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ABSTRACT 
 
P2X7 expression modulates mitochondrial metabolism. 
 

The P2X7 receptor is a trimeric ATP-gated cation channel best known for its ability to cause 

plasma membrane permeabilization and cell death after prolonged exposure to extracellular ATP. 

However, recent data show that its brief activation triggers rapid inward cation currents and 

intracellular signalling pathways associated with a multiplicity of physiological processes such as 

induction of the inflammatory cascade, cell proliferation and survival. Recently, there has been an 

increased effort to understand the mechanism by which P2X7 supports energy-requiring cell 

functions. We previously showed that basal P2X7 expression has a trophic effect on cellular 

energetics as it increases mitochondrial potential and ATP synthesis, while on the contrary 

pharmacological P2X7 stimulation causes mitochondrial potential collapse and fragmentation. 

These findings point to major role for P2X7 in the modulation of mitochondrial metabolism. In the 

present study we show that P2X7 localizes to the mitochondria especially following activation. 

Furthermore P2X7 genetic deletion severely impairs mitochondrial respiration, mitochondrial 

membrane potential and ability to produce ROS. Decreased energy generation impacts negatively 

on key cell functions such as migration. These observations demonstrate the central role played by 

P2X7 in the modulation of cellular energy homeostasis and energy-requiring processes.  

	
 
 

 
 
 
 

 
 



	 5	

1. INTRODUCTION 
1.1 Purinergic Receptors  

The first definition of purinergic receptors was put forward in 1976 (1) followed 2 years later by a 

proposed basis for distinguish- ing two types of purinoceptor, identified as P1 and P2 (for adenosine 

and ATP/adenosine diphosphate [ADP], respectively) (2). The purinergic signalling, mediated by 

multiple receptors called P1 and P2 purinoreceptors upon extracellular stimulation by adenine 

nucleoside or nucleotide di- or triphosphates respectively, represents very dynamic and plastic 

mechanisms for controlling a diversity of crucial biological functions of cells and tissues such as 

cell-to-cell communications, secretory exocytosis, membrane excitability, cell proliferation, cell 

differentiation, cell adhesion and migration, and cell death. P1 and P2 receptors are expressed in a 

large number of eukaryotes and particularly at the plasma membrane of virtually every mammalian 

cell. P1 receptors are seven-transmembrane spanning, (7TM) G-protein coupled receptors and 

commonly termed adenosine receptors because nanomolar levels of extracellular adenosine 

physiologically activate them. 

 

 

 

 

 

 

 

 

 

Fig. 1. Membrane receptors for extracellular adenosine and ATP. A: the P1 family of receptors for extracellular 

adenosine are G protein-coupled receptors (S-S; disulfide bond). B: the P2X family of receptors are ligand-gated ion 

channels (S-S; disulfide bond; M1 and M2, transmembrane domains). C: the P2Y family of receptors are G protein-

coupled receptors (S-S; disulfide bond). Adopted from Burnstock (2007). 
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P2 receptor 

P2 receptors can be divided into two subfamilies, P2X and P2Y receptors, based on their 

pharmacology and the different downstream signalling pathways with they are associated (3,4).  

P2Y receptors  

P2YR belongs to the G-protein-coupled receptor (GPCR) family and contains an extracellular 

amino terminus, an intracellular carboxy terminus and seven transmembrane-spanning motifs. At 

present, eight distinct mammalian P2YRs have been cloned and characterized 

(P2Y1/2/4/6/11/12/13/14R). According to their phylogenetic and sequence divergence, two distinct 

P2YR subgroups have been proposed. The first group includes the P2Y1/2/4/6/11R subtypes, 

activates heterotrimeric G proteins of the Gq family, thereby activating phospholipase C and 

promoting inositol lipid-dependent signaling (5). In addition to activating Gq, the P2Y11 receptor 

also activates Gs and therefore stimulates adenylyl cyclase activity. The second group contains 

P2Y12/13/14 receptors, activates Gi/o, thereby promoting inhibition of adenylyl cyclase activity 

(6). The most abundant and best-characterized endogenous ligand for P2YR is the nucleotide ATP. 

ATP binds to all P2YRs except P2Y6R and P2Y14R. Its binding characteristics exemplify the 

complexity of P2YR signalling: at low concentrations it is the only native agonist for P2Y11R, but 

at higher concentrations it functions as a partial agonist for P2Y1R and P2Y13R, or as an antagonist 

for human P2Y4R or P2Y12R. Other nucleotides, such as ADP, UTP, UDP or UDP-glucose, 

exhibit more specificity for individual P2YRs. For example, ADP  (adenosine 5′-diphosphate) is a 

better agonist at P2Y1, P2Y12 and P2Y13 and UDP-glucose (uridine 5'-diphosphate-glucose) 

activates P2Y14 (7,8,9). 

P2X receptors  

The P2X receptor family is composed of seven members (P2X1, P2X2, P2X3, P2X4, P2X5, P2X6 

and P2X7) that are capable to form trimeric ion channels activated by to extracellular adenosine 

triphosphate (ATP). P2X receptors are formed of two-transmembrane segments (TM1 and TM2) 

separated by a large extracellular loop including the ATP-binding site. Both the N-terminal and C- 

terminal ends are cytoplasmic (10,11). P2X receptors constitute functional non-selective cation 

channels and their activation mediates very rapid cellular effects, generally resulting in a 

depolarizing inward current due to a large influx of Na
+ and Ca2+ into the cytosol at physiological 

membrane potential and a concomitant efflux of K+. Besides this direct effect on the membrane 
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potential, P2X receptors cause large increases in the intracellular Ca2+ concentration by activation of 

voltage gated Ca2+ channels as a result of membrane depolarisation (12) and therefore activate 

intracellular Ca2+-dependent signalling pathways that can have longer-term effects (13). In addition, 

other signalling pathways may be generated following K+ efflux (14). Some P2X receptors have 

also been identified in intracellular compartments, such as the P2X4, which is also localised in the 

lysosomes of some cells such as macrophages, microglia and endothelial cells (15).  

1.2 P2X7 receptor  

The P2X7 receptor is very unique member of P2X family by multiple features, from its molecular 

structure, to its biophysical and pharmacological properties. The P2X7 subunit is a 595 amino acid 

long with an intracellular N- terminus, two hydrophobic transmembrane domains, an extracellular 

loop and an intracellular C-terminus (16) (Fig.2). The N- and C-termini of P2X7 comprise amino 

acids 1-25 and 356-595 respectively. The first and second transmembrane domains comprise amino 

acids 26-46 and 335-355, repectively.  

 

 

 

 

 

 

 

 

 

Fig.2.  Schematic representation of the P2X7 subunit. The P2X7 protein is a 595 amino acid sequence consisting of 

an intracellular N-terminus, two hydrophobic transmembrane domains, an extracellular loop and an intracellular C- 

terminus. Adapted from Adinolfi et al (2006). 
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The extracellular loop (amino acids 47- 334) comprises the main binding site for ATP and also 

contains five N-glycosylation sites (17), of which Asn187, Asn213 and Asn241 have been proposed 

to contribute to P2X7 function (18;19). The most striking difference between the P2X7 receptor and 

other P2X receptors is the long intracellular COOH terminal (fig. 3A), that endows P2X7 with the 

ability to generate a non selective membrane pore that allows transmembrane fluxes to cations, 

nucleotides and other small hydrophilic molecules of MW up to 900 Da (fig 3B). Channel-to-pore 

transition is hastened by prolonged stimulation with ATP or by stimulation with high (hundred 

micromolar) ATP concentrations. ATP removal or hydrolysis causes the pore to close.  Sustained 

stimulation of P2X7 receptor by high ATP concentration can lead to cellular death by prolonged 

pore opening (20). The C-terminus of P2X7 has been implicated in regulating receptor function, 

sub-cellular localisation, and the initiation of intracellular signalling cascades (21) also through 

protein–protein interactions, with several membrane proteins including β-actin, receptor-like 

tyrosine phosphatase and heat shock proteins (22). Truncation of the cytoplasmic tail prevents the 

channel-to-pore transition (23). 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

Fig.3 Structure and signaling functions of the P2X7receptor. Each functional P2X receptor is a trimer, with the three 

protein subunits arranged around a cation-permeable channel pore. Brief ATP activation (<10 seconds) of the 

P2X7receptor results in rapid and reversible channel opening that is permeable to Na+,K+,andCa2+. Continued 

stimulation results in the formation of a larger plasma membrane pore, which facilitates the uptake of cationic 

molecules up to900 Da. Further activation of the receptor in some cell types results in the induction of apoptosis/cell 

lysis. Adapted from Skaper et al; (2009). 
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Distribution 

P2X7 Receptor was originally cloned from a rat cervical ganglion cDNA library (24), but later 

work revealed that P2X7 are widely distributed across animal species and ubiquitously present on 

both excitable and nonexcitable mammalian cell with high expression level in immune cells, such 

as monocytes, macrophages, dendritic cells, B and T lymphocytes, mast cells and epidermal 

Langerhans cells (25,26,27,28,29). In particular, the participation of P2X7 is critical in 

inflammation as this receptor triggers inflammasome and caspase-1 activation with the subsequent 

releases of the pro-inflammatory IL-1β from Pathogens Associated Molecular Patterns (PAMPs)-

primed macrophages and microglial cells (30,31). P2X7 receptors are also found abundantly in 

brain glial cells (microglia, astrocytes, and Muller cells), bone cells (osteoblasts, osteoclasts, and 

osteocytes), epithelial cells and endothelial cells (32,33,34,35,36,37), in central and spinal cord 

neurons (38,39,40), in cells originating from the small intestine, kidney, urinary tract, uterus, and 

liver (41,42,43), and quite importantly in a variety of tumor cell lines and primary tumors (44) 

including myeloid leukemic and carcinomas. 

Gene, splicing variants and single nucleotide polymorphisms (SNPs)  

The human P2X7 is encoded by the P2RX7 gene located on the locus 12q24.31. The P2RX7 gene 

comprises 13 exons. Ten naturally occurring alternative splicing variants have been identified in 

humans and have been named P2X7A to J. The P2X7A variant is the well-characterised full-length 

receptor. Among the ten, five splice variants (P2X7B, P2X7C, P2X7E, P2X7G and P2X7J) lack the 

extended C-terminal intracellular tail typical of P2X7A. The truncated P2X7B seems to display the 

same pharmacological properties, towards both agonists and antagonists, as the P2X7A and to be 

functional as an ion channel but it is unable to trigger membrane permeabilisation to large 

hydrophilic molecules. The P2X7I variant is generated by a 5-intronic splice site and is responsible 

for a null allele, unable to promote membrane permeabilization. The P2X7J variant consists of 258 

amino acid residues and compared to the full-length variant lacks the distal 337 amino acids 

corresponding to the entire intracellular carboxyterminal end, the second transmembrane domain 

and the distal part of the extra-cellular loop. This variant, which is unable to induce pore formation, 

has been shown to oligomerise with the full-length P2X7A receptor and to act as in dominant 

negative fashion (45,46). This variant was identified in cervical cancer cells and proposed to be a 

new marker for cervical cancer (47).  

Splice variants have also been identified in rodents. The first identified was termed P2X7k, 

resulting from alternative exon 1 usage in the rodent P2X7 gene. This variant is fully functional and 
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bears a different N-terminal and first transmembrane domain conferring an increased sensitivity to 

agonists and slower deactivation kinetics compared to the human variants (48). There are also two 

variants, P2X7 13B and P2X7 13C, that are truncated in the C-terminus due to an alternative 

splicing in the exon 13. These two variants displayed a low plasma membrane expression, low 

channel function and no membrane permeabilisation (49).  

Therefore, depending on the given splice variant, the biophysical properties, its surface expression, 

as well as interacting molecules and downstream signalling pathways, functional responses could be 

quite different, with relevant pathophysiological implications.  

The human P2X7 receptor is highly polymorphic, and numerous single nucleotide polymorphisms 

(SNPs) have been identified in the recent years. About 150 non-synonymous SNPs (NS-SNPs) have 

been reported. Some of these SNPs have been the focus of attention following genetic association 

studies suggesting for their possible role in conferring susceptibility to a variety of diseases (50,51).  

P2X7 receptor pharmacology and ligands 

Agonist:                                                                                                                                                 

ATP is the physiological P2X7R ligand. Ten- to 100-fold higher ATP concentrations for P2X7 

activation are needed compared to the other P2X receptors. The half-effective ATP concentration 

(EC50) required to activate the P2X7 receptor is ~100 μM, with maximal activation obtained at 300 

μM ATP (52). The ATP analog, 2’,3’-(4-benzoil)-benzoil-ATP (BzATP), is 10-30 times more 

potent than ATP,  and currently is the most widely used P2X7 receptor agonist. However, BzATP is 

not absolutely selective for P2X7 as it can also activate P2X1 and P2X3 receptors (53).  

Antagonist:                                                                                                                                          

The first generation of antagonist for P2X7 receptor were generally non-specific as they also 

inhibited other member of P2X family and in some case P2Y receptors as well. These early 

compound include Reactive Blu2, surmarin and Brilliant Blu (BBG) and  pyridoxal phosphate-6-

azophenyl-2-4-disulfonic acid (PPADS), periodate-oxidized ATP (oATP), and 1-[N,O-bis(5- 

isoquinolinesulfonyl)-N-methyl-l-tyrosyl]-4-phenylpiperazine (KN-62) (54,55,56).  

Oxidized ATP (oATP) is widely used as a P2X7 antagonist, but it may also inhibit other P2X 

receptors. In fact oATP bears a highly reactive aldehide group that can form a Schiff base with  

unprotonated lysine close to any accessible ATP-binding site. Thus, oATP causes a covalent, 

irreversible, modification of the receptor. (57,58,59).  
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1-[N,O-bis(5-isoquinolinesulfonyl)-N-methyl-L-tyrosyl]-4- phenylpiperazine (KN-62), is a potent, 

non-competitive, human P2X7 antagonist (60) initially identified as calmodulin-kinase II inhibitor. 

KN-62 was characterised as the first potent human P2X7 inibitor with an IC50 of 40-100 nM. (61). 

KN-62 is inactive at the rat P2X7 homolog (62). More recently, a family of highly selective and 

potent KN-62 pharmacologic analogs with a strong interleukin-1β (IL-1β)-blocking activity has 

been synthesized (63).  

Second generation P2X7 antagonists resolved many problems typical of first generation 

compounds, such as rapid degradation when used in vivo or predicted poor pharmacokinetics 

(64,65). The tetrazolylmethylpyridine based compounds A- 438079 (66), a competitive antagonist 

with in vivo antinociceptive activity in neurophatich pain, and the adamantyl derivative 

AZ10606120, are recent, potent, and selective P2X7 competitive antagonists active at both the 

human and rat P2X7 receptor.  

Recently, A740003, a cyanoguanidine derivate, was shown to have antinociceptive activity in 

neurophatic pain and inflammatory animal models (67,68), and to prevent invasiveness and 

metastatic spreading in models of MDA-MB-435 breast cancer and A549 lung cancer (69,70). 

