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Abstract
In the elderly population, pathological inflammation has been associated with ageing-associated
diseases. The term “inflammageing”, which was used for the first time by Franceschi and coworkers
in 2000, is associated with the chronic, low-grade, subclinical inflammatory processes coupled to
biological ageing. The source of these inflammatory processes is debated. The senescenceassociated secretory phenotype (SASP) has been proposed as the main origin of inflammageing. The
SASP is characterised by the release of inflammatory cytokines, elevated activation of the NLRP3
inflammasome, altered regulation of acetylcholine nicotinic receptors, and abnormal NAD+
metabolism. Therefore, SASP may be “druggable” by small molecule therapeutics targeting those
emerging molecular targets.
It has been shown that inflammageing is a hallmark of various cardiovascular diseases,
including atherosclerosis, hypertension, and adverse cardiac remodelling. Therefore, the
pathomechanism involving SASP activation via the NLRP3 inflammasome; modulation of NLRP3 via
7 nicotinic acetylcholine receptors; and modulation by senolytics targeting other proteins have
gained a lot of interest within cardiovascular research and drug development communities.
In this review, which offers a unique view from both clinical and preclinical target-based
drug discovery perspectives, we have focused on cardiovascular inflammageing and its molecular
mechanisms. We have outlined the mechanistic links between inflammageing, SASP, IL-1, NLRP3
inflammasome, nicotinic acetylcholine receptors, and molecular targets of senolytic drugs in the
context of cardiovascular diseases. We have addressed the “druggability” of NLRP3 and nicotinic 7
receptors by small molecules, as these proteins represent novel and exciting targets for therapeutic
interventions targeting inflammageing in the cardiovascular system and beyond.

