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1. INTRODUCTION 

1.1. Definition of heart failure 

Chronic heart failure (HF) is defined as a complex clinical syndrome in which there is 

exertional limitation due to impaired ventricular filling and/or ejection of blood. HF is 

caused by a loss of a large quantity of functional myocardium after injury to the heart 

from various causes. The most common etiologies are ischemic heart disease, 

hypertension or diabetes mellitus, but also important causes of HF are inherited 

cardiomyopathies, infections, toxins (e.g. cytotoxic drugs, alcohol) or anatomical 

anomalies (e.g. valvular heart diseases) (1). These critically ill patients suffer from life 

threatening clinical symptoms including pulmonary edema, chronic hypoperfusion of 

brain, liver or kidney, thromboembolic events and cardiac cachexia.  

The prevalence of diagnosed HF is estimated at 1-2% of adult population in developed 

countries, and more than 60 million people are living with this condition worldwide (see 

for review: (2)). The increasing number of patients reflects on one hand the overall aging 

of the population, while improved survival from myocardial injuries and cardiovascular 

diseases, and the epidemic of metabolic comorbidities also contributes to the high 

prevalence of HF. HF inflicts significant morbidity and mortality that consumes a notable 

part of healthcare resources; HF patients take on average 4-6 HF-related medications, and 

majority of them is hospitalized one or two times a year (3, 4).  

Pathomechanism behind heart failure including the processes of maladaptive hypertrophy 

and cardiac remodeling has been investigated extensively. These mechanisms are 

developed as a response to stress signals by the pathological conditions mentioned to 

adjust to the impaired cardiac function and to maintain cardiac output and tissue 

perfusion. These compensatory mechanisms become maladaptive over time, and lead to 

the uncontrollable activation of renin-angiotensin-aldosterone system and autonomic 

nervous system. Both neurohormonal alternations and increased sympathetic activity may 

have profound impact on cardiac structure and function by increasing the secretion of 

angiotensin II, aldosterone and catecholamines, which promote interstitial fibrosis and 

cellular apoptosis by their downstream signaling and the secondary release of other 

mediators (5-7). These pathways are the major targets of currently used pharmaceuticals 

in the management of HF, and angiotensin-converting enzyme inhibitors, angiotensin 

receptor and beta adrenergic receptor blockers are recommended as first-line treatment 
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for HF (8). However, the long-term prognosis of HF is still devastating even in case of 

proper treatment. Therefore, new effective therapeutic strategies that might improve 

outcome of HF are needed. 

1.2. Inflammation and anti-inflammatory therapies in heart failure 

Inflammation consists of a complex cascade of molecular and cellular events, which plays 

an important role in the pathomechanism of cardiovascular diseases such as 

atherosclerosis, myocardial infarction, stroke or even heart failure (9-13). It has been also 

shown that the increased number of circulating leukocytes and the level of monocyte- or 

macrophage-derived pro-inflammatory cytokines including interleukin-1β (IL-1β), 

interleukin-6 (IL-6), transforming growth factor β (TGF-β) or tumor necrosis factor-α 

(TNF-α) correlates with a more advanced stage and worse outcomes independent of 

traditional metrics e.g. left ventricular ejection fraction. Furthermore, this strong 

association between outcome and inflammation is observed in the groups of HF patients 

both with reduced or preserved ejection fraction (14-18). The increase in the levels of 

pro-inflammatory cytokines is considered to be a responsive mechanism which generally 

provides benefits by mediating cardiac repair; nevertheless, sustained elevation of pro-

inflammatory cytokines results in a low-grade inflammation that has been identified as a 

contributor to the development and progression of cardiac injury (19). The safe 

intervention by anti-inflammatory drugs remains a challenge; however, results from 

recent preclinical and clinical studies prove that targeting inflammation may offer a novel 

approach to reduce risk for cardiac diseases and complications. In the following sections, 

the role of inflammatory pathways and their potential as therapeutic targets are 

summarized (Fig.1-2). 

1.2.1. Inflammatory mediators in the pathomechanism of heart failure 

The innate and adaptive inflammatory responses are important for maintaining normal 

cardiac tissue homeostasis. The immune system responses to cardiac injury by 

recognizing specific damage or injury associated molecular patterns (DAMPs). DAMPs 

are various molecules such as double-stranded DNA (dsDNA) from the nucleus or the 

mitochondria, RNA or organelle components released from damaged cardiomyocytes or 

other resident cardiac cells (20-22). DAMP-induced inflammatory response is activated 

by numerous pattern recognition receptors localized on the cell membrane e.g. Toll-like 

(TLRs), retinoic acid-inducible gene I-like or oligoadenylate synthase-like receptors and 
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in the intracellular space e.g. nucleotide-binding oligomerization domain-like receptors 

(NLRs) (23, 24). The DAMPs contribute to mediate initial immune response via 

cytokines by inducing chemotaxis, adhesion and migration of monocytes and neutrophils 

to repair cardiac injury. Although pattern recognition receptors are well-characterized in 

immune cells, their role in cardiac diseases is still under intensive research. 

Immune responses by cytokines are generally mediated by activating their specific 

receptors and converging to regulate transcription factors from which nuclear factor 

kappa B (NF-κB) is the best characterized (25). NF-κB normally is inhibited by inhibitors 

of κB (IκBs). Classically, these inhibitors can be degraded by pro-inflammatory signals 

e.g. cytokines that activate IκB kinases. The phosphorylation and consequent degradation 

of IκB free NF-κB that in turn translocate to nucleus. In the non-canonical pathway, 

different signaling is activated which eventually based on the processing of p100 (a 

precursor of NF-κB) and activation of p52-Re1B dimer. The activation of NF-κB play a 

crucial role in the pathomechanism of cardiac remodeling and heart failure by fine 

modulation of cytokine secretion and genes related to hypertrophy and fibrosis (26-28). 

Nevertheless, it must be emphasized that NF-κB signaling can induce cardioprotective 

mechanisms beside its well-characterized harmful effects especially when activated in the 

early phase of cardiac insult (28-30). This presumably contributes to the mixed outcomes 

of anti-inflammatory therapies in cardiac diseases (see later in details). 

In the following section, we summarize the most relevant data on cytokines concentrating 

on their role in cardiac diseases in particular heart failure and cardiac remodeling.  

Tumor necrosis factor-α 

TNF-α is one of the key pro-inflammatory cytokines playing a role in the molecular 

pathomechanism of HF (31-35). The signaling of TNF-α is mediated through NF-κB 

pathway by two different receptors (TNF-α receptor 1 and 2, TNFR1/2) which have 

soluble forms as well. It is considered that the two receptors have divergent effects; thus, 

the relative expression ratio of these can determine the phenotype in a specific tissue. For 

instance, TNFR1 is associated with death domain that can induce caspase-mediated 

apoptosis, while TNFR2 lacks it. Moreover, classical NF-κB pathway is activated by 

TNFR1, while TNFR2 regulates predominantly via non-canonical pathway. However, 

crosstalk via TNF receptor-associated factor 2 (TRAF2) between the two types of 

receptors is a known phenomenon (36). Cardiac presence of TNF-α results in depressed 
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cardiac function by negative inotropic effects, which is believed to be a consequence of 

crosstalk between TNF-α signaling and sympathetic activity. According to preclinical 

studies, TNF-α also alters Ca2+ homeostasis, sphingolipid mediators and the function of 

G protein coupled receptor kinases that may lead to beta adrenergic receptor 

desensitization (37).  

Therefore, the role of TNF-α in cardiac physiology and pathophysiology is highly 

complicated which led to the failure of clinical translation of its inhibitors for cardiac 

diseases as discussed later in this dissertation. 

Transforming growth factor β 

TGF-β is a fibrogenic cytokine contributing to cardiac fibrosis, and its expression level is 

increased in fibrotic myocardium (38). TGF-β is a universal mediator with diverse effects 

in cardiac fibrosis by binding to TGF-β receptors (TβRI and TβRII) and activating TGF-

β/Smad pathway and increasing the transcription of α-smooth muscle actin (39). TGF-β 

could induce the transformation of fibroblasts and cardiomyocyte hypertrophy, and 

increase expression of extracellular matrix proteins and secretion of other cytokines (40, 

41). TGF-β receptors are expressed on a large population of immune cells such as 

monocytes, macrophages and mast cells (42). TGF-β can regulate immune function in 

multiple manner; thus, TGF-β may induce the secretion of profibrotic cytokines as well 

as suppress the release of these signals in specific microenvironment (43-45). These 

results suggest that early and moderate activation of TGF-β signaling might be beneficial; 

however, chronic overactivation is rather detrimental in cardiovascular diseases. 

Interleukin-6 

IL-6 was shown to be a pleiotropic as well as two-faced mediator in heart failure with 

wide array of functions through JAK-STAT and phosphoinositide 3-kinase (PI3K) 

pathways (46, 47). Acute secretion of IL-6 was demonstrated to be cardioprotective in 

particular during ischemia-reperfusion injury (48), while chronic elevation of IL-6 is a 

maladaptive response to cardiac insult (47). IL-6 promotes cardiac fibrosis and 

hypertrophy alone, but it is also critical in angiotensin-induced fibrosis and 

atherosclerosis (49, 50). In line with that, elevated levels of circulating IL-6 in heart 

failure patients were observed in clinical studies (10, 31, 51, 52). In contrast, other 

preclinical studies found that deletion of IL-6 is not sufficient to prevent fibrosis; 

moreover, lack of IL-6 was associated with cardiac dysfunction (53). Thus, further 
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preclinical and clinical studies are needed to clarify the role of IL-6 signaling in the 

progression of heart failure. 

Interleukin-1 superfamily 

IL-1 superfamily consists of a few cytokines such as IL-1α, IL-1β, IL-18 or IL-33 playing 

central role in the regulation of immune function. The members of this family share some 

similar biological features including being secreted as an inactive precursor and requiring 

further maturation by proteolytic cleavage to become active.  

IL-1β is one of the most intensively investigated among the known cytokines that 

associates with a large number of acute and chronic inflammatory diseases. The 

downstream signaling of IL-1β and its close relative, interleukin-1α is mediated by IL-1 

receptor type 1 (IL-1R1), a cell membrane receptor and its accessory protein (IL-1RAcP) 

which is recruited by IL-1R1 bound its ligand. The IL-1 receptor type 2 is a decoy receptor 

without significant downstream signaling; thus, it acts as a suppressor of IL-1 pathway. 

Another endogenous suppressor is IL-1 receptor antagonist (IL-1RA) that inhibits IL-1R1 

and IL-1RAcP transactivation preventing the activation of signaling pathway. Activation 

of IL-1R1 initiates phosphorylation of several interleukin-1 receptor activated kinases, 

which eventually leads to the modulation of NF-κB pathway (54).  

IL-1β has diverse effects on myocardium leading to impaired cardiac function. IL-1β was 

shown to decrease responsiveness to sympathetic stimuli, attenuate the expression of 

important genes of Ca2+ homeostasis and inhibit mitochondrial functions (55-57). The 

impact on Ca2+ handling may increase the risk of arrhythmias as well (12). IL-1β also 

promote cardiac remodeling, atherosclerosis and vascular dysfunction by activating TGF-

β signaling and enhancing activity of matrix metalloproteases (58-60). Eventually, 

activation of IL-1β signaling enhances the secretion of pro-inflammatory cytokines such 

as IL-6, TNF-α or even IL-1β itself. These findings may facilitate the intensive 

investigations to translate inhibitors of IL-1 pathway into clinical practice in the 

management of cardiac diseases. 

IL-18 is another member of IL-1 superfamily, and it shares signaling pathways and 

biological effects similar to IL-1β on cardiac system (61). IL-18 signaling is associated 

with diet-induced cardiac dysfunction in a mouse model of Western type diet by 

contributing to systemic inflammation (62). It has been also demonstrated that the 

deleterious cardiac effects of IL-1β may be partially IL-18-dependent or the cytokines 
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can act synergistically (63). Treatment with IL-18 neutralizing antibody or recombinant 

IL-18 binding protein, which is an endogenous inhibitor of IL-18, might be promising as 

therapeutic strategies; however, there is a general lack of preclinical and clinical studies 

in relation to cardiac diseases. Additionally, the controversial correlation between cardiac 

function, the prognosis of HF and circulating level of IL-18 indicate that IL-18 might play 

a mixed role in the modulation of HF-related inflammation that needs to be clarified in 

the future (64). 

 

Figure 1 – Summary of cytokine-mediated inflammatory pathways and their effects in cardiac diseases. 

Danger-associated molecular patterns (DAMPs) as well as pro-inflammatory cytokines released after 

cardiac insult can modulate the activity of nuclear factor kappa B (NF-κB) and related pathways. NF-κB 

activity regulates the secretion of profibrotic, pro-hypertrophic and pro-inflammatory cytokines at 

transcriptional level. The activation of precursor IL-1β and IL-18 is an inflammasome-dependent process, 

which is induced by sensing intracellular DAMPs with intracellular pattern recognition receptors (PRR). 

Inflammasome activation may be modulated by cell ion channels including purinergic receptors and 

pannexin channels. The cytokines act on cardiomyocytes, non-immune cells of cardiac tissue e.g. 

fibroblasts and endothelial cells and immune cells in paracrine or autocrine manners that results in cardiac 

remodeling and chronic inflammation. Abbreviations: PRR – pattern recognition receptor, IL-1R1 – 

interleukin-1 receptor 1, TNFR – tumor necrosis factor receptor, TβR – TGF-β receptor, TLR – Toll-like 

receptor, P2X4/7 – purinergic receptor 2X 4 and 7, IL-1β/18/6 – interleukin-1β, -18 and -6, TNF-α – tumor 

necrosis factor-α, TGF-β – transforming growth factor-β, ROS – reactive oxygen species. (Summary figure 

was prepared according to references cited in the main text.) 
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1.2.2. Inflammasome activation - a key source of active IL-1β  

IL-1β is secreted by immune cells as a part of the inflammatory reaction and acts both via 

autocrine and paracrine manner. IL-1β activity is strictly regulated, as it requires the 

conversion of the inactive protein, the IL-1β precursor or pro-IL-1β, to the cleaved or 

active cytokine by proteolysis. A set of endogenous signals including the stimulation of 

TLRs, TNFRs or even interleukin-1 receptor itself induces the synthesis of the inactive 

IL-1β precursor via NF-κB and related pathways (30, 65). This process, when precursor 

IL-1β and inflammasome components are accumulated to create a reserve waiting for 

further processing, is called “priming”. 

The maturation and release of IL-1β is controlled by inflammasomes, which are 

cytoplasmic multiprotein complexes comprising a sensor protein, inflammatory caspases, 

and adapter proteins in some cases (Fig.2) (66, 67). Inflammasomes emerged in the last 

decade to constitute essential processing units contributing to DAMP sensing (24). 

Inflammasome-related pattern recognition receptors (PRR) are expressed in numerous 

cell types such as monocytes, macrophages, neutrophils or even in epithelial cells (68). 

The assembly of inflammasomes is localized in the cytoplasm of immune cells leading to 

proteolytic activation of caspases and interleukins, which drives the immune responses. 

Although inflammasome activation has been shown to be vital to host defense, the 

activation process needs to be strictly regulated to limit collateral damage to the host 

itself. 

A few cytoplasmic PRRs can assemble into the inflammasome complex. These are 

categorized on the basis of protein domain structures (69). The NOD leucine-rich repeat-

containing receptor (NLR) family consists of subfamilies by N-terminal effector domains: 

the acidic transactivation domain, pyrin domain (PYD), caspase recruitment domain 

(CARD), and baculoviral inhibitory repeat-like domains (NLRA, NLRP, NLRC and 

NLRB, respectively). Another class of PRR is represented by PYHIN protein family 

members, such as absent in melanoma 2 (AIM2) containing hematopoietic interferon-

inducible nuclear domain 200 and PYD.  

The different inflammasomes converge onto the common signaling pathway, i.e. caspase 

activation. Inflammasome sensors or so-called scaffold proteins (NLRPs or AIM2) 

assemble to oligomer complexes, which are sometimes completed with adaptor and 

effector proteins such as apoptosis-associated speck-like protein containing a CARD 
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(ASC). The activated caspases (usually caspase-1 in case of canonical inflammasome 

activation) cleave pro-inflammatory cytokines IL-1β, IL-18 and pore-forming protein 

gasdermin D (70).  The pore-forming activity of gasdermin D is essential for releasing 

cytokines and mediating a highly inflammatory form of programmed cell death called 

pyroptosis (71). In case of non-canonical inflammasome activation, caspase-11 in mice 

or its human orthologues caspase-4/5 can initiate pyroptosis and interleukin cleavage by 

sensing intracellular pathogens and molecular patterns e.g. lipopolysaccharide via TLR-

independent manner (72). 

 

Figure 2 – Inflammasome signaling – priming and activation. The transcription of precursor interleukins 

(“priming”) is modulated by different receptors via nuclear factor kappa B (NF-κB) and related pathways. 

Specific signals such as danger- of pathogen-associated molecular patterns (DAMP, PAMP) induce the 

assembly of inflammasome complex leading to caspase activation and cleavage of precursor interleukins 

and/or gasdermin pore-forming (“activation”). Abbreviations: IL-1R – interleukin-1 receptor, TNFR – 

tumor necrosis factor receptor, TLR – Toll-like receptor, P2X4/7 – purinergic receptor 2X 4 and 7, dsDNA 

– double stranded DNA, IL-1β/18 – interleukin-1β and -18. (Summary figure was prepared according to 

references cited in the main text.) 

In the past decade, researchers have focused on the role of inflammasomes, in particular 

NLRP3, in large number of diseases including some common cardiovascular conditions 

(73, 74). According to preclinical studies, NLRP3 inflammasome activation is an 

important player in early fibrosis, cardiac remodeling and ventricular dysfunction after 
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ischemic injury which can be attenuated by NLRP3 inhibition (75-78). Additionally, the 

NLRP3 inflammasome also contributes to the pathogenesis and progression of cardiac 

dysfunction induced by early pressure-overload, infection, angiotensin II-related 

hypertrophy, obesity or aging (79-83). NLRP3 inflammasome activation has been shown 

to be localized in immune cells; nevertheless, there are controversial reports showing that 

cardiomyocytes and fibroblasts may be capable of expressing inflammasome components 

and even to undergo pyroptotic cell death (75, 76, 79). 

In addition to the best characterized NLRP3 inflammasome activation, other 

inflammasome pathways have been identified playing a role in cardiovascular diseases as 

well. According to recent reports, NLRP1 and NLRC4 are associated with cardiac 

diseases such as stroke or cardiomyopathies (11, 84). Non-NLR type inflammasome 

sensor AIM2, which senses cytoplasmic dsDNA, has been proven to participate in 

inflammatory responses after cardiac events as well. The AIM2 inflammasome has shown 

to display enhanced activity in response to acute myocardial infarction, diabetic 

cardiomyopathy, stroke and atherosclerosis in various animal models (11, 20, 21, 85-87).  