Pharmacological studies are made more difficult by the different species specificity of P2X7 

antagonists (Tab.1).  

 

Tab. 1 Antagonist profiles of mammalian P2X7. Bartlett  et al; (2014) 
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P2X7 can also be inhibited by various cations, such Ca2+ and Mg2+, Zn Cu and protons (71,72), 

either directly acting on the receptor, or indirectly via the chelation of the free acid form of ATP (or 

ATP4-) by Ca2+ and Mg 2+, thus limiting the amount of available ATP (73). The mechanism of 

inhibition by the other divalent cations remains unclear. Extracellular Na2+ ions can also reduce 

P2X7 receptor function. Michel et al. (74) have shown that the potency of BzATP for human P2X7 

is approximately 20-fold higher in sucrose medium (containing nominal amounts of Na2+) compared 

to NaCl medium. Similarly, maximal response and efflux rates of P2X7 to ATP and BzATP are 

higher in KCl medium compared to NaCl medium (75,76).  

Several major pharmaceutical companies, such as  Pfizer (77) GlaxoSmithKline (78) and Abbott 

have active programs for the development of novel and potent drug-like P2X7 antagonists. P2X7 

antagonists are in Phase I/II clinical trials for treatment of rheumatoid arthritis, osteoarthritis, 

chronic obstructive pulmonary disease and inflammatory bowel disease.  

Molecular and cellular consequence of P2X7 Activation on cells 

Activation of the P2X7 request high concentration of extracellular ATP (EC50 ≈ 100 μM ) in  

contrasts with much lower activation thresholds of the other six members of the P2X family( EC50 ≈ 

10 μM)  (79). Under physiological conditions, such high concentrations are seldom if ever found. 

On the contrary, increasing evidence show that at sites of trauma, infection, inflammation or at 

tumor sites extracellular ATP concentrations as high as 100-300 uM are often reached. P2X7 

receptor activation is associated with two different membrane permeability states: a small non-

selective monovalent and divalent cation conductance, activated by brief agonist stimulation, and an 

increased non-selective membrane permeability to high MW aqueous solutes activatd after 

prolonged and repetitive agonist stimulation (80). Fluorescent dyes such as ethidium bromide 

(EthBr) (314 Da) and YO-PRO-1 (375 Da) are routinely used to assay the increase in the plasma 

membrane permeability, and therefore the pore properties of the receptor (81). Pore formation has 

also been measured electrophysiologically as a progressive increase in the permeability of the large 

cation NMDG (82). The molecular basis of this bifunctional behaviour is not clear. Two different 

models have been proposed: 

Model 1 Single structure: The large pore might be intrinsic to the receptor, which initially forms a 

channel that undergoes a dilatation and, therefore, a “channel-to-pore” transition, upon sustained 

activation. Different studies underline the importance of P2X7 carboxyl tail in the formation of 

large pore, Adinolfi and colleagues showed that a naturally-occurring truncated P2X7 splice 

variant, isoform B (P2X7B) is able to form a channel after ATP stimulation, but is unable to switch 
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to pore formation (83). In this model, single structure, channel and pore are part of the same 

structure and many agents, for example Brilliant Blu G, block both for example Brilliant Blu G 

(84). 

 

 

 

 

 

 

 

 

 

 

Fig. 4. Schematic illustration of two contrasting mechanisms for the time-dependent increase in permeability 

observed for P2X7 receptors. A: pore dilatation. Several subunits (two indicated) form a channel permeable to small 

cations. This opens within milliseconds after binding ATP but undergoes a conformational change (arrow) that is 

associated with dilatation of the ion-conducting pathway. B: activation of a distinct channel protein. The P2X7 receptor 

(left) forms a channel permeable to small cations, as in A. The activated receptor interacts with (directly, as indicated by 

circle, or through further intermediate proteins) and opens a distinct channel protein (shown in gray), which is 

permeable to larger cations including fluorescent dyes. Adapted from North (2002). 

Model 2 Channel and large pore: In this case the “channel” and the “pore” are separate molecular 

entities. P2X7 Receptor is the “channel”, which allows small cation fluxes, and after its activation 

initiates the formation of separate pore-forming protein complexes in the membrane. The 

hemichannels pannexin-1 (Panx1) was proposed to be the “pore” responsible for permeability to 

larger molecules (85). At present, there is little evidence supporting the “channel and large pore” 

mechanism as P2X7-mediated pore formation alos occurs in cells from pannexin-/- mice. Whatever 

is the mechanism, P2X7 receptor activation by high ATP concentrations generally leads to dramatic 

cellular events such as membrane permeabilisation and blebbing, loss of asymmetric distribution in 
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phosphatidyl serine, cell swelling, increase of intracellular Ca2+, loss of mitochondrial potential. 

These changes are reversible if agonist application is short lasting (less than 30 min), while 

prolonged stimulation leads to cell death (86).  

P2X7 activation induces downstream signalling events  

The P2X7 receptor is associated with different signalling pathways. These events including the 

release of metalloproteases, proinflammatory cytokine, such as IL-1β, reactive oxygen and nitrogen 

species, formation of phagolysosomes intracellular pathogen killing, apoptosis, cell proliferation, 

differentiation and production of IL-2, activation of innate immune responses, regulation of bone 

resorption and mineralization, fast synaptic transmission, pain (87,88,89,90). Maturation and 

release of IL-1β is one of the most thoroughly investigated P2X7-dependent responses, and P2X7-

dependent K+ efflux is commonly accepted as the most important signal activating the NLRP3 

inflammasome complex. P2X7 receptor is generally known for its ability to induce cell death when 

overstimulated, however low-level stimulation generates a trophic stimulus that promote cell 

proliferation. In fact its activation has been correlated with the aggressive form of  B-cell chronic 

lymphocytic leukemia, where a several-fold higher P2X7 expression level is found compared to a 

lymphocytes from healthy subjects. Furthermore Verderio and co-workers (91) showed that P2X7 

support growth in microglia cell clones and in primary microglia and Monif and coworkers (92) 

provided evidence that the trophic effect of P2X7 is mediated only by functional receptor 

expressing the pore function, and not by a P2X7R mutant (P2X7R-G345Y) with intact channel but 

alterated pore function. For this dual role, cell death or cell, the P2X7 receptor is attracting interest 

in normal and neoplastic cell growth (93,94). 

P2X7 activation induces cell proliferation  

Since the P2X7 receptor is generally known for its ability to trigger cell death (95,96,97),  a role in 

cell proliferation would seem a nonsense, but there is clear evidence to support this claim. Early 

proof to support a trophic role for P2X7 was generated in P2X7-transfected leukemic K562 and 

LG14 cell lines, normal and leukemic T- and B-lymphocytes and P2X7-transfected human HEK293 

cells. (98,99,100,101). The molecular basis underlying this process is under investigation. Our 

laboratory (105) showed that HEK-293 cells transfected with the P2X7 receptor exibited higher 

resting concentrations of mitochondrial Ca2+ and larger releasable intracellular Ca2+ stores. The 

elevated intramitochondrial Ca2+ stimulated NADH oxidation and ATP production via oxidative 

phosphorylation. This increased intracellular ATP content facilitated cell survival and growth. In a 
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second study we showed that P2X7 expression in HEK-293 cells increased endoplasmic reticulum 

Ca2+  and activated the nuclear factor of activated T-cells (NFATc1) to enhance cell survival and 

protect cells from apoptosis (106). These findings pointed to a link between P2X7 and 

mitochondria. Close scrutiny of the effects of P2X7 expression on mitochondrial physiology 

revealed that mitochondrial membrane potential was 20-30 mV more negative in P2X7- than in 

mock-transfected or wt control cells. The hyperpolarized mitochondrial potential was entirely 

dependent of P2X7 function as it returned to control values following addition of oATP or apyrase, 

or chelation of extracellular Ca2+.  Mitochondrial Ca2+ in P2X7-transfected cells turns out to be at 

least twice as high as in mock-transfected or wt cells. Higher intramitochondrial Ca2+ is fully 

dependent on influx across the plasma membrane as it reverts to normal level upon chelation of 

extracellular Ca2+or addition of apyrase . This finding, together with the observation that P2X7-

transfected cells have a thicker mitochondrial network (105), focused attention on the mitochondria, 

a crucial organelle for intracellular ion homeostasis and energy metabolism.  

 

 

 

 

 

 

 

 

Fig. 5 Schematic rendition of the differential effects of P2X7- stimulated intracellular Ca2+ increases. ATP is 

continuously released into the extracellular environment via as yet poorly characterized pathways. This causes tonic 

stimulation of the P2X7 receptor leading to moderately increased cytoplasmic Ca2+, which translates into an elevation of 

intramitochondrial Ca2+ from 0.1–0.2 μM (blue line) to about 1.5–2.0 μM (green line). Such a Ca2+ increase stimulates 

NADH synthesis and ATP production via oxidative phosphorylation. Increased cellular ATP content then facilitates cell 

survival and growth. However, in the presence of massive amounts of extracellular ATP, the P2X7 receptor is 

overstimulated, this leads to uncontrolled Ca2+ influx and unchecked increase in the cytoplasm as well as the 

mitochondria (red line), with catastrophic consequences on the cell. Adapted from Di Virgilio et al; (2009). 
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P2X7 activation induces reactive oxygen species production � 

Several studies have indicated a role for P2X7 in reactive oxygen species (ROS) production. 

Lenertz, in 2009,(108) showed that P2X7 mediates ROS production in primary human monocytes 

and RAW264.7 macrophages, and that generation of ROS most likely involves activation of 

ERK1/2 and the NADPH oxidase complex. These findings were consistent with the work published 

one year later by Noguchi (109) who demonstrated that P2X7-induced ROS production in 

RAW264.7 macrophages is sensitive to the NADPH oxidase inhibitor apocynin and can be 

prevented by lowering the expression of the NADPH subunit gp91phox in these cells. Moreover, 

this study demonstrated that ROS formation plays a role in P2X7-induced apoptosis of RAW264.7 

macrophages.  

1.3 Pattern recognition receptors (PRRs) 

The mammalian immune system defends against internal and external threats using innate 

immunity and adaptive immunity (110). The innate immune system engages an array of germline-

encoded pattern-recognition receptors (PRRs) to detect invariant microbial motifs. PRRs are 

expressed mainly innate and adaptive immune cells such as monocytes, macrophages, neutrophils, 

dendritic cells (DCs) (111,112). They present antigens to the adaptive immune system to generate 

long-lasting protection (113). Microbe- or pathogen-associated molecular patterns ( MAMPs, 

PAMPs) , which are antigens common of pathogens (114,115), are normally recognized by four 

different classes of PRRs: Toll-like receptors (TLR), C-type lectin receptors (CLR),which scan the 

extracellular milieu and endosomal compartments, the RNA-sensing RIG- like helicases (RLHs) 

and NOD-like receptor (NLR) which can also recognize host-derived indicators of cellular damage, 

danger associated molecular patterns, DAMPs (116,117). The more recent discovery of NLRs as 

cytosolic PRRs suggested that microbes evading extracellular surveillance encounter a second line 

of recognition in the host cytosol The signal transduction from these receptors converges on a 

common set of signaling modules, often including the activation of the NF-kB and AP-1 

transcription factors that drive proinflammatory cytokine/chemokine production and members of 

the IRF transcription factor family that mediate type I interferon (IFN)-dependent antiviral 

responses. One of the most important pro-inflammatory cytokine, IL-1β is released in mature form 

after inflammasome activation. 
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NLR family 

The NLR family is one of the best-characterized PRR families composed by 22 and 34 members in 

humans and mice, respectively (118).The NLR proteins are commonly organized into three 

domains, a C-terminal leucine-rich repeat (LRR) domain, an intermediate nucleotide binding and 

oligomerization domain (NOD, also called NACHT domain), and a N- terminal pyrin (PYD), 

caspase activation and recruitment domain (CARD) or a baculovirus inhibitor of apoptosis repeat 

domain (BIR). The N-terminal domains, mediate protein–protein interactions. The LRR domains of 

these proteins are hypothesized to interact with putative ligands and play a role in autoregulation of 

these proteins. The NACHT domain can bind to ribonucleotides, which regulates the self-

oligomerization and inflammasome assembly (119). NLR family can be divided into five 

subfamilies: NLRA, NLRB, NLRC, NLRP, and NLRX. The NLRA (NLR family acidic domain 

containing) group contains only CIITA, which present a CARD domain in the amino terminus, and 

has been reported to regulate genes involved in inflammation (120). The NLRB (NLR family BIR 

domain containing) subfamily, is characterized by the presence of a BIR at the amino terminus, and 

the members are named NAIP, NLR family-apoptosis inhibitory protein. These proteins are 

specialized in detect bacterial flagellin and contributed to NLRP4 function, infact Naip proteins do 

not seem to be able to assemble in an individual inflammasome complex. The NLRX, consists in 

one member NLRX1 with a mitochondria-targeting amino terminus. During infection with RNA 

viruses, the association between NLRX1-MAVS (mitochondrial antiviral signaling protein)are 

broken and MAVS  is then able to stimulate IFN I production (121). The NLRC (NLR family 

containing a CARD domain) subfamily numbers five members: NLRC1 (NOD1), NLRC2 (NOD2), 

NLRC3, NLRC4 (ICE protease-activating factor, IPAF), and NLRC5. NOD1 and NOD2 both 

recognize breakdown products of bacterial cell walls (mesodiaminopimelic acid and muramyl 

dipeptide [MDP], respectively) and, upon ligand sensing, oligomerize and recruit RIP2 via CARD-

CARD interactions. Assembly of NOD1 and NOD2 signalosomes ultimately culminates in the 

activation of the NF-kB transcription factor, which drives proinflammatory gene regulation (122). 

Mutations in NOD2 are associated with human inflammatory diseases such as Crohn’s disease and 

Blau syndrome (123). The largest NLR subfamily is the NLRP (NLR family pyrin domain 

containing) subfamily, which consists of 14 human (NLRP1–14) and 20 mouse members, 

respectively (124). NLRP1 is the only NLRP protein containing a contains a C-terminal extension 

that harbours a CARD domain, which can interact directly with procaspase-1 and bypass the 

requirement for ASC, although ASC inclusion in the complex augmented human NLRP1 

inflammasome activity (125). Unlike human NLRP1, murine NLRP1 lack functional PYD domains 

and are predicted to be unable to interact with ASC. Indeed, ASC is dispensable for caspase-1 
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activation by NLRP1b in mouse macrophages (126). In addition to caspase-1, NLRP1 also interacts 

with caspase-5, which may contribute to IL-1β processing in human cells (127). The exact 

mechanisms of NLRP1 activation remain obscure, but, as for NLRP3, K+ efflux appears to be 

essential (128). NLRP3 (see below). NLRP4 was known d as an inhibitor of autophagy via its 

binding to Beclin while NLRP6 seems to be implicated in intestinal bacterial homeostasis. NLRP5 

and NLRP7 are involved in embryogenesis, and NLRP7 was located in inflammasome complex 

assembly in response to microbial acylated lipopeptides, thus causing IL-1β and IL-18 secretion 

and restricting bacterial replication (129). NLRP9 was recently implicated in the pathogenesis of 

systemic-onset juvenile idiopathic arthritis (130) whereas NLRP10 in recent data was described 

modify DC migration from inflammatory sites (131). NLRP12 was responsible for NF-kB 

inhibition and in mouse seems to be implicated in intestinal homeostasis and preventing 

carcinogenesis (132). NLRP14 is expressed in the testis, and involved in spermatogenesis (133). To 

date the functions of NLRP8, NLRP11, and NLRP13 are not still clear. 