1. Introduction
Ageing occurs due to a combination of genetic, epigenetic, physiological and stochastic events on a
cellular level, which is influenced by environmental factors. The immune system is greatly affected
by ageing, and this process, also dubbed immunosenescence, is an independent predictor of increased
mortality and morbidity[1], contributing to age-associated diseases. Inflammageing, which is
associated with low-grade and chronic inflammation, has been considered a driving force for ageing
at the cellular level [2].
Cellular ageing is associated with the acquisition of the senescence-associated secretory
phenotype (SASP), which is characterised by the activation of a proinflammatory transcriptional
programme and drives the development of age-related diseases through chronic secretion of a variety
of pro-inflammatory cytokines, such as interleukin-6 (IL-6) [3]. Validated cellular targets that
modulate the ageing rate include NF-κB [4,5], p38 [6], JAK [7] and MAP kinases [8], the
mechanistic target of rapamycin (mTOR) [9], and the NLRP3 inflammasome [10-12]. However, in
recent years several new targets involved in cellular senescence regulation have been identified.
Therapeutic interventions aiming at preventing the adverse effects associated with the
senescence-associated secretory phenotype (SASP) are being currently explored in preclinical and
clinical settings [13-16]. These include SASP modulation [17] and switch-off [18], strategies delaying
cellular senescence [19], and selective killing of existing senescent cells using senolytics [16]. Targetfocused strategies including structural biology [20,21], structure-guided virtual screening [22],
cosolvent “druggability” analysis [23], fragment-based approaches [24], and repurposing [25,26], are
being increasingly applied to targets associated with SASP. High-throughput -omics techniques are
being applied to discover and validate new targets [27-29]. Recent work focusing on small molecule
SASP suppressors and senolytics [16,30], identification of novel targets involved in SASP [31,32],
and validated targets such as NLRP3 [20,33-36] delivered encouraging results.
Ageing is a major risk factor for cardiovascular diseases, including structural heart disease,
which is dominated by impaired cardiac function, ventricular remodelling and subsequent heart
failure. Coronary artery disease can culminate into full blockage of a coronary artery and myocardial
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infarction (MI), which is treated by percutaneous coronary intervention (PCI) involving re-opening of
the culprit artery and reperfusion. The healing process involves consolidation of the dead tissue into a
solid scar and left ventricular remodelling [37]. In patients with large MIs, almost half undergo
adverse remodelling of the unscarred portion of the ventricle, leading to significant expansion of the
left ventricular cavity, left ventricular failure and increased mortality [38]. Adverse remodelling can
also occur in patients with aortic stenosis despite initially successful valve replacement [39]. In both
instances, inflammation can trigger the deterioration of cardiac remodelling, as shown in animal
models as well as in the clinical studies [40,41].
Chronic inflammation, which is exemplified by elevated high sensitivity C-reactive protein
(hsCRP), has only recently been recently added to the list of risk factors for cardiovascular diseases,
as a so-called non-traditional risk factor [42]. These diseases, which encompass several entities
including stable coronary artery disease, acute coronary syndrome, ST-elevation myocardial
infarction (STEMI), and non-ischaemic heart failure, are globally the leading cause of death [42-44].
Coronary artery disease and stroke are the cause of cardiovascular deaths in 80% of male and in 75%
of female patients, respectively [42,43]. However, cardiac inflammation has not been studied within a
clinical setting until several years ago. The CANTOS trial was the first proof-of-concept study that
demonstrated the adverse role of inflammation in cardiovascular disease [45]. Glynn and coworkers
showed that canakinumab, an anti-inflammatory monoclonal antibody (mAb) targeting the
interleukin-1β innate immunity pathway, led to a significant decrease in the rate of recurrent
cardiovascular events compared to placebo, independently of lipid-level lowering drugs [45]. Clinical
studies targeting T-lymphocytes are expected to follow in the near future [46-48]. Studies have
already demonstrated that myocardial ageing can be accelerated by T-lymphocytes in mice [49]. The
authors suggest an emerging role of T cells in myocardial disease, which primarily affect the elderly
population. While inflammation is mediated by both the adaptive as well as the innate immune
system, this review will focus on the latter, given that first clinical trials have proven successful in
targeting this inflammatory pathway.
Randomised clinical trials show that inflammation is associated with increased risk of
cardiovascular events independent of cholesterol and other traditional risk factors [50]. As reported by
Aday & Ridker and studies cited in their work, statins reduce hsCRP, and the magnitude of hsCRP
reduction is proportional to the reduction in cardiovascular risk [50]. Moreover, many patients remain
at increased risk due to persistent elevations in hsCRP despite significant reductions in low-density
lipoprotein cholesterol (LDL-C) levels. For instance, the FOURIER trial, which assessed serum LDLC by employing a combination of statins and evolocumab, a monoclonal antibody targeting proprotein
convertase subtilisin/kexin type 9 (PCSK9), showed efficacy in terms of lowering LDL-C levels to
below 1 mmol/l [51]. However, despite that, 10% of patients still developed cardiovascular events
during the 2-year follow up due to so-called “residual inflammatory risk”. This term reflects the
substantial mortality despite treating the main known causes of atherosclerotic heart disease, which
include hyperlipidemia, diabetes and thrombosis [52]. This residual inflammatory risk has
increasingly become a process of interest for development of new therapeutic interventions, and its
underlying molecular mechanisms have become a focal point of current cardiovascular research,
addressing questions regarding which inflammatory mechanisms are involved in the disease
progression, as well suggesting novel molecular targets suitable for drug development [42].
Ageing is coupled with deterioration in cardiac structure and function, which leads to an
increased susceptibility to cardiovascular diseases. Since the elderly population continues to grow,
novel therapeutic strategies to combat the age-related cardiovascular decline are becoming
increasingly sought after. This is hampered by the limitations in our understanding of cardiovascular
ageing in general, and inflammageing within the cardiovascular system in particular.
In this review, we will summarise recent findings regarding the molecular mechanisms
underlying cardiovascular inflammageing and highlight several potential molecular targets amenable
for the discovery of much-needed novel therapeutics.
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2. Interleukin-1 in cardiovascular diseases and inflammageing
2.1 Regulation of IL-1and role in inflammation
Interleukin-1 (IL-1), which is the main form of circulating IL-1, is a prototypical pro-inflammatory
cytokine that mediates acute as well as chronic inflammatory processes, and it is a potent inducer of
the innate immune responses [53]. IL-1 induces the expression of several hundreds of
inflammatory mediators; it also stimulates its own production and processing, which is crucial in the
pathogenesis of many disorders including cardiovascular diseases [54].
Two related genes encode IL-1 as well as IL-1α, which bind to the same receptor. Unlike IL1α, which is synthesised as a fully active protein, IL-1β is initially synthesised as a precursor (proIL1β), and therefore needs to be activated by caspase-1 cleavage within the multiprotein signaling
platform known as the inflammasome [20,54] (Figure 1). A local increase in active IL-1β levels
significantly amplifies the inflammatory response, recruits more inflammatory cells, and stimulates
the activity of matrix metalloproteinases. Ultimately, this induces pyroptosis (inflammatory cell
death) in leukocytes and resident cells [54]. Polymorphisms in the IL-1 gene cluster (encoding IL-1α,
IL-1β, and IL-1 receptor antagonist denoted as IL-1Ra) that result in either elevated expression of the
agonists, or reduced expression of the antagonist, have been associated with increased severity and
worse outcomes in patients with various inflammatory conditions, including autoimmune diseases,
Alzheimer disease, and more recently cardiovascular diseases, including atherosclerosis, heart
failure (Figure 1), and acute myocardial infarction (AMI).
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Figure 1 Elevated production of IL-1 is associated with cardiovascular diseases. The local production of IL-1
is triggered by the inflammatory stimulus (red bolt), which subsequently activates NLRP3 inflammasome.
NLRP3 inflammasome consists of three major components: the sensor NLRP3 protein (blue), the adaptorapoptosis-associated speck-like protein (ASC) (light grey), and the effector pro-caspase-1 (bottle green). The
activated NLRP3 interacts with ASC, and pro-caspase-1 binds to ASC to assemble into a large cytosolic complex,
which triggers activation of caspase-1. Active caspase-1 (light green) cleaves the pro-inflammatory IL-1β
(yellow) from its precursor to their biologically active forms, which triggers or enhances pathological events
such as atherosclerosis and adverse cardiac remodeling, and – in consequence – heart failure. In parallel, IL-1β
induces IL-6 that stimulates C-reactive protein (CRP) synthesis in the liver. IL-6 itself does not cause IL-1 related
cardiovascular pathology, but serves together with CRP serum levels as a surrogate for inflammation.