In summary, these promising data from basic and preclinical research facilitate the 

translation of various anti-inflammatory strategies into clinical practice in the 

management of chronic cardiovascular conditions. 

1.2.3. Anti-inflammatory therapies in cardiac diseases 

A large set of studies were published studying anti-inflammatory therapies in HF. 

Preclinical studies have demonstrated the beneficial effects of targeting inflammatory 

pathways in various models for atherosclerosis, myocardial infarction, stroke or HF. 

Despite the promising preclinical findings, clinical studies have provided disappointing 

and conflicting results so far (Table 1). The literature on using anti-inflammatory drugs 

in cardiovascular diseases are revised in the following section. 

Nonsteroidal anti-inflammatory drugs 

Nonsteroidal anti-inflammatory drugs (NSAIDs), including diclofenac, naproxen, 

ibuprofen and others inhibit prostaglandin synthesis by blocking cyclooxygenase-1 and -

2 (COX-1, -2) enzymes leading to reduction of inflammation, fever and pain. Both non-

selective and COX-2-selective NSAIDs aside from low-dose aspirin, which is widely 

used as secondary prevention of acute coronary syndromes and stroke (88, 89), are 
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associated with increased cardiovascular risk particularly with major cardiac events such 

as myocardial infarction (90). The use of NSAIDs is not recommended after acute 

coronary syndromes for at least 3-6 months (91). NSAIDs may increase the risk for 

developing heart failure and its complications even without the history of previous cardiac 

events (90, 92). Interestingly, ibuprofen and some other NSAIDs can still be used in the 

management of pericarditis (93). 

Glucocorticoids 

Glucocorticoids are released from the adrenal cortex cyclically and in response to stress 

signals. These hormones act on intracellular glucocorticoid receptors which are expressed 

nearly on all tissues in the human body. Thus, the effects of glucocorticoids are highly 

variable depending on the cell and tissue context. In the cardiovascular system, 

glucocorticoids have significant impact on the development and maturation of cardiac 

myocytes (94, 95). In pathological conditions, glucocorticoids may increase contractility 

and cardiomyocyte survival (96). However, chronic glucocorticoid administration with 

persistently high levels may lead to the increased risk of various systemic side effects 

such as diabetes mellitus, hyperlipidemia or hypertension which are the major risk factors 

of cardiovascular events. Moreover, high dose glucocorticoids can act on 

mineralocorticoid receptors as well; the stimulation of which promotes fibrosis and 

cardiac remodeling (97). Therefore, clinical translation of anti-inflammatory therapy by 

glucocorticoids is limited due to diverse side effects which exceed the potential benefits. 

TNF-α inhibitors 

TNF-α inhibitors, a group of biologic agents in the treatment of inflammatory diseases, 

arose as innovative therapeutic agents in HF after observations that TNF-α may play a 

role in impaired cardiac pump function and cardiac remodeling (98-100). Despite the 

numerous promising preclinical results (32, 33, 101), Randomized Etanercept Worldwide 

Evaluation (RENEWAL) study revealed that etanercept did not improve outcomes at 

primary endpoints; moreover, it suggested that etanercept tended to increase HF 

hospitalization resulting in early termination of similar trials (35). Anti-TNF Therapy 

Against Congestive Heart Failure trial (ATTACH) confirmed these results (102). In 

accordance with the findings of RENEWAL, not only that TNF-α inhibitors were unable 

to improve outcomes but high dose infliximab (10mg/body weight kg) significantly 

increased all-cause mortality and HF-related hospitalization. This double-edged effect of 
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TNF-α may be explained by its complex role in cardiovascular diseases; TNF-α acts via 

NF-κB pathway which also participate in cardioprotection by reducing mitochondrial 

dysfunction, cell damage and reactive oxygen species activation (103). 

Methotrexate 

Methotrexate is an immunosuppressant drug, which is widely used to treat proliferative, 

inflammatory and autoimmune diseases. As an antimetabolite it can inhibit 

tetrahydrofolate synthesis competitively by blocking dihydrofolate reductase enzyme. 

Additionally, it was also reported that methotrexate can inhibit IL-1β and IL-6 signaling 

(104, 105). Previous observations on patients with rheumatoid arthritis and other 

inflammatory diseases revealed that methotrexate treatment reduces cardiovascular 

events compared to other therapies (106, 107). Therefore, a large prospective randomized 

study (Cardiovascular Inflammation Reduction Trial, CIRT) was conducted to evaluate 

the efficacy of low-dose methotrexate in the prevention of cardiovascular events among 

patients with history of atherosclerosis (108). CIRT showed no benefits of methotrexate 

in the prevention of cardiovascular events or HF hospitalization. Interestingly, 

methotrexate was not capable of reducing the serum levels of IL-1β and IL-6, indicating 

a distinct mechanism behind the original observation among rheumatologic patients.   

IL-1 inhibitors 

As described in the previous section, the role of IL-1β in cardiac diseases has been 

demonstrated before. Thus, targeting IL-1β and its signaling pathway by different 

biologic agents such as anakinra (a recombinant human analogue of IL-1RA) or 

canakinumab (a fully human monoclonal antibody against IL-1β) in the prevention and 

management of cardiovascular disease gained interest for many years. Previous clinical 

observations on small numbers of rheumatologic patients provided promising evidences 

on the efficacy of blocking IL-1β as therapeutic strategy for cardiac conditions (109).  

Pilot studies with anakinra (Virginia Commonwealth University Anakinra Remodeling 

Trial, VCU-ART and VCU-ART2) suggested mixed effects of anakinra; anakinra did not 

prevent new cardiac events but tended to decrease the risk of novel onset HF (110). Other 

clinical trials with anakinra e.g. Diastolic Heart Failure Anakinra Response Trials (D-

HART and D-HART2) and Recently Decompensated Heart Failure Anakinra Response 

Trial (REDHART) had similar results; there were slight improvements in some of the 

primary endpoints (111, 112). Furthermore, anakinra was well-tolerated in these studies. 



18 

 

The phase II study on the efficacy of canakinumab (Canakinumab. Anti-Inflammatory 

Thrombosis Outcome Study, CANTOS) included 10,061 patients with history of 

myocardial infarction and serum C-reactive protein level ≥ 2mg/L (113). Blockade of IL-

1β with canakinumab (single dose of 150mg in every 3 months) was capable of reducing 

the incidence of major cardiovascular events such as myocardial infarction, stroke and 

cardiovascular related death as well as the hospitalization for HF exacerbation. However, 

the initial optimism about canakinumab faded quickly. Canakinumab increased the risk 

of severe infections; thus, all-cause mortality was not reduced presumably due to 

increased fatality caused by infections. Ultimately, U.S. Food and Drug Administration 

(FDA) rejected canakinumab in cardiac indications.  

Of note, the use of rilonacept, a chimeric fusion protein of IL-1R1 and IL-1RAcP acting 

as a decoy receptor for the members of IL-1 superfamily, and gevokizumab, another 

monoclonal antibody against IL-1β, was associated with unfavorable U-shaped dose-

response curve and discouraging real-life experiences leading to the premature 

termination of their testing in cardiovascular indications (114).  

In addition to direct blockers of IL-1β, the inhibitors of IL-1β secretion and activation 

may represent a new innovative way of anti-inflammatory therapy. NLRP3 

inflammasome inhibitors such as inzomelid (developed by Roche) or dapansutrile 

(OLT1177) are intensively investigated for the use of inflammatory indications. 

Dapansutrile has been tested for acute myocardial infarction and heart failure in phase 1 

(77). However, these results are not reported yet (115).  

Colchicine 

Colchicine is an anti-inflammatory drug which is extensively used in the management of 

acute attacks of gout. It can act through various mechanisms of action. It inhibits tubulin 

polymerization and microtubule generation presumably resulting in decreased migration 

and adhesion of immune cells, but also has significant effect on cytokine production and 

downstream signaling (116, 117).  

There are now clinical data available, that suggests that low dose (0.5mg) colchicine may 

reduce cardiovascular risk after ischemic events according to low-dose colchicine trials 

(LoDoCo and LoDoCo2) (118, 119) and Colchicine Cardiovascular Outcomes Trial 

(COLCOT) (120). Of note, non-cardiovascular mortality increased tendentiously in 

colchicine-treated groups in LoDoCo2 which phenomenon was not observed in 



19 

 

COLCOT. Still, the mixed tolerability, controversial outcomes and long-term effects of 

colchicine in trials require further investigations. 

IL-6 inhibitors 

IL-6 inhibitors e.g. tocilizumab or sarilumab are essential biological agents in the 

management of inflammatory diseases. As it was mentioned before, elevated serum IL-6 

has been observed in high-risk cardiovascular patients. The beneficial results of CANTOS 

study in prevention of atherosclerotic complications were associated with not only the 

reduced level of IL-1β but IL-6; furthermore, the residual inflammatory risk has shown a 

stronger relation to serum IL-6 than serum IL-18 (121).  

Population studies suggest that anti-IL-6 therapies such as tocilizumab are safe in high-

risk cardiovascular patients with rheumatic diseases, and these can decrease the levels of 

circulating inflammatory markers; however, tocilizumab has been shown to induce 

disturbances in lipid homeostasis, which may be disadvantageous in the prevention of 

cardiac diseases (122, 123). Nevertheless, innovative new IL-6 inhibitor ziltivekimab has 

been shown to be effective for reducing inflammatory markers in patients with high serum 

level of high-sensitivity C-reactive protein and chronic kidney disease in phase II trial 

RESCUE without significant adverse events (50). Therefore, new clinical trial called 

Ziltivekimab Cardiovascular Outcomes Study (ZEUS) has been scheduled to 2021 in 

order to investigate the efficacy of IL-6 inhibition in the prevention of cardiovascular 

events (124). 

Table 1 – Summary of anti-inflammatory therapies in cardiovascular diseases.  

Drug Clinical trials Outcome, results References 

Nonsteroidal anti-

inflammatory drugs 
metanalyses on safety cardiovascular risk↑ (90) 

Glucocorticoids QUEST-RA 
controversial; strongly depending on 

dose and patient population 
(107) 

Tumor necrosis 

factor-α inhibitors 

RENEWAL 

ATTACH 
cardiovascular risk ~ or ↑ (35, 102) 

Methotrexate CIRT no improvement at end points (108) 

Interleukin-1β 

inhibitors 

VCU-ART 

D-HART 

REDHART 

CANTOS 

anakinra: no significant improvement 

at primary end points 

canakinumab: cardiovascular mortality 

and risk↓, but overall mortality ~ 

(110-113) 
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Colchicine 
LoDoCo 

COLCOT 

cardiovascular risk↓ 

non-cardiovascular mortality ↑ in 

LoDoCo2 

(119, 120) 

Interleukin-6 

inhibitors 

RESCUE 

ZEUS (ongoing in 

2021) 

tocilizumab, sarilumab: cardiovascular 

events ~, inflammatory markers↓, but 

lipid profile disturbances 

ziltivekimab: inflammatory and 

thrombotic biomarkers in patients with 

chronic kidney disease↓ 

(50, 124) 

1.3. The endocannabinoid system and its role in cardiovascular diseases 

The endocannabinoid system (ECS) has been proven as a modulator of the cardiovascular 

system and inflammation under certain conditions in particular in obese and 

atherosclerotic patients (125). The cannabinoid receptors and their lipid-derived ligands, 

the endocannabinoids, receive attraction for being promising therapeutic targets for 

numerous diseases; however, the clinical translation of newly developed ECS modulators 

has encompassed challenges mostly due to serious adverse effects. For instance, 

cannabinoid receptor antagonist rimonabant, approved in 2006 for the management of 

obesity and its complications, was withdrawn two years later due to serious psychiatric 

side effects despite its clear effectiveness in its indication (126). In 2016, phase 1 trial on 

the promising anxiolytic and analgesic medication BIA 10-2474, which is an inhibitor of 

endocannabinoid degrading fatty acid amide hydrolase (FAAH), resulted in fatal 

outcome: one volunteer died, and others suffered permanent brain damage (127, 128). 

These unexpected adverse events and fails have pointed out the urgent need for 

broadening the knowledge on ECS in physiological and pathological processes. 

1.3.1. The endocannabinoid system: endocannabinoids, receptors and enzymes 

The ECS consists of cannabinoid receptors, the endocannabinoids, their synthetic or 

catabolic enzymes and transport proteins. The most significant and characterized ECS 

components, i.e. the two main types of cannabinoid receptors, endocannabinoids and 

related enzymes are reviewed in the following section. 

Cannabinoid receptors 

The cannabinoid receptor type 1 and 2 (CB1R and CB2R) are the products of two different 

genes (CNR1 and CNR2, respectively). These G protein-coupled receptors are expressed 
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in various types of organs and tissues, and they are involved in several physiological and 

pathological processes (129). 

CB1R is abundant in the central and the peripheral nervous systems, and it is responsible 

for the psychotropic effects of cannabis and its constituents as well as for the effects on 

appetite and energy balance. CB1R is also expressed in other organs and tissues in low-

to-moderate level. CB1R in gastrointestinal tract and enteral nerves regulates motility, 

enteroendocrine and barrier functions (130). On the other hand, CB1R can be upregulated 

in pathological conditions e.g. in fibrosis, ischemia or even insulin resistance which are 

mainly associated with elevated CB1R level in the liver or the heart (131, 132).  

In contrast to CB1R, CB2R shows a higher expression on immune cells and peripheral 

organs, while much lower level can be detected in the central nervous system mostly on 

resident immune cells (133). By the high abundance on immune cells, CB2R has a wide 

variety of immunomodulatory function. A series of papers reported both anti- and pro-

inflammatory effects of CB2R induced by endocannabinoids (134). Interestingly, 

selective exogenous agonists of CB2R show predominantly anti-inflammatory than pro-

inflammatory effects. The activation of CB2R attenuates leukocyte migration and the 

secretion of pro-inflammatory cytokines such as TNF-α, IL-6 or IL-12, but increases the 

level of anti-inflammatory cytokine IL-10. In line with the aforementioned results, despite 

the low expression level in nervous system CB2R still plays an important role in 

neurological disorders particularly if inflammation is present (135).  

Thus, modulating CB1R- or CB2R-mediated signaling selectively are believed promising 

approaches in the treatment of different diseases; however, the issue of adverse events 

still needs to be explored in the future.  

Endocannabinoids and their metabolism 

The most investigated players of ECS are the phospholipid-derived endocannabinoid 2-

arachidonoylglycerol (2-AG) and N-arachidonoylethanolamine (also known as 

anandamide; AEA) which are widely expressed throughout the human body. The 

properties of the two endocannabinoids to cannabinoid receptors are highly diverse; AEA 

is a high-affinity partial agonist of CB1R, but nearly inactive on CB2R, while 2-AG can 

act as full agonist on both receptors with moderate affinity. Additionally, both ligands 

can modulate other receptors e.g. subtypes of transient receptor potential channels and G 

protein coupled receptors. 
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As the endocannabinoids are secreted on demand, the tissue level of endocannabinoids is 

strongly dependent on the balance between biosynthesis and degradation by specific 

enzymes (Fig.3). The 2-AG is produced from diacylglycerol (DAG), by the activity of 

diacylglycerol lipase α and β (DAGLα/β) enzymes. The AEA with other N-acyl 

ethanolamines is released from N-acyl-phosphatidylethanolamine (NAPE) by N-acyl 

phosphatidylethanolamine phospholipase D (NAPE-PLD) enzyme. The degradation of 2-

AG and AEA are mediated by hydrolases; AEA is catabolized through the activity of 

FAAH, while 2-AG is hydrolyzed by several enzymes including monoacylglycerol lipase 

(MGLL), α,β-hydrolase domain containing proteins 6 and 12 (ABHD6, ABHD12). Both 

endocannabinoids are hydrolyzed to arachidonic acid (AA) and serve as substrates of AA-

metabolizing enzymes such as COX-2 or lipoxygenases (136, 137). 

1.3.2. Endocannabinoid system in cardiac physiology and pathology 

Endocannabinoids have been implicated in the regulation of vascular tone, atherogenesis, 

oxidative stress, inflammation, fibrosis and cell death in cardiovascular system (Fig.3). 

These effects can be mediated mainly by cannabinoid receptors directly through the 

myocardium, vascular structure or circulating blood cells as well as indirectly through the 

nervous system (138-141).  

CB1R has been shown to be involved in a series of pathological processes in 

cardiovascular diseases. Overproduction of endocannabinoids by immune cells can be 

observed in various conditions including cardiomyopathies and chronic ischemia, and it 

leads to acute cardiac depression and hypotension via CB1R signaling (142, 143). In 

accordance with these observations, CB1R antagonists may improve cardiac function 

when administered acutely, and may also attenuate pathological processes upon chronic 

treatment (144). CB1R activation promotes atherosclerosis and inflammation 

independently from the lipid profile, and inhibition of CB1R is suggested to be 

antiatherogenic. Furthermore, elevated expression of CB1R was detected in patients with 

ischemic heart disease (145, 146). CB1R may also play a role in remodeling, fibrosis and 

tissue damage as receptor inhibitor rimonabant mitigated these effects (144, 147, 148).  

In opposition to the main effects of CB1R, the selective agonists of CB2R might be 

cardioprotective by reducing inflammatory signaling and fibrosis. Endothelial CB2R 

agonist attenuates the release of TNF-α and chemokines that leads to decreased leukocyte 

migration (149, 150). In addition, there are evidences on the role of CB2R in the 
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prevention of atherosclerosis and related inflammation (151, 152). Interestingly, CB2R 

activation has no direct effects on cardiac function (153). Despite the accumulating 

evidences of the beneficial effects of CB2R activation in cardiovascular system, the role 

of this receptor is still under investigation. 

 

Figure 3 – The endocannabinoids and their receptors in ischemia-related cardiac diseases. The 

endocannabinoids, 2-arachidonoylglycerol (2-AG) and anandamide (AEA) act through cannabinoid 

receptor type 1 and 2 (CB1R, CB2R) with opposing effects; CB1R facilitates inflammation, damage, 

atherosclerosis and fibrosis, while CB2R attenuates these harmful effects. The endocannabinoids are 

secreted on demand and degraded rapidly mediated by synthetic enzymes and hydrolases (see section 1.3.1. 

for details). (Summary figure was prepared according to references cited in the main text.) 
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2. OBJECTIVES 

The number of preclinical studies is increasing quickly on the role of inflammation and 

inflammatory pathways in cardiovascular diseases; however, the clinical translation of 

anti-inflammatory agents and therapies is still controversial. The clinical ineffectiveness 

or unexpected adverse effects have pointed out the importance of detailed knowledge on 

the complexity and connections between signaling pathways and disease stages as well 

as the critical differences between animal models and real-life human observations. The 

enthusiastic efforts for developing new drugs with unique mechanisms of action e.g. 

NLRP3-selective or endocannabinoid degrading-enzyme inhibitors arises the urgent need 

for investigating the role of these pathways in cardiovascular diseases and in human 

samples. 