Fig. 6. Inflammasome subtypes. Inflammasome subtypes are classified according to their scaffold components. 

Adapted from Di Virgilio (2013). 

1.4 NLRP3  

The NLRP3 inflammasome is the most important molecular machine responsible of maturation and 

release of IL-1β and for this the most fully characterized inflammasome. NLRP3 consists in 

different domain: a central NACHT, a series of C-terminal LRRs, and a N-terminal PYD. The 
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NACHT domain allows ATP-dependent oligomerization, and the LRR domain is responsible for 

PAMP/MAMP /DAMP sensing and autoinhibition. PYD mediates protein-protein interaction. It is 

thought that LRRs maintain NACHT domains in inhibited state thus preventing oligomerization and 

activation with out signal. Keeping Nlrp3 in an inactive state may be helped by interaction with the 

chaperone proteins SGT1 and HSP90 (134). NLRP3 is activated upon exposure to whole pathogens, 

as well as a number of structurally diverse PAMPs, DAMPs, and environmental irritants. Whole 

pathogens demonstrated to activate the NLRP3 inflammasome include the fungi Candida albicans 

and Saccharomyces cerevisiae (135), bacteria that produce pore-forming toxins, including Listeria 

monocytogenes and Staphylococcus aureus (136), and viruses such as Sendai virus, adenovirus, and 

influenza virus (137,138).  

Matzinger’s ‘Danger Model’ (140) proposes that germline-encoded PRRs have evolved not only to 

respond to foreign antigens but also to mediate immune responses to endogenous danger signals, 

this idea is increasingly supported by evidences that NLRP3 inflammasome can be activated by 

host-derived molecules, indicators of cellular danger or stress (141). A number of host-derived 

molecules indicative of injury activate the NLRP3 inflammasome, including extracellular ATP 

(142) and hyaluronan (143) that are released by injured cells. Fibrillar amyloid-b peptide, the major 

component of Alzheimer’s disease brain plaques, also activates the NLRP3 inflammasome (144). 

The NLRP3 inflammasome also detects signs of metabolic stress, including elevated extracellular 

glucose (145) such as that occurring in metabolic syndrome, and monosodium urate (MSU) crystals 

that form as a consequence of hyperuricemia in the autoinflammatory disease gout (146). The 

extraordinary number of NLRP3 activators suggests that it may be a general detector of cellular 

stresses resulting from sterile trauma, intrinsic metabolic disturbances or pathogen infection. 

Models for NLRP3 Activation  

The NLRP3 inflammasome is assembled when the amino-terminal PYD of NLRP3 engages in 

homotypic interactions with the PYD of ASC to recruit caspase-1. However, the mechanisms 

associated with activation of the NLRP3 inflammasome continue to be debated. This inflammasome 

is activated by bacterial, viral, and fungal pathogens, pore-forming toxins, crystals, aggregates such 

as β-amyloid, and DAMPs such as ATP and hyaluronan (147). It is generally agreed that detection 

of such a diversity of agents cannot be direct. Instead, NLRP3 is thought to monitor some host-

derived factor that is altered by these agents. Several hypotheses for NLRP3 activation have been 

formulated. They can be summarized as follows: NLRP3 is activated by: (1) K+ efflux (148), (2) the 

production of mitochondrial reactive oxygen species (149), (3) the cytosolic release of lysosomal 
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cathepsins (Fig.7) (150). A single unifying event has not emerged because some of these events do 

not occur with all NLRP3 activating agents, or they are associated with multiple inflammasomes, or 

their occurrence is contested (151,152,153).  

First model “P2X7-K+ efflux”: P2X7 cation channels activation by ATP induces the rapid 

dissipation of normal trans-plasma membrane K+, Na+, and Ca2+ gradients (154). This event is 

understood to cause local changes in the cytoplasmic ionic strength sufficient to trigger the 

conformational changes in NLRP3 that, by relieving LRR-mediated inhibition of PYD and by 

unmasking NACHT, drive inflammasome assembly. Extracellular ATP has been shown to be 

required for NLRP3 inflammasome activation by several bacteria or bacterial toxins that can cause 

ATP release (155,156,157). ATP/P2X7-dependent caspase-1 activation and IL-1β secretion is 

abrogated in either ASC-null (158) or NLRP3-null (159) macrophages primed with LPS. Activation 

of the NLRP3 inflammasome by P2X7R is likely mediated by altered cytoplasmic [K+]/[Na+] 

homeostasis, as well as by the increased intracellular [Ca2+]. Changes in mitochondrial function 

and generation of mitochondria-dependent reactive oxygen species (ROS) might also have a role. 

Recent studies have demonstrated that P2X7 stimulation triggers rapid release of oxidized 

mitochondrial DNA (mitoDNA) into the cytosol whereby the mitoDNA facilitates (possibly by 

direct binding to NLRP3) assembly of active NLRP3/ASC/caspase-1 complexes (160,161). 

Moreover, P2X7 activation additionally stimulates the rapid co-release of active caspase-1, a 60 

kDa tetrameric complex, (162) as well as the ASC inflammasome scaffolding protein.  

Fig. 7 NLRP3 Inflammasome Activation Three major models for 

NLRP3 inflammasome activation: (1) The NLRP3 agonist, ATP, 

triggers P2X7-dependent pore formation, an efflux of K+, which was 

sense from NLRP3. (2) Crystalline or particulate NLRP3 agonists 

are engulfed, and their physical characteristics lead to lysosomal 

rupture. The NLRP3 inflammasome senses lysosomal content in the 

cytoplasm, for example, via cathepsin- B-dependent processing of a 

direct NLRP3 ligand. (3) All danger-associated molecular patterns 

(DAMPs) and pathogen-associated molecular patterns (PAMPs), 

including ATP and particulate/crystalline activators, trigger the 

generation of reactive oxygen species (ROS). A ROS-dependent 

pathway triggers NLRP3 inflammasome complex formation. 

Caspase-1 clustering induces autoactivation and caspase-1-

dependent maturation and secretion of proinflammatory cytokines, 

such as interleukin-1b (IL-1β) and IL-18. Adapted from Tschopp � et 

al; (2010) 
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Second model “lysosomal damage:A second model was proposed for activators that form crystal- 

line or particulate structures, such as MSU, silica, asbestos, amyloid-b, and alum, wherein 

engulfment of these agonists by phagocytes leads to lysosomal damage, resulting in cytosolic 

release of lysosomal contents that are somehow sensed by the NLRP3 inflammasome. A role for the 

lysosomal protease, cathepsin B, in activation of a direct NLRP3 ligand was suggested in this model 

(163,164). However, cathepsin B-deficient macrophages exhibit normal caspase-1 activation and 

IL-1β maturation in response to particulate NLRP3 agonists (165), implicating off-target effects of 

the cathepsin B inhibitor, as was recently suggested for NLRP1 (166).  

Third model “ROS generation”: All NLRP3 agonists trigger the generation of ROS, and this common 

pathway engages the NLRP3 inflammasome. The production of ROS represents one of the most 

evolutionarily conserved pathways of response to infection or injury. In support of this model, all 

NLRP3 agonists tested, including ATP and particulate activators, induce ROS and ROS blockade 

by chemical scavengers suppresses inflammasome activation (167,168,169,170). Mechanisms 

directing ROS-dependent NLRP3 inflammasome activation remain to be characterized in detail; 

however, a recent report implicates a ROS-sensitive NLRP3 ligand, thioredoxin-interacting protein 

(TXNIP/VDUP1), in NLRP3 activation. Thioredoxin (TXN) belongs to a family of small redox-

sensitive ubiquitous proteins found in many organisms, from bacteria to animal cells. TXN 

participates in the formation of a network of redox signaling pathways crucial to the regulation of 

cell metabolism, proliferation, differentiation, and apoptosis (171). ROS generation causes 

dissociation of TXN from TXNIP, which is thus free to interact with NLRP3 and trigger 

inflammasome assembly (172). It is possible that ROS act at multiple levels in NLRP3 

inflammasome activation, i.e., at the level of NLRP3 gene expression and as final triggers of 

inflammasome activation (173).  

Regulation of Inflammasome and IL-1β  

IL-1β is a primary proinflammatory cytokine whose local and circulating levels are tightly 

regulated to prevent aberrant activation of pathways that can lead to chronic inflammatory diseases 

(174). In response to various pathogen-associated molecular pattern (PAMP) molecules that target 

toll-like receptors (TLR), IL-1β accumulates as a biologically inactive 33 kDa procytokine (proIL-

1β) in the cytoplasm of monocytes and macrophages. Conversion to the biologically active 17 kDa 

form requires proteolytic maturation by caspase-1 which itself is regulated by the assembly of 

inflammasomes. Although PAMPs, such as LPS, stimulate rapid toll-like receptor (TLR)-dependent 

transcription and translation of proIL-1β, they elicit only modest production of mature IL-1β due to 

inefficient assembly of active caspase-1 inflammasomes. However, when PAMP-primed 
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macrophages are additionally stimulated with extracellular ATP, they rapidly release large amounts 

of mature IL-1β at rates up to 100 times faster than with PAMP exposure alone (175,176). 

Moreover macrophages isolated from mice depleted of ASC or NALP3 are unable to mature and 

secrete IL-1β in response to ATP. Changes in intracellular ionic concentration seem to induce 

conformational modification at inflammasome and that enables NLRP3 activation. There is 

evidence that changes in ionic strength might trigger the processing and activation of isolated pro-

casp-1 (177). 
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1.5 Mitochondrial structure  

Mitochondria are organelles with extremely complex structures and functions. They are derived 
from an a-proteobacterium-like ancestor, due to an ancient “invasion” that occurred more than a 
billion years ago (178). The acquisition of mitochondria (and plastids) was a key event in the 
evolution of the eukaryotic cell, supplying it with bioenergetic and biosynthetic factors.  

Mitochondria are made of an outer membrane (OMM), mostly permeable to ions and metabolites 
up to 10 kDa, a highly selective inner mitochondrial membrane (IMM), characterized by 
invaginations called cristae, and the mitochondrial matrix. The space between OMM and IMM 
referred to as the intermembrane space (IMS). The IMM is further subdivided into two distinct 
compartments: the peripheral inner boundary membrane and the cristae (179). Cristae are not 
simply random folds, but rather internal compartments formed by profound invaginations 
originating from very tiny “point-like structures” in the inner membrane. These narrow tubular 
structures, called cristae junctions, can limit the diffusion of molecules from the intra-cristae space 
towards the IMS, thus creating a microenvironment where mitochondrial electron transport chain 
(ETC) complexes (as well as other proteins) are hosted and protected from random diffusion. The 
inner boundary membrane is enriched with structural proteins and components of the import 
machinery of mitochondria (180).  

Mitochondrial morphology in living cells is heterogeneous and can range from small spheres to 
interconnected tubules (181). This heterogeneity results from the balance between fusion and 
fission, and represents a process termed mitochondrial dynamics (182). Growing evidence indicates 
that mitochondrial morphology is critical for the physiology of the cell and changes in 
mitochondrial shape have been related to many different processes such as development, 
neurodegeneration, calcium (Ca2+) signalling, ROS production, cell division, and apoptotic cell 
death (183). Mitochondrial shape is controlled by the recently identified “mitochondria-shaping 
proteins”, which regulate the fusion-fission equilibrium of the organelle. In mammals, key 
components of the fusion machinery include the homologues MFN1 and MFN2 (184). The only 
dynamin-like GTPase currently identified in the IMM is OPA1, a fusion protein which is mutated in 
dominant optic atrophy (DOA), the most common cause of inherited optic neuropathy. Post-
transcriptional mechanisms, including proteolytic processing, tightly regulate OPA1 activity. In 
mammalian cells, mitochondrial division is regulated by DRP1 and FIS1 (185,186). The large 
GTPase DRP1 is a cytosolic dynamin-related protein whose inhibition or downregulation results in 
a highly interconnected mitochondrial network (187). The same phenotype is caused by 
downregulation of FIS1 (188), a protein of the OMM, proposed to act as a mitochondrial receptor 
for DRP1 (189). For example, mitochondrial dynamics seem to influence production of ROS and 
cellular longevity. DRP1-dependent fragmentation of the mitochondrial reticulum is a crucial 
component for accumulation of ROS in pathological conditions (190). How mitochondrial fission is 
required for ROS production and lifespan remains unclear, although a link between the two 
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processes seems plausible. Hence, factors other than mitochondrial metabolism per se could have a 
role in the pathogenesis of ROS-related diseases (191).  Interestingly, many ROS (as well as 
Reactive Nitrogen Species, RNS) sources and targets are localized in the mitochondria or ER and 
are relevant for different pathways (192).  

Mitochondria are the site for major energy production  

Within cells, energy is provided by oxidation of “metabolic fuels” such as carbohydrates, lipids and 

proteins. It is then used to sustain energy-dependent processes, such as the synthesis of 

macromolecules, muscle contraction, active ion transport or thermogenesis. The oxidation process 

results in free energy production that can be stored in phosphoanhydrine “high-energy bonds” 

within molecules such as nucleoside diphosphate and nucleoside triphosphate (i.e., adenosine 5' 

diphosphate and adenosine 5’ trisphosphate, ADP and ATP, respectively), phosphoenolpyruvate, 

carbamoyl phosphate, 2,3-bisphosphoglycerate, and other phosphates like phosphoarginine or 

phosphocreatine. Among them, ATP is the effective central link—the exchange coin—between 

energy producing and the energy demanding processes that effectively involve formation, 

hydrolysis or transfer of the terminal phosphate group.  

In general, the main energy source for cellular metabolism is glucose, which is catabolized in the 

three subsequent processes: glycolysis, tricarboxylic acid cycle (TCA or Krebs cycle), and finally 

oxidative phosphorylation to produce ATP. In the first process, when glucose is converted into 

pyruvate the amount of ATP produced is low. Subsequently, pyruvate is converted to acetyl 

coenzyme A (acetyl-CoA) which enters the TCA cycle, enabling the production of NADH. Finally, 

NADH is used by the respiratory chain complexes to generate a proton gradient across the inner 

mitochondrial membrane, necessary for the production of large amounts of ATP by mitochondrial 

ATP synthase. In addition, it should be mentioned that acetyl-CoA could be generated also by lipid 

and protein catabolism.  

Citric Acid Cycle  

The TCA, also known as the citric acid cycle, was elucidated by Sir Hans Krebs in 1940 when he 

concluded, “the oxidation of a triose equivalent involves one complete citric acid cycle” (184). 

