however, there is still promising therapeutic potential in the actions of 16673-34-0 seen so far. This agent may hold clinical efficacy that can only be demonstrated through more rigorous, controlled animal models to further investigate the cardioprotective potential of 166-73-34-0.


Interestingly,   one   study   established   a   potential   gap   in   current   knowledge   by contradicting the cardioprotective potential of NLRP3-inhibition, details of which are shown in table 2 [45]. Researchers found that hearts from NLRP3-/-  (NLRP3 deficient) mice  presented  with  a  larger  mean  infarct  size  compared  to  wild-type  (WT)  mice (p=0.0048)  [45].  This  points  to  a  protective  role  of  the  NLRP3  inflammasome, highlighting a weakness in current understanding of the molecular consequences of NLRP3-inflammasome assembly. In addition, raised IL-1β mRNA observed following reperfusion in ASC -/- mice compared with WT and NLRP3-/- adds to current uncertainty in the sources of IL-1β secretion [45]. The presence of IL-1β mRNA, usually increased following the priming stage, in NLRP3-/- mice indicates an inflammasome-independent form of IL-1β secretion possibly triggered by NLRP3 absence [45].

Table 2. Summary of a small animal study showing the cardioprotective role of the

NLRP3-Inflammasome. Results taken from [45].


Intervention   Type & Size of Study    Duration & Mode of

Administration

Key Findings

NLRP3 and ASC Deficient Mice


Small animal study



3 groups of mice

N = 6 mice per group


LCA of wild-type and NLRP3-deficient and ASC-deficient mice were ligated for 30 minutes, followed by 3 or 24 hours of
reperfusion.


Hearts from NLRP3-deficient mice showed larger infarct size than wild-type mice (p=0.0048)



Until  more  studies  have  filled  these  suggested  gaps  in  current  research,  anti- inflammatory  drugs  such  as  canakinumab,  a  monoclonal  antibody  targeting  IL-1β trialled in the Canakinumab Anti-Inflammatory Thrombosis Outcome Study (CANTOS), may be of clinical use in decreasing inflammation following MI, in a non-specific way [63]. Importantly, findings from these studies should not be discounted merely due to their lack of translational potential and should be reproduced through more controlled, large animal studies.


7.0 Conclusion

After consulting many animal models investigating the role of NLRP3-inflammasome in MI, this inflammasome is clearly a key sensor in the necrosis of cardiomyocytes and is a likely contributor to post-infarction heart failure. Several findings presented in this review have demonstrated the potential of NLRP3 inflammasome to increase infarct size  through  its  caspase-1-mediated  pro-inflammatory  consequences.  Moreover, despite success of current coronary reperfusion strategies, studies have indicated the inevitable activation of the NLRP3 inflammasome during I/R injury. This calls for a need to investigate the clinical potential of novel agents such as, MCC950 and 16673-34-0, which have already shown cardioprotective potential in attenuating I/R injury. Despite gaps  in  current  knowledge  of  signalling  pathways  of  the  NLRP3-inflammasome, refinement of current management of patients with myocardial infarction is vital due to
associated mortality from heart failure. Research should therefore aim to demonstrate the safety and therapeutic value of proposed interventions to promote excellent health outcomes and better quality of care for patients.
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