Therefore, the major objectives of this work were: 

1. First, to investigate the inflammasome activation and endocannabinoid-related 

signaling pathways in human failing hearts. 

2. To find a suitable translational animal models for examining relevant 

inflammasome activation in heart failure. 

3. To test the potential anti-inflammatory effects of pannexin-1 (Panx1) channel 

inhibitor probenecid in vitro and in vivo.  
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3. RESULTS 

3.1. Inflammation and endocannabinoid system in human heart failure 

3.1.1. The expression of AIM2 and NLRC4 inflammasome sensors are elevated in 

human heart failure 

To investigate inflammasome activation in the late-stage of HF, expression of well-

characterized inflammasome sensors (NLRP3, NLRC4, AIM2 and NALP1) were 

detected by Western blot in left ventricular tissue harvested from healthy donor patients 

(CON, n=12) as well as from HF patients with ischemic (ICM, n=12) or non-ischemic 

(DCM, n=11) cardiomyopathy. Patient characteristics are summarized in Table 2.  

Table 2 - Patient characteristics. Data are expressed as mean and range. *p<0.05 vs CON; #p<0.05 vs 

DCM, †p<0.05 vs ICM. Abbreviations: CON – control, ICM – ischemic cardiomyopathy, DCM – dilated 

cardiomyopathy, HCM – hypertrophic cardiomyopathy, ACE – angiotensin converting enzyme. (154) 

Parameter CON ICM DCM HCM 

Gender (male/female) 6/6 11/1 10/1 2/3 

Age (years) 32.6 (17-52) 57.8 (38-67)*# 39.1 (23-53) 49.6 (33-66) 

Body mass index (kg/m2) 24.0 (18-31) 26.9 (20-32) 24.9 (20-31) 22.3 (13-30) 

Left ventricular end-

diastolic dimension (mm) 
 72.3 (64-82) 75.4 (57-92) 57.0 (38-70) 

Left ventricular end-

systolic dimension (mm) 
 65.4 (58-75) 67.3 (51-85) 43.5 (43-44) 

Ejection fraction (%) > 60 20.7 (10-33) 17.0 (10-25) 34.4 (13-70) 

Posterior wall (mm)  9.0 (6-11) 10 (8-12) 9.5 (7-12) 

Septal thickness (mm)  8.6 (6-13) 9.9 (7-12) 13.2 (8-16) 

Pulmonary artery 

diameter (mm) 
 27.0 (22-34) 29.5 (22-34) 20.3 (19-22) 

Right atrial pressure 

(mmHg) 
 9.9 (1-21) 15.9 (5-31)† 9.4 (4-19) 

Mean pulmonary wedge 

pressure (mmHg) 
 25 (7-45) 21 (12-31) 15 (7-22) 

Pulmonary vascular 

resistance (wood units) 
 1.7 (0.6-2.2) 2.4 (0.7-6.6) 2.0 (0.6-4.1) 

Cardiac index (L/min/m2)  2.2 (1.3-3.9) 2.1 (1.4-3.0) 2.2 (1.4-3.0) 

Heart rate (/min) 103 (70-125) 79 (70-95) 104 (99-110) 60 (50-70) 

Systolic arterial blood 

pressure (mmHg) 
123 (90-150) 104 (76-135) 99 (80-115) 103 (80-141) 

Diastolic arterial blood 

pressure (mmHg) 
74 (50-90) 56 (15-72) 62 (31-77) 54 (31-70) 

N-terminal pro-BNP 

(pg/mL) 
 2798 (338-7699) 

7796 (1050-

25539) 

12163 (4159-

26284) 

 
Medications 

ACE inhibitors 0 10 8 4 
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Beta receptor blockers 0 12 11 5 

Digoxin 0 3 3 1 

Ivabradine 0 1 3 0 

Diuretics 0 12 11 5 

Mineralocorticoid receptor 

inhibitor 
0 12 11 4 

Statins 0 12 3 2 

Antiplatelets 0 8 1 1 

 As it can be seen in Figure 4, there was no difference in NLRP3 protein expression in 

the HF groups compared to control. In contrast, the expression of AIM2 remarkably 

increased both in ICM and DCM groups, and we also found a significant increase of 

NLRC4 protein level in left ventricular tissue of HF patients (Fig.4A-B). 

 

Figure 4 - AIM2 and NLRC4 are the major inflammasome components expressed in human failing 

hearts. Western blot analysis of the inflammasome sensors (NLRP3, AIM2, NLRC4 and NALP1) and 

downstream signaling (ASC, caspase-1, IL-1β) in left ventricle of patients with dilated (DCM, A) or 
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ischemic cardiomyopathy (ICM, B). *p<0.05 vs. CON, Student’s t-test; n=11-12. (C) Quantification of IL-

1β content in human left ventricular tissue by ELISA. *p<0.05 vs. CON, Student’s t-test; n=7-8. (154) 

 

Figure 5 - AIM2 is upregulated in human hearts from patients with hypertrophic cardiomyopathy. 

Western blot analysis and representative images of the main inflammasome sensors (NLRP3, AIM2, 

NLRC4 and NALP1). GAPDH is shown as loading control. Results are expressed as mean ± SEM; *p<0.05 

vs. CON, Student’s t-test, n=5-6. (154) 

The increased AIM2 expression was also observed among patients with hypertrophic 

cardiomyopathy (HCM; n=5), but NLRC4 expression showed only a tendency towards 

increase in HCM patients (Fig.5). The expression of NALP1 protein did not change in 

HF induced by any forms of cardiomyopathies examined (Fig.4A-B, Fig.5). 

Inflammasome activation was further confirmed by detection of downstream signaling 

components such as the cleaved fragments of caspase-1 and IL-1β and by the detection 

of elevated IL-1β levels by ELISA in failing hearts (Fig.4A-C). 

3.1.2. AIM2 inflammasome sensor is expressed in monocytes and macrophages in 

heart 

Inflammasomes are predominantly expressed in the innate immune cells e.g. in 

monocytes, macrophages or granulocytes. To assess the presence of monocytes and 

macrophages in failing hearts, immunohistochemistry was performed to stain Iba1 and 

CD68, markers of monocyte-macrophage lineage (Fig.6-7). The number of cells were 
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counted as well. We observed a tendency of increase in the total number of monocytes 

and macrophages in the left ventricle (Fig.7).  

 

Figure 6 – Double-stranded DNA-sensitive AIM2 inflammasome sensor is expressed in monocytes and 

macrophages in human failing hearts. (A) Identification of monocytes and macrophages in human heart 

tissue by immunohistochemical detection of Iba1. Scale bar: 100μm. (B) Representative images of 

immunofluorescence detection of AIM2 (red) and Iba1 (green) proteins in failing heart collected from ICM 

and DCM patients. DAPI (blue) was used for counterstain. Scale bar: 30μm. (C) Representative images of 

immunofluorescence detection of double-stranded DNA (dsDNA, red) and AIM2 (green) protein in a 

failing heart collected from a DCM patient. DAPI (blue) was used for counterstain. Scale bar: 20μm. (154) 

Despite the number of investigations on the inflammasome activation in cardiac diseases, 

there is a general lack of reliable evidence in which cell types of human hearts the 

inflammasomes are expressed. Immunofluorescence staining was performed to confirm 

the localization of AIM2 inflammasomes by detecting AIM2 in combination with 

monocyte/macrophage marker Iba1 (Fig.6B). Immunofluorescence staining showed that 
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AIM2 is localized mainly in Iba1 positive monocytes and macrophages, although AIM2 

signals can be detected in other cell types, suggesting that primarily monocytes and 

macrophages might contribute to the enhanced inflammasome activity. However, their 

interactions with the surrounding cells might be also substantial for developing a pro-

inflammatory milieu in failing hearts (Fig.6B). Interestingly, immunofluorescence assay 

revealed that a subpopulation of Iba1 positive cells shows low or undetectable AIM2 

expression indicating the presence of a heterogeneous macrophage population in the 

myocardium of HF patients (Fig.6B). 

 

Figure 7 – The population of macrophages in left ventricle of failing hearts showed a slight tendency to 

expand. (A) Identification of monocytes/macrophages in human heart tissue by immunohistochemical 

detection of CD68. Scale bar: 100µm. (B) Quantification of macrophages based on Iba1+ cells in human 

failing hearts. p>0.05 vs. CON, one-way ANOVA, n=5. (154) 

Extensive cell death may lead to the release of nuclear or mitochondrial dsDNA to the 

cytosol that can be recognized by the AIM2 inflammasome initiating the release of IL-1β 

and IL-18. We performed co-staining of dsDNA and AIM2 in sections from failing 

human hearts, and found that extranuclear dsDNA (Fig.6C, red signal) shows tight co-

localization with the AIM2 signal (Fig.6C, green signal) further confirming the presence 

of activated AIM2 inflammasomes.  
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3.1.3. Ischemic failings hearts show heterogeneous phenotypes based on the 

alteration of lipid and hydrolase activity profile 

Despite the growing interest in the role of endocannabinoid signaling in cardiac diseases 

associated with atherosclerosis and dyslipidemia, the ECS-related enzymes in HF has not 

been investigated before. To examine the involvement of the ECS in HF with ischemic 

origin, we used quantitative real-time polymerase chain reaction (qRT-PCR) to measure 

the expression levels of ECS-related genes in control (n=6) and ischemic (n=6) failing 

hearts (Fig.8).  

 

Figure 8 – mRNA expression of enzymes of endocannabinoid-related enzymes decreased. Analysis of 

mRNA expression of endocannabinoid-related genes by qRT-PCR. Rplp0 was used as reference. Results 

are normalized to control, and expressed as mean ± SEM. *p<0.05 vs. control, Student’s t-test; n=6. (155) 

CNR1 mRNA expression was increased in some of the ischemic samples, however the 

overall increase was not significant (Fig.8). Reduced mRNA expression of 2-AG 

biosynthetic enzyme DAGLβ and the 2-AG hydrolytic enzymes MGLL and ABHD6 was 

detected in the ischemic hearts. The AEA metabolic enzymes did not change 

significantly, nor did CNR2 expression. 
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Figure 9 – Overall hydrolase activity was reduced in a subgroup of ischemic failing hearts. (A) Gel-

based activity-based protein profiling of ischemic and control hearts. Coomassie blue (COM) was shown 

as loading control. Asterisk (*) was used to indicate a subgroup of ischemic samples with distinct lipid 

profile. (B) Activity-based proteomics on ischemic and control hearts. Heat map summary of mean 

abundance of hydrolases and hydrolase activity relative to mean control. Ischemic samples were 

categorized in subgroups (below). Results are expressed as mean ± SEM, #p<0.05, ##p<0.01 vs control; 

Student’s t-test, n=9. (Experiments and data analysis were performed by van Esbroeck et al, Leiden Institute 

of Chemistry, Leiden University, the Netherlands.) (155) 
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The activity of the ECS-related metabolic enzymes was investigated by activity-based 

protein profiling (ABPP, Fig.9), which was performed exclusively in the laboratory of 

Prof. Mario van der Stelt by Annelot C.M. van Esbroeck (Leiden Institute of Chemistry, 

Leiden University, the Netherlands). The tissue samples from control and failing hearts 

were lysed and labeled with fluorescent activity-based probes to visualize the targets in 

gels. The tailored lipase probe MB064 preferentially reacts with the DAGLα, DAGLβ, 

ABHD6, and ABHD12. FP-TAMRA, a broad spectrum serine hydrolase probe, labels 

ABHD6, MGLL and FAAH. Probe DH379 selectively labels DAGL and ABHD6. The 

overall hydrolase activity was reduced in a subgroup of ischemic samples (Fig.9A, 

indicated with *) separated previously based on a significantly distinct lipid profile (data 

not shown). Additionally, MGLL activity and expression was reduced in these samples 

as well, while an additional band was observed in the activity profile of ischemic 

subgroup (Fig. 9A, indicated with #). The remaining ischemic samples only showed mild 

deviations compared to controls (Fig.9A). There were no significant differences in the 

overall protein staining. Of note, the other ECS metabolic hydrolases, including DAGLα 

(∼120 kDa), DAGLβ (∼70 kDa), ABHD6 (∼35 kDa), and FAAH (∼60 kDa) were not 

detected in human heart tissue (Fig.9A). 

The biotinylated counterparts of FP-TAMRA and MB064, FP-biotin and MB108 

respectively, were then used for target identification by mass spectrometry-based 

chemical proteomics (Fig. 9B). 31 hydrolases were identified, which included MGLL as 

the only ECS-related hydrolase (Fig. 9B). A slight, but not significant downregulation of 

several hydrolases, including MGLL was observed (Fig. 9B). Separation of the ischemic 

samples into two subgroups (based on lipid profile, data not shown) revealed that 13 

hydrolase activities, including MGLL, were drastically reduced in the subgroup with an 

altered lipid profile (Fig.9B). Hydrolase activities from the first subgroup, however, were 

not significantly altered (Fig.9B). 

3.2. Inflammation in animal models for heart failure 

3.2.1. AIM2 inflammasome expression is elevated in heart failure induced by 

pressure overload and postinfarction but not by volume overload in rats 

It was previously demonstrated that NLRP3 inflammasome activation might play a 

significant role in initiating inflammatory reactions in animal models of early-stage HF. 

However, there is no data on the activation of other inflammasome types, especially in a 
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later stage of HF. To find suitable translational animal models to study inflammasome 

activation, we assessed three pathologically different models of HF. The pressure-

overload (transverse aortic constriction - TAC), volume-overload (infrarenal arterio-

venous shunt - AVS) and the postinfarction HF rat model (LAD) were developed and 

characterized by Mihály Ruppert et al. (Heart and Vascular Center, Semmelweis 

University, Hungary) (156). The functional characterization of each model with 

transthoracic echocardiography is shown in Table 3. In line with the fact that the three 

models are pathologically diverse, marked differences were found in morphology and 

function. Pressure-overload induced excessive cardiac fibrosis with hypertrophy in TAC 

animals, while volume-overload and ischemia promoted severe dilation as shown by the 

left ventricular dimensions and relative wall thicknesses (Tabl.3, Fig.10).  

Table 3 – Echocardiography data on chronic heart failure rat models. Abbreviations: LV – left ventricle; 

FS – fractional shortening; RWT – relative wall thickness; LVEDV – left ventricular end-diastolic volume; 

LVESV - left ventricular end-systolic volume; LVEF – ejection fraction; TAC – transverse aortic 

constriction; LAD – left anterior coronary artery occlusion; AVS – arteriovenous shunt. (Echocardiography 

and data analysis were performed by Mihály Ruppert, Heart and Vascular Center, Semmelweis University, 

Hungary.) (154) 

Group  

Short axis transection (mm)  

LV 

mass (g) 

FS 

(%)  
RWT  

LVEDV 

(uL)  

LVESV 

(uL)  

LVEF 

(%) 
LV anterior wall  LV internal  LV posterior wall 

Diastole  Systole  Diastole Systole  Diastole  Systole 

Sham  
1.89±0.0

4 

3.10±0.0

8 

7.59±0.3

3 

4.21±0.2

5 

2.17±0.0

9 

3.34±0.0

9 
1.19±0.07 45±1 0.54±0.03 594±43 207±18 65±1 

TAC  
2.82±0.1

1 

3.45±0.1

4 

9.07±0.3

1 

6.95±0.3

4 

3.23±0.2

0 

3.73±0.2

1 
2.83±0.16 24±2 0.68±0.04 849±47 528±52 39±4 

LAD 
1.17±0.0

7 

1.26±0.0

5 

10.23±0.

40 

8.62±0.4

9 

1.77±0.1

0 

2.65±0.1

1 
1.26±0.09 16±2 0.29±0.02 1045±96 711±100 34±4 

P (sham 

vs TAC) 
<0.001 0.051 0.005 <0.001 <0.001 0.108 <0.001 <0.001 0.024 0.001 <0.001 <0.001 

P (sham 

vs LAD) 
<0.001 <0.001 0.001 <0.001 0.011 <0.001 0.506 <0.001 <0.001 <0.001 <0.001 <0.001 

Sham 
1.88±0.0

8 

2.95±0.1

6 

8.25±0.3

4 

4.53±0.3

3 

2.05±0.1

2 

3.31±0.2

0 
1.29±0.05 45±3 0.49±0.04 709±36 215±25 70±2 

AVS 
2.05±0.0

8 

3.02±0.1

2 

13.30±0.

37 

8.77±0.2

1 

2.51±0.0

7 

4.06±0.3

2 
3.51±0.23 34±2 0.35±0.01 2574±170 1054±57 59±1 

P (sham 

vs AVS) 
0.148 0.729 <0.001 <0.001 0.005 0.064 <0.001 0.005 0.002 <0.001 <0.001 <0.001 

Protein expression of NLRP3 did not increase in any of the HF groups as compared to 

corresponding sham groups. As it was observed in human experiments, the expression of 

AIM2 protein increased significantly in TAC and LAD, but not in AVS rats (Fig.10). A 

tendency towards elevation in the level of NLRC4 was detected in TAC and LAD groups 

(Fig.10). In accordance with the elevation in the expression levels of inflammasome 
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sensors, the tissue level of IL-1β increased in TAC animals and, interestingly, in AVS 

animals (Fig.10).  

 

Figure 10 - AIM2 inflammasome expression increased in the late phase of chronic heart failure in rats. 

Pressure-overload, post-infarction and volume-overload-induced rat models of chronic heart failure with 

representative M-mode echocardiographic images, Western blot analysis of the inflammasome sensors and 

downstream signaling. Scale bar (echocardiography): 1cm, timestamp: 1s; *p<0.05 vs. corresponding 

Sham, Student’s t-test; n=6-8. (Representative echocardiographic images were taken by Mihály Ruppert, 

Heart and Vascular Center, Semmelweis University, Hungary.) (154) 

We found increased mRNA expression of the macrophage markers Aif1 (gene of Iba1 

protein) and Cd68 with qRT-PCR analysis in rat failing hearts indicating enhanced 

monocyte and macrophage presence (Fig.11A). By detecting AIM2 and 

monocytes/macrophages with immunofluorescence, AIM2 showed predominant co-

localization with the pan-macrophage marker CD68 in myocardial sections from TAC 

animals which is in line with our human results (Fig.11B). Surprisingly, detection of Ccl2, 

Il23, Il6 and Cd206, Mrc2, Mgl1 mRNAs showed an M1 to M2 change in macrophage 
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phenotype in TAC hearts while only slight changes were found in LAD and AVS hearts 

(Fig.11C).  

 

Figure 11 – Expansion of macrophage population is observed in rat failing hearts. (A) Analysis of 

mRNA expression of macrophage marker Cd68 and Aif1 by qRT-PCR. Rplp0 was used as reference. 