Traditionally, cardiovascular diseases were classified as metabolic rather than inflammatory
disorders, and research predominantly focused on changes in lipid and sugar metabolism and their
links to the disease progression. Nevertheless, mounting evidence of inflammatory responses during
heart disease, which started to be reported several decades ago, contributed to a shift in research
focus towards the role of inflammation in cardiovascular disease [55-57].
In a recent study, Martini and coworkers showed that physiological ageing induces
senescence of cardiac mesenchymal stromal cells (cMSCs) and participates in modifications of the
composition of cardiac microenvironment in aged C57BL/6JRj mice via SASP acquisition [58]. These
results are in concurrence with a previous study reporting increased frequencies of senescent
human cardiac progenitor cells isolated from the atria of elderly patients with cardiovascular
diseases compared with those from middle-age patients [59].
Ageing is associated with increased atherosclerosis. In atherosclerosis, the extent to which
plaques form, progress, and rupture, depends on the degree of inflammation within the plaque. In
patients, the progression of atherosclerotic plaques is correlated with the expression of IL-1β. In
healthy coronary arteries, low levels of IL-1β expression are observed, whereas IL-1β expression is
markedly increased in simple atherosclerotic plaques [60]. Very high expression of IL-1β has been
observed in advanced plaques [60].
2.2 Inhibiting IL-1and the CANTOS trial
Preclinical studies in animal models of atherosclerosis have consistently shown that genetic deletion
or pharmacological inhibition of IL-1 signaling reduces the formation and progression of
atherosclerotic plaques, whereas increased IL-1β activity favoured the formation and progression of
plaques.[61-63] Moreover, these effects arise from the events localised within the cardiovascular
system: Abbate and coworkers identified IL-1 signaling in the vessel wall as a major determinant of
atheroma formation.[64,65] In another study treatment with IL-1 blockers inhibited the progression
of atherosclerosis.[61] IL-1β has also been shown to exert direct effects on thrombosis.[66]
In the past, only a few studies have directly measured IL-1β plasma levels in patients – this
was mainly due to technical challenges, as changes in IL-1β levels were often undetectable even in
diseases with clear evidence of increased IL-1 activity. Nevertheless, even those early studies
showed elevated IL-1β plasma levels in patients with a greater atherosclerotic burden [67-69].
The seminal CANTOS trial has been the first proof-of-concept study that provided a causal
link between inflammation and cardiovascular disease development.[45] Until then, only reduction
of serum cholesterol by statins or PCSK9 inhibitors had been established as a means of reducing the
occurrence of clinical endpoints including death.[51,70] Having shown previously that downstream
markers of inflammation such as IL-6 and C-reactive protein (CRP) were associated with increased
cardiovascular risk, [71] patients were eligible for the CANTOS trial only if they had established
coronary heart disease with previous myocardial infarction, paralleled by increased systemic
inflammation (CRP at least 2 mg/l). Over 10,000 patients in this randomised, controlled double-blind
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study were allocated to either placebo or canakinumab (50, 150 and 300 mg per day administered
subcutaneously every 3 months) in addition to standard therapy. After 48 months, CRP was reduced
by up to 41% in the highest dose arm, coinciding with a significant (p=0.031) reduction by 14% of the
primary endpoint (myocardial infarction, stroke or cardiovascular death). Serum cholesterol levels
were unaffected by the treatment. Interestingly, the rate of fatal cancer was also significantly
reduced in the highest dose arm, confirming that inflammation also promotes neoplasia. However,
the rate of fatal infection or sepsis was significantly increased under canakinumab. In conclusion, the
latter will make it difficult to introduce canakinumab as a blanket treatment for secondary
prevention post myocardial infarction. Therefore, therapeutic relying on small molecule drugs
targeting NLRP3 directly would be more feasible, since they are not associated with an enhanced risk
of infection.
2.3 IL-1 and heart failure
Ageing is also the main risk factor for heart failure (HF), which has incidence rates <1% in individuals
under 50 years and 30% in individuals with advanced age (>80 years). HF is therefore considered an
age-related disease [72]. The mechanisms involved in the morphological changes that contribute to
HF include high levels of oxidative stress and inflammation, loss of regenerative capacity of cardiac
progenitor cells, and hypertrophy of remaining cardiomyocytes. Elevated IL-1β levels are also highly
correlated with these events [73].
In animal studies, consistent and reproducible impairment in contractility has been linked to
IL-1β. The impairment has been induced by challenging the mouse with recombinant mouse IL-1β. A
single injection of IL-1β induced systolic dysfunction and impaired response to a beta-blocker
(isoproterenol), and repeated injections of IL-1β resulted in a reversible non-ischemic
cardiomyopathy [74]. Pre-treatment with IL-1 blockers preserved the systolic function and
contractile reserve [75].
The first clinical study showing an improvement in cardiac function with IL-1β blockade
enrolled a series of patients with rheumatoid arthritis in whom a single dose (100 mg) of
recombinant human IL-1 receptor antagonist (Anakinra) markedly improved myocardial contractility
and relaxation, coronary flow reserve, and brachial artery flow-mediated dilatation within three
hours of administration [74]. Furthermore, the observation that IL-1R blockade reduced the plasma
concentration of IL-1β by nearly 90% suggested that IL-1 follows a positive feedback loop in heart
failure and implicates heart failure as an autoinflammatory phenotype [74]. A more recent review on
IL-1 blocking in cardiovascular diseases reported that IL-1 blockade quenched the inflammatory
response associated with ST-segment elevation AMI and prevented HF [76]. However, there are
safety concerns associated with IL-1 blocking. As a class of therapeutics, IL-1 blockers prevent typical
symptoms of inflammation associated with infections and may delay the diagnosis and/or interfere
with the prognostic assessment of patients with infection. As such, infections in patients receiving IL1 blockers may have a serious and/or fatal presentation [76].
2.4 Inflammageing and myocardial infarction
Ageing, more specifically inflammageing, is also a risk factor of myocardial infarction (MI): the mean
age for the development of MI is 65 years for men and 72 years for women [77]. It is established in
the literature that ageing and associated oxidative stress and inflammation lead to the development
of ischemia and, ultimately, to MI [73]. During MI, injury to the myocardium induces a sterile
inflammatory response to promote healing [78]. Unfortunately, dead local cardiac resident
endothelial cells and cardiomyocytes, are ultimately replaced by a non-functional scar. As in all
forms of sterile inflammation, IL-1 is largely involved in the recruitment of the leukocytes and
coordination of the inflammatory response to infarction [78]. Upon cell death, cardiomyocytes and
fibroblasts release proIL-1β into tissue that is susceptible to cleavage/activation of IL-1β by
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extracellular enzymes such as neutrophil elastase [79]. Viable injured resident cells also release
active IL-1β after activation of the NLRP3 inflammasome. Once leukocytes have been recruited to
the infarct, the major source of IL-1β is likely to be the activated leukocyte. The formation of an
active NLRP3 inflammasome in the heart follows and regulates the healing process.
The MRC-ILA-HEART study [80] randomised 186 patients with non–ST-segment–elevation
AMI within 48 hours of symptom onset in three centers in the United Kingdom to either Anakinra
(100 mg daily for 14 days) or placebo. The study was prompted by preclinical data from the same
group showing that inappropriate arterial response to injury in animal models was mediated by IL-1β
[62]. It was hypothesised that IL-1 inhibition would reduce the inflammatory response at the time of
acute coronary syndrome (ACS).
The study reported that IL-1 drove CRP elevation at the time of ACS. Following 14 days IL-1 blockage
treatment inflammatory markers were reduced. These results showed the importance of IL-1 as a
target in ACS, but also indicated the need for additional studies with anti-IL-1 therapy in ACS to
assess duration and safety [80].
2.5 Summary of IL-1 inhibitors in clinical trials
To summarise, available results show benefits of drugs (biologics) targeting IL-1 – either directly
(Canakinumab), via its IL-1R receptor (Anakinra), or acting as a soluble decoy receptor (Rilonacept) in
cardiovascular conditions. Anakinra has a relatively short half-life of 6 hours, which affords an
additional safety benefit and allows for short-term use [62]. Anakinra also improved outcomes in
patients with pericarditis, and it is now considered standard of care as second-line treatment for
patients with recurrent/refractory pericarditis [54]. Rilonacept has also shown promising results in a
phase II study in recurrent/refractory pericarditis. In conclusion, there is mounting evidence linking
the IL-1 cytokines, particularly IL-1, with inflammageing and the pathogenesis of cardiovascular
diseases. Targeted inhibitors will likely be used in the future to block IL-1 in wide spectrum of
cardiovascular diseases, although there are some safety concerns related to infectious immunity.
Another option would be to target the NLRP3 inflammasome, which – unlike IL-1 and its receptor –
can be readily “druggable” by orally available small molecule inhibitors.