The“triose” deriving from glycolysis is completely oxidized into three molecules of CO2 during a 

sequence of reactions that allow the reduction of cofactors NAD and flavin adenine nucleotide 

(FAD), providing energy for the respiratory chain in the form of electrons. In 1949 it was 

demonstrated by Kennedy and Lehningher that the entire cycle occurs inside mitochondria (185). 

The starting material for the citric acid cycle is directly provided by the pyruvate coming from 
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glycolysis through the activity of the pyruvate dehydrogenase complex. This enzymatic complex, 

composed of multiple copies of the three enzymes pyruvate dehydrogenase (E1), dihydrolipoyl 

transacetylase, (E2) and dihydrolipoyl dehydrogenase (E3), oxidizes pyruvate to acetyl-CoA and 

CO2 in an irreversible reaction in which the carboxyl group is removed from pyruvate as a 

molecule of CO2. This reaction is strictly related to the cycle, even if is not comprised in it. The 

acetyl group introduces two carbons in each turn of the cycle; these carbons will then leave the 

cycle as CO2. The first reaction of the citric acid cycle is the condensation of one Acetyl-CoA and a 

molecule of citrate to generate oxaloacetate and is catalysed by citrate synthase. Citrate is then 

transformed into isocitrate by aconitase through the formation of cis-aconitate. This step is 

reversible and could lead to the formation of both citrate and isocitrate. Only the fast consumption 

of isocitrate by its dehydrogenase can force the reaction to the proper direction. Isocitrate 

dehydrogenase catalyses the first irreversible oxidation leading to the decarboxylation of isocitrate, 

generating CO2 and á-ketoglutarate. The second carbon leaves the cycle in the following step, when 

the newly generated á-ketoglutarate is immediately decarboxylated by the á-ketoglutarate 

dehydrogenase complex in a reaction similar to the pyruvate decarboxylation. In fact, both these 

complexes share high similarities in enzyme amino acid composition and in the organization of the 

different subunits. Energy released from both oxidations is used to generate NADH from NAD that 

directly feeds into the respiratory chain.  
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Fig 8. A schematic representation of principal metabolic reactions occurring within mitochondria Glycolysis, 
TCA cycle and oxidative phosphorylation are rapresented. Adapted from Molecular Cell Biology, Sixth Edition (2008).  

  

The following step is catalysed by succinyl-Coa synthetase and utilizes the energy derived from the 

CoA removal to phosphorylate GDP (or ADP) to GTP (or ATP). Selectivity for the nucleotide is 

determined by the isozyme involved. It has been well established that at least two isozymes of 

succinyl-CoA synthetase are expressed in animal tissues (186) and the proportion between them 

seems to be tissue specific.  

The succinate generated in the previous step is the 4 carbon compound that is then converted, by 

three sequential reactions, to oxaloacetate to conclude the cycle. The first of these steps is the 

oxidation of succinate to fumarate by succinate dehydrogenase. This enzyme, tightly bound to the 

inner mitochondrial membrane (IMM), catalyses FAD reduction to FADH2 that provides electrons 

for the respiratory chain. Fumarate is then hydrated by fumarate hydratase to L-malate. It is 

particularly interesting that both succinate dehydrogenase and fumarate hydratase are 

oncosuppressor genes. It has been demonstrated that inactivation of these oncosuppressors leads to 

the accumulation of succinate and fumarate that spread in the cytosol and promote hypoxia- 

inducible factor 1α(HIF1á) accumulation by inactivating prolyl hydroxilase enzymes (promoter of 

HIF1á degradation); HIF1á in turn promotes a pseudo-hypoxic condition that favours tumour 
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development (187). The last event that completes the citric acid cycle is the oxidation of L-malate 

to oxaloacetate. This reaction is performed by L-malate dehydrogenase, which induces the 

reduction of another molecule of NAD to NADH. The resulting molecule of oxaloacetate is suitable 

for starting another cycle through condensation with an acetyl group.  

During all these processes, only one molecule of ATP (or GTP) is produced, but three molecules of 

NADH and one of FADH2 (plus one molecule of NADH from pyruvate dehydrogenase), which 

provide electrons for respiratory chain, are also generated and subsequently result in the production 

of large amounts of ATP (discussed later).  

Respiratory chain and Oxidative Phosphorylation  

Respiratory chain comprises a series of components (complexes) conducting electron transfer 

across the membrane and involved in oxidative phosphorylation (OXPHOS), a process that occurs 

in aerobic conditions. In eukaryotic cells, electron transport occurs in mitochondria and 

chloroplasts, whereas in bacteria it is carried out across the plasma membrane. As mentioned, the 

electron transfer is considered a part OXPHOS, the process through which ADP is phosphorylated 

into ATP by dint of energy derived from the oxidation of nutrients. Four protein complexes and 

ATP synthase, all bound to the IMM, as well as two shuttles are the known players of one of the 

trickiest mechanisms resolved in biochemistry. The first of these complexes is the 

NADH:ubiquinone oxidoreductase (complex I) which removes electrons from NADH (produced in 

the citric acid cycle) and passes them on to the first shuttle, ubiquinone, a liposoluble cofactor 

located within the phospholipid bilayer of the IMM. Succinate dehydrogenase (or complex II) is 

another entrance site for electrons into the respiratory chain. In this case, electrons derived from the 

oxidation of succinate are passed through FAD to ubiquinone. Once ubiquinone is reduced to 

ubiquinol, it is able to pass electrons to the third complex, ubiquinone:cytochrome c 

oxidoreductase. Here, electrons are moved through several heme groups from the liposoluble 

shuttle ubiquinone to the water soluble shuttle cytochrome c. Cytochrome c is a small protein 

(about 12.5 kDa), located in the intermembrane space (IMS), which can accommodate one electron 

in its heme group. Despite its water solubility, cytochrome c is usually bound to the external surface 

of the IMM due to the interaction with the cardiolipin (188). This interaction (crucial in the 

determination of the cell fate) helps the shuttle to reach its electron acceptor, complex IV. 

Cytochrome c oxidase is the last complex of the electron transport. Electrons from cytochrome c are 

accumulated in copper centres and passed to oxygen through heme groups. Oxygen is then reduced 

to water. This constitutes the bulk of oxygen consumption in all aerobic life.  
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Fig. 9 Representation of the mitochondrial respiratory chain complexes and the oxidative phosphorylation 

system. Oxidative phosphorylation begins with the entry of electrons into the electron-transport chain on the inner 

mitochondrial membrane (IMM), which is impermeable to low-molecular-weight solutes. There are four membrane-

bound protein complexes (complex I–IV) in the electron-transport chain, and the electrons pass through them (black 

arrows) with the aid of the electron carriers, namely ubiquinone (Q), cytochromes and iron-sulphur proteins. The 

transfer of the electrons yields a highly exergonic reaction that is used to pump protons out of the mitochondrial matrix. 

This generates the membrane potential ( m) across the IMM and electrochemical energy, in the form of a proton-

motive force, in the IMM. The proton-motive force then drives the synthesis of ATP as protons flow passively back into 

the mitochondrial matrix through a proton pore that is associated with ATP synthase. Adapted from Lemaire et al; 

(2011). 
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Electron transport through complexes I, III and IV induces the pumping of protons from the matrix 

to the IMS. Specifically, for every two electrons coming from one molecule of NADH, four H+ are 

moved by complex I, four by complex III, and two by complex IV. The second respiratory complex 

does not generate any proton movement (189). The respiratory chain in active mitochondria 

generates a large difference in [H+] across the IMM, resulting in the generation of an electrical 

potential (about -180 to -200 mV) and variation in the pH of about 0.75. A constant proton motive 

force drives the ATP synthesis trough the last step of OXPHOS, the ATP synthase. Understanding 

the activity and organization of this enzyme won researchers more than one Nobel Prize. First, Peter 

Mitchell in 1978 received his prize for the formulation of the chemiosmotic theory. Initially he 

hypothesized how an enzymatic activity could at the same time involve ion transport (proton 

transport through the IMM) and a chemical reaction (ATP phosphorylation). Almost two decades 

later, in 1997, the Nobel Prize was awarded to Paul Boyer and John Walker who elucidated the 

mechanism of action of ATP synthase, here briefly reviewed. ATP synthase could be divided in two 

main components: F0 that allows the channelling of protons, and F1 that catalyses ATP 

phosphorylation. The F0 is embedded in the IMM, while the F1 resides in the mitochondrial matrix 

and is bound to the F0 through a ã subunit (which drives conformational changes) and a b2ä dimer 

(that holds F0 and F1 together). The protons flow from the intermembrane space to the matrix 

through the F0 inducing its rotation; the movement is transmitted from the ã subunit to the F1 

causing conformational rearrangements. The F1 has a trimeric structure consisting of áâ dimers. 

The sequential changes are linked to the binding of substrates, phosphorylation and release of ATP. 

The three available dimers are never in the same conformational state and, what is more, the 

conformational changes in one dimer drive rearrangements in the other (for a more detailed 

explanation refer to (190)). It has been calculated that for the synthesis of one ATP molecule, 4 

protons are required (3 for the ATP synthase rearrangements and 1 for ATP, ADP and Pi transport, 

(191)). Once synthetized, ATP can locate inside mitochondrial matrix or be transported into the 

IMS by the nucleotide exchanger adenine nucleotide translocase (ANT) that passively exchanges 

ATP with ADP. Once in the IMS, ATP can freely pass the OMM through the voltage dependent 

anion channel (VDAC).  

Mitochondria: versatile players between cell proliferation and death  

At the same time, mitochondria are also important checkpoints of the apoptotic process, as they 

may release caspase cofactors (192). Indeed, the apoptotic intrinsic pathway is activated by the 

release of several mitochondrial proteins into the cytosol. The main player in the finely tuned 
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apoptotic activation process is undoubtedly cytochrome c. The majority of cytochrome c is tightly 

bound to mitochondrial inner membrane, thanks to its electrostatic interactions with acidic 

phospholipids, but a small fraction probably exists loosely attached to inner mitochondrial 

membrane and available for mobilization.  

This protein is an irreplaceable component of the mitochondrial electron transport chain, shuttling 

electrons from complexes III to IV, and is thus essential to life: the disruption of its only gene is 

embryonic lethal (195). Once released in the cytoplasm, this protein drives the assembly of a 

caspases activating complex together with Apaf-1 (apoptosis–protease activating factor 1) and 

caspase 9, the so-called ‘apoptosome’. Cytochrome c, once in the cytosol, induces the 

rearrangement and heptaoligomerization of Apaf-1: each of these complexes can recruit up to seven 

caspase molecules, leading to their proteolytic self-processing and consequent activation (194). 

Mitochondria contain several other proapoptotic, intermembrane space-resident proteins, such as 

Smac/ DIABLO, HtrA2/Omi, AIF and EndoG. DIABLO (direct inhibitor of apoptosis-binding 

protein with a low isoelectric point) and HtrA2 (high temperature requirement protein A2) both 

have an N-terminal domain that can interact and inhibit IAPs (inhibitor of apoptosis proteins). IAPs, 

such as XIAP, cIAP-1 and cIAP-2, are cytosolic soluble peptides that normally associate and 

stabilize procaspases, thus preventing their activation. Conversely, apoptosis-inducing factor and 

EndoG (endonuclease G) translocate from intermembrane space to the nucleus upon treatment with 

several apoptotic stimuli where they seem to mediate chromatin condensation and DNA 

fragmentation (195). In HeLa cells upon ceramide treatment, we observed Ca2+ elease from the ER 

and loading into mitochondria. As a consequence, organelle swelling and fragmentation were 

detected that were paralleled by the release of cytochrome c. These changes were prevented by Bcl-

2 expression as well as experimental conditions that lowered [Ca2+]er (202). 

Mitochondria also undergo a more ‘macroscopic’ remodelling of their shape during the programed 

cell death. Indeed, after apoptosis induction, mitochondria become largely fragmented, resulting in 

small, rounded and numerous organelles. This process occurs quite early in apoptotic cell death, 

soon after Bax/Bak oligomerization, but before caspase activation. Interestingly, the perturbation of 

the equilibrium between fusion and fission rates seems to correlate with cell death sensitivity. In 

particular, conditions in which mitochondrial fission is inhibited, such as DRP1 (dynamin-like 

protein 1) downregulation or mitofusins overexpression, strongly delay caspase activation and cell 

death induced by numerous stimuli. Similarly, stimulation of organelle fission (by DRP1 

overexpression or Mfn1/2 and OPA1 inhibition) promotes apoptosis by facilitating cytochrome c 

release and apoptosome assembly (203). However, the relationship between mitochondrial 
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fusion/fission and apoptosis is complex and mitochondrial fragmentation is not necessarily related 

to apoptosis. Indeed, mitochondrial fission per se does not increase cell death and DRP1 

overexpression has been reported to protect cells from some apoptotic challenges, such those 

dependent on mitochondrial Ca2+ overload (204).  

Another hallmark of apoptosis is the loss of mitochondrial membrane potential, secondary to the 

opening of mPTP triggered by different pathological conditions (e.g., Ca2+ overload, ATP depletion, 

oxidative stress, high inorganic phosphate or fatty acid). The molecular structure of this pore is 

currently highly debated (205). The availability of chemical mPTP inhibitors such as cyclosporine 

A and related compounds lacking the cytosolic inhibitory effect on calcineurin, as well as the 

development of cyclophilin D knockout mouse will help to clarify the role of mPTP in 

physiological and pathological condition and identify areas of pharmacological intervention in 

common disorders such as ischemia-reperfusion injury, liver diseases, neurodegenerative and 

muscle disorders (206- 208).  
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2. AIMS 
In the past years the ability of the P2X7 receptor to cause IL-1β release from immune cells was 

thought to be a side effect of P2X7 receptor-dependent cytotoxicity, effectively all the factors that 

cause apoptosis are potent stimuli for IL-1β release (231). However, it has subsequently become 

evident that P2X7 receptor-driven IL-1β secretion is the end result of a complex chain of 

intracellular events specifically triggered by this receptor that induced NLRP3 inflammasome 

assembly. The P2X7 is not an integral constituent of the NLRP3 inflammasome; nonetheless, 

NLRP3 is required to drive P2X7-dependent pro-IL-1β processing (213), and in addition, many 

NLRP3 stimulants act via P2X7 (214).  

This project proposes to investigate the relationship and contribution of P2X7 in modulate NLRP3 

levels and, vice versa, NLRP3 expression and activity might modulate P2X7 levels. Therefore we 

analysed the mRNA levels of P2X7 and NLRP3 in microglia N13 cells after activations of P2X7 

with ATP or its pharmacologic analog BzATP and stimulations of NLRP3 with LPS. To verify 

whether NLRP3 modulation by P2X7 expression is a general finding, we extended the investigation 

to additional mouse cell models that natively express both P2X7 and NLRP3 at a high level: 

primary peritoneal macrophages and primary microglial cells from C57Bl/6 WT and P2X7-/-
 
mice 

and P2X7-silenced B16 mouse melanoma cells. 