Results are normalized to the control and expressed as mean ± SEM. *p<0.05 vs. corresponding Sham, 

Student’s t-test; n=6-8. (B) Representative images of immunofluorescence detection of AIM2 (red) and 

CD68 (green) proteins in a failing heart harvested from a TAC animal. DAPI (blue) was used for 

counterstain. Scale bar: 20μm.  (C) Analysis of mRNA expression of the M1 and M2 macrophage markers 

(Ccl2, Il23, Il6 and Cd206, Mrc2, Mgl1, respectively) by qRT-PCR. Rplp0 was used as reference. Results 

are normalized to the control and expressed as mean ± SEM. *p<0.05 vs. corresponding Sham, Student’s 

t-test; n=6-8. (154) 

3.2.2. AIM2 expression increased in the chronic stage of heart failure in porcine 

model for myocardial ischemia-reperfusion 

We aimed to further investigate inflammasome activation in late stage of chronic heart 

failure induced by ischemia-reperfusion injury in a translational pig model as well 

(Fig.12). We assessed ischemic left ventricular samples harvested from pigs exposed to 

ischemia and reperfusion at three different time points: 3 hours (acute), 3 days (subacute) 

or 2 months (chronic) after ischemia-reperfusion (Fig.12), representing the acute injury, 

the early inflammatory and the late remodeling phase, respectively. The characterization 

of pig model was published previously by our research group (157, 158). Surprisingly, 

the level of AIM2 protein in heart tissue was not altered at 3 hours or 3 days, but it was 

markedly elevated at 2 months (Fig.12).  
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Figure 12 – AIM2 inflammasome sensor is expressed in the late stage of postinfarction heart failure in 

pigs. Chronic ischemia/reperfusion-induced pig heart failure model with Western blot analysis of time-

dependent AIM2 protein expression. *p<0.05 vs. Sham, one-way ANOVA; n=6-8. (154) 

3.3. In vitro platform of AIM2 inflammasome activation and anti-inflammatory 

effect of probenecid 

3.3.1. Setting up a cell model for AIM2 inflammasome activation 

To investigate inflammasome activation in vitro, AC16 human cardiac and THP-1 human 

monocytic cell lines were stimulated with naked or cationic liposome encapsulated 

(LyoVec™) poly(dA:dT), a specific AIM2 inducer, for 24 hours (Fig.13A). Naked 

poly(dA:dT) was unable to induce AIM2 inflammasome activation (Fig.13B), however, 

liposome encapsulated poly(dA:dT) increased the expression of AIM2 in THP-1 cells 

(Fig.13C), suggesting that vesicular uptake of dsDNA is essential in the induction of 

AIM2 inflammasome activation. Inflammasome activation was confirmed with detection 

of downstream signaling as well; we detected significantly increased level of cleaved 

caspase-1, IL-18 and IL-1β from the supernatant of THP-1 cells (Fig.13C-D). To 

visualize inflammasome activation, we performed immunofluorescence detection of the 

inflammasome adaptor protein ASC and AIM2 in THP-1 cell line (Fig.13E). 

Interestingly, poly(dA:dT) treatment led to the induction of AIM2 protein expression in 

the AC16 cells without significant interleukin release (Fig.13C-D).  
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Figure 13 - Liposome encapsulated poly(dA:dT) induced the expression of AIM2 and inflammasome 

activation in vitro. (A) Experimental protocol for AIM2 induction in human AC16 cardiac and THP-1 

monocytic cell lines. (B) Representative Western blot images for naked poly(dA:dT) stimulus on AC16 

and THP-1 cells. (C) Representative Western blot images for liposome encapsulated poly(dA:dT) on AC16 
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and THP-1 cell lines. (D) Quantification of Western blot analysis on poly(dA:dT)-induced AIM2 

inflammasome activation in AC16 and THP-1 cells. *p<0.05 vs LV, Student’s t-test; n=4-6. (E) 

Representative images of immunofluorescence detection of AIM2 (red) and ASC (green) proteins in 

poly(dA:dT)-stimulated THP-1 cells. DAPI (blue) was used for counterstain. Scale bar: 50μm. (154)  

3.3.2. Pannexin-1 channel inhibitor probenecid attenuated AIM2 inflammasome 

activation in THP-1 monocytic cell line in vitro 

Inflammasome activation by NLRP3 or NALP1 has been shown to be strongly associated 

with the activation of purinergic signaling via P2X7 and hemichannel Panx1. However, 

it is unknown whether AIM2 inflammasomes and Panx1 have molecular interactions. We 

performed co-immunoprecipitation on control and poly(dA:dT)-stimulated THP-1 cells, 

and saw that AIM2 was co-immunoprecipitated with Panx1 in activated cells indicating 

a potential interaction between the AIM2 inflammasome complex and Panx1 channels 

(Fig.14).  

 

Figure 14 - Pannexin-1 channel is associated with AIM2 inflammasome sensor by co-

immunoprecipitation. Representative Western blot images for co-immunoprecipitation from control and 

poly(dA:dT)-stimulated THP-1 cell lysate. Panx1 is shown as a loading control. Isotype anti-rabbit control 

was used as negative control. (154) 

As the opening of Panx1 channels modulate immune responses by releasing of “find me” 

signals, we tested the effects of probenecid, a clinically used uricosuric and also known 

to be a potent Panx1 inhibitor, on AIM2 inflammasome activation in vitro (Fig.15). 

Treatment of different concentrations of probenecid (1-100μM) showed a dose-dependent 

reduction in the protein expression of AIM2 in both THP-1 and AC16 cells without a 

significant effect on cell viability (Fig.15B-C, Fig.16). By detecting downstream 

effectors, high dose probenecid was shown to be capable of attenuating AIM2 

inflammasome activation in vitro (Fig.16).  
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Figure 15 - Pannexin-1 channel inhibition attenuates AIM2 inflammasome expression in vitro. (A) 

Experimental protocol for testing the Panx1 blocker probenecid in cell model for AIM2 inflammasome 

activation on human AC16 and THP-1 cell lines. (B) Western blot analysis of AIM2 protein expression on 

poly(dA:dT)-stimulated THP-1 monocytic and AC16 cardiac cells in the presence or absence of different 

concentration of probenecid. *p<0.05 vs control; #p<0.05 vs poly(dA:dT) without probenecid; one-way 
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ANOVA; n=5-6. (C) Cell viability of poly(dA:dT)-stimulated (left) or liposome-treated (right) AC16 cells 

in the presence or absence of different concentration of probenecid. *p<0.05 vs control; #p<0.05 vs 

poly(dA:dT) without probenecid; one-way ANOVA; n=5-6. (154) 

 

Figure 16 - Pannexin-1 channel inhibition by probenecid inhibits AIM2 inflammasome activation in 

vitro. Western blot analysis of downstream signaling of AIM2 inflammasome activation in cell lysate and 

supernatant of poly(dA:dT)-stimulated THP-1 cells in the presence of 100μM probenecid. *p<0.05 vs 

control; #p<0.05 vs poly(dA:dT) without probenecid; one-way ANOVA; n=5-6. (154) 

Interestingly, the expression of Panx1 showed no significant differences in Panx1 levels 

between healthy and failing hearts with high individual variability (Fig.17). 

 

Figure 17 - Pannexin-1 protein expression did not change in human failing hearts. Western blot analysis 

and representative images of pannexin-1. GAPDH is shown as loading control. Results are expressed as 

mean ± SEM; p>0.05 vs. CON, Student’s t-test, n=8-9. (154) 
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3.4. Oral probenecid treatment improved outcomes in pressure overload heart 

failure rat model in vivo 

After our encouraging in vitro results, we investigated probenecid in the rat HF model 

induced by TAC to test if probenecid improves cardiac function in vivo (Fig.18, Table 4). 

In these rats, cardiac function was assessed at 6 weeks and 14 weeks after TAC, while the 

rats were orally treated with probenecid (100 mg/body weight kg/day) or vehicle 

(hydroxyethyl cellulose) control during the experiment (Fig.18A).  

We monitored the mortality throughout the whole study. The group treated with vehicle 

and having TAC-induced HF showed an increased mortality rate compared with vehicle-

treated sham operated rats as nearly half of the animals died until week 14 (Fig.18B). 

However, the group treated with a 100 mg/kg dose of probenecid showed significant 

amelioration of mortality compared with vehicle-treated TAC rats in Kaplan–Meier 

analyses (Fig.18B).  

As observed before (Fig.10), TAC rats developed HF. 14 weeks after TAC, left 

ventricular ejection fraction was reduced significantly compared to baseline from 69.2 ± 

1.8% to 54.0 ± 2.0% and from 69.7 ± 0.9% to 60.2 ± 0.6% in rats allocated to vehicle or 

probenecid treatment groups, respectively (Fig.18C). Oral probenecid treatment of rats 

with TAC significantly prevented deterioration of ejection fraction compared to vehicle 

treatment. In accordance, at 14 weeks after TAC, left ventricular end‐systolic volumes 

increased more in the vehicle group compared with the probenecid treated group 

(Fig.18C, Table 4). In accordance with our previous results above (Fig.10), the protein 

levels of IL-1β and its mature form increased 14 weeks after TAC surgery, which was 

reduced by probenecid treatment (Fig.18D). In addition, treatment with probenecid 

prevented the development of left ventricular hypertrophy (Fig.18C, E-F). 14 weeks after 

TAC, in vehicle‐treated TAC operated rats the left ventricular mass significantly 

increased (compared to sham) with a significant reduction after probenecid treatment 

(Fig.18C, E). This was further confirmed by analysis of pro-hypertrophic genes (Nppa 

and Nppb) and the pro-fibrotic factor Ctgf (Fig.18F). All these transcripts were 

significantly induced by TAC surgery, and their upregulation was prevented by 

probenecid (Fig.18F). 
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Figure 18 - Pannexin-1 channel inhibitor probenecid improves survival and cardiac function in vivo (A) 

Study design for investigating the effects of probenecid (Prob) in a rat model for chronic heart failure 

(TAC). (B) Kaplan-Meier analysis of overall mortality. p<0.05, log-rank (Mantel-Cox) test; n=11-23. (C) 

Representative M-mode echocardiography images and assessment of cardiac function at week 14 after 

surgery. Scale bar: 1cm; timestamp: 0.5sec. *p<0.05 vs Sham + Veh, #p<0.05 vs TAC + Veh, two-way 

ANOVA; n=11-17 (D) Western blot analysis and representative images of IL-1β and cleaved IL-1β in left 

ventricle of heart. *p<0.05 vs. Sham + Veh, #p<0.05 vs. TAC + Veh; two-way ANOVA; n=6-8. (E) 

Representative histology images (hematoxylin eosin) at week 14. Scale bar: 2mm. (F) Analysis of mRNA 
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expression of hypertrophy and failure markers (Nppa, Nppb and Ctgf) by qRT-PCR. *p<0.05 vs. Sham + 

Veh, #p<0.05 vs TAC + Veh, one-way ANOVA; n=7-8. (Representative echocardiographic images were 

taken by Alex Ali Sayour, Heart and Vascular Center, Semmelweis University, Hungary.) (154) 

Table 4 – Echocardiography data on vehicle- or probenecid-treated rats with pressure overload induced 

heart failure. Abbreviations: s – systolic; d – diastolic; Veh – vehicle; TAC – transverse aortic constriction; 

Prob - probenecid; LV – left ventricle; Cor – corrugated; LVAW – left ventricular anterior wall thickness; 

LVPW - left ventricular posterior wall thickness; MV – mitral valve; IVRT - isovolumic relaxation time; 

RWT – relative wall thickness. (Echocardiography and data analysis were performed by Alex Ali Sayour 

and Mihály Ruppert, Heart and Vascular Center, Semmelweis University, Hungary.) (154) 

  Parasternal LONG AXIS (PSLAX) B-MODE 

Group 
ID 

 
Heart 
Rate 

Area;s Area;d Volume Volume;s Volume;d 
Stroke 
Volume 

Ejection 
Fraction 

Fractional 
Shortening 

Cardiac 
Output 

Sham 
+ Veh 

Mean 421,16 39,77 82,42 124,77 124,77 405,34 280,57 69,19 22,95 145,04 

SD 23,36 3,48 6,13 17,81 17,81 46,97 34,30 2,75 1,86 53,39 
 

Sham 
+ 

Prob 

Mean 409,10 41,27 86,71 130,75 130,75 433,36 302,60 69,75 22,33 142,54 

SD 17,98 3,45 5,60 16,80 16,80 49,80 40,46 2,97 2,02 71,97 

P vs. Sham 
+ Veh 

0,223 0,333 0,112 0,439 0,439 0,200 0,193 0,660 0,473 0,928 

 

TAC + 
Veh 

Mean 410,23 51,02 82,62 251,17 182,21 397,13 214,92 53,96 15,82 87,78 

SD 28,29 5,46 6,50 88,48 30,23 48,58 38,90 6,58 2,90 15,21 

P vs. Sham 
+ Veh 

0,326 0,000 0,941 0,000 0,000 0,682 0,000 0,000 0,000 0,008 

 

TAC + 
Prob 

Mean 417,38 48,92 86,71 187,05 171,76 430,91 259,15 60,17 18,76 116,18 

SD 22,37 5,34 7,33 37,12 27,60 59,03 33,80 2,29 1,53 23,54 

P vs. Sham 
+ Veh 

0,702 0,000 0,128 0,000 0,000 0,242 0,140 0,000 0,000 0,135 

P vs. TAC + 
Veh 

0,459 0,304 0,123 0,022 0,341 0,103 0,003 0,004 0,003 0,001 

            

  SHORT AXIS (SAX) M-MODE 

Group 
ID 

 Volume;s Volume;d 
Ejection 
Fraction 

Fractional 
Shortening 

LV Mass 
LV Mass 

Cor 
LVAW;s LVAW;d LVPW;s LVPW;d 

Sham 
+ Veh 

Mean 304,93 231,95 76,24 46,50 739,74 591,80 2,95 1,53 2,50 1,35 

SD 44,58 30,92 2,78 2,68 41,39 33,11 0,26 0,20 0,21 0,16 
 

Sham 
+ 

Prob 

Mean 302,91 231,51 76,58 47,09 792,01 633,61 3,05 1,66 2,50 1,38 

SD 48,33 39,34 5,78 5,62 76,74 61,39 0,21 0,18 0,26 0,10 

P vs. Sham 
+ Veh 

0,922 0,978 0,864 0,760 0,067 0,067 0,358 0,144 0,979 0,630 

 

TAC + 
Veh 

Mean 324,03 206,11 63,59 35,91 1098,95 879,16 3,22 1,98 2,70 1,72 

SD 30,28 22,81 3,61 2,74 137,70 110,16 0,24 0,18 0,35 0,26 

P vs. Sham 
+ Veh 

0,258 0,040 0,000 0,000 0,000 0,000 0,018 0,000 0,094 0,000 

 

TAC + 
Prob 

Mean 362,48 239,08 66,44 38,37 969,36 775,49 3,04 1,68 2,59 1,52 

SD 59,64 34,44 6,15 4,90 111,84 89,47 0,30 0,19 0,27 0,15 

P vs. Sham 
+ Veh 

0,011 0,595 0,000 0,000 0,000 0,000 0,421 0,082 0,330 0,018 

P vs. TAC + 
Veh 

0,038 0,005 0,139 0,106 0,010 0,010 0,085 0,000 0,377 0,017 

            

  SHORT AXIS (SAX) B-MODE MV FLOW  

RWT Group 
ID 

 Area;s Area;d 
Fractional 

Area 
Change 

 E' IVRT MV E MV E/E'  

Sham 
+ Veh 

Mean 13,34 37,64 64,53  -84,86 18,36 796,62 -9,48  0,36 

SD 1,71 3,02 2,60  12,94 0,86 169,95 2,24  0,06 
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Sham 
+ 

Prob 

Mean 14,58 42,42 65,74  -77,17 17,02 779,38 -10,86  0,37 

SD 3,64 5,54 7,34  21,79 1,46 103,32 2,50  0,05 

P vs. Sham 
+ Veh 

0,329 0,025 0,618  0,359 0,029 0,799 0,236  0,731 

 

TAC + 
Veh 

Mean 21,38 44,79 52,13  -61,57 21,08 943,02 -15,51  0,44 

SD 3,33 5,20 5,91  10,64 2,09 140,11 2,20  0,07 

P vs. Sham 
+ Veh 

0,000 0,000 0,000  0,001 0,002 0,055 0,000  0,006 

 

TAC + 
Prob 

Mean 20,58 46,54 55,83  -77,03 19,44 1046,29 -13,87  0,38 

SD 3,11 4,46 4,49  10,98 1,75 150,14 2,88  0,06 

P vs. Sham 
+ Veh 

0,000 0,000 0,000  0,154 0,073 0,002 0,001  0,552 

P vs. TAC + 
Veh 

0,514 0,343 0,071  0,002 0,054 0,090 0,119  0,011 
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4. DISCUSSION  

In this present work, we detected increased expression of the AIM2 inflammasome sensor 

and its downstream signaling in failing hearts harvested from human patients. This 

finding was confirmed in different small and large animal models of chronic HF, 

highlighting the importance of chronic inflammatory reactions in these conditions. 

Enhanced NLRC4 expression and decreased activity of ECS-related biosynthetic and 

hydrolytic enzymes were observed in human failing hearts as well. We showed that 

dsDNA is capable of inducing the AIM2 inflammasome activation in both human 

monocytic and cardiomyocyte cell lines, suggesting that apoptotic or necrotic DNA might 

be the major trigger of the AIM2 inflammasome in the chronic phase of HF. In addition, 

we showed that the AIM2 inflammasome associated Panx1 channels may play a role in 

inflammasome activation, since the Panx1 inhibitor probenecid significantly reduced IL-

1β secretion and maturation. Chronic treatment with probenecid improved outcomes 

including survival, cardiac function and failure markers of pressure-overload induced HF. 

These novel anti-inflammatory properties of probenecid could facilitate potential 

repurposing and use of this drug in chronic heart failure. 

The role of inflammatory signaling pathways in cardiac diseases has been extensively 

studied over the last decades; nevertheless clinical translation of these findings was rather 

mixed and controversial as it was demonstrated by large prospective studies e.g. 

RENEWAL, CIRT or REDHART (35, 112). However, the CANTOS trial highlighted 

that significant reductions can be achieved in incidence of major cardiovascular adverse 

events of specific subpopulation of postinfarction patients by neutralizing IL-1β with 

canakinumab (113). These results confirm the active role of IL-1β in the pathomechanism 

of certain cardiovascular diseases. Nevertheless, there are limitations of the use of 

canakinumab (e.g.: high cost, infectious side effects) that led to the rejection by FDA in 

cardiovascular indications. Apart from this failure, modulating IL-1β-related pathways in 

cardiovascular diseases including chronic heart failure might be of major therapeutic 

importance.  