3. The NLRP3 inflammasome and cardiovascular inflammageing
The NLRP3 inflammasome controls inflammatory responses and coordinates antimicrobial host
defenses by activating caspase-1 for the subsequent maturation of pro-inflammatory cytokines such
as IL-1β and IL-18, and induces pyroptosis [81]. Aberrant activation of the NLRP3 inflammasome can
result in pathological inflammation and has been associated with ageing-associated disorders [82].
Elevated activation of NLRP3 inflammasome has been linked to the pathogenesis of several
cardiovascular disease risk factors, such as atherosclerosis, ischemic heart disease, chronic heart
failure, hypertension, and diabetic cardiomyopathy, and their major consequences; adverse
myocardial remodelling [81].
3.1 Mechanisms of NLRP3 activation
The NLRP3 inflammasome contains three distinct proteins: NLRP3, ASC, and procaspase-1 [20].
NLRP3, which is an innate immune receptor, consists of three domains: a N-terminal pyrin effector
domain (PYD); a central NACHT domain, which binds ATP and controls oligomerisation; and a Cterminal leucine-rich repeat domain (LRR). ASC (apoptosis-associated speck-like protein) is an
adaptor protein, which contains an N-terminal PYD domain and a C-terminal caspase recruitment
domain denoted as CARD or PYCARD. Procaspase-1 is a cysteine protease precursor, consisting of a
CARD and a caspase domain. Within the NLRP3 inflammasome complex, NLRP3 initiates the
formation of the inflammasome by interacting with ASC, recruiting and activating procaspase-1 to

7

generate the active caspase-1. Caspase-1 is an IL-1β-converting enzyme that cleaves preformed proIL-1β to its active form IL-1β [83]. The overall architecture of NLRP3 and its activation mechanism is
illustrated in Figure 2.
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Figure 2 Structure of NLRP3 and proposed mechanism of NLRP3 activation. (A) Three-dimensional structure of
human NLRP3 protein at atomistic level of detail (PDB codes: 6NPY for NACHT and LRR domains, 3QF2 for PYD
domain). The protein has been rendered as the ribbon. NLRP3 domains are coloured as follows: N-terminal
pyrin domain (PYD) – blue, ATP-binding central NACHT domain – green, and leucine-rich-repeat (LRR) domain –
cyan. NEK7 (red), which interacts with LRR domain of NLRP3 protein, and which has been recently identified as
a component of NLRP3 inflammasome, is coloured red. (B) Proposed activation mechanism of NLRP3. An initial
step of activation is triggered by conformational changes within PYD and NACHT domains induced by binding
of the stimulus. Active BNLRP3 conformation then undergoes stoichiometric activation and subsequent
formation of the oligomers, which form NLRP3 inflammasome with other interactors as shown in Figure 1.
Further activation steps, leading to IL-1 production, are also shown in Figure 1.