Present data suggest that, although the P2X7 is not an integral inflammasome component, it 

associates to the inflammasome at discrete foci in the subplasmalemmal region, in both resting and 

activated conditions. Close interaction between P2X7 and NLRP3 has important implications for 

the mechanism of inflammasome activation because it localizes NLRP3 exactly where the K+ drop 

occurs, maximizing NLRP3 stimulation and minimizing possible untoward effects caused by an 

unrestricted loss of �cytoplasmic K. Therefore we analysed the P2X7 receptor and NLRP3 

localization and possible direct interaction trough different method such as immunofluorescence 

and co-immunoprecipiation. 

These data have appeared in the following publication co-authored by the Candidate: 

Franceschini A, Capece M, Chiozzi P, Falzoni S, Sanz JM, Sarti AC, Bonora M, Pinton P, and Di 

Virgilio F (2015) The P2X7 receptor directly interacts with the NLRP3 inflammasome scaffold 

protein The FASEB Journal 14-268714  
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3. RESULTS 
 3.1 P2X7 expression modulates NLRP3 levels  

In the past years the ability of the P2X7 receptor to cause IL-1β release from immune cells was 

thought to be a side effect of P2X7 receptor-dependent cytotoxicity, effectively all the factors that 

cause apoptosis are potent stimuli for IL-1β release (209). However, it has subsequently become 

evident that P2X7 receptor-driven IL-1β secretion is the end result of a complex chain of 

intracellular events specifically triggered by this receptor that induced NLRP3 inflammasome 

assembly. The P2X7 is not an integral constituent of the NLRP3 inflammasome; nonetheless, 

NLRP3 is required to drive P2X7-dependent pro-IL-1β processing (210), and in addition, many 

NLRP3 stimulants act via P2X7 (211). To verify whether P2X7 expression and activity might 

modulate NLRP3 levels and, vice versa, NLRP3 expression and activity might modulate P2X7 

levels, we selectively activated the P2X7 with ATP or its pharmacologic analog BzATP or 

stimulated NLRP3 with LPS. We initially used N13 mouse microglial cells as a model, which is a 

cell line widely used to investigate purinergic signaling and IL-1β maturation and release. N13 cells 

are available as the N13wt, characterized by high P2X7 expression, and the ATP-resistant 

(N13ATPR) variant, characterized by reduced P2X7 expression, and are therefore useful to 

investigate P2X7-ependent responses. As shown in Fig. 1A, B, ATP stimulation enhanced P2X7 

and NLRP3 mRNA accumulation. A statistically significant ATP-stimulated increase in P2X7 

mRNA occurred as early as 15 minutes, whereas a statistically significant increase in NLRP3 levels 

only occurred 60 min after P2X7 stimulation. BzATP had a similar effect, except that the NLRP3 

mRNA increase was already detected at 30 min (Fig. 1C, D). Microglia challenge with LPS had no 

effect on P2X7 mRNA accumulation (Fig. 1C) but caused a large increase in NLRP3 mRNA levels 

(Fig. 1D). ASC mRNA accumulation did not change in response to either BzATP or LPS (Fig. 1E). 

Expression of the P2X7 protein was not affected by either LPS or BzATP treatment (Fig. 1F), 

whereas NLRP3 expression was up-modulated by LPS (Fig. 1G). ASC expression was in- creased 

by LPS or BzATP but not in a statistically signifi- cant fashion (Fig. 1H). A representative Western 

blot from control (CTR), LPS, or BzATP-stimulated N13 cells is shown in Fig. 1I. Fig. 1 shows that 

P2X7 stimulation, by ATP or BzATP, increases NLRP3 expression and suggests that NLRP3 levels 

might be up-modulated by P2X7 expression. To test this hypothesis, we took advantage of the 

N13ATPR cells selected for low P2X7 expression (212).  
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Figure 1. Purinergic and TLR4 agonists modulate P2X7 and NLRP3 expression. A, B) Time course of ATP-
stimulated P2X7 and NLRP3 mRNA accumulation in N13 microglia, normalized (CTR, n = 3). C–E) LPS- or BzATP-
stimulated accumulation of P2X7 (C), NLRP3 (D), and ASC (E) mRNA (n = 3). F–H ) Densitometric analysis of P2X 
7(F), NLRP3 (G), and ASC (H) protein in response to LPS or BzATP expressed as a fold increase over controls (n = 3). 
P2X7, NLRP3, and ASC bands were normalized over the actin band. (I) Exemplificative Western blot showing P2X7, 
NLRP3, and ASC accumulation in nonstimulated (CTR) and LPS- or BzATP-stimulated cells. Data are represented as 
mean 6 SEM. *P , 0.05; **P , 0.01; ***P , 0.001.  

The N13ATPR cells express P2X7 mRNA and protein to a level of ;50% and 25% that of the 

N13wt population, respectively (Fig. 2A, B). NLRP3 mRNA content of N13ATPR was almost 8-
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fold higher than that of N13wt, but this striking increase in mRNA content did not translate into an 

increased protein level. In fact, NLRP3 protein in N13ATPR was ;30% that of WT cells (Fig. 2C, 

D). ASC mRNA showed little change, whereas ASC protein in N13ATPR was ;30% that of N13wt 

cells (Fig. 2E, F). A representative blot of NLRP3, P2X7, and ASC protein expression in N13wt 

and N13ATPR cells is shown in Fig. 2G. Western blot data were confirmed by 

immunofluorescence, which showed a striking reduction of both P2X7 and NLRP3 labeling in 

N13ATPR cells (Fig. 1H). These findings suggested P2X7 expression modulates NLRP3 

expression levels.  
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Figure 2. ATPR N13 cells express high NLRP3 mRNA and low NLRP3 protein levels. A–D) P2X7 and NLRP3 
mRNA (n = 5) and protein (n = 3) levels in wild-type (N13wt) and ATP-resistant (N13ATPR) N13 microglia. E, F) 
ASC mRNA and protein levels in N13wt and N13ATPR microglia (n = 3). P2X7, NLRP3, and ASC mRNA levels of 
N13ATPR cells . G) Representative blot of P2X7, NLRP3, and ASC expression in N13wt and N13ATPR microglia. H) 
Immunofluorescence labeling of P2X7 and NLRP3 proteins in N13wt and N13ATPR cells. Cells were stained with 
DAPI (blue) and immunolabeled with anti-P2X7 (red) and anti-NLRP3Abs (green). Merge, fourth column. Bar = 10 
mm. Data are represented as mean 6 SEM. *P , 0.05; ***P , 0.001.  
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To verify whether NLRP3 modulation by P2X7 expression is a general finding, we extended the 

investigation to additional mouse cell models that natively express both P2X7 and NLRP3 at a high 

level: primary peritoneal macrophages and primary microglial cells from C57Bl/6 WT and P2X7-/-
 

mice and P2X7-silenced B16 mouse melanoma cells. Fig. 3A, B shows that, as expected, P2X7 

mRNA and protein were fully absent in peritoneal mac- rophages from P2X7-/- mice. NLRP3 

mRNA was increased (Fig. 3C), but contrary to N13ATPR, NLRP3 protein was ;2-fold higher than 

in WT mice, albeit the increase was not statistically significant (P = 0.6; Fig. 3D). ASC mRNA and 

protein showed no changes (Fig. 3E, F). Western blot of macrophage proteins and immunofluo- 

rescence pictures are shown in Fig. 3G, H). A marked in- crease in NLRP3 mRNA and protein was 

also observed in P2X7-/- microglia (Fig. 3I–K). In P2X7-/- microglia, the increase in NLRP3 levels 

was clear cut and statistically significant compared with WT microglia, thus supporting the finding 

in P2X7-/- macrophages shown in Fig. 3D. These experiments show that in genetically deleted 

animals, the absence of P2X7 increased NLRP3 mRNA and NLRP3 protein. We also investigated 

the B16 melanoma cell model. In B16 cells, both P2X7 mRNA and protein were reduced by 

shRNA transfection to ;50% of control levels, causing in parallel a marked increase of NLRP3 and 

ASC mRNA and a decrease of NLRP3 protein, whereas ASC protein was unchanged (data not 

shown). Although P2X7 down-modulation was achieved in N13ATPR microglia and B16 

melanoma cells by different means, the end result was the same, i.e., a decrease in P2X7 expression 

caused a large increase in NLRP3 mRNA. However, at variance with macrophage and microglia 

from the P2X7-/- mouse, the increase in NLRP3 mRNA did not translate into an increase in NLRP3 

protein.  
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Figure 3. NLRP3 is up-regulated in macrophages and microglia from P2X7-/- mice. A, B,C,D,E,F ) P2X7, NLRP3 
and ASC expression in peritoneal macrophages from WT and P2X7-/-

 mice (n = 4). G) Representative Western blot of 

NLRP3, P2X7, and ASC proteins from peritoneal macrophages from WT and P2X7-/- mice. H) Immunofluorescence 
labeling with anti-P2X7 (red) and anti-NLRP3 (green) of peritoneal macrophages from WT and P2X7-/- mice. Nuclei 
were stained with DAPI (blue). I, J) P2X7 and NLRP3 mRNA expression in microglia from WT and P2X7-/- mice (n = 
3). K) Representative Western blot showing P2X7 and NLRP3 expression in microglia from WT and P2X7-/- mice. 
Protein levels were quantified by densitometry and normalized over actin protein content. Data are represented as mean 
6 SEM. *P , 0.05; ***P , 0.001. Bar = 10 mm.  
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3.2 P2X7 and NLRP3 colocalize  

Data shown in Figs. 1–3 suggested that P2X7 and NLRP3 might colocalize and interact. A more 

detailed confocal microscopy analysis indeed showed that P2X7 and NLRP3 did colocalize in 

N13wt cells (Fig. 4A–D). P2X7 and NLRP3 fluorescence distribution was analyzed at the single 

cell level by acquiring the fluorescence intensity profile across a single focal plan, as shown in Fig. 

4A, B. In addition, an orthogonal re- construction of a Z-stack (7 planes; width pass, 0.8 mm) was 

performed to highlight sites of enhanced P2X7 and NLRP3 colocalization (Fig. 4C, D). P2X7 

showed a strong cytoplasmic and subplasmalemmal localization, whereas the plasma membrane 

signal was rather weak (Fig. 4A, B). NLRP3 was also localized within the cytoplasmic and the 

subplasmalemmal regions (Fig. 4B). The nucleus was largely negative for both P2X7 and NLRP3. 

The 3D orthogonal reconstruction shown in Fig. 4C revealed “hot spots,” 1 or 2 per cell, close to 

the plasma membrane, where P2X7 and NLRP3 colocalized.  

P2X7/NLRP3 interaction was further investigated by immunoprecipitation. Fig. 4E, F shows that 

NLRP3 was immunoprecipitated together with P2X7, and reciprocally, P2X7 was 

immunoprecipitated together with NLRP3. ASC was also found in the immunoprecipitated 

complexes.  
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Figure 4. P2X7 and NLRP3 colocalize and closely interact. A, B) Immunoflorescence labeling of microglial cells as 
described in Materials and Methods, the fluorescence profile was run across the x-y axes of the cell body (yellow line) 
at a focal plan set at 3 mm and shown as intensity profile. C, D) 3D reconstruction of merged images obtained with 
confocal Z-stack E) P2X7 immunoprecipitation (n = 3). Lane 1, anti-P2X7 Ab in the absence of cell lysate; lane 2, 
eluate from Ab-coated beads in the absence of cell lysate; lane 3, eluate from Ab-uncoated beads incubated together 
with the cell lysate; lane 4, immunoprecipitate; lane 5, whole cell lysate. F) NLRP3 immunoprecipitation (n = 3). Lane 
1, anti-NLRP3 Ab in the absence of cell lysate; lane 2, eluate from Ab-coated beads in the absence of cell lysate; lane 3, 
eluate from Ab-uncoated beads incubated together with the cell lysate; lane 4, immunoprecipitate; lane 5, whole cell 
lysate.  
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Next, we analyzed the single cell fluorescence profile and the Z-stack of individual LPS- or 

BzATP-treated cells. Fig. 5A–D shows that LPS or BzATP stimulation caused a slight increase in 

the expression of both P2X7 and NLRP3 and a shift of fluorescence from the cell body to the 

periphery. Z-stack analysis showed a single hot spot of increased P2X7/NLRP3 interaction near the 

plasma membrane (Fig. 5E, F). Effect of BzATP or LPS stimulation on the P2X7/NLRP3 

interaction was also analyzed by coimmunoprecipitation experiments (Fig. 5G, H). Stimulation with 

BzATP significantly increased the amount of P2X7 or NLRP3 protein found in the complex, 

irrespective of whether anti-P2X7 or anti-NLRP3 antibodies were used for immunoprecipitation 

(Fig. 5I, J). On the contrary, BzATP or LPS treatment did not increase the content of ASC protein 

in the anti-NLRP3 antibody-immunoprecipitated samples (Fig. 5H, K), whereas in BzATP-treated 

cells, ASC protein was mostly detectable in P2X7 immunoprecipitated samples (Fig. 5G).  
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Figure 5. Stimulation with BzATP or LPS increases P2X7/NLRP3 colocalization. A–F) Microglial cells were 
stimulated with either LPS (1 mg/ml, 2 h, A, C, E), or BzATP (300 mM, 30 min, B, D, F), fixed, and stained as 
described in Materials and Methods, fluorescence profile was run across the x-y axes (yellow line) of the cell body at a 
focal plan set at 3 mm. 3D reconstruction of LPS- (E) or BzATP-treated (F) cells obtained with confocal Z-stack G, H) 
Coimmunoprecipitation of P2X7 and NLRP3 proteins in the absence or presence of LPS or BzATP, using an anti-P2X7 
(G) or and anti-NLRP3 (H) immunoprecipitating antibody. I–K) Densitometry of immunoprecipitated NLRP3 
normalized over P2X7signal (I) (n = 4), and P2X7 (J) (n = 4) and ASC (K) (n = 4) over NLRP3 signal. Data are 
represented as mean 6 SEM. *P , 0.05. Scale bar, 5 mm.  
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The P2X7 has a major role in the activation of NLRP3 in immune cells because this receptor is the 

main effector of the drop in cytosolic K+ that is generally thought to be the main trigger of NLRP3 

inflammasome activation. However, it is reasonable to assume that changes in the K+ cytoplasmic 

concentration are spatially restricted to avoid a generalized, potentially deadly, depletion of intra- 

cellular K+. Thus, we hypothesized that the colocalization of P2X7 and NLRP3 might be functional 

to restrict P2X7-dependent ion changes at discrete sites of the subplasmalemmal cytoplasm, where 

inflammasome activation could be maximized. As a model to test this hypothesis, we used HEK293 

cells stably transfected with a GFP-tagged P2X7 (HEK293-P2X7-GFP), and, because of the lack of 

suitable indicators of intracellular K+, the cytoplasmic Ca2+ indicator Fura-2 as a sensor of local 

changes in the ion concentration. As shown in Fig. 6, a BzATP puff applied with a patch pipette 

caused a rapid increase in the cytoplasmic Ca2+ concentration in the region under the pipette tip 

(Fig. 6C) but not in the distal cytoplasm (Fig. 6D). This fast Ca2+ rise was followed within several 

seconds by recruitment of additional P2X7 recetors to the site of stimulation (Fig. 6). P2X7 was not 

recruited at sites distal to the point of application of BzATP, where no Ca2+ increase occurred (Fig. 