Our human and translational animal data provides evidences for elevated expression of 

AIM2 and NLRC4 inflammasome sensors as well as significant inflammasome activation 

in chronic heart failure. Increasing number of evidences has indicated that AIM2 

inflammasome activation is a key player of various cardiovascular diseases including 
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diabetic and ischemic cardiomyopathy (20, 21), atherosclerosis (85, 86) and ischemic 

stroke (11). It is hypothesized that the major inducer of AIM2 inflammasome activation 

might be double stranded DNA of mitochondrial and nuclear origin which is released as 

a result of permanent cellular damage and low degree of apoptosis and necrosis during 

cardiac remodeling (20, 85).  

The elevated expression of NLRC4 in failing hearts is more surprising. The most 

characterized trigger of NLRC4 is flagellin of Gram negative bacteria (159). It is believed 

that HF-associated global hypoperfusion induces dysbiosis and increased gut 

permeability, promoting a chronic systemic inflammatory state, which is supported by 

showing gut microbiome modulation as an interesting target to alleviate the systemic 

inflammatory state in human HF (160). This hypothesis might provide an explanation for 

increased NLRC4 expression in human failing hearts. Of note, it is unknown whether 

significant gut hypoperfusion could have developed in our animal models. Furthermore, 

a similar co-activation pattern of AIM2 and NLRC4 has been described in animal models 

of stroke and ischemic cardiomyopathy previously, suggesting that the activation of these 

two inflammasomes might be linked (11, 20). We also show that co-activation of AIM2 

and NLRC4 inflammasomes is a possible phenomenon, suggesting that single 

inflammasome targeting may not be sufficient in case of cardiovascular diseases 

including atherosclerosis and chronic heart failure. 

The complex interplay between endocannabinoid signaling and inflammation including 

inflammasomes is under intense research recently (161). CB1R upregulation can be 

observed with pro-inflammatory milieu e.g. in atherosclerosis or ischemic injury (145, 

147). In our study, a subgroup of ischemic patients showed elevated expression of CB1R 

as well as endocannabinoids but not of CB2R. These results are in line with previous 

observation partially; however, CB2R may be also increased in certain types of 

cardiomyopathies indicating the influence of other factors such as etiology (162). Another 

important point of our study was the decrease in the activity of endocannabinoid-

degrading enzyme MGLL in the subgroup of ischemic patients. This finding confirms 

recent observation on impaired activity of MGLL as well as the detrimental effects of 

AEA and 2-AG in ischemic myocardium (163). However, the heterogeneity of the patient 

population observed in our study highlights the need for further research to identify the 

major factors leading to controversial results. 
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The complex pathways converging to inflammasome activation and signaling involve a 

series of triggers and modulators that may influence inflammasome activity and 

assembly. The best characterized triggers are the classic mediators promoting 

inflammasome priming through various PRRs e.g. TLR4, TLR9, TNF-α and interleukin 

receptors and inflammasome oligomerization, which is modulated by purinergic and 

pannexin channels (164). Panx1 channels have been known as modulators of NALP1, 

NLRP3 as well as of non-canonical inflammasome activities via ATP release (165-168). 

We have shown that Panx1 channels associate to the AIM2 inflammasome as well, and 

showed a notable anti-inflammatory effect of the Panx1 channel inhibitor probenecid in 

vitro. We have seen a reduction in the expression of AIM2 and its downstream signaling 

in vitro in both dsDNA stimulated monocytes/macrophages and cardiac cells. The anti-

inflammatory effect of probenecid was mediated by decreasing Il-1β level in a rabbit 

sepsis model (169). In addition to AIM2 inflammasome inhibition, Panx1 channels may 

play a role in leukocyte migration and in modulation of the NF-κB pathway (170). A 

recent study has also confirmed that probenecid improves cardiac function at early phase 

of post-infarction heart failure via inhibiting endothelial Panx1 channels and 

consequential leukocyte infiltration (171). Therefore, we propose that probenecid might 

be a `broad-spectrum` inflammasome inhibitor and anti-inflammatory agent besides its 

well characterized uricosuric properties in gout. Probenecid has been proven to improve 

outcome in an animal model of ischemic HF with a shorter 4-week follow-up period by 

exerting positive inotropic effects via transient receptor potential cation channel 

subfamily V member 2 (TRPV2), and the positive inotropic effect was confirmed in a 

small number of patients with HF (172). We showed that probenecid is able to prevent 

adverse cardiac remodeling upon a more prolonged period of pressure-overload in vivo. 

However, the interplay between anti-inflammatory effects of probenecid and its action on 

TRPV2 as well as on myocardial contractility was not investigated in our study which 

should be acknowledged as a limitation. Nevertheless, the already published positive 

inotropic effects through TRPV2 and the novel anti-inflammatory effects might explain 

the recently observed clinical benefits of probenecid use in patients suffering from heart 

failure, as well as the epidemiological observation, that patients receiving probenecid 

therapy for gouty arthritis have better cardiovascular outcomes (172-174). Thus, we 



48 

 

believe that probenecid or potential derivatives of it might be useful therapeutic tools and 

adjuvants for the management of chronic heart failure.   
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5. CONCLUSIONS 

Here we have demonstrated with a series of experiments on human failing heart tissues 

that AIM2 and NLRC4 inflammasome activation play a role in the later stage of chronic 

HF. It was also shown that monocytes and macrophages are the main scene of AIM2 

inflammasome activation. In addition, the investigation on the role of endocannabinoid 

system in human ischemic cardiomyopathy identified a subgroup within the ischemic 

specimens which displayed increased expression of CB1R as well as reduced expression 

and activity of some hydrolases responsible for the degradation or biosynthesis of 

endocannabinoids. Additionally, activity-based protein profiling was proven to be a 

potent tool to examine the activity of ECS-related enzymes in cardiovascular conditions. 

Human findings were further confirmed in preclinical animal models such as pressure-

overload and postinfarction heart failure rat models; however, lack of AIM2 

inflammasome activation in volume-overload model points out the possible disease and 

stage specificity of the inflammasome pattern. Our results highlight the importance of 

specific inflammation patterns and the involvement of multiple pathways. Thus, it might 

facilitate the development of ‘board spectrum’ inflammasome inhibitors instead of 

inflammasome-specific ones. 

In this study, AIM2 inflammasome has been found to be associated with pannexin-1 

channels by co-immunoprecipitation. We have shown that probenecid, a pannexin-1 

channel inhibitor drug, is able to reduce AIM2 inflammasome activation by reducing the 

expression of AIM2 inflammasome sensor, its downstream signaling and cleavage of 

effector caspase-1 or IL-1β in both human monocytic and cardiomyocyte lines in vitro. 

In addition, probenecid improves outcomes of heart failure in pressure overload rat model 

by reducing mortality, improving cardiac function and reversing cardiac remodeling. The 

recently described anti-inflammatory properties as well as previously published 

beneficial (e.g. non-injurious positive inotropic) effects on cardiac function may speed up 

the repurposing of probenecid for the treatment of heart failure.    
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6. SUMMARY 

Inflammatory mechanisms and related pathways including inflammasomes or 

endocannabinoid signaling are important pathogenic factors in cardiovascular diseases. 

The CANTOS trial has proven new evidences that anti-inflammatory therapy by 

inhibiting IL-1β reduces effectively the incidences of major cardiovascular events and 

prevents complications.  Therefore, IL-1β, inflammasomes and associated pathways are 

promising therapeutic targets in these cardiac diseases. In this recent study, we aimed to 

assess inflammasome activation and ECS-related pathways in chronic heart failure to 

identify potential new targets. 

In human, the expression of the inflammasome protein AIM2 and NLRC4 as well as 

downstream signaling increased in failing hearts regardless of the etiology (ischemic or 

dilated cardiomyopathy) while the NALP1 and NLRP3 inflammasome showed no 

change. AIM2 expression was primarily detected in monocytes/macrophages of failing 

hearts. The mRNA expression of endocannabinoid 2-AG-related biosynthetic and 

hydrolytic enzymes decreased in a subgroup of ischemic cardiomyopathy, while the 

mRNA level of CNR1 increased in the same subgroup. Translational animal models of 

HF, i.e. pressure- or volume-overload, and permanent coronary artery ligation in rat, as 

well as ischemia/reperfusion-induced HF in pigs, demonstrated an activation pattern of 

AIM2 similar to that of observed in end-stages of human HF. In vitro AIM2 

inflammasome activation in human THP-1 monocytic cells and human AC16 cells 

induced by specific double-stranded DNA was significantly reduced by pharmacological 

blockade of pannexin-1 channels by probenecid, a clinically used uricosuric drug. 

Probenecid was also able to reduce pressure overload-induced mortality and restore 

indices of disease severity in a rat chronic HF model in vivo. 

In summary, AIM2 and NLRC4 inflammasome activation contribute to chronic 

inflammation in heart failure. The activity of ECS-related enzymes was shown to be 

specific of the disease or its stage. Furthermore, pannexin-1 channel inhibitor probenecid 

alleviates chronic HF by reducing inflammasome activation. The present results suggest 

the possibility of repositioning of probenecid as for HF indications.  



51 

 

7. REFERENCES 

1. Ge Z, Li A, McNamara J, Dos Remedios C, Lal S. (2019) Pathogenesis and 

pathophysiology of heart failure with reduced ejection fraction: translation to human 

studies. Heart Fail Rev, 24: 743-758. 

2. Groenewegen A, Rutten FH, Mosterd A, Hoes AW. (2020) Epidemiology of heart 

failure. Eur J Heart Fail, 22: 1342-1356. 

3. Roger VL, Go AS, Lloyd-Jones DM, Adams RJ, Berry JD, Brown TM, Carnethon 

MR, Dai S, de Simone G, Ford ES, Fox CS, Fullerton HJ, Gillespie C, Greenlund KJ, 

Hailpern SM, Heit JA, Ho PM, Howard VJ, Kissela BM, Kittner SJ, Lackland DT, 

Lichtman JH, Lisabeth LD, Makuc DM, Marcus GM, Marelli A, Matchar DB, 

McDermott MM, Meigs JB, Moy CS, Mozaffarian D, Mussolino ME, Nichol G, 

Paynter NP, Rosamond WD, Sorlie PD, Stafford RS, Turan TN, Turner MB, Wong 

ND, Wylie-Rosett J, American Heart Association Statistics C, Stroke Statistics S. 

(2011) Heart disease and stroke statistics--2011 update: a report from the American 

Heart Association. Circulation, 123: e18-e209. 

4. English MA, Mastrean MB. (1995) Congestive heart failure: public and private 

burden. Crit Care Nurs Q, 18: 1-6. 

5. Fiebeler A, Nussberger J, Shagdarsuren E, Rong S, Hilfenhaus G, Al-Saadi N, 

Dechend R, Wellner M, Meiners S, Maser-Gluth C, Jeng AY, Webb RL, Luft FC, 

Muller DN. (2005) Aldosterone synthase inhibitor ameliorates angiotensin II-induced 

organ damage. Circulation, 111: 3087-3094. 

6. van de Wal RM, Plokker HW, Lok DJ, Boomsma F, van der Horst FA, van 

Veldhuisen DJ, van Gilst WH, Voors AA. (2006) Determinants of increased 

angiotensin II levels in severe chronic heart failure patients despite ACE inhibition. 

Int J Cardiol, 106: 367-372. 

7. Kaschina E, Unger T. (2003) Angiotensin AT1/AT2 receptors: regulation, signalling 

and function. Blood Press, 12: 70-88. 

8. Ponikowski P, Voors AA, Anker SD, Bueno H, Cleland JGF, Coats AJS, Falk V, 

Gonzalez-Juanatey JR, Harjola VP, Jankowska EA, Jessup M, Linde C, 

Nihoyannopoulos P, Parissis JT, Pieske B, Riley JP, Rosano GMC, Ruilope LM, 

Ruschitzka F, Rutten FH, van der Meer P, Group ESCSD. (2016) 2016 ESC 

Guidelines for the diagnosis and treatment of acute and chronic heart failure: The 



52 

 

Task Force for the diagnosis and treatment of acute and chronic heart failure of the 

European Society of Cardiology (ESC)Developed with the special contribution of the 

Heart Failure Association (HFA) of the ESC. Eur Heart J, 37: 2129-2200. 

9. Libby P. (2006) Inflammation and cardiovascular disease mechanisms. Am J Clin 

Nutr, 83: 456S-460S. 

10. Ridker PM, Luscher TF. (2014) Anti-inflammatory therapies for cardiovascular 

disease. Eur Heart J, 35: 1782-1791. 

11. Denes A, Coutts G, Lenart N, Cruickshank SM, Pelegrin P, Skinner J, Rothwell N, 

Allan SM, Brough D. (2015) AIM2 and NLRC4 inflammasomes contribute with ASC 

to acute brain injury independently of NLRP3. Proc Natl Acad Sci U S A, 112: 4050-

4055. 

12. Francis Stuart SD, De Jesus NM, Lindsey ML, Ripplinger CM. (2016) The crossroads 

of inflammation, fibrosis, and arrhythmia following myocardial infarction. J Mol Cell 

Cardiol, 91: 114-122. 

13. Butts B, Gary RA, Dunbar SB, Butler J. (2015) The Importance of NLRP3 

Inflammasome in Heart Failure. J Card Fail, 21: 586-593. 

14. Paulus WJ, Tschope C. (2013) A novel paradigm for heart failure with preserved 

ejection fraction: comorbidities drive myocardial dysfunction and remodeling 

through coronary microvascular endothelial inflammation. J Am Coll Cardiol, 62: 

263-271. 

15. Deswal A, Petersen NJ, Feldman AM, Young JB, White BG, Mann DL. (2001) 

Cytokines and cytokine receptors in advanced heart failure: an analysis of the 

cytokine database from the Vesnarinone trial (VEST). Circulation, 103: 2055-2059. 

16. Rauchhaus M, Doehner W, Francis DP, Davos C, Kemp M, Liebenthal C, Niebauer 

J, Hooper J, Volk HD, Coats AJ, Anker SD. (2000) Plasma cytokine parameters and 

mortality in patients with chronic heart failure. Circulation, 102: 3060-3067. 

17. Braunwald E. (2008) Biomarkers in heart failure. N Engl J Med, 358: 2148-2159. 

18. Pascual-Figal DA, Bayes-Genis A, Asensio-Lopez MC, Hernandez-Vicente A, 

Garrido-Bravo I, Pastor-Perez F, Diez J, Ibanez B, Lax A. (2019) The Interleukin-1 

Axis and Risk of Death in Patients With Acutely Decompensated Heart Failure. J Am 

Coll Cardiol, 73: 1016-1025. 



53 

 

19. Mann DL. (2011) The emerging role of innate immunity in the heart and vascular 

system: for whom the cell tolls. Circ Res, 108: 1133-1145. 

20. Durga Devi T, Babu M, Makinen P, Kaikkonen MU, Heinaniemi M, Laakso H, Yla-

Herttuala E, Rieppo L, Liimatainen T, Naumenko N, Tavi P, Yla-Herttuala S. (2017) 

Aggravated Postinfarct Heart Failure in Type 2 Diabetes Is Associated with Impaired 

Mitophagy and Exaggerated Inflammasome Activation. Am J Pathol, 187: 2659-

2673. 

21. Wang X, Pan J, Liu H, Zhang M, Liu D, Lu L, Tian J, Liu M, Jin T, An F. (2019) 

AIM2 gene silencing attenuates diabetic cardiomyopathy in type 2 diabetic rat model. 

Life Sci, 221: 249-258. 

22. Nakayama H, Otsu K. (2018) Mitochondrial DNA as an inflammatory mediator in 

cardiovascular diseases. Biochem J, 475: 839-852. 

23. Akira S, Takeda K. (2004) Toll-like receptor signalling. Nat Rev Immunol, 4: 499-

511. 

24. Schroder K, Tschopp J. (2010) The inflammasomes. Cell, 140: 821-832. 

25. Fiordelisi A, Iaccarino G, Morisco C, Coscioni E, Sorriento D. (2019) NFkappaB is 

a Key Player in the Crosstalk between Inflammation and Cardiovascular Diseases. Int 

J Mol Sci, 20. 

26. Hamid T, Guo SZ, Kingery JR, Xiang X, Dawn B, Prabhu SD. (2011) Cardiomyocyte 

NF-kappaB p65 promotes adverse remodelling, apoptosis, and endoplasmic 

reticulum stress in heart failure. Cardiovasc Res, 89: 129-138. 

27. Liu Q, Chen Y, Auger-Messier M, Molkentin JD. (2012) Interaction between 

NFkappaB and NFAT coordinates cardiac hypertrophy and pathological remodeling. 

Circ Res, 110: 1077-1086. 

28. Gupta S, Young D, Maitra RK, Gupta A, Popovic ZB, Yong SL, Mahajan A, Wang 

Q, Sen S. (2008) Prevention of cardiac hypertrophy and heart failure by silencing of 

NF-kappaB. J Mol Biol, 375: 637-649. 

29. Shaw J, Zhang T, Rzeszutek M, Yurkova N, Baetz D, Davie JR, Kirshenbaum LA. 

(2006) Transcriptional silencing of the death gene BNIP3 by cooperative action of 

NF-kappaB and histone deacetylase 1 in ventricular myocytes. Circ Res, 99: 1347-

1354. 



54 

 

30. Greten FR, Arkan MC, Bollrath J, Hsu LC, Goode J, Miething C, Goktuna SI, 

Neuenhahn M, Fierer J, Paxian S, Van Rooijen N, Xu Y, O'Cain T, Jaffee BB, Busch 

DH, Duyster J, Schmid RM, Eckmann L, Karin M. (2007) NF-kappaB is a negative 

regulator of IL-1beta secretion as revealed by genetic and pharmacological inhibition 

of IKKbeta. Cell, 130: 918-931. 

31. Testa M, Yeh M, Lee P, Fanelli R, Loperfido F, Berman JW, LeJemtel TH. (1996) 

Circulating levels of cytokines and their endogenous modulators in patients with mild 

to severe congestive heart failure due to coronary artery disease or hypertension. J 

Am Coll Cardiol, 28: 964-971. 

32. Kadokami T, Frye C, Lemster B, Wagner CL, Feldman AM, McTiernan CF. (2001) 

Anti-tumor necrosis factor-alpha antibody limits heart failure in a transgenic model. 

Circulation, 104: 1094-1097. 

33. Kubota T, Bounoutas GS, Miyagishima M, Kadokami T, Sanders VJ, Bruton C, 

Robbins PD, McTiernan CF, Feldman AM. (2000) Soluble tumor necrosis factor 

receptor abrogates myocardial inflammation but not hypertrophy in cytokine-induced 

cardiomyopathy. Circulation, 101: 2518-2525. 

34. Ueland T, Gullestad L, Nymo SH, Yndestad A, Aukrust P, Askevold ET. (2015) 

Inflammatory cytokines as biomarkers in heart failure. Clin Chim Acta, 443: 71-77. 

35. Mann DL, McMurray JJ, Packer M, Swedberg K, Borer JS, Colucci WS, Djian J, 

Drexler H, Feldman A, Kober L, Krum H, Liu P, Nieminen M, Tavazzi L, van 

Veldhuisen DJ, Waldenstrom A, Warren M, Westheim A, Zannad F, Fleming T. 