The activation of the NLRP3 inflammasome by immune cells is a two-step process that comprises of
priming and triggering [84]. The priming is a process in which a signal such as environmental stress is
recognised by cytokines such as TNF-α or toll-like receptors (TLRs), leading to the activation of
nuclear factor-kappa B (NF-κB). This results in the increased expression and activation of NLRP3, proIL-1β and pro-IL-18, and post-translational modifications such as NLRP3 acetylation and
deubiquitination, and ASC phosphorylation [85,86]. The triggering promotes the oligomerisation of
inactive NLRP3, ASC and procaspase-1, resulting in proteolytic cleavage of caspase-1 and the
maturation of IL-1β and leading to final inflammasome formation (Figure 2). He and coworkers
reported that NLRP3 is post-translationally acetylated in macrophages [11]. This facilitates the
assembly and activation of the NLRP3. Sirtuin 2 (SIRT2), a metabolic sensor and an NAD+-dependent
deacetylase, was found to mediate NLRP3 deacetylation and to repress NLRP3 activity. In a cellbased system and mouse models, either SIRT2 overexpression or NLRP3 deacetylation reversed
inflammageing [11].
3.2 NLRP3 and cardiovascular disease
Elevated activation of the NLRP3 inflammasome plays a detrimental role in the onset and
progression of several diseases, even though it may not be the main cause of those diseases.
Recently, it has been linked to several cardiovascular diseases. Van Hout and coworkers reported
that the NLRP3 inhibitor MCC950 (Figure 3B) reduced infarct size and preserved cardiac function in a
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pig model of MI, and indicated that NLRP3 inhibition may have therapeutic potential in acute MI
patients [87]. Even though successful reperfusion procedure improves the extent of myocardial
injury, the reperfusion may also exacerbate injury to the myocardium (ischemia–reperfusion injury).
Marchetti and coworkers reported that NLRP3 inhibition reduced infarct size in a rat model of
myocardial ischemia–reperfusion injury [88]. These reports imply that the NLRP3 inflammasome
may play a pivotal role in the pathophysiology of MI and may suggest that NLRP3 inhibition could
offer a viable therapeutic option [82,89,90].
A link between atherosclerosis, lipid metabolism, inflammageing, and NLRP3 has been
proposed, since atherosclerotic plaque constituents such as crystalline cholesterol and oxidised LDL
activate NLRP3 inflammasome [91]. Atherosclerotic plaques can be viewed as inflammatory lesions
with involvement of the innate immune system, and chronic inflammation associated with
inflammageing plays an important role in their progression [91]. Moreover, NLRP3 activation and
atherosclerosis share common features including oxidative stress, mitochondrial dysfunction, and ER
stress. Pathways mediating pro-IL-1β release have been strongly linked with the progression of
atherosclerotic lesions [92]. Tan and coworkers showed that the NLRP3 inflammasome contributed
to atherogenesis using ASC−/− mice [93]. ASC deficiency reduced the expression of IL-1β and IL-18 in
the neointimal lesion and attenuated neointimal formation after vascular injury [94]. This seminal
work identified NLRP3 inflammasome as being responsible for triggering the maturity of IL-1β in
atherosclerotic plaques. Zheng and coworkers reported that the NLRP3 inflammasome was involved
in atherogenesis, and showed that silencing of NLRP3 led to the stabilisation of atherosclerotic
plaques [95].
Another study reported that human macrophages also respond to cholesterol crystals via
the NLRP3 inflammasome. Here, phagocytic cells engulf abundant amounts of cholesterol crystals
resulting in the activation of the NLRP3 inflammasome and the subsequent activation of caspase-1
and IL-1β family cytokines. This strongly implicates cholesterol crystals as a potential source of
inflammation in atherosclerotic lesions [96]. The NLRP3 inflammasome is also highly expressed in
the aorta of patients with atherosclerosis. This correlates with the severity of coronary artery
disease and the atherosclerotic risk factors [97]. Paramel and coworkers reported that NLRP3
inflammasome-related genes were highly expressed in LPS-primed human atherosclerotic plaques,
and were sensitive to activation when exposed to ATP and cholesterol crystals [98]. These findings
provide new insights into the important role of the NLRP3 inflammasome in modulating
atherosclerosis, and indicate NLRP3 as a potential molecular target for the therapy of
atherosclerosis.
The NLRP3 inflammasome plays also a role in the progression of hypertension. A study by
Krishnan and coworkers reported elevated serum levels of IL-1β in patients with high blood pressure
and raised the question whether high levels of serum IL-1β were a marker or inducer of systemic
hypertension [99]. Collectively, these observations strongly indicate that NLRP3 may be a novel
therapeutic target in cardiovascular inflammageing.
3.3 Targeting NLRP3 by small molecules
Recent years have brought rapid progress in our understanding of NLRP3 inflammasome structural
biology. To provide reliable therapeutic strategies targeting the NLRP3 inflammasome, further
studies need to deconvolute the molecular mechanisms of activation of this inflammasome at the
atomistic level of detail. This level of understanding of NLRP3 structure and dynamics needs to be
integrated with information on the activation of the NLRP3 inflammasome and its “druggability” by
small molecules.
Coll and coworkers reported MCC950, a potent and selective small-molecule inhibitor of the
NLRP3 inflammasome [100]. MCC950 has since been validated in both in vitro and in vivo studies in
different disease models [87,101,102], and it is a validated tool compound used in NLRP3
inflammasome studies. More recently the same group identified the NLRP3 NACHT domain
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interacting with MCC950, and suggested the specific binding site where the interaction takes place
[103] (Figure 3). Since the experimental structure of NLRP3 has been reported (PDB code: 6NPY)[22],
this binding site can be explored for structure-guided development of MCC950 analogues and other
NLRP3 modulators, including repurposed drugs such as tranilast [104,105]. Moreover, other
“druggable” NLRP3 binding sites have been reported by different groups, including those exploring
covalent modalities. He and coworkers showed that Oridonin, a bioactive natural product sourced
from Rabdopsia rubescens plant is a specific and covalent inhibitor of NLRP3 [35]. Like MCC950,
oridonin binds to NACHT domain, but its binding mode is very different from that of MCC950 as
shown in Figure 3A. Oridonin forms a covalent bond with the cysteine C279 and inhibits NLRP3
inflammasome assembly and activation by blocking the interaction between NLRP3 and NEK7 [35].
Oridonin has been showed to exert both preventive or therapeutic effects in mouse models of
peritonitis via inhibition of NLRP3 activation [35]. Moreover, Zeng and coworkers recently showed
that oridonin attenuates myocardial ischemia/reperfusion injury in mice [36]. Thus, oridonin could
serve as a lead compound for developing new class of therapeutics against NLRP3-driven
cardiovascular diseases. Chemical structures of MCC950, oridonin, and CY-09 – yet another small
molecule inhibitor targeting NACHT domain of NLRP3 – are shown in Figure 3B.