6D). The Ca2+ increase and the associated P2X7 recruitment were specifically dependent on P2X7 

activation, as shown by lack of a Ca2+ increase and of P2X7 recruitment in the presence of the 

highly selective P2X7 blocker AZ10606120 (Fig. 6).  
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Figure 6. P2X7 activation drives P27X recruitment at discrete subplasmalemmal foci. HEK293 cells were t 
ransfected with rat P2X7 -GFP, as described in Materials and Methods, loaded with Fura-2/AM, placed in an open, 
thermostatted Leyden chamber at 37°C, and challenged with a BzATP puff (100 mM) delivered with an Eppendorf 
femtotip connected to an Eppendorf microinjector system (Materials and Methods). Images were acquired at the 

indicated time points as described in Materials and Methods. A) BzATP-triggered cytoplasmic Ca2+ changes. B) 
BzATP-triggered P2X7 -GFP recruitment. Ci–Ciii) Kinetics and statistic analysis of BzATP-triggered cytoplasmic 

Ca2+ changes and P2X7 -GFP recruitment measured in area within the red square shown in A and B (n = 10). Di–Diii) 

Kinetics and statistical analysis of BzATP-triggered cytoplasmic Ca2+ changes and P2X7-GFP recruitment measured at 
a cytoplasmic site distal to the site of stimulation (n = 10). Data are represented as mean 6 SEM. Bar = 10 mm. 	
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DISCUSSION 
 

The inflammasome consists of a multiprotein complexes responsible of the conversion of 

inflammatory pro-caspase-1 into caspase- 1 and subsequentially this enzyme induces the conversion 

of pro-IL-1β and pro-IL- 18 into the respective mature forms. (213,214). A thorough understanding 

of the molecular mechanism of activation is of fundamental importance in the context of 

inflammation and cancer where IL-1β is one of the major molecules involved in both conditions. 

Different inflammasome subtypes have been identified in the years based on scaffold molecule and 

NLRP3 are the best characterized most probably for its involvement in human disease (215). The 

NLRP3 inflammasome has been implicated in the pathogenesis of a wide variety of diseases, 

including genetically inherited autoinflammatory conditions as well as chronic diseases in which 

IL-1β play a causative role (216). Several triggers for the NLRP3 inflammasome have been 

identified: cytoplasmic release of cathepsin B, the PKR kinase, thioredoxin inhibitory protein, cell 

swelling, an increase in the intracellular Ca2+ concentration, and efflux of cytosolic K+. One of the 

most potent stimuli for NLRP3 inflammasome activation is extracellular ATP which it acts as an 

inflammatory mediator (217,218).  

Extracellular ATP is a ubiquitous DAMP that operate through a complex purinergic signaling 

network (219). The purinergic P2 receptor family is comprised of the P2Y and P2X subfamilies, 

numbering 8 and 7 members each (12). The P2X7 is the only P2 member associated with NLRP3 

inflammasome activation (220). The P2X7 receptor is a trimeric ATP-gated cation channel that, on 

sustained stimulation, triggers the opening of a large conductance pore that mediates massive K+ 

efflux and Na+ and Ca2+ influx, as well as uptake of hydrophylic solutes of MW up to 900 Da 

(221). P2X7 and NLRP3 are obviously functionally linked given the prominent role of extracellular 

ATP as a DAMP and a stimulus for IL-1β maturation and release. In addition, present findings 

show that these 2 molecules are intimately linked, as P2X7, besides inducing NLRP3 activation, 

also modulated NLRP3 expression levels. P2X7 down-modulation, whether induced by prolonged 

exposure to high extra-cellular ATP concentrations (N13ATPR cells), by shRNA (B16 melanoma 

cells) transfection, or by genetic deletion (P2X7 -/- macrophage and microglia cells), was always 

associated to a large increase in NLRP3 mRNA accumulation. However, at the protein level, 

induced vs. genetic P2X7 down-modulation had opposite effects: induced P2X7 down-modulation 

was paralleled by a decrease in NLRP3 protein expression, whereas on the contrary, genetic P2X7 

deletion was associated to a striking increase in NLRP3 expression. ASC expression did not show a 

clear-cut pattern of changes in response to P2X7 down-modulation, because in N13ATPR cells, 
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ASC protein was significantly reduced compared with N13wt, whereas in shRNA-treated B16 cells, 

despite a large increase in mRNA accumulation, it was unchanged. In cells from P2X7 -/- mice, 

neither ASC mRNA nor protein expression differed compared with WT. It needs to be stressed that 

the procedures used to acutely down- modulate P2X7 inevitably cause cell activation (because of 

sustained stimulation with extracellular ATP or to shRNA transfection), which despite increased 

mRNA accumulation, might accelerate NLRP3 protein degradation; thus, they are not directly 

comparable to genetic deletion.  

A typical feature of the P2X7 is its ability to drive large transmembrane cation fluxes via a poorly 

characterized nonselective large conductance pore (222,223). The physiologic significance of the 

large P2X7 pore is currently unknown. It has been hypothesized that it is involved in cytotoxicity 

(224), but although it is undisputed that under certain in vitro conditions P2X7 mediates necrotic or 

apoptotic cell death, it is also pretty clear that P2X7 functions are not restricted to cell death 

(225,226). This is even more cogent as the role of P2X7 in inflammation and immunity increasingly 

appears to be important (227). The proinflammatory function of the P2X7 large pore might be 

easier to understand if its activation was restricted to localized cytoplasmic sites where the 

associated Ca2+ increase and K+ drop were sensed by an appropriate transduction system. The 

NLRP3 inflammasome is likely to be the chief transduction apparatus that converts the drop in 

cytosolic K+ caused by P2X7 receptor activation into a proinflammatory signal. Although P2X7 is 

not necessary for NLRP3 activation by certain stimuli that gain direct access to the cytoplasm 

(228,229), it is now clear that K+ efflux is the common final pathway that drives NLRP3 

inflammasome activation (230). Few, if any, plasma membrane receptors are able to trigger fast and 

massive K+ fluxes like P2X7, and in turn, P2X7 -mediated inflammasome activation is entirely 

dependent on NLRP3 expression (210). Present data suggest that, although the P2X7 is not an 

integral inflammasome component, it associates to the inflammasome at discrete foci in the 

subplasmalemmal region, in both resting and activated conditions. Close in- teraction between 

P2X7 and NLRP3 has important implications for the mechanism of inflammasome activation 

because it localizes NLRP3 exactly where the K+ drop occurs, maximizing NLRP3 stimulation and 

minimizing possible untoward effects caused by an unrestricted loss of �cytoplasmic K. 

Furthermore, increased P2X7 /NLRP3 recruitment triggered by P2X7 stimulation provides a 

molecular mechanism for the amplification of the initial proinflammatory stimulus. Recruitment of 

P2X7 at discrete plasma membrane sites might be beneficial in additional ways, e.g., to concentrate 

P2X7 where it is needed for inflammasome activation and to remove P2X7 from areas where its 

activation might cause an unnecessary and even detrimental perturbation of cytoplasmic ion 
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homeostasis. Interestingly, P2X7 stimulation promoted P2X7 and NLRP3 colocalization but had a 

small effect on total cellular P2X7 or NLRP3 levels. On the contrary, LPS was an efficient stimulus 

for both colocalization and enhanced P2X7 and NLRP3 expression, both at the mRNA and protein 

level. In response to ATP, BzATP, or LPS, the adaptor molecule ASC showed little changes, 

whether at the mRNA or protein level.  

In conclusion, we show that P2X7 and NLRP3 closely interact and colocalize at discrete sites in the 

subplasmalemmal cytoplasm where P2X-7dependent changes in the ion concentration occur. This 

allows inflammasome activation and prevents possible cell damage caused by a generalized and 

uncontrolled increase in cytoplasmic Ca2+ and depletion of cytosolic K+.  
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4. AIMS 

P2X7 receptor is a trimeric ATP-gated cation channel principally known for induce cell death after 

longer activation by ATP, which leads to membrane permeabilization and cell death. On the 

contrary, its brief activation produces rapid inward cationic currents and intracellular signalling 

pathways associated with numerous physiological processes such as the induction of the 

inflammatory cascade, cell proliferation and survival. The role of P2X7 receptor in cell proliferation 

would seem a nonsense, but there is clear evidence from different cell types. The molecular 

mechanism of this process is not well clarified, but mitochondria seems play a pivotal role. HEK-

293 cells transfected with P2X7 receptor resulted in higher concentration of mitochondrial Ca2+ and 

ATP store due to a more efficient oxidative phosphorylation. Moreover measurement of 

mitochondrial membrane potential in P2X7-trasfected cells displayed a P2X7-dependent 

hyperpolarization.  

This project aims at investigating P2X7 localization to the mitochondria and the P2X7 role in 

mitochondrial physiology. P2X7 receptor is known as plasma membrane ATP-gated cation channel 

but we hypothesizes a possible intracellular distribution. Therefore we investigated P2X7  

localization in the mitochondrial compartment.  

P2X7-trasfected cells have been demonstrated to display a more efficient oxidative phosphorylation 

and higher intracellular ATP content that confers growth advantage. Therefore we analysed a range 

of parameters linking P2X7 receptor to mitochondria metabolism and function, such as energy 

profile in primary cell cultures from P2X7-WT or KO mice, and in several cell lines with variable 

P2X7 expression. Metabolic parameters were correlated with ROS production and cell migration. 
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5. RESULTS 
 
5.1 The  P2X7 is expressed in Mitochondria  

P2X7R fluorescence intensity increases after different stressor stimuli. 

To investigate the relationship between P2X7 receptor and mitochondria when cells are exposed to 

cellular stress stimuli, we first analyzed P2X7 fluorescence expression and followed modulation in 

time. We used the widely used P2X7 agonist BzATP and mitochondrial-stress stimuli, such as 

rotenone which induced inhibition of mitochondrial respiratory chain at complex I, and hydrogen 

peroxide (H2O2) which can be reduced to hydroxyl radical (OH).  We used a stable clone of human 

embryonic kidney 293 human P2X7 receptor cell line (HEK293-hP2X7R). Treatment with BzATP 

and Rotenone induced an increase of P2X7 fluorescence intensity, significant after 1 and 6 hours 

whereas H2O2 had an effect in the early phase of treatment with an important fluorescence gain after 

only 20 minutes, maintained in the course of time. 

 

Figure 8. Increase of P2X7 fluorescence intensity over time. Confocal microscopy images of  P2X7 (red) and 

Sigma1R (green) co-stained in fix HekP2X7h cells, in basal condition and after 3 different stimuli, BzATP (100 uM), 

H202(500 uM) and Rotenone (10uM). The graph shows the trend of P2X7R fluorescence over the time, with BzATP and 

Rotenone there is an significant increase after 1 and 6 h and with H202 after 20 minutes and 1 h (*p <0,05; bars S.D.).   
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P2X7R is localized to mitochondria. 

To analyze the mitochondrial localization of P2X7, we performed detailed subcellular fractionation 

in mouse embryonic fibroblasts cells from wild-type mice, Mefs wild-type cells.  

We isolated crude mitochondria, nuclei and a cytosolic fraction containing lysosomes and 

microsomes. Subsequent ultracentrifugation of the cytosolic fraction results in the separation of ER 

and cytosol, whereas the crude mitochondria preparation was further fractionated on a Percoll 

gradient to obtain purified mitochondria. We evaluated total homogenate, crude mitochondria, pure 

mitochondria and cytosol fractions by immunoblot analyses (Figure 9 A) using IP3R3 as a marker of 

MAMs, β-tubulin as marker of cytosol, VDAC as marker for mitochondria and Sigma 1RE as a 

marker of endoplasmicreticulum. 

We verified the intracellular distributions of P2X7 in HEK293-hP2X7R cells stained with anti-

P2X7 Abs and anti-Tom 20 as a specific marker for the mitochondria. Immunofluorescence 

analyses confirmed the presence of P2X7 at the mitochondria. Loalization of P2X7 to the 

mitochondria increases treatment cellular stress stimuli such as BzATP (100 uM), H2O2 (500 uM) 

and Rotenone (10 uM) (Figure 9B). 
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Figure 9. P2X7 intracellular localization. A Subcellular fraction of mouse embryonic fibroblasts (Mefs); H, 

homogenate; Mc, crude mitochondrial fraction; Mp, pure mitochondrial fraction C, cytosol. Ip3R3 was used as 

subcellular marker for MAMs, VDAC for mitochondria and Sigma1R for Endoplasmic reticulum. P2X7 is present in 

different district, cytosol, Mc fraction and in Mp fraction. B The below panel shows confocal microscopy images of  

P2X7 (red) and TOM 20 (violet) co-stained in HekP2X7h cells, at different time point after treatment with BzATP, 

H2O2 or Rotenone. Graphs under the microscopy images show the colocalization of P2X7 VS mitochondria (TOM 20) 

measured by Mandre’s Coefficient.*p <0,05; bars S.D.   
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5.2-P2X7 modulates mitochondrial metabolism 

P2X7 receptor modulates mitochondrial metabolism 

We measured oxygen consumption rate (OCR), maximal respiratory capacity, spare respiratory 

capacity, ATP coupled respiration, and proton leak of the electron transport chain (ETC) in the 

microglial cell line (N13) and in primary cell cultures (microglia, Mef) from WT or P2X7-KO mice 

using the Seahorse XFe96 Analyzer (Seahorse Bioscience, Massachusetts, USA QUESTO LO 

METTI NEI MATERIALI E METODI). Mitochondrial OCR and ECAR allowed to measure the 

effect of P2X7 expression/activation on oxidative phosphorylation (OXPHOS) and glycolysis, 

respectively. The difference in mitochondrial function of N13-WT Vs N13-R, microglia-WT VS 

microglia P2X7-KO, Mef-WT VS Mef-P2X7-KO was analyzed by sequentially adding specific 

mitochondrial inhibitors, which allowed investigation of individual coupling sites of the respiratory 

chain.	 The addition of oligomycin, a natural antibiotic that inhibits F0/F1 ATPase (complex V), 

differentiates the ATP-linked respiration from the proton leak. Following oligomycin addition, the 

maximal respiratory rate was determined by subsequent addition of FCCP, an uncoupler that 

maximally stimulates OCR. Finally, antimycin A addition inhibited the electron flux at  complex III 

and allowed to measure residual OCR from non-mitochondrial respiration. As shown in Figure 10 

all the mitochondrial respiratory parameters were severly inhibited in P2X7 null cells or in xells 

with reduced P2X7 expression. Changes in mitochondrial metabolism in P2X7-KO versus WT cells 

might be due to a reduced mitochondrial content. To exclude this possibility, we quantitated the 

amount of TOM 20 ( a protein present in the outer mitochondrial membrane), Tim 23 ( localize in 

inner membrane) and Hsp60 ( present in the matrix) in the different mitochondrial preparations. A s 

shown in Fig.11, there was no significant change in mitochondrial content in the different cell 

types. 
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Figure 10. P2X7 modulate mitochondrial metabolism. Oxygen Consumption Rates (OCR) and respiration 

parameters in 2 different primary culture of cells P2X7 wt or ko (Mefs and Microglia) and one cell line P2X7 wt or 

P2X7 poor (N13). Oxygen Consumption Rate (OCR) trace was determined using a Seahorse XF24 Analyzer. Basal 

respiration, Atp production, Maximal Respiratory Capacity, Spare Respiratory Capacity  and Proton leak where all 

decreased in cells without or with a lower expression of P2X7. *  p<0.05 **p <0.02 bars S.D.   
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P2X7R-dependent changes in mitochondrial metabolism are not due to changes in mitochondrial protein content 

Figure 11.Western blot analysis of  different mitochondrial protein in P2X7Rwt or R N13 cells and in P2X7RWT or 

KO Mefs cells. Tom 20 was used as a marker of outer mitochondria membrane, Tim 23 as a marker of inner 

mitochondria membrane and Hsp60 as a matrix marker. The right graph shows no difference in the content of the same 

protein in N13 wt VS N13 R and in MefWT VS MefP2X7KO. bars S.D. 