(2004) Targeted anticytokine therapy in patients with chronic heart failure: results of 

the Randomized Etanercept Worldwide Evaluation (RENEWAL). Circulation, 109: 

1594-1602. 

36. Cabal-Hierro L, Lazo PS. (2012) Signal transduction by tumor necrosis factor 

receptors. Cell Signal, 24: 1297-1305. 

37. Schumacher SM, Naga Prasad SV. (2018) Tumor Necrosis Factor-alpha in Heart 

Failure: an Updated Review. Curr Cardiol Rep, 20: 117. 

38. Biernacka A, Dobaczewski M, Frangogiannis NG. (2011) TGF-beta signaling in 

fibrosis. Growth Factors, 29: 196-202. 



55 

 

39. Dobaczewski M, Gonzalez-Quesada C, Frangogiannis NG. (2010) The extracellular 

matrix as a modulator of the inflammatory and reparative response following 

myocardial infarction. J Mol Cell Cardiol, 48: 504-511. 

40. Takahashi N, Calderone A, Izzo NJ, Jr., Maki TM, Marsh JD, Colucci WS. (1994) 

Hypertrophic stimuli induce transforming growth factor-beta 1 expression in rat 

ventricular myocytes. J Clin Invest, 94: 1470-1476. 

41. Chen K, Mehta JL, Li D, Joseph L, Joseph J. (2004) Transforming growth factor beta 

receptor endoglin is expressed in cardiac fibroblasts and modulates profibrogenic 

actions of angiotensin II. Circ Res, 95: 1167-1173. 

42. Olsson N, Piek E, Sundstrom M, ten Dijke P, Nilsson G. (2001) Transforming growth 

factor-beta-mediated mast cell migration depends on mitogen-activated protein 

kinase activity. Cell Signal, 13: 483-490. 

43. Rosenkranz S, Flesch M, Amann K, Haeuseler C, Kilter H, Seeland U, Schluter KD, 

Bohm M. (2002) Alterations of beta-adrenergic signaling and cardiac hypertrophy in 

transgenic mice overexpressing TGF-beta(1). Am J Physiol Heart Circ Physiol, 283: 

H1253-1262. 

44. Lucas JA, Zhang Y, Li P, Gong K, Miller AP, Hassan E, Hage F, Xing D, Wells B, 

Oparil S, Chen YF. (2010) Inhibition of transforming growth factor-beta signaling 

induces left ventricular dilation and dysfunction in the pressure-overloaded heart. Am 

J Physiol Heart Circ Physiol, 298: H424-432. 

45. Zhang W, Chancey AL, Tzeng HP, Zhou Z, Lavine KJ, Gao F, Sivasubramanian N, 

Barger PM, Mann DL. (2011) The development of myocardial fibrosis in transgenic 

mice with targeted overexpression of tumor necrosis factor requires mast cell-

fibroblast interactions. Circulation, 124: 2106-2116. 

46. Akira S, Isshiki H, Sugita T, Tanabe O, Kinoshita S, Nishio Y, Nakajima T, Hirano 

T, Kishimoto T. (1990) A nuclear factor for IL-6 expression (NF-IL6) is a member 

of a C/EBP family. EMBO J, 9: 1897-1906. 

47. Akira S, Nishio Y, Inoue M, Wang XJ, Wei S, Matsusaka T, Yoshida K, Sudo T, 

Naruto M, Kishimoto T. (1994) Molecular cloning of APRF, a novel IFN-stimulated 

gene factor 3 p91-related transcription factor involved in the gp130-mediated 

signaling pathway. Cell, 77: 63-71. 



56 

 

48. Dawn B, Xuan YT, Guo Y, Rezazadeh A, Stein AB, Hunt G, Wu WJ, Tan W, Bolli 

R. (2004) IL-6 plays an obligatory role in late preconditioning via JAK-STAT 

signaling and upregulation of iNOS and COX-2. Cardiovasc Res, 64: 61-71. 

49. Zhao L, Cheng G, Jin R, Afzal MR, Samanta A, Xuan YT, Girgis M, Elias HK, Zhu 

Y, Davani A, Yang Y, Chen X, Ye S, Wang OL, Chen L, Hauptman J, Vincent RJ, 

Dawn B. (2016) Deletion of Interleukin-6 Attenuates Pressure Overload-Induced Left 

Ventricular Hypertrophy and Dysfunction. Circ Res, 118: 1918-1929. 

50. Ridker PM, Devalaraja M, Baeres FMM, Engelmann MDM, Hovingh GK, Ivkovic 

M, Lo L, Kling D, Pergola P, Raj D, Libby P, Davidson M, Investigators R. (2021) 

IL-6 inhibition with ziltivekimab in patients at high atherosclerotic risk (RESCUE): 

a double-blind, randomised, placebo-controlled, phase 2 trial. Lancet, 397: 2060-

2069. 

51. Ridker PM, Rane M. (2021) Interleukin-6 Signaling and Anti-Interleukin-6 

Therapeutics in Cardiovascular Disease. Circ Res, 128: 1728-1746. 

52. Hirota H, Izumi M, Hamaguchi T, Sugiyama S, Murakami E, Kunisada K, Fujio Y, 

Oshima Y, Nakaoka Y, Yamauchi-Takihara K. (2004) Circulating interleukin-6 

family cytokines and their receptors in patients with congestive heart failure. Heart 

Vessels, 19: 237-241. 

53. Banerjee I, Fuseler JW, Intwala AR, Baudino TA. (2009) IL-6 loss causes ventricular 

dysfunction, fibrosis, reduced capillary density, and dramatically alters the cell 

populations of the developing and adult heart. Am J Physiol Heart Circ Physiol, 296: 

H1694-1704. 

54. Weber A, Wasiliew P, Kracht M. (2010) Interleukin-1 (IL-1) pathway. Sci Signal, 3: 

cm1. 

55. Liu SJ, Zhou W, Kennedy RH. (1999) Suppression of beta-adrenergic responsiveness 

of L-type Ca2+ current by IL-1beta in rat ventricular myocytes. Am J Physiol, 276: 

H141-148. 

56. Tatsumi T, Matoba S, Kawahara A, Keira N, Shiraishi J, Akashi K, Kobara M, 

Tanaka T, Katamura M, Nakagawa C, Ohta B, Shirayama T, Takeda K, Asayama J, 

Fliss H, Nakagawa M. (2000) Cytokine-induced nitric oxide production inhibits 

mitochondrial energy production and impairs contractile function in rat cardiac 

myocytes. J Am Coll Cardiol, 35: 1338-1346. 



57 

 

57. Combes A, Frye CS, Lemster BH, Brooks SS, Watkins SC, Feldman AM, McTiernan 

CF. (2002) Chronic exposure to interleukin 1beta induces a delayed and reversible 

alteration in excitation-contraction coupling of cultured cardiomyocytes. Pflugers 

Arch, 445: 246-256. 

58. Bujak M, Dobaczewski M, Chatila K, Mendoza LH, Li N, Reddy A, Frangogiannis 

NG. (2008) Interleukin-1 receptor type I signaling critically regulates infarct healing 

and cardiac remodeling. Am J Pathol, 173: 57-67. 

59. Offner FA, Feichtinger H, Stadlmann S, Obrist P, Marth C, Klingler P, Grage B, 

Schmahl M, Knabbe C. (1996) Transforming growth factor-beta synthesis by human 

peritoneal mesothelial cells. Induction by interleukin-1. Am J Pathol, 148: 1679-

1688. 

60. Hansson GK. (2005) Inflammation, atherosclerosis, and coronary artery disease. N 

Engl J Med, 352: 1685-1695. 

61. O'Brien LC, Mezzaroma E, Van Tassell BW, Marchetti C, Carbone S, Abbate A, 

Toldo S. (2014) Interleukin-18 as a therapeutic target in acute myocardial infarction 

and heart failure. Mol Med, 20: 221-229. 

62. Carbone S, Lee PJ, Mauro AG, Mezzaroma E, Buzzetti R, Van Tassell B, Abbate A, 

Toldo S. (2017) Interleukin-18 mediates cardiac dysfunction induced by western diet 

independent of obesity and hyperglycemia in the mouse. Nutr Diabetes, 7: e258. 

63. Toldo S, Mezzaroma E, O'Brien L, Marchetti C, Seropian IM, Voelkel NF, Van 

Tassell BW, Dinarello CA, Abbate A. (2014) Interleukin-18 mediates interleukin-1-

induced cardiac dysfunction. Am J Physiol Heart Circ Physiol, 306: H1025-1031. 

64. Naito Y, Tsujino T, Fujioka Y, Ohyanagi M, Okamura H, Iwasaki T. (2002) Increased 

circulating interleukin-18 in patients with congestive heart failure. Heart, 88: 296-

297. 

65. Goldbach-Mansky R, Dailey NJ, Canna SW, Gelabert A, Jones J, Rubin BI, Kim HJ, 

Brewer C, Zalewski C, Wiggs E, Hill S, Turner ML, Karp BI, Aksentijevich I, Pucino 

F, Penzak SR, Haverkamp MH, Stein L, Adams BS, Moore TL, Fuhlbrigge RC, 

Shaham B, Jarvis JN, O'Neil K, Vehe RK, Beitz LO, Gardner G, Hannan WP, Warren 

RW, Horn W, Cole JL, Paul SM, Hawkins PN, Pham TH, Snyder C, Wesley RA, 

Hoffmann SC, Holland SM, Butman JA, Kastner DL. (2006) Neonatal-onset 



58 

 

multisystem inflammatory disease responsive to interleukin-1beta inhibition. N Engl 

J Med, 355: 581-592. 

66. Martinon F, Burns K, Tschopp J. (2002) The inflammasome: a molecular platform 

triggering activation of inflammatory caspases and processing of proIL-beta. Mol 

Cell, 10: 417-426. 

67. Strowig T, Henao-Mejia J, Elinav E, Flavell R. (2012) Inflammasomes in health and 

disease. Nature, 481: 278-286. 

68. Martinon F, Mayor A, Tschopp J. (2009) The inflammasomes: guardians of the body. 

Annu Rev Immunol, 27: 229-265. 

69. Ting JP, Lovering RC, Alnemri ES, Bertin J, Boss JM, Davis BK, Flavell RA, 

Girardin SE, Godzik A, Harton JA, Hoffman HM, Hugot JP, Inohara N, Mackenzie 

A, Maltais LJ, Nunez G, Ogura Y, Otten LA, Philpott D, Reed JC, Reith W, Schreiber 

S, Steimle V, Ward PA. (2008) The NLR gene family: a standard nomenclature. 

Immunity, 28: 285-287. 

70. Dinarello CA. (2011) A clinical perspective of IL-1beta as the gatekeeper of 

inflammation. Eur J Immunol, 41: 1203-1217. 

71. Shi J, Zhao Y, Wang K, Shi X, Wang Y, Huang H, Zhuang Y, Cai T, Wang F, Shao 

F. (2015) Cleavage of GSDMD by inflammatory caspases determines pyroptotic cell 

death. Nature, 526: 660-665. 

72. Kayagaki N, Warming S, Lamkanfi M, Vande Walle L, Louie S, Dong J, Newton K, 

Qu Y, Liu J, Heldens S, Zhang J, Lee WP, Roose-Girma M, Dixit VM. (2011) Non-

canonical inflammasome activation targets caspase-11. Nature, 479: 117-121. 

73. Mangan MSJ, Olhava EJ, Roush WR, Seidel HM, Glick GD, Latz E. (2018) Targeting 

the NLRP3 inflammasome in inflammatory diseases. Nat Rev Drug Discov, 17: 588-

606. 

74. Libby P. (2021) Targeting Inflammatory Pathways in Cardiovascular Disease: The 

Inflammasome, Interleukin-1, Interleukin-6 and Beyond. Cells, 10. 

75. Mezzaroma E, Toldo S, Farkas D, Seropian IM, Van Tassell BW, Salloum FN, 

Kannan HR, Menna AC, Voelkel NF, Abbate A. (2011) The inflammasome promotes 

adverse cardiac remodeling following acute myocardial infarction in the mouse. Proc 

Natl Acad Sci U S A, 108: 19725-19730. 



59 

 

76. Kawaguchi M, Takahashi M, Hata T, Kashima Y, Usui F, Morimoto H, Izawa A, 

Takahashi Y, Masumoto J, Koyama J, Hongo M, Noda T, Nakayama J, Sagara J, 

Taniguchi S, Ikeda U. (2011) Inflammasome activation of cardiac fibroblasts is 

essential for myocardial ischemia/reperfusion injury. Circulation, 123: 594-604. 

77. Gao R, Shi H, Chang S, Gao Y, Li X, Lv C, Yang H, Xiang H, Yang J, Xu L, Tang 

Y. (2019) The selective NLRP3-inflammasome inhibitor MCC950 reduces 

myocardial fibrosis and improves cardiac remodeling in a mouse model of myocardial 

infarction. Int Immunopharmacol, 74: 105575. 

78. Marchetti C, Toldo S, Chojnacki J, Mezzaroma E, Liu K, Salloum FN, Nordio A, 

Carbone S, Mauro AG, Das A, Zalavadia AA, Halquist MS, Federici M, Van Tassell 

BW, Zhang S, Abbate A. (2015) Pharmacologic Inhibition of the NLRP3 

Inflammasome Preserves Cardiac Function After Ischemic and Nonischemic Injury 

in the Mouse. J Cardiovasc Pharmacol, 66: 1-8. 

79. Zeng C, Duan F, Hu J, Luo B, Huang B, Lou X, Sun X, Li H, Zhang X, Yin S, Tan 

H. (2020) NLRP3 inflammasome-mediated pyroptosis contributes to the 

pathogenesis of non-ischemic dilated cardiomyopathy. Redox Biol, 34: 101523. 

80. Willeford A, Suetomi T, Nickle A, Hoffman HM, Miyamoto S, Heller Brown J. 

(2018) CaMKIIdelta-mediated inflammatory gene expression and inflammasome 

activation in cardiomyocytes initiate inflammation and induce fibrosis. JCI Insight, 

3. 

81. Suetomi T, Willeford A, Brand CS, Cho Y, Ross RS, Miyamoto S, Brown JH. (2018) 

Inflammation and NLRP3 Inflammasome Activation Initiated in Response to 

Pressure Overload by Ca(2+)/Calmodulin-Dependent Protein Kinase II delta 

Signaling in Cardiomyocytes Are Essential for Adverse Cardiac Remodeling. 

Circulation, 138: 2530-2544. 

82. Sokolova M, Sjaastad I, Louwe MC, Alfsnes K, Aronsen JM, Zhang L, Haugstad SB, 

Bendiksen BA, Ogaard J, Bliksoen M, Lien E, Berge RK, Aukrust P, Ranheim T, 

Yndestad A. (2019) NLRP3 Inflammasome Promotes Myocardial Remodeling 

During Diet-Induced Obesity. Front Immunol, 10: 1621. 

83. Marin-Aguilar F, Lechuga-Vieco AV, Alcocer-Gomez E, Castejon-Vega B, Lucas J, 

Garrido C, Peralta-Garcia A, Perez-Pulido AJ, Varela-Lopez A, Quiles JL, Ryffel B, 

Flores I, Bullon P, Ruiz-Cabello J, Cordero MD. (2020) NLRP3 inflammasome 



60 

 

suppression improves longevity and prevents cardiac aging in male mice. Aging Cell, 

19: e13050. 

84. Zong J, Li FF, Liang K, Dai R, Zhang H, Yan L, Liu JL, Xu LH, Qian WH. (2018) 

Nuclear Localization Leucine-Rich-Repeat Protein 1 Deficiency Protects Against 

Cardiac Hypertrophy by Pressure Overload. Cell Physiol Biochem, 48: 75-86. 

85. Paulin N, Viola JR, Maas SL, de Jong R, Fernandes-Alnemri T, Weber C, Drechsler 

M, Doring Y, Soehnlein O. (2018) Double-Strand DNA Sensing Aim2 

Inflammasome Regulates Atherosclerotic Plaque Vulnerability. Circulation, 138: 

321-323. 

86. Fidler TP, Xue C, Yalcinkaya M, Hardaway B, Abramowicz S, Xiao T, Liu W, 

Thomas DG, Hajebrahimi MA, Pircher J, Silvestre-Roig C, Kotini AG, Luchsinger 

LL, Wei Y, Westerterp M, Snoeck HW, Papapetrou EP, Schulz C, Massberg S, 

Soehnlein O, Ebert B, Levine RL, Reilly MP, Libby P, Wang N, Tall AR. (2021) The 

AIM2 inflammasome exacerbates atherosclerosis in clonal haematopoiesis. Nature, 

592: 296-301. 

87. Lusebrink E, Goody PR, Lahrmann C, Flender A, Niepmann ST, Zietzer A, Schulz 

C, Massberg S, Jansen F, Nickenig G, Zimmer S, Krogmann AO. (2020) AIM2 

Stimulation Impairs Reendothelialization and Promotes the Development of 

Atherosclerosis in Mice. Front Cardiovasc Med, 7: 582482. 

88. Knuuti J, Wijns W, Saraste A, Capodanno D, Barbato E, Funck-Brentano C, Prescott 

E, Storey RF, Deaton C, Cuisset T, Agewall S, Dickstein K, Edvardsen T, Escaned J, 

Gersh BJ, Svitil P, Gilard M, Hasdai D, Hatala R, Mahfoud F, Masip J, Muneretto C, 

Valgimigli M, Achenbach S, Bax JJ, Group ESCSD. (2020) 2019 ESC Guidelines for 

the diagnosis and management of chronic coronary syndromes. Eur Heart J, 41: 407-

477. 

89. Kleindorfer DO, Towfighi A, Chaturvedi S, Cockroft KM, Gutierrez J, Lombardi-

Hill D, Kamel H, Kernan WN, Kittner SJ, Leira EC, Lennon O, Meschia JF, Nguyen 

TN, Pollak PM, Santangeli P, Sharrief AZ, Smith SC, Jr., Turan TN, Williams LS. 

(2021) 2021 Guideline for the Prevention of Stroke in Patients With Stroke and 

Transient Ischemic Attack: A Guideline From the American Heart 

Association/American Stroke Association. Stroke, 52: e364-e467. 



61 

 

90. Coxib, traditional NTC, Bhala N, Emberson J, Merhi A, Abramson S, Arber N, Baron 

JA, Bombardier C, Cannon C, Farkouh ME, FitzGerald GA, Goss P, Halls H, Hawk 

E, Hawkey C, Hennekens C, Hochberg M, Holland LE, Kearney PM, Laine L, Lanas 

A, Lance P, Laupacis A, Oates J, Patrono C, Schnitzer TJ, Solomon S, Tugwell P, 

Wilson K, Wittes J, Baigent C. (2013) Vascular and upper gastrointestinal effects of 

non-steroidal anti-inflammatory drugs: meta-analyses of individual participant data 

from randomised trials. Lancet, 382: 769-779. 