B

A
MCC950

MCC950

ORI

Oridonin

ATP

CY-09

Figure 3 “Druggable” NLRP3 pockets and reported small molecule inhibitors of NLRP3. Panel (A) shows two
distinct “druggable” sites within NLRP3 protein, which bind reported small molecule inhibitors: MCC950 and
oridonin. NLRP3 domains are coloured as in Figure 2: PYD – blue, NACHT – green, LRR – cyan. The ATP binding
site within NACHT domain is highlighted, and the nucleotide is rendered as spheres and coloured by atom:
carbon – grey, oxygen – red, and nitrogen – blue. The side chain of cysteine C279, which forms the binding site
for oridonin, is rendered as spheres and coloured yellow. Panel (B) shows chemical structures of three potent
small molecule NLRP3 inhibitors reported in the literature: MCC950, oridonin, and CY-09.

These exciting results set the stage for future drug development. Extensive analysis of structure,
dynamics and “druggability” of NLRP3 and advances in ultra-high-throughput virtual screening
techniques such as VirtualFlow [106] should allow us to selectively target NLRP3 by small molecule
inhibitors to manipulate NLRP3 inflammasome activation therapeutically. Deconvoluting the binding
mode of characterised preclinical inhibitors, such as MCC950 and oridonin, should pave the way
towards structure-guided development of clinical candidates in near future.
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4. Non-neuronal nicotinic α7 receptors as emerging targets tackling cardiovascular
inflammageing
Recent studies have confirmed that non-neuronal nicotinic acetylcholine receptors (nAChRs) can
regulate immune function to effectively modulate adverse inflammation in the cardiovascular
system. nAChRs are ligand-gated ion channels, expressed not only in the central neuronal system,
but also in epithelial, endothelial and immune cells. The α7 nicotinic receptor (α7-nAChR), encoded
by the CHRNA7 gene, is a homopentamer (i.e. having five identical α7 subunits; Figure 4), which is
crucial in regulating synapse function, neuroprotection and neuronal survival. It is also involved in
modulating immune cells (peripheral monocytes, macrophages, microglia) by attenuating the
release of pro-inflammatory cytokines (TNF-α, IL-1, IL-6), an effect known as the cholinergic antiinflammatory pathway (CAP).
Lasalde-Dominicci and coworkers showed that activation of the macrophage α7 receptor by
acetylcholine (ACh), nicotine, or other agonists, selectively inhibits production of pro-inflammatory
cytokines while leaving anti-inflammatory cytokines undisturbed [107]. The mechanism by which
activation of α7 in macrophages regulated pro-inflammatory responses is not fully understood, but
results available suggest that activation of the macrophage α7 controls inflammation by inhibiting
NF-κB nuclear translocation, and the NLRP3 inflammasome pathway among other suggested
pathways.
4.1 Cholinergic nicotinic/NLRP3 cross-talk
The cross-talk between nicotinic receptors, particularly α7, and NLRP3, has been further explored
recently. Accumulating evidence suggests that cholinergic receptor agonists consistently inhibit
NLRP3 inflammasome activation, whereas genetic deletion of the α7 receptor markedly enhanced
NLRP3 inflammasome activation. Tracey and coworkers showed that α7 receptor signaling inhibited
NLRP3 inflammasome activation and prevented release of mitochondrial DNA, which is an NLRP3
ligand [108]. In this study, ACh significantly attenuated mitochondrial damage and mitochondrial
DNA release. These findings revealed a cross-talk between ACh, which translocated into the
cytoplasm of immune cells during inflammation, and the NLRP3 inflammasome, which has been
inhibited indirectly by preventing mitochondrial DNA release. More recently, Liu and coworkers
showed that activating the α7 receptor inhibited the NLRP3 inflammasome, and thus contributed to
the control of the neuroinflammation in vitro and in vivo in monocyte/microglia system [109]. In this
study, PNU282987, a specific α7nAChR agonist, inhibited the interaction between β-arrestin-1 and
NLRP3 protein in vitro. In vivo, pre-treatment with PNU282987 significantly inhibited the activation
of the NLRP3 inflammasome and thus decreased the production of IL-1β and IL-18 both in
lipopolysaccharide (LPS)/ATP-stimulated BV2 microglia, while inverse effects were observed in α7
knockout mice. While these results should be replicated in the cardiovascular context, they strongly
indicate that activating α7nAChR can lead to NLRP3 inflammasome inhibition, and therefore either
agonists or positive allosteric modulators of α7 receptor may be exploited therapeutically as
suppressors of inflammageing via inhibiting NLRP3 indirectly.
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7-NAchR
Caspase-1
IL-1b

Pro-IL-1b
NLRP3
Active NLRP3

Pro-caspase-1
ASC

Figure 4 Proposed mechanism of 7-mediated inhibition of NLRP3 inflammasome. Activation of 7 receptors
(represented as a red bolt), either by neurotransmitter (ACh), agonist, or positive allosteric modulator, inhibits
formation of NLRP3 inflammasome. The inset show the molecular structure of human 7; the pentamer is
rendered as the molecular surface and coloured ochre. The lipid bilayer is coloured blue (fatty acid tails),
purple and fuchsia (lipid headgroups). The flux of ions occurring upon the activation is represented as blue
spheres (the central pore).