P2X7R down-regulation reduce mitochondrial membrane potential  

The	 respiratory	 chain	 and	 mitochondrial	 ATP	 production	 are	 coupled	 through	 the	

mitochondrial	membrane	potential	(Ψm	),	providing	the	proton	motive	force	needed	for	ATP	

synthesis	 at	 mitochondrial	 complex	 V. Tetramethyrhodamine methyl ester (TMRM) is a 

lipophilic potentiometric dye used as a fluorescent probe to monitor the membrane potential of 

mitochondria. We used TMRM for analyzed the cellular impacts of P2X7 receptor deficiency, using 

P2X7-knockout cells line and primary culture, on mitochondrial membrane potential.	Ψm appeared 

to be decreased in N13R, microglia P2X7KO and Mef P2X7KO cells.  

Figure 12. Mitochondrial membrane potential in P2X7wt or KO cells .N13 , Microglia and Mefs cells are staining 
with TMRM (50 nM, red) and treated with FCCP (10 µM). The intensity of TMRM reflects the level of ΔΨm. The 
TMRM signal is reduced in P2X7RKO or P2X7-less cells relative to wild-type cells. 
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Lack of P2X7 receptor does not impair electron flux in isolated mitochondria. 	

To better understand P2X7 receptor role in the modulation of mitochondrial metabolism we 

analysed isolated mitochondria from liver of P2X7-WT or P2X7-KO mice. This experiment is 

designed to investigate each single complex of the electron transport chain by the addition to 

uncoupled mitochondria of specific inhibitors of the different coupling sites (Fig.13). No 

differences in electron flow throughout all the different conditions tested were observed. These data 

suggest that P2X7 effects on mitochondrial metabolism depend on a signalling pathway requiring 

and intact intracellular environment.  

 

 

 

 

 

 

 

 

Figure 13. P2X7 receptor doesn’t influence complex of respiratory chain in isolated mitochondria.Electron flow 

bioenergetics experiment. A: General oxygen consumption rate (OCR) profile after the consecutive addition of 

rotenone, succinate, antimycin A, and ascorbate/TMPD. Initial maximal respiration is under FCCP. Each assayed in six 

replicates. Bar S.D 
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5.3 P2X7 receptor stimulates cell migration and stimulates ROS production. 

P2X7 receptor raises cell migartion trought Ros production 

P2X7 activation has been reported to induce ROS formation in a number of cell types, including 

primary microglia (Parvathenani et al; 2003). Thus, ROS formation in the N13 cell line was 

investigated using the ROS sensitive probe DCF. Cells loaded with H2DCFDA (which is converted 

to DCF inside cells) were incubated in the absence or presence of mitochondrial substrate methyl 

succinate (electron donor at complex II of respiratory chain). Incubation with 2.5 mM methyl 

succinate induced significant ROS formation in both N13 wt and N13 R cells compared to control 

cells. N13R cells became after treatment able to produce an amount of Ros similar to wild type cells 

(Fig.14 D).  Moreover to address the role of P2X7-mitochondria-Ros on cell migration, we 

employed the wound-healing test. Cells were induced to migrate into a wound created by scratching 

confluent cultures with a pipette tip to examine the migration of N13 R cell lines respect N13 WT. 

N13 were selected for this experiment because of their characterized high migratory potential. 

Closure of wounded area was monitored for 24 h. As shown in 14 A, the open area was rapidly 

partial covered by the N13 wt cells in comparison with N13 R cells after 24 h. Furthermore, methyl 

succinate accelerated wound closure in N13 R cells at 24 h than the untrated cells (Fig.14). 
Quantification of wound closure is represented in bar diagram in Fig. 14 B. The quantified open 

area in vector control cells were reduced from 100% to 42%, N13WT cells and only 57 % in N13 R 

cells where shrunk from 100 to 35%, after methyl succinate tratment. These data suggest that 

induction of Ros production via mitochondria respiratory chain significantly accelerates motility of 

the N13 R cells. 
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Fig.14. P2X7 receptor raises cell migartion trought Ros production. Phase contrast photographs of the cultures 

taken at 0 h (immediately after scratching) and at the indicated time intervals show the wound closure by cells showing 

N13 WT (up panels) and N13 R (below panel) (B) Quantification of the wounded area invaded at different time points 

by treated/untreated N13 WT or N13 R. Results represent the mean of five measures of each wounded area, obtained on 

triplicate biological samples. Error bars indicate s.d. (C) Effects of Methyl Succinate on mitochondria membrane 

potential. The mitochondrial membrane potential (ΔΨ) was monitored using TMRM staining. N13 cells were preloaded 

with TMRM (50 nM) 30 min before Methyl Succinate (2.5 mM) treatment. The   intensity of TMRM fluorescence was 

detected using a fluorescent microscope and followed in time course. Methyl Succinate induced an increse of the 

mitochondria membrane potential within 30 min. (D) N13 WT and N13 R were stained with H2DCF-DA to measure 

intracellular ROS, in control or treated conditions with Methyl Succinate for 30 minutes analyzed by image-based 

cytometer. Histograms are then generated to display cell size and GFP fluorescence intensity. Graphs represent the 

mean ± SD from three replicates. P***<0.005. 	
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DISCUSSION 
P2X7 receptor is a trimeric ATP-gated cation channel found predominantly on immune cells. It is 

principally known to induce cell death through apoptosis after longer activation by ATP, which 

leads to membrane permeabilization and cell death. On the contrary, its brief activation produces 

rapid inward cationic currents and intracellular signalling pathways associated with numerous 

physiological processes such as the induction of the inflammatory cascade, cell proliferation and 

survival. (233).  The role of P2X7 receptor in cell proliferation would seem a nonsense, but there 

are clear evidences provided from different cell types, P2X7-transfected leukemic cells, normal T- 

and B-lymphocytes, microglia, fibroblasts (100;1001;102; 103;104). 

The molecular mechanism of this process is not well clarified. In an attempt to understand the role 

of P2X7 receptor in cell proliferation, our laboratory did a series of experiments in which (105) 

there were shown how HEK-293 cells transfected with the P2X7 receptor resulted in higher resting 

concentrations of mitochondrial Ca2+
 
and the subsequent release of large amounts of this cation 

from intracellular stores. In turn, this increase of Ca2+ stimulated NADH synthesis and ATP 

production via oxidative phosphorylation. This elevated intracellular ATP content facilitated cell 

survival and growth. Moreover, starting from this result, a second study has shown how P2X7 

expression in transfected HEK-293 cells increased intracellular Ca2+ by disrupting endoplasmic 

reticulum function leading to the activation of the nuclear factor of activated T-cells (NFATc1)  and 

consequently to the improvement of cell survival and cell protection from apoptosis (106). These 

evidences suggest an important role-played by mitochondria in P2X7-mediated cell proliferation or 

cell death and Ca2+ was hypothesized to be a linker between P2X7 and mitochondria. Furthermore 

cytotoxicity due to a strong P2X7 stimulation is preceded by mitochondrial swelling or even 

disruption of the mitochondrial network.  

For better understand the relationship between P2X7 and mitochondria we investigated in major 

detail the intracellular distribution of P2X7 receptor using different technique, such as cellular 

fractionation or immunofluorescence. Our results showed that P2X7 receptor is present not only in 

the plasma membrane but also in mitochondria and this data reinforce our idea of the pivotal role of 

this receptor in the mitochondrial energy state modulation or influence. The immunofluorescence 

had shown an initial colocalization between P2X7 receptor and mitochondria, which increases after 

cellular stress stimuli. These observations can suppose an enrichment of P2X7 at this compartment. 

To outline the functional relevance of P2X7 localization in mitochondria we analysed the energy 
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profile in different cell type, such as primary culture (Mefs, Microglia) and cell lines (N13).  Cells 

knocked-out for P2X7 receptor have shown a decrease of all the mitochondrial key parameters 

compared to wild-type cells, with a minor basal respiration, ATP production and respiratory 

capacity. The lower levels of respiration could arise from a decrease of the mitochondria’s number, 

but this explanation is unlikely since the amount of mitochondrial proteins were similar both in the 

wild-type and in knock-out cells. To support this finding, the resting mitochondrial membrane 

potential was higher in wild-type cells and is coupled with respiratory chain for providing the 

proton motive force needed for ATP production at mitochondrial complex V. It is well established 

that an increased mitochondrial membrane potential contributes to higher rates of mitochondrial 

ROS production (234), and its already reported the link between P2X7 receptor activation and ROS 

production (87). Our results confirm the correlation between P2X7 receptor, mitochondrial 

membrane potential and ROS production. Indeed the P2X7 KO cells exhibit a lower mitochondrial 

potential and a reduction of capacity to generate Ros. These data linked perfectly with the impaired 

mitochondrial metabolism. Moreover ROS (235) and N13R presents in fact a reduced ability to 

close the wound compared to wild-type cell (Wound hilling assay). We demonstrated the possibility 

to restore the migratory ability of cells trough the administration of an electron donor for complex II 

of respiratory chain, Methyl Succinate, which increased mitochondrial membrane potential leading 

to a major ROS production. All these observations support the important role of P2X7 in favourite 

cell functions which reclaim the contribute of functional mitochondria to produce ATP and to 

provide a wider framework of P2X7-vantage, in physiological and in pathological conditions. In 

different cancer P2X7 receptor is overexpress leading to benefits, such as more efficient 

mitochondrial metabolism and ATP synthesis. The efficient mitochondrial metabolism implicates a 

sustain mitochondrial potential and this is correlated with resistance to hypoxia, anchorage-

independent growth, and invasion of the basement membrane (236). The biochemical mechanism 

by which an increased mitochondrial potential allows better survival and growth is unknown, but 

our finding suggest that cells with hyperpolarized mitochondria accumulate higher cellular ATP 

stores providing a reasonable physiological explanation as adequate energy stores are a pre-

requisite for any cell function. 
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6. MATERIALS AND METHODS 
Reagents  

Benzoyl ATP (BzATP) was purchased from Sigma-Aldrich (St. Louis, MO). TMRM (Molecular 

Probes, Leiden, The Netherlands) was dissolved in DMSO to obtain a 10 mM stock solution and 

then diluted in the appropriate buffer. Carbonyl cyanide a-[3-(2-benzothiazolyl)6-[2-[2- 

[bis(carboxymethyl)amino]-5-methylphenoxy]-2-oxo-2H-1-benzopyran-7yl]- b-(carboxymethyl)-

tetrapotassium salt (FCCP) (Sigma-Aldrich) was solubilized in ethanol to a final stock 

concentration of 10 mM.  

Cells culture  

HEK293 cell was cultured in DMEM-F12 (Sigma- Aldrich). Media was complemented with 10% 

heat-inactivated fetal bovine serum (FBS), 100 U/ml penicillin, and 100 mg/ml streptomycin (all 

from Invitrogen, San Giuliano Milanese, Italy). Stable P2X7R clones were kept in the continuous 

presence of 0.2 mg/ml G418 sulfate (Geneticin) (Cal- biochem, La Jolla, CA). Experiments, unless 

otherwise indicated, were performed in the following saline solution, also referred to as “standard 

saline” in the text: 125 mM NaCl, 5 mM KCl, 1 mM MgSO4, 1 mM NaH2PO4, 20 mM HEPES, 

5.5 mM glucose, 5 mM NaHCO3, and 1 mM CaCl2, pH 7.4. Microglial wild-type (WT; N13wt) 

and ATP-resistant (N13ATPR) N13 cells were obtained and cultured in RPMI 1640 medium 

(Sigma-Aldrich, St. Louis, MO, USA), supplemented with 10% heat-inactivated fetal bovine serum, 

100 U/ml penicillin, and 100 mg/ml streptomycin (Euroclone, Milano, Italy) . Primary mouse 

microglia cells were isolated from 2- to 4-day-old postnatal mice as described previously (13). 

Primary MEFs Wt and P2X7Ko were prepared from embryos at day 13.5 of development (E13.5). 

Embryos were harvested and the individual MEFs were cultured in DMEM medium supplemented 

with 10% FBS, penicillin/streptomycin, and 2 mM L-glutamine. B16 cells were grown in RPMI 

medium supplemented with 10% fetal bovine serum, 100 U/mL penicillin, 100 mg/mL 

streptomycin, and nonessential amino acids (Sigma-Aldrich). B16 transfection was performed with 

TransIT-2020 transfection reagent (Tema Ricerca, Bologna, Italy) following the manufacturer’s 

instructions. The P2X7 short hairpin RNA (shRNA) in pSuper.neo.green fluorescent protein (GFP) 

vector was a kind gift of Dr Diaz-Hernandez (Universidad Complutense, Madrid, Spain). Stably 

transfected cell lines were obtained by se- lection with G418 sulfate (0.2–0.8 mg/ml; Calbiochem, 

La Jolla, CA, USA). Single cell-derived clones (B16 shRNA) were ob- tained by limiting dilution. 