91. Bally M, Dendukuri N, Rich B, Nadeau L, Helin-Salmivaara A, Garbe E, Brophy JM. 

(2017) Risk of acute myocardial infarction with NSAIDs in real world use: bayesian 

meta-analysis of individual patient data. BMJ, 357: j1909. 

92. Page J, Henry D. (2000) Consumption of NSAIDs and the development of congestive 

heart failure in elderly patients: an underrecognized public health problem. Arch 

Intern Med, 160: 777-784. 

93. Adler Y, Charron P, Imazio M, Badano L, Baron-Esquivias G, Bogaert J, Brucato A, 

Gueret P, Klingel K, Lionis C, Maisch B, Mayosi B, Pavie A, Ristic AD, Sabate 

Tenas M, Seferovic P, Swedberg K, Tomkowski W, Group ESCSD. (2015) 2015 ESC 

Guidelines for the diagnosis and management of pericardial diseases: The Task Force 

for the Diagnosis and Management of Pericardial Diseases of the European Society 

of Cardiology (ESC)Endorsed by: The European Association for Cardio-Thoracic 

Surgery (EACTS). Eur Heart J, 36: 2921-2964. 

94. Kewalramani G, Puthanveetil P, Wang F, Kim MS, Deppe S, Abrahani A, Luciani 

DS, Johnson JD, Rodrigues B. (2009) AMP-activated protein kinase confers 

protection against TNF-{alpha}-induced cardiac cell death. Cardiovasc Res, 84: 42-

53. 

95. Oakley RH, Cidlowski JA. (2015) Glucocorticoid signaling in the heart: A 

cardiomyocyte perspective. J Steroid Biochem Mol Biol, 153: 27-34. 

96. Ren R, Oakley RH, Cruz-Topete D, Cidlowski JA. (2012) Dual role for 

glucocorticoids in cardiomyocyte hypertrophy and apoptosis. Endocrinology, 153: 

5346-5360. 

97. Young MJ, Rickard AJ. (2015) Mineralocorticoid receptors in the heart: lessons from 

cell-selective transgenic animals. J Endocrinol, 224: R1-13. 



62 

 

98. Bozkurt B, Kribbs SB, Clubb FJ, Jr., Michael LH, Didenko VV, Hornsby PJ, Seta Y, 

Oral H, Spinale FG, Mann DL. (1998) Pathophysiologically relevant concentrations 

of tumor necrosis factor-alpha promote progressive left ventricular dysfunction and 

remodeling in rats. Circulation, 97: 1382-1391. 

99. Yokoyama T, Vaca L, Rossen RD, Durante W, Hazarika P, Mann DL. (1993) Cellular 

basis for the negative inotropic effects of tumor necrosis factor-alpha in the adult 

mammalian heart. J Clin Invest, 92: 2303-2312. 

100. Yokoyama T, Nakano M, Bednarczyk JL, McIntyre BW, Entman M, Mann DL. 

(1997) Tumor necrosis factor-alpha provokes a hypertrophic growth response in adult 

cardiac myocytes. Circulation, 95: 1247-1252. 

101. Bozkurt B, Torre-Amione G, Warren MS, Whitmore J, Soran OZ, Feldman AM, 

Mann DL. (2001) Results of targeted anti-tumor necrosis factor therapy with 

etanercept (ENBREL) in patients with advanced heart failure. Circulation, 103: 1044-

1047. 

102. Chung ES, Packer M, Lo KH, Fasanmade AA, Willerson JT, Anti TNFTACHFI. 

(2003) Randomized, double-blind, placebo-controlled, pilot trial of infliximab, a 

chimeric monoclonal antibody to tumor necrosis factor-alpha, in patients with 

moderate-to-severe heart failure: results of the anti-TNF Therapy Against Congestive 

Heart Failure (ATTACH) trial. Circulation, 107: 3133-3140. 

103. Hori M, Yamaguchi O. (2013) Is tumor necrosis factor-alpha friend or foe for 

chronic heart failure? Circ Res, 113: 492-494. 

104. Brody M, Bohm I, Bauer R. (1993) Mechanism of action of methotrexate: 

experimental evidence that methotrexate blocks the binding of interleukin 1 beta to 

the interleukin 1 receptor on target cells. Eur J Clin Chem Clin Biochem, 31: 667-

674. 

105. Sung JY, Hong JH, Kang HS, Choi I, Lim SD, Lee JK, Seok JH, Lee JH, Hur GM. 

(2000) Methotrexate suppresses the interleukin-6 induced generation of reactive 

oxygen species in the synoviocytes of rheumatoid arthritis. Immunopharmacology, 

47: 35-44. 

106. Choi HK, Hernan MA, Seeger JD, Robins JM, Wolfe F. (2002) Methotrexate and 

mortality in patients with rheumatoid arthritis: a prospective study. Lancet, 359: 

1173-1177. 



63 

 

107. Naranjo A, Sokka T, Descalzo MA, Calvo-Alen J, Horslev-Petersen K, 

Luukkainen RK, Combe B, Burmester GR, Devlin J, Ferraccioli G, Morelli A, 

Hoekstra M, Majdan M, Sadkiewicz S, Belmonte M, Holmqvist AC, Choy E, Tunc 

R, Dimic A, Bergman M, Toloza S, Pincus T, Group Q-R. (2008) Cardiovascular 

disease in patients with rheumatoid arthritis: results from the QUEST-RA study. 

Arthritis Res Ther, 10: R30. 

108. Ridker PM, Everett BM, Pradhan A, MacFadyen JG, Solomon DH, Zaharris E, 

Mam V, Hasan A, Rosenberg Y, Iturriaga E, Gupta M, Tsigoulis M, Verma S, 

Clearfield M, Libby P, Goldhaber SZ, Seagle R, Ofori C, Saklayen M, Butman S, 

Singh N, Le May M, Bertrand O, Johnston J, Paynter NP, Glynn RJ, Investigators C. 

(2019) Low-Dose Methotrexate for the Prevention of Atherosclerotic Events. N Engl 

J Med, 380: 752-762. 

109. Ikonomidis I, Lekakis JP, Nikolaou M, Paraskevaidis I, Andreadou I, 

Kaplanoglou T, Katsimbri P, Skarantavos G, Soucacos PN, Kremastinos DT. (2008) 

Inhibition of interleukin-1 by anakinra improves vascular and left ventricular function 

in patients with rheumatoid arthritis. Circulation, 117: 2662-2669. 

110. Abbate A, Kontos MC, Abouzaki NA, Melchior RD, Thomas C, Van Tassell BW, 

Oddi C, Carbone S, Trankle CR, Roberts CS, Mueller GH, Gambill ML, Christopher 

S, Markley R, Vetrovec GW, Dinarello CA, Biondi-Zoccai G. (2015) Comparative 

safety of interleukin-1 blockade with anakinra in patients with ST-segment elevation 

acute myocardial infarction (from the VCU-ART and VCU-ART2 pilot studies). Am 

J Cardiol, 115: 288-292. 

111. Van Tassell BW, Buckley LF, Carbone S, Trankle CR, Canada JM, Dixon DL, 

Abouzaki N, Oddi-Erdle C, Biondi-Zoccai G, Arena R, Abbate A. (2017) Interleukin-

1 blockade in heart failure with preserved ejection fraction: rationale and design of 

the Diastolic Heart Failure Anakinra Response Trial 2 (D-HART2). Clin Cardiol, 40: 

626-632. 

112. Van Tassell BW, Canada J, Carbone S, Trankle C, Buckley L, Oddi Erdle C, 

Abouzaki NA, Dixon D, Kadariya D, Christopher S, Schatz A, Regan J, Viscusi M, 

Del Buono M, Melchior R, Mankad P, Lu J, Sculthorpe R, Biondi-Zoccai G, 

Lesnefsky E, Arena R, Abbate A. (2017) Interleukin-1 Blockade in Recently 



64 

 

Decompensated Systolic Heart Failure: Results From REDHART (Recently 

Decompensated Heart Failure Anakinra Response Trial). Circ Heart Fail, 10. 

113. Ridker PM, Everett BM, Thuren T, MacFadyen JG, Chang WH, Ballantyne C, 

Fonseca F, Nicolau J, Koenig W, Anker SD, Kastelein JJP, Cornel JH, Pais P, Pella 

D, Genest J, Cifkova R, Lorenzatti A, Forster T, Kobalava Z, Vida-Simiti L, Flather 

M, Shimokawa H, Ogawa H, Dellborg M, Rossi PRF, Troquay RPT, Libby P, Glynn 

RJ, Group CT. (2017) Antiinflammatory Therapy with Canakinumab for 

Atherosclerotic Disease. N Engl J Med, 377: 1119-1131. 

114. Buckley LF, Abbate A. (2018) Interleukin-1 blockade in cardiovascular diseases: 

a clinical update. Eur Heart J, 39: 2063-2069. 

115. Wohlford GF, Van Tassell BW, Billingsley HE, Kadariya D, Canada JM, Carbone 

S, Mihalick VL, Bonaventura A, Vecchie A, Chiabrando JG, Bressi E, Thomas G, 

Ho AC, Marawan AA, Dell M, Trankle CR, Turlington J, Markley R, Abbate A. 

(2020) Phase 1B, Randomized, Double-Blinded, Dose Escalation, Single-Center, 

Repeat Dose Safety and Pharmacodynamics Study of the Oral NLRP3 Inhibitor 

Dapansutrile in Subjects With NYHA II-III Systolic Heart Failure. J Cardiovasc 

Pharmacol, 77: 49-60. 

116. Pope RM, Tschopp J. (2007) The role of interleukin-1 and the inflammasome in 

gout: implications for therapy. Arthritis Rheum, 56: 3183-3188. 

117. Perico N, Ostermann D, Bontempeill M, Morigi M, Amuchastegui CS, Zoja C, 

Akalin E, Sayegh MH, Remuzzi G. (1996) Colchicine interferes with L-selectin and 

leukocyte function-associated antigen-1 expression on human T lymphocytes and 

inhibits T cell activation. J Am Soc Nephrol, 7: 594-601. 

118. Nidorf SM, Eikelboom JW, Budgeon CA, Thompson PL. (2013) Low-dose 

colchicine for secondary prevention of cardiovascular disease. J Am Coll Cardiol, 61: 

404-410. 

119. Nidorf SM, Fiolet ATL, Mosterd A, Eikelboom JW, Schut A, Opstal TSJ, The 

SHK, Xu XF, Ireland MA, Lenderink T, Latchem D, Hoogslag P, Jerzewski A, 

Nierop P, Whelan A, Hendriks R, Swart H, Schaap J, Kuijper AFM, van Hessen 

MWJ, Saklani P, Tan I, Thompson AG, Morton A, Judkins C, Bax WA, Dirksen M, 

Alings M, Hankey GJ, Budgeon CA, Tijssen JGP, Cornel JH, Thompson PL, 



65 

 

LoDoCo2 Trial I. (2020) Colchicine in Patients with Chronic Coronary Disease. N 

Engl J Med, 383: 1838-1847. 

120. Tardif JC, Kouz S, Waters DD, Bertrand OF, Diaz R, Maggioni AP, Pinto FJ, 

Ibrahim R, Gamra H, Kiwan GS, Berry C, Lopez-Sendon J, Ostadal P, Koenig W, 

Angoulvant D, Gregoire JC, Lavoie MA, Dube MP, Rhainds D, Provencher M, 

Blondeau L, Orfanos A, L'Allier PL, Guertin MC, Roubille F. (2019) Efficacy and 

Safety of Low-Dose Colchicine after Myocardial Infarction. N Engl J Med, 381: 

2497-2505. 

121. Ridker PM, Libby P, MacFadyen JG, Thuren T, Ballantyne C, Fonseca F, Koenig 

W, Shimokawa H, Everett BM, Glynn RJ. (2018) Modulation of the interleukin-6 

signalling pathway and incidence rates of atherosclerotic events and all-cause 

mortality: analyses from the Canakinumab Anti-Inflammatory Thrombosis Outcomes 

Study (CANTOS). Eur Heart J, 39: 3499-3507. 

122. Gabay C, McInnes IB, Kavanaugh A, Tuckwell K, Klearman M, Pulley J, Sattar 

N. (2016) Comparison of lipid and lipid-associated cardiovascular risk marker 

changes after treatment with tocilizumab or adalimumab in patients with rheumatoid 

arthritis. Ann Rheum Dis, 75: 1806-1812. 

123. Kim SC, Solomon DH, Rogers JR, Gale S, Klearman M, Sarsour K, Schneeweiss 

S. (2017) Cardiovascular Safety of Tocilizumab Versus Tumor Necrosis Factor 

Inhibitors in Patients With Rheumatoid Arthritis: A Multi-Database Cohort Study. 

Arthritis Rheumatol, 69: 1154-1164. 

124. Ridker PM. (2021) From RESCUE to ZEUS: will interleukin-6 inhibition with 

ziltivekimab prove effective for cardiovascular event reduction? Cardiovasc Res, 

doi:10.1093/cvr/cvab231. 

125. Cunha P, Romao AM, Mascarenhas-Melo F, Teixeira HM, Reis F. (2011) 

Endocannabinoid system in cardiovascular disorders - new pharmacotherapeutic 

opportunities. J Pharm Bioallied Sci, 3: 350-360. 

126. Sam AH, Salem V, Ghatei MA. (2011) Rimonabant: From RIO to Ban. J Obes, 

2011: 432607. 

127. Kaur R, Sidhu P, Singh S. (2016) What failed BIA 10-2474 Phase I clinical trial? 

Global speculations and recommendations for future Phase I trials. J Pharmacol 

Pharmacother, 7: 120-126. 



66 

 

128. van Esbroeck ACM, Janssen APA, Cognetta AB, 3rd, Ogasawara D, Shpak G, 

van der Kroeg M, Kantae V, Baggelaar MP, de Vrij FMS, Deng H, Allara M, Fezza 

F, Lin Z, van der Wel T, Soethoudt M, Mock ED, den Dulk H, Baak IL, Florea BI, 

Hendriks G, De Petrocellis L, Overkleeft HS, Hankemeier T, De Zeeuw CI, Di Marzo 

V, Maccarrone M, Cravatt BF, Kushner SA, van der Stelt M. (2017) Activity-based 

protein profiling reveals off-target proteins of the FAAH inhibitor BIA 10-2474. 

Science, 356: 1084-1087. 

129. Zou S, Kumar U. (2018) Cannabinoid Receptors and the Endocannabinoid 

System: Signaling and Function in the Central Nervous System. Int J Mol Sci, 19. 

130. Izzo AA, Sharkey KA. (2010) Cannabinoids and the gut: new developments and 

emerging concepts. Pharmacol Ther, 126: 21-38. 

131. Maccarrone M, Bab I, Biro T, Cabral GA, Dey SK, Di Marzo V, Konje JC, Kunos 

G, Mechoulam R, Pacher P, Sharkey KA, Zimmer A. (2015) Endocannabinoid 

signaling at the periphery: 50 years after THC. Trends Pharmacol Sci, 36: 277-296. 

132. Montecucco F, Di Marzo V. (2012) At the heart of the matter: the 

endocannabinoid system in cardiovascular function and dysfunction. Trends 

Pharmacol Sci, 33: 331-340. 

133. Howlett AC, Barth F, Bonner TI, Cabral G, Casellas P, Devane WA, Felder CC, 

Herkenham M, Mackie K, Martin BR, Mechoulam R, Pertwee RG. (2002) 

International Union of Pharmacology. XXVII. Classification of cannabinoid 

receptors. Pharmacol Rev, 54: 161-202. 

134. Turcotte C, Blanchet MR, Laviolette M, Flamand N. (2016) The CB2 receptor 

and its role as a regulator of inflammation. Cell Mol Life Sci, 73: 4449-4470. 

135. Dhopeshwarkar A, Mackie K. (2014) CB2 Cannabinoid receptors as a therapeutic 

target-what does the future hold? Mol Pharmacol, 86: 430-437. 

136. Muccioli GG. (2010) Endocannabinoid biosynthesis and inactivation, from simple 

to complex. Drug Discov Today, 15: 474-483. 

137. Hillard CJ. (2018) Circulating Endocannabinoids: From Whence Do They Come 

and Where are They Going? Neuropsychopharmacology, 43: 155-172. 

138. Ishac EJ, Jiang L, Lake KD, Varga K, Abood ME, Kunos G. (1996) Inhibition of 

exocytotic noradrenaline release by presynaptic cannabinoid CB1 receptors on 

peripheral sympathetic nerves. Br J Pharmacol, 118: 2023-2028. 



67 

 

139. Niederhoffer N, Szabo B. (2000) Cannabinoids cause central sympathoexcitation 

and bradycardia in rabbits. J Pharmacol Exp Ther, 294: 707-713. 

140. Bonz A, Laser M, Kullmer S, Kniesch S, Babin-Ebell J, Popp V, Ertl G, Wagner 

JA. (2003) Cannabinoids acting on CB1 receptors decrease contractile performance 

in human atrial muscle. J Cardiovasc Pharmacol, 41: 657-664. 

141. Pacher P, Batkai S, Kunos G. (2004) Haemodynamic profile and responsiveness 

to anandamide of TRPV1 receptor knock-out mice. J Physiol, 558: 647-657. 

142. Wagner JA, Hu K, Bauersachs J, Karcher J, Wiesler M, Goparaju SK, Kunos G, 

Ertl G. (2001) Endogenous cannabinoids mediate hypotension after experimental 

myocardial infarction. J Am Coll Cardiol, 38: 2048-2054. 

143. Batkai S, Pacher P. (2009) Endocannabinoids and cardiac contractile function: 

pathophysiological implications. Pharmacol Res, 60: 99-106. 

144. Mukhopadhyay P, Batkai S, Rajesh M, Czifra N, Harvey-White J, Hasko G, 

Zsengeller Z, Gerard NP, Liaudet L, Kunos G, Pacher P. (2007) Pharmacological 

inhibition of CB1 cannabinoid receptor protects against doxorubicin-induced 

cardiotoxicity. J Am Coll Cardiol, 50: 528-536. 

145. Sugamura K, Sugiyama S, Nozaki T, Matsuzawa Y, Izumiya Y, Miyata K, 

Nakayama M, Kaikita K, Obata T, Takeya M, Ogawa H. (2009) Activated 

endocannabinoid system in coronary artery disease and antiinflammatory effects of 

cannabinoid 1 receptor blockade on macrophages. Circulation, 119: 28-36. 

146. Dol-Gleizes F, Paumelle R, Visentin V, Mares AM, Desitter P, Hennuyer N, Gilde 

A, Staels B, Schaeffer P, Bono F. (2009) Rimonabant, a selective cannabinoid CB1 

receptor antagonist, inhibits atherosclerosis in LDL receptor-deficient mice. 

Arterioscler Thromb Vasc Biol, 29: 12-18. 