4.2 Cholinergic anti-inflammatory pathway and cardiovascular inflammation
It has been recently reported that the CAP may be a viable therapeutic strategy to suppress adverse
inflammation within the cardiovascular system [110]. The α7 receptors play a vital role in CAP, which
make them attractive as therapeutic targets for the pharmacological interventions in the treatment
of cardiovascular diseases with underlying inflammation, including age-related diseases.
Available literature data suggest that activation of the nicotinic receptors has a
cardioprotective effect [111]. In their recent study, Han and coworkers investigated the dosedependent effects of nicotine on the autophagy of cardiomyocytes and assessed whether nicotine
protected cardiomyocytes against palmitoic acid (PA) injury. The results indicated that low-dose
nicotine promoted neonatal mouse cardiac myocyte (NMCM) autophagy and accelerated autophagic
flux while inhibiting NMCM apoptosis, while high-dose nicotine inhibited autophagy and promoted
apoptosis. Moreover, methyllycaconitine citrate (MLA), which is α7 receptor blocker, abolished the
effects of nicotine on autophagy and apoptosis of NMCMs. Low-dose nicotine improved the
inhibited autophagy and increased apoptosis induced by palmitoic acid (PA) in NMCMs. The results
of this study suggest that low-dose nicotine promoted autophagy and inhibited apoptosis of
cardiomyocytes [111]. In another study, an agonist of α7 receptor prevented electrophysiological
dysfunction of rats with ischaemic cardiomyopathy (ICM) [110].
These preclinical findings have recently been corroborated by the clinical study of acute
myocardial infarction (AMI) patients, which demonstrated that microRNA miR-499 released during
AMI caused endothelial injury by targeting α7-nAchR [112]. To explore potential roles exerted by
miR-499 released from cardiomyocytes during AMI, Dang and coworkers used qPCR and ELISA and
discovered that patients with AMI had significantly increased plasma levels of miR-499. These were
directly correlated with serum thrombomodulin, which is a marker for endothelial injury. Plasma of
AMI patients, when incubated with human umbilical vein endothelial cells (HUVECs), significantly
increased the expression of endothelial injury markers, which could be abrogated by antagonist of
miR-499. In silico analysis demonstrated that the molecular target of miR-499 is nicotinic α7
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receptor. This finding was subsequently validated in cell lines expressing endogenous α7 receptor. In
a high glucose-induced rat pulmonary microvascular endothelial cells (RPMECs) injury model, miR499 aggravated the injury, whereas elevated expression of α7 receptor ameliorated it. Moreover,
the perfusate from Langendorff perfused rat heart subjected to hypoxia/reoxygenation (HX/R)
contained higher levels of miR-499. Finally, the correlation between plasma miR-499 and endothelial
injury was further confirmed in another cohort of AMI patients. The authors of the study concluded
that miR-499 released from injured cardiomyocytes contributed to the endothelial injury by
targeting α7 receptor. This study implied that α7 receptor may serve as an attractive novel drug
target for the treatment of the surged vascular inflammation post-AMI. Collectively, preclinical and
clinical results available suggest α7 receptor agonists as promising therapeutic candidates for
treatment of cardiovascular conditions.
Moreover, a dominant-negative, partially duplicated variant of the α7 receptor (dupa7),
expressed by a unique human gene denoted as CHRFAM7A, is expressed in human leukocytes and in
the cardiovascular system [113-116]. Employing the analysis of the CHRFAM7A gene's regulatory
region, Benfante and coworkers reported some of the mechanisms driving CHRFAM7A expression
and responsiveness to LPS in human immune cell models, and dupa7 seems to exert proinflammatory action [113]. Indeed, the CHRFAM7A gene is up-regulated in conditions associated
with elevated inflammation, including ulcerative colitis and IBD [114], and in neurodegenerative
diseases [115]. More recently, Costantini and coworkers showed that dupa7 increases cell-cell
adhesion, regulates the expression of genes associated with leukocyte migration, and tunes the
biological activity of monocytes/macrophages to migrate and undergo anchorage-independent
growth [116]. Even though dupa7 has not been explored yet in the cardiovascular context, these
published results strongly indicate a need of more studies in this area and exploration of dupa7 as a
novel, attractive drug target for treatment of cardiovascular diseases.