HEK293 ratP2X7-GFP cells (HEK293- P2X7R-GFP) were obtained and cultured as previously 

descri- bed by Lemaire et al. (12).  
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Immunoprecipitation  

For coimmunoprecipitation experiments, cells were incubated on ice for 45 minutes in the 

following lysis buffer: 150 mM NaCl, 5 mM EDTA, 20 mM Tris, pH 7.5, 1% Triton X-100, 1 mM 

ben- zamidine, 1 mM phenylmethylsulfonyl fluoride, and protease inhibitor cocktail (all from 

Sigma-Aldrich). Lysates were clarified by centrifugation for 5 minutes at 20,000 g before use. Total 

protein content of cell lysates was measured with the Bradford assay. Immunoprecipitation was 

performed using Dynabeads Protein A (Life Technologies, Carlsbad, CA, USA) according to the 

manufacturer’s instructions. Dynabeads were preincubated with polyclonal rabbit anti-NLRP3 (cat 

no. ab91525; Abcam) and polyclonal rabbit anti-P2X7 (cat no. P8232; Sigma-Aldrich) antibodies 

before addition of lysates. As negative controls, eluates from antibody-coated beads in the absence 

of cell lysate and eluates from antibody-uncoated beads incubated together with the cell lysate were 

loaded 

Quantitative RT-PCR  

Total mRNA was extracted with TRIzol Reagent and the PureLink RNA Mini Kit (Life 

Technologies). RNA quality and concentra- tion were checked by electrophoresis on 1.5% agarose 

gel and spectrophotometric analysis, respectively. Quantitative RT-PCR was performed with the 

High-Capacity cDNA Reverse Tran- scription Kits (Applied Biosystems/Life Technologies, Foster 

City, CA, USA). Samples were run in triplicate in an AB StepOne. Real Time PCR (Applied 

Biosystems) with TaqMan Gene Ex- pression Master Mix (Applied Biosystems) using the 

following primers: Mm00440578m1 (P2X7), Mm00840904m1 (NLRP3), Mm00445747g1 (ASC), 

and 4352339E (mouse glyceraldehyde 3-phosphate dehydrogenase, mGAPDH) (Applied 

Biosystems Life Technologies). Quantitative RT-PCR was performed in duplicate following 

Minimum Information for Pub-lication of Quantitative Real-Time PCR Experiments guidelines 

(15).  

Subcellular Fractionation  

Cells were harvested, washed by centrifugation at 500 g for 5 min with PBS, resuspended in 

homogenization buffer (225 mM mannitol, 75 mM sucrose, 30 mM Tris-HCl pH 7.4, 0.1 mM 

EGTA, and PMSF) and gently disrupted by dounce homogenisation. The homogenate was 

centrifuged twice at 600 g for 5min to remove nuclei and unbroken cells, and then the supernatant 

was centrifuged at 10,300 g for 10 min to pellet crude mitochondria. The resultant supernatant was 

centrifuged at 100,000 g for 90 min (70-Ti rotor, Beckman) at 4 °C to pellet the ER fraction. The 

crude mitochondrial fraction, resuspended in isolation buffer (250 mM mannitol, 5 mM HEPES pH 
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7.4 and 0.5 mM EGTA ), was subjected to Percoll gradient centrifugation (Percoll medium: 225 

mM mannitol, 25 mM HEPES pH 7.4, 1 mM EGTA and 30% vol/vol Percoll) in a 10- ml 

polycarbonate ultracentrifuge tube. After centrifugation at 95,000 g for 30 min a dense band 

containing purified mitochondria was recovered approximately at the bottom of the gradient (and 

further processed as described in (rif. 232)). The quality of the preparation has been checked by 

western blot analysis using different markers for the fractions obtained.  

 

Immunoblot  

The P2X7 receptor directly interacts with the NLRP3 inflammasome scaffold protein:  

Proteins were analyzed on Bolt Mini Gels 4–12% SDS-PAGE (Life Technologies) and transferred 

onto nitrocellulose paper (GE Healthcare Life Sciences, Milano, Italy). Membranes were blocked 

with 2% nonfat milk (Bio-Rad, Hercules, CA, USA) and 5% bovine serum albumin (Sigma-

Aldrich) in TBS-T buffer (10 mM Tris-HCl, 150 mM NaCl, pH 8.0, and 1% Tween-20) and probed 

overnight at 4°C with rabbit anti-P2X7R (1:200 dilution; Sigma-Aldrich), rat anti-NLRP3 (1:250 

dilution; R&D Systems), monoclonal mouse anti-ASC (1:2000 dilution, cat. no. 04147; Millipore, 

Billerica, MA, USA), or rabbit anti-actin (1:1000 di- lution, cat. no. A2668; Sigma-Aldrich) 

antibodies. Membranes were washed 3 times for 5 min with TBS-T buffer and incubated in the 

same buffer for 2 hours at room temperature with horseradish peroxidase-conjugated secondary 

polyclonal antibody goat anti- mouse (1:500 dilution, cat no. ab97240; Abcam), goat anti-rabbit 

(1:500 dilution, cat no. ab7090; Abcam), or goat anti-rat (1:500 dilution, cat no. ab97057; Abcam) 

antibodies. After washing with TBS-T buffer, proteins were detected using ECL reagent (GE 

Healthcare Life Sciences). Gray values were quantified with ImageJ software.  

P2X7R is expressed in Mitochondria: 

Total cell lysates were prepared in RIPA buffer (50 mM Tris-HCl pH 7.8, 150 mM NaCl, 1% 

IGEPAL CA-630, 0.5% sodium deoxycholate, 0.1% SDS, 1 mM DTT) supplemented with 

proteases and phosphatases inhibitors (Inhibitor Cocktail). Proteins (15 µg) were quantified using 

the Bradford assay (Bio-Rad Laboratories), separated by SDS-PAGE and transferred to 

nitrocellulose membranes for standard western blotting. Antibodies were purchased from the 

following sources and used at the indicated dilutions: P2X7 (1:

 

(1:500) FROM Alomone Labs, 

TOM 20 (1:1000) and TIM 23 (1:2000) GAPDH (1:3000) actin (1:5000),  from Cell Signaling; 

Densitometric analysis of protein levels were performed with ImageJ software .  
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Immunofluorescence  

The P2X7 receptor directly interacts with the NLRP3 inflammasome scaffold protein:  

For microscopy, cells were fixed with 4% paraformaldehyde/PBS for 10 minutes at room 

temperature, followed by a 45-minute incubation with blocking solution (5% bovine serum 

albumin, 5% fetal bovine serum, and 0.1% Triton-X 100). The following antibodies were used: 

polyclonal rabbit anti-mouse P2X7 (1:100 dilution; cat no. P8232; Sigma-Aldrich) and monoclonal 

rat anti- mouse NLRP3 (1:25 dilution, cat no. MAB 7578; R&D Systems, Minneapolis, MN, USA). 

The following secondary antibodies were used: donkey anti-rabbit AlexaFuor 594-conjugated (cat 

no. ab150064) and goat anti-rat AlexaFuor 488-conjugated (cat. no. ab150157; 1:500 dilution; 

Abcam, Cambridge, United Kingdom). Cells were counterstained with DAPI (Fluoroshield 

Mounting Medium; Abcam).  

P2X7R is expressed in Mitochondria: 

HEK293-hP2X7R cells were fixed in 4% paraformaldehyde in PBS for 15 min, washed three times 

with PBS, permeabilized for 10 min with 0.1% Triton X-100 in PBS and blocked in PBS containing 

2% BSA for 20 min. Cells were then incubated O/N at 4°C in a wet chamber with the following 

antibodies: anti-P2X7 (Sigma- Aldrich) for P2X7 receptor, anti-Tom 20 (Cell Signaling) , dilute 

1:100 with 2% BSA in PBS. Staining was then carried out with Alexa 543 anti-rabbit for P2X7 

receptor, with Alexa 633 anti-mouse for TOM 20, secondary antibodies. After each antibody 

incubation, cells were washed three times with 0.1% Triton X-100 in PBS. Samples were mounted 

in ProLong Gold antifade (Invitrogen) and images were obtained by confocal fluorescence 

microscopy ( LSM 510; Carl Zeiss MicroImaging, Inc.)  

P2X7-GFP and Fura-2/AM imaging  

The cytosolic Ca2+ concentration was measured using the fluo- rescent Ca2+ indicator Fura-2/AM 

(Life Technologies). HEK293- P2X7-GFP cells were grown on 24-mm coverslips and incubated at 

37°C for 30 minutes in 1 mM Ca2+-containing Krebs Ringer phosphate buffer supplemented with 

2.5 mΜ Fura-2/AM, 0.02% Pluronic F-68 (Sigma-Aldrich) and 0.1 mM sulfinpyrazone (Sigma-

Aldrich). Cells were then rinsed and resuspended in 1 mM Ca2+-containing Krebs Ringer 

phosphate. For Ca2+ measure- ments, cells were placed in an open Leyden chamber on a 37°C 

thermostatted microscopy stage and imaged with and Olympus Xcellence microscopy system 

(Olympus, Shinjuku, Tokyo, Japan). Excitation filters 340/26 and 380/11 nm were used for Fura-

2/AM and 485/20 nm for GFP (Chroma, Bellows Falls, VT, USA). Emission filter was 500/10 for 

both fura-2 and GFP imaging. Images were acquired with a Hamamatsu Orca R2 camera 

(Hamamatsu Photonics, Hamamatsu, Japan) using an exposure time of 20 ms, with a 500 ms delay 

per cycle. Micro- injections were performed using an Eppendorf transjector 5246 microinjector 
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system (Eppendorf, Hamburg, Germany). Stimuli were loaded into Eppendorf femtotips 

(Eppendorf) placed closer than 1 mm to the cell edge. Single puffs (150 mM saline solution or 100 

mΜ BzATP dissolved in the same solution) were generated by applying a 200 hPa pressure pulse 

for 0.5 s. Control experiments were performed with the selective P2X7R antagonist AZ10606120 

(300 nM; Tocris Bioscience, Bristol, UK). Fura-2/AM and P2X7R- GFP fluorescence emission 

(expressed as relative fluorescence units) was measured in the proximity of the site of stimulation 

and in an area distal to the stimulation site.  

Isolation of liver mitochondria 

Mitochondria from C57bl/6 (male) mice aged 6 weeks were isolated by one methods, based upon 

Schnaitman and Greenawalt protocol (Schnaitman C 1968). Specifically, the liver was extracted 

and minced in ∼10 volumes of MSHE+BSA (4°C), and all subsequent steps of the preparation were 

performed on ice. The material was rinsed several times to remove blood. The tissue was disrupted 

using a drill-driven Teflon glass homogenizer with 2–3 strokes. Homogenate was centrifuged at 800 

g for 10 min at 4°C. Following centrifugation, fat/lipid was carefully aspirated, and the remaining 

supernatant was centrifuged at 8000 g for 10 min at 4°C. After removal of the light mitochondrial 

layer, the pellet was resuspended in MSHE+BSA, and the centrifugation was repeated. The final 

pellet was resuspended in a minimal volume of MSHE+BSA. Total protein (mg/ml) was 

determined using Bradford Assay reagent (Bio-Rad). Typically, ∼7.5 mg of mitochondria (100 µl 

volume) was obtained from a single mouse liver.  

 

Seahorse mitochondrial flux analyses. 

Oxygen consumption and extracellular acidification in Cell line (N13) and Primary cell culture 

(Microglia, Mef) were measured using the Seahorse XF96 Extracellular Flux Analyzer instrument. 

The first day cells were seeded in triplicate in 80 ul DMEM complete medium at a adequate density 

in XF96 96-well cell culture plate (Seahorse Bioscience). The XF96 sensor cartridge was hydrated 

with 200 µl/well of XF Calibrant buffer and placed in incubator without CO2 for all the night. The 

second day,  before running the assay, we replaced complete media, of the cells, with Seahorse 

assay medium supplemented with Glucose (10mM) and Sodium Piruvate (2mM),  pH to 7.4 and 

equilibrated for 1 h at 37 °C without  CO2. Through different port in the cartridge we injected 

Oligomycin, inhibits ATP synthesis by blocking the proton channel of the Fo portion ATP synthase 

(Complex V); Carbonyl cyanide 4-(trifluoromethoxy) phenylhydrazone (FCCP), an uncoupling 

agent because it disrupts ATP synthesis by transporting hydrogen ions across the mitochondrial 

membrane instead of the proton channel of ATP synthase (Complex V) and a mix of 
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Rotenone/Antimycin A, a Complex I/III inhibitor.  After the calibration the cell plate was placed in 

analyzer and extracellular acidification rate (ECAR) and oxygen consumption rates (OCR) were 

simultaneously measured before and after the injection of the different compounds. We normalized 

ECAR and OCR measurements to cells content in each well determined via crystal violet.  

 

Respiration in isolated mitochondria 
Electron flow experiments were  conducted in isolated mitochondria using an XF96 extracellular 

flux analyzer (Seahorse Bioscience, North Billerica, MA). Immediately following mitochondrial 

isolation, protein was quantified using the Bradford assay (Bio-Rad Laboratories) and mitochondria 

were plated on Seahorse cell culture plates at a concentration of 10 μg/ well in the presence of 10 

mM pyruvate (P5280; Sigma-Aldrich, St. Louis, MO) and 5 mM malate (P5280; Sigma-Aldrich, St. 

Louis, MO) which stimulated mitochondrial electron transport; with succinate (10 mM, in the 

presence of the Complex I inhibitor rotenone, 2μM, in order to direct the electron flow exclusively 

through complexes II, III and IV) or with the artificial substrates ascorbate/TMPD (10 

mM/100μM,respectively, in the presence of the Complex III inhibitor antimycin at 4μM, in order to 

selectively activateComplex IV) (Rogers et al; 2011). 

Mitochondrial membrane potential measurements                                                            

Mitochondrial membrane potential (∆Ψm) was measured using 10 nM tetramethyl rhodamine 

methyl ester (TMRM) on a confocal microscope (model LSM 510; Carl Zeiss MicroImaging, Inc.). 

FCCP (carbonyl cyanide p-trifluoromethoxyphenylhydrazone), to collapses mitochondrial ∆Ψ. The 

signal was collected as total emission >570 nm.  

Diclorofluoresceina (DCF) fluorescence measurement of reactive oxygen species. 

The fluorogenic substrate 2′,7′-dichlorofluorescein diacetate (DCFDA) is a cell-permeable dye that 

is oxidized to highly fluorescent 2′,7′-dichlorofluorescein (DCF) by H2O2. Levels of ROS were 

assessed by DCFDA fluorescence in N13 WT and R untreated or treated with 2.5 mM Methyl 

Succinate for 30 minutes prior to measurement.Intensity fluorescence was measured using a image-

based cytometer (Tali™ Image-based Cytometer, Invitrogen).The cells were pipetted into a Tali 

Cellular Analysis Slide and loaded into the cytometer. Bright field, green fluorescence images are 

captured and analyzed using assay specific algorithms. Histograms are then generated to display 

cell size and GFP fluorescence intensity. Graphs represent the mean ± SD from three replicates. 

P***<0.005.  
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Wound healing assay. 

N13 WT and N13 R cells were grown to confluence in 24-well and the wounds were made 

simultaneously in all the wells with sterilized one-milliliter pipette tip. Phase contrast pictures were 

taken at 0 and 24 hours. Cell migration was observed in control condition and after the treatment 

with 2.5 mM Methyl Succinate.   

The open wound area at 0 hours was regarded as 100%. Images were then analyzed using open 

source ImageJ Fiji software. Values represent mean ± SD from three replicates. P***<0.005.  

Statistical analyses                                                                                                                                                

Statistical analyses were performed using Student‟s t-test. A p-value ≤ 0.05 was considered 

significant. All data are reported as mean ± s.e.m., or means ± SD where indicated.  
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