147. Mukhopadhyay P, Horvath B, Rajesh M, Matsumoto S, Saito K, Batkai S, Patel 

V, Tanchian G, Gao RY, Cravatt BF, Hasko G, Pacher P. (2011) Fatty acid amide 

hydrolase is a key regulator of endocannabinoid-induced myocardial tissue injury. 

Free Radic Biol Med, 50: 179-195. 

148. Slavic S, Lauer D, Sommerfeld M, Kemnitz UR, Grzesiak A, Trappiel M, Thone-

Reineke C, Baulmann J, Paulis L, Kappert K, Kintscher U, Unger T, Kaschina E. 

(2013) Cannabinoid receptor 1 inhibition improves cardiac function and remodelling 



68 

 

after myocardial infarction and in experimental metabolic syndrome. J Mol Med 

(Berl), 91: 811-823. 

149. Rajesh M, Mukhopadhyay P, Batkai S, Hasko G, Liaudet L, Huffman JW, Csiszar 

A, Ungvari Z, Mackie K, Chatterjee S, Pacher P. (2007) CB2-receptor stimulation 

attenuates TNF-alpha-induced human endothelial cell activation, transendothelial 

migration of monocytes, and monocyte-endothelial adhesion. Am J Physiol Heart 

Circ Physiol, 293: H2210-2218. 

150. Montecucco F, Burger F, Mach F, Steffens S. (2008) CB2 cannabinoid receptor 

agonist JWH-015 modulates human monocyte migration through defined 

intracellular signaling pathways. Am J Physiol Heart Circ Physiol, 294: H1145-1155. 

151. Zhao Y, Liu Y, Zhang W, Xue J, Wu YZ, Xu W, Liang X, Chen T, Kishimoto C, 

Yuan Z. (2010) WIN55212-2 ameliorates atherosclerosis associated with suppression 

of pro-inflammatory responses in ApoE-knockout mice. Eur J Pharmacol, 649: 285-

292. 

152. Hoyer FF, Steinmetz M, Zimmer S, Becker A, Lutjohann D, Buchalla R, Zimmer 

A, Nickenig G. (2011) Atheroprotection via cannabinoid receptor-2 is mediated by 

circulating and vascular cells in vivo. J Mol Cell Cardiol, 51: 1007-1014. 

153. Steffens S, Pacher P. (2012) Targeting cannabinoid receptor CB(2) in 

cardiovascular disorders: promises and controversies. Br J Pharmacol, 167: 313-323. 

154. Onodi Z, Ruppert M, Kucsera D, Sayour AA, Toth VE, Koncsos G, Novak J, 

Brenner GB, Makkos A, Baranyai T, Giricz Z, Gorbe A, Leszek P, Gyongyosi M, 

Horvath IG, Schulz R, Merkely B, Ferdinandy P, Radovits T, Varga ZV. (2021) 

AIM2-driven inflammasome activation in heart failure. Cardiovasc Res, 

doi:10.1093/cvr/cvab202. 

155. van Esbroeck ACM, Varga ZV, Di X, van Rooden EJ, Tóth VE, Onódi Z, 

Kuśmierczyk M, Leszek P, Ferdinandy P, Hankemeier T, van der Stelt M, Pacher P. 

(2020) Activity-based protein profiling of the human failing ischemic heart reveals 

alterations in hydrolase activities involving the endocannabinoid system. Pharmacol 

Res, 151: 104578. 

156. Ruppert M, Bodi B, Korkmaz-Icoz S, Loganathan S, Jiang W, Lehmann L, Olah 

A, Barta BA, Sayour AA, Merkely B, Karck M, Papp Z, Szabo G, Radovits T. (2019) 

Myofilament Ca(2+) sensitivity correlates with left ventricular contractility during 



69 

 

the progression of pressure overload-induced left ventricular myocardial hypertrophy 

in rats. J Mol Cell Cardiol, 129: 208-218. 

157. Baranyai T, Giricz Z, Varga ZV, Koncsos G, Lukovic D, Makkos A, Sarkozy M, 

Pavo N, Jakab A, Czimbalmos C, Vago H, Ruzsa Z, Toth L, Garamvolgyi R, Merkely 

B, Schulz R, Gyongyosi M, Ferdinandy P. (2017) In vivo MRI and ex vivo 

histological assessment of the cardioprotection induced by ischemic preconditioning, 

postconditioning and remote conditioning in a closed-chest porcine model of 

reperfused acute myocardial infarction: importance of microvasculature. J Transl 

Med, 15: 67. 

158. Brenner GB, Giricz, Z., Garamvölgyi, R., Makkos, A., Onódi, Z., Sayour, N. V., 

Gergely, T. G., Baranyai, T., Petneházy, Ö., Kőrösi, D., Szabó, G. P., Vago, H., Dohy, 

Z., Czimbalmos, C., Merkely, B., Boldin-Adamsky, S., Feinstein, E., Horváth, I. G., 

Ferdinandy, P. (2021) Post-Myocardial Infarction Heart Failure in Closed-chest 

Coronary Occlusion/Reperfusion Model in Göttingen Minipigs and Landrace Pigs. 

Journal of Visualized Experiments, 170: e61901. 

159. Duncan JA, Canna SW. (2018) The NLRC4 Inflammasome. Immunol Rev, 281: 

115-123. 

160. Tang WHW, Li DY, Hazen SL. (2019) Dietary metabolism, the gut microbiome, 

and heart failure. Nat Rev Cardiol, 16: 137-154. 

161. Suryavanshi SV, Kovalchuk I, Kovalchuk O. (2020) Cannabinoids as Key 

Regulators of Inflammasome Signaling: A Current Perspective. Front Immunol, 11: 

613613. 

162. Weis F, Beiras-Fernandez A, Sodian R, Kaczmarek I, Reichart B, Beiras A, 

Schelling G, Kreth S. (2010) Substantially altered expression pattern of cannabinoid 

receptor 2 and activated endocannabinoid system in patients with severe heart failure. 

J Mol Cell Cardiol, 48: 1187-1193. 

163. Schloss MJ, Horckmans M, Guillamat-Prats R, Hering D, Lauer E, Lenglet S, 

Weber C, Thomas A, Steffens S. (2019) 2-Arachidonoylglycerol mobilizes myeloid 

cells and worsens heart function after acute myocardial infarction. Cardiovasc Res, 

115: 602-613. 

164. Rathinam VA, Vanaja SK, Fitzgerald KA. (2012) Regulation of inflammasome 

signaling. Nat Immunol, 13: 333-342. 



70 

 

165. Yang D, He Y, Munoz-Planillo R, Liu Q, Nunez G. (2015) Caspase-11 Requires 

the Pannexin-1 Channel and the Purinergic P2X7 Pore to Mediate Pyroptosis and 

Endotoxic Shock. Immunity, 43: 923-932. 

166. Pelegrin P, Surprenant A. (2006) Pannexin-1 mediates large pore formation and 

interleukin-1beta release by the ATP-gated P2X7 receptor. EMBO J, 25: 5071-5082. 

167. Adamczak SE, de Rivero Vaccari JP, Dale G, Brand FJ, 3rd, Nonner D, Bullock 

MR, Dahl GP, Dietrich WD, Keane RW. (2014) Pyroptotic neuronal cell death 

mediated by the AIM2 inflammasome. J Cereb Blood Flow Metab, 34: 621-629. 

168. Chen KW, Demarco B, Heilig R, Shkarina K, Boettcher A, Farady CJ, Pelczar P, 

Broz P. (2019) Extrinsic and intrinsic apoptosis activate pannexin-1 to drive NLRP3 

inflammasome assembly. EMBO J, 38. 

169. He H, Liu D, Long Y, Wang X, Yao B. (2018) The Pannexin-1 Channel Inhibitor 

Probenecid Attenuates Skeletal Muscle Cellular Energy Crisis and Histopathological 

Injury in a Rabbit Endotoxemia Model. Inflammation, 41: 2030-2040. 

170. Wu LY, Ye ZN, Zhou CH, Wang CX, Xie GB, Zhang XS, Gao YY, Zhang ZH, 

Zhou ML, Zhuang Z, Liu JP, Hang CH, Shi JX. (2017) Roles of Pannexin-1 Channels 

in Inflammatory Response through the TLRs/NF-Kappa B Signaling Pathway 

Following Experimental Subarachnoid Hemorrhage in Rats. Front Mol Neurosci, 10: 

175. 

171. Good ME, Young A, Wolpe AG, Ma M, Johnstone SR, Hall PJ, Duffy CK, 

Aronovitz M, Martin G, Blanton RM, Leitinger N, Wolf MJ, Isakson BE. (2021) 

Endothelial Pannexin 1 Regulates Cardiac Response to Myocardial Infarction. Circ 

Res, doi:10.1161/CIRCRESAHA.120.317272. 

172. Robbins N, Gilbert M, Kumar M, McNamara JW, Daly P, Koch SE, Conway G, 

Effat M, Woo JG, Sadayappan S, Rubinstein J. (2018) Probenecid Improves Cardiac 

Function in Patients With Heart Failure With Reduced Ejection Fraction In Vivo and 

Cardiomyocyte Calcium Sensitivity In Vitro. J Am Heart Assoc, 7. 

173. Kim SC, Neogi T, Kang EH, Liu J, Desai RJ, Zhang M, Solomon DH. (2018) 

Cardiovascular Risks of Probenecid Versus Allopurinol in Older Patients With Gout. 

J Am Coll Cardiol, 71: 994-1004. 

174. Klein EC, Rubinstein J, Strande JL. (2019) Probenecid. J Am Coll Cardiol Case 

Rep., 1: 213-217. 



71 

 

8. LIST OF OWN PUBLICATIONS 

8.1. Publications related to the candidate’s Ph.D. dissertation 

I. Onódi, Z*, Ruppert, M*, Kucsera, D, Sayour, AA, Tóth, VE, Koncsos, G, Novák, J, 

Brenner, GB, Makkos, A, Baranyai, T, Giricz, Z, Görbe, A, Leszek, P, Gyöngyösi, 

M, Horváth, IG, Schulz R, Merkely, B, Ferdinandy, P, Radovits, T and Varga, ZV 

(2021). "AIM2-driven inflammasome activation in heart failure." Cardiovasc Res.  

 IF: 10.787 *equal contribution to this study 

II. van Esbroeck, ACM, Varga, ZV, Di, X, van Rooden, EJ, Tóth, VE, Onódi, Z, 

Kuśmierczyk, M, Leszek, P, Ferdinandy, P, Hankemeier, T, van der Stelt, M and 

Pacher, P (2020). "Activity-based protein profiling of the human failing ischemic 

heart reveals alterations in hydrolase activities involving the endocannabinoid 

system." Pharmacol Res 151: 104578. 

 IF: 7.658 

∑IF of dissertation-related publications: 18.445 

8.2. Publications independent of the candidate’s Ph.D. dissertation 

III. Onódi, Z, Pelyhe, C, Nagy, CT, Brenner, GB, Almási, L, Kittel, Á, Manček-Keber, 

M, Ferdinandy, P, Buzás, EI and Giricz, Z (2018). "Isolation of High-Purity 

Extracellular Vesicles by the Combination of Iodixanol Density Gradient 

Ultracentrifugation and Bind-Elute Chromatography From Blood Plasma." Front 

Physiol 9: 1479. 

 IF: 3.201  

IV. Baranyai, T, Herczeg, K, Onódi, Z, Voszka, I, Módos, K, Marton, N, Nagy, G, 

Mäger, I, Wood, MJ, El Andaloussi, S, Pálinkás, Z, Kumar, V, Nagy, P, Kittel, Á, 

Buzás, EI, Ferdinandy, P and Giricz, Z (2015). "Isolation of Exosomes from Blood 

Plasma: Qualitative and Quantitative Comparison of Ultracentrifugation and Size 

Exclusion Chromatography Methods." PLoS One 10(12): e0145686.  

 IF: 3.057  

V. Baranyai, T, Nagy, CT, Koncsos, G, Onódi, Z, Károlyi-Szabó, M, Makkos, A, 

Varga, ZV, Ferdinandy, P and Giricz, Z, (2015). "Acute hyperglycemia abolishes 

cardioprotection by remote ischemic perconditioning." Cardiovasc Diabetol 14: 151. 

 IF: 4.534 



72 

 

VI. Brenner, GB, Giricz, Z, Garamvölgyi, R, Makkos, A, Onódi, Z, Sayour, NV, 

Gergely, TG, Baranyai, T, Petneházy, Ö, Kőrösi, D, Szabó, GP, Vago, H, Dohy, Z, 

Czimbalmos, C, Merkely, B, Boldin-Adamsky, S, Feinstein, E, Horváth, GI and 

Ferdinandy, P (2021). "Post-Myocardial Infarction Heart Failure in Closed-chest 

Coronary Occlusion/Reperfusion Model in Göttingen Minipigs and Landrace Pigs." 

J Vis Exp(170).  

 IF: 1.355 

VII. Brenner, GB, Makkos, A, Nagy, CT, Onódi, Z, Sayour, NV, Gergely, TG, Kiss, B, 

Görbe, A, Sághy, É, Zádori, ZS, Lázár, B, Baranyai, T, Varga, RS, Husti, Z, Varró, 

A, Tóthfalusi, L, Schulz, R, Baczkó, I, Giricz, Z, and Ferdinandy, P (2020). "Hidden 

Cardiotoxicity of Rofecoxib Can be Revealed in Experimental Models of 

Ischemia/Reperfusion." Cells 9(3).  

 IF: 6.600 

VIII. Kucsera, D, Tóth, VE, Gergő, D, Vörös, I, Onódi, Z, Görbe, A, Ferdinandy, P and 

Varga, ZV (2021). "Characterization of the CDAA Diet-Induced Non-alcoholic 

Steatohepatitis Model: Sex-Specific Differences in Inflammation, Fibrosis, and 

Cholesterol Metabolism in Middle-Aged Mice." Front Physiol 12: 609465. 

  IF: 4.566 

IX. Palóczi, J., Szántai, Á, Kobolák, J, Bock, I, Ruivo, E, Kiss, B, Gáspár, R, Pipis, J, 

Ocsovszki, I, Táncos, Z, Fehér, A, Dinnyés, A, Onódi, Z, Madonna, R, Ferdinandy, 

P and Görbe, A (2020). "Systematic analysis of different pluripotent stem cell-

derived cardiac myocytes as potential testing model for cardiocytoprotection." 

Vascul Pharmacol 133-134: 106781.  

  IF: 5.773 

X. Nagy, CT, Koncsos, G, Varga, ZV, Baranyai, T, Tuza, S, Kassai, F, Ernyey, AJ, 

Gyertyán, I, Király, K, Oláh, A, Radovits, T, Merkely, B, Bukosza, N, Szénási, G, 

Hamar, P, Mathé, D, Szigeti, K, Pelyhe, C, Jelemenský, M, Onódi, Z, Helyes, Z, 

Schulz, R, Giricz, Z, and Ferdinandy, P (2018). "Selegiline reduces adiposity induced 

by high-fat, high-sucrose diet in male rats." Br J Pharmacol 175(18): 3713-3726. 

 IF: 6.583 

∑IF: 54.114  



73 

 

9. ACKNOWLEDGEMENT 

The work was supported by the European Union's Horizon 2020 research and innovation 

programme under grant agreement No 739593. NVKP_16-1-2016-0017 (’National Heart 

Program’) has been implemented with the support provided from the National Research, 

Development and Innovation Fund of Hungary. The research was financed by the 

Thematic Excellence Programme (2020-4.1.1.-TKP2020) of the Ministry for Innovation 

and Technology in Hungary, within the framework of the Therapeutic Development and 

Bioimaging thematic programmes of the Semmelweis University and by grant VEKOP-

2.3.2-16-2016-00002. The study was supported by the New National Excellence Program 

of the Ministry of Human Capacities [ÚNKP-18-3-I-SE-64, ÚNKP-19-3-I-SE-11] and 

EFOP-3.6.3-VEKOP-16-2017-00009. 

First of all, I would like to express my honest gratitude to my tutor, Dr. Zoltán Varga for 

guidance and constructive mentoring, and inspiring me in all scientific as well as personal 

manner. I am thankful to Prof. Péter Ferdinandy for providing an excellent background 

for high quality research work. I also would like to thank Dr. Tamás Baranyai and Dr. 

Zoltán Giricz for being critical supervisors during my undergraduate years.  

I am also grateful to: 

o my colleagues in the Cardiovascular and Metabolic Group and HCEMM 

Cardiometabolic Immunology Research Group of Semmelweis University, in 

particular to Dr. Anikó Görbe, Dr. Viktória Tóth, Dr. Dániel Kucsera, Dr. András 

Makkos, Dr. Gábor Brenner, Dr. Imre Vörös, Dr. Gábor Koncsos and many others 

for positive environment and helpful attitude especially when I needed the most.   

o Dr. Petra Nádasdi, my former undergraduate student researcher for participating 

in our work that kept me under pressure to perform better. 

o Krisztina Kecskés, Andrea Kovács and László Horváth for their excellent 

technical support and precise work.  

o Dr Mihály Ruppert, Dr. Ali Alex Sayour and Dr. Tamás Radovits for the 

opportunity to work on a successful collaboration. 

Finally, I am very thankful to my family. This work could not have been finished without 

the enormous patience and support from my family particularly my daughter, my husband 

and my parents. 



74 

 

NYILATKOZAT EREDETISÉGRŐL ÉS SZERZŐI JOGRÓL 

 a PhD disszertáció elkészítésére vonatkozó szabályok betartásáról 

 

 

Alulírott Gulyás-Onódi Zsófia jelen nyilatkozat aláírásával kijelentem, hogy az Immune-

inflammatory targets in chronic heart failure: inflammasomes and the 

endocannabinoid system című PhD értekezésem önálló munkám, a dolgozat készítése 

során betartottam a szerzői jogról szóló 1999. évi LXXVI tv. vonatkozó rendelkezéseit, 

a már megjelent vagy közlés alatt álló közlemény(ek)ből felhasznált ábra/szöveg nem 

sérti a kiadó vagy más jogi vagy természetes személy jogait. 

Jelen nyilatkozat aláírásával tudomásul veszem, hogy amennyiben igazolható, hogy a 

dolgozatban nem saját eredményeimet használtam fel vagy a dolgozattal kapcsolatban 

szerzői jog megsértése merül fel, a Semmelweis Egyetem megtagadja PhD dolgozatom 

befogadását, velem szemben fegyelmi eljárást indít, illetve visszavonja a már odaítélt 

PhD fokozatot.  

A dolgozat befogadásának megtagadása és a fegyelmi eljárás indítása nem érinti a szerzői 

jogsértés miatti egyéb (polgári jogi, szabálysértési jogi, büntetőjogi) 

jogkövetkezményeket. 

Tudomásul veszem, hogy a PhD értekezés nyilvánosan elérhető formában feltöltésre 

kerül az Országos Doktori Tanács honlapjára. 

 

Budapest, 2021.09.21. 

 

 

         Gulyás-Onódi Zsófia 

 

 

 