5. Inflammageing, SASP and cardiovascular diseases
5.1 Cellular senescence and SASP
Cellular senescence is a cell-fate characterised by an irreversible exit from the cell-cycle, multiple
changes in terms of gene expression and chromatin organization and the expression of the
senescence associated secretory phenotype [117-119]. The SASP involves an increased production of
reactive oxygen species (ROS) and the secretion of a combination of proinflammatory cytokines,
chemokines and extracellular matrix factor proteases which maintain cellular senescence in an
autocrine manner and can also propagate the senescent phenotype to surrounding cells in a process
termed the bystander effect [120-125].
Cellular senescence is a characteristic of atherosclerosis, accumulating in multiple vascular
resident cell types including; endothelial cells, vascular smooth muscle cells and foam cells [126].
The senescent phenotype and atherosclerosis are driven common stimuli, including low-density
lipoprotein (LDL), inflammation, oxidative stress, cytomegalovirus (CMV) infection, telomere
attrition and damage, mitochondrial dysfunction, dysfunctional autophagy, genomic damage,
cigarette smoke, hypertension and hyperglycaemia (as reviewed elsewhere [127]) indicating that
senescence is not simply a consequence of the disease but rather actively contributes to disease
pathophysiology. Moreover, inflammatory SASP proteins, such as IL-1α, IL-1β, IL-6, IL-8, IL-18 and
TNF-α, are expressed by senescent cells of several linages within atherosclerotic vessels, have been
demonstrated to promote plaque development and are clinically validated CVD risk factors
[127,128].
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5.2 Senolytics
Using mouse models which allow pharmacogenetic clearance of p16 expressing senescent cells and
the senolytics compound navitoclax, that induces senescent cells to apoptosis by inhibiting prosurvival bcl-2 proteins, Childs and coworkers demonstrated that senescence (as the result of the
SASP), is detrimental throughout atherosclerosis pathogenesis and progression [129]. At early
disease stages (Ldlr–/– mice provided 9 days of atherogenic diet) an accumulation of senescent foamy
macrophages was observed in the subendothelial space. Elimination of senescent cells reduced this
senescence burden and decreased expression of Il1α, and Tnfα, important atherogenic and
inflammatory cytokines and chemokines. In addition, a reduction in two key molecular drivers of
monocyte recruitment Mcp1 and Vcam1 were also reduced upon senescence clearance. Based on
these data the authors suggested that subendothelial senescent foamy macrophages arising in early
lesions enhance Tnfα mediated Vcam1 expression, as well as the Mcp1 gradient, to maintain
monocyte recruitment to the plaque [130]. At later disease stages (Ldlr–/– mice provided an
atherogenic diet for 88 days) chronic elimination of senescent cells, while mice were maintained on
an atherogenic diet, reduced atherosclerosis burden as the consequence of a decrease in both the
number and size of plaques. Furthermore, senescence elimination at this time point reduced
expression of Il1α, and Tnfα, the metalloproteases Mmp3, Mmp12 and diminished characteristics of
plaque instability including elastic fibre degradation and fibrous cap [129]. This role of senescence
and the SASP in the pathophysiology of atherosclerosis is supported by independent studies that
demonstrated that chronic administration of the senolytics combination Dasatinib + Quercetin
cleared senescent cells reducing markers of osteogenesis in advanced intimal plaques, ultimately
reducing intimal plaque calcification as well as being able alleviate vasomotor dysfunction in
naturally aging mice and mice with established atherosclerosis [131]. This data suggests that
senescent cells are key drivers of atheroma formation and maturation, that senescence mediates
these effects via SASP mediated inflammation and as such these processes represent potential
therapeutic target for atherosclerosis.
Senescence of the T-lymphocyte population has also been associated with differentiation to
a proinflammatory phenotype, for example cytotoxic CD8+ T-cells become functionally senescent
with age, increase secretion of inflammatory mediators characteristic of a SASP [132] and are an
independent predictor of all-cause mortality in the elderly [133]. We have demonstrated that
senolytic treatment of aged mice has the potential to reduce or reverse T-cell immunosenescence
and attenuate systemic inflammation, as indicated by a decrease in the proinflammatory CD8+
effector memory cells and an increased naïve CD8+ T-cell population [133]. Senescence in the
regulatory T-cell (Treg) population may also contribute to atherosclerosis as they can suppress the
activity of proatherogenic effector T-cells and prevent the progression of atherosclerosis [134].
5.3 Myocardial senescence
Senescence has been implicated in age-related myocardial dysfunction for nearly 20 years [135].
During ageing, the heart undergoes age-associated myocardial remodelling, a process characterised
by physiological and molecular alterations that result in endothelial stenosis, vasomotor dysfunction
and stiffening, cardiomyocyte hypertrophy and myocardial fibrosis which contribute to increased
ventricular stiffness impairing cardiac function and ultimately leads to HF [128,136]. While
senescence in progenitor populations cell cycle exit may be directly detrimental to myocardial
function due to impaired myocardial homeostasis and explains the decrease in cardiomyocyte
turnover observed with age [59,137,138], emerging evidence suggests that SASP mediated
inflammation also plays a role in age-associated myocardial dysfunction and remodelling [139,140].
Our studies have demonstrated that not only do cardiomyocytes become senescent with age, but
they also produce a SASP with the potential to induce myocardial remodelling. Cardiomyocytes
express an atypical SASP which includes expression of TGF-β2, GDF15 and Edn3, which can induce
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neonatal rat CM to hypertrophy and the differentiation of fibroblast to a myofibroblast phenotype
[140] . Moreover, pharmacological elimination of senescence from aged mice attenuated
components of the cardiomyocyte SASP, reduced myocardial remodelling, as indicated by a
reduction in both cardiomyocyte hypertrophy and interstitial fibrosis, and improved cardiac
functional outcome and survival to myocardial infarction [139,140]. It should be highlighted however
that senescence may contribute to aspects of remodelling independently of the SASP. Senescent
cardiomyocytes were observed to be hypertrophic in aged mice [140] and in mouse models of
chronic inflammation, as a result of NF‐κB activation, treatment with senomorphic rapamycin,
reduced senescent burden and hypertrophy but has no influence on inflammation [141].

Figure 5 Cellular senescence and cardiovascular diseases. Senescence is induced in multiple cardiovascular
lineages and immune cell populations in response to stimuli including telomere attrition, telomere damage
and mitochondrial dysfunction which result in a persistent DNA damage response and activation of the cyclin
dependant kinases p16 and p21. The p16 and p21 pathways orchestrate cell cycle arrest and the senescent
phenotype which includes expression of the SASP, a cocktail of growth factors, cytokines, chemokines,
metalloproteinases, and reactive oxygen species. The SASP maintains the senescent cell phenotype but also
influences the surrounding tissues, propagating senescence, driving inflammation and immune cell
recruitment. SASP mediated inflammation has been implicated in the pathophysiology several cardiovascular
diseases including age-related heart failure and the associated remodelling and the initiation, progression, and
maintenance of atherosclerosis.

Adverse remodeling is associated with most, if not all cardiac pathophysiologies that result in
impaired cardiac function [142]. Similarly the inflammatory mediators that contribute to myocardial
remodeling in different disease settings are conserved and overlap components of a classical SASP
[143-148]. As an accumulation of myocardial senescence has been shown to occur in CVDs including
hypertension [149] and myocardial infarction [150] it is possible that senescence-induced
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remodeling (SIR) contributes to and represents a therapeutic target for a wider range of
cardiovascular diseases.
Interestingly, cardiac glycosides such as digoxin and digitoxin which are used clinically for the
management of heart failure and atrial fibrillation have been shown to have broad-spectrum
senolytic potential [151]. While current guidelines endorse the use of these compound in patients,
there are concerns regarding safety as multiple studies have associated digoxin treatment with an
increased relative risk of mortality [152-154]. Whether the senolytic activity of these cardiac
glycosides contributes to their pharmaceutical function or even their adverse side effects are
currently unknown.
5.4 Clinical trials with senolytics
The contribution of senescence and the SASP to CVD (Figure 5) makes this process an attractive
therapeutic target to prevent or delay multiple age-related CVDs and while in the context of CVD
elimination of senescent cells has not been investigated clinically, trials are ongoing in other disease
settings [155]. Although preliminary, data from these studies suggest that in a cohort of patients
suffering from idiopathic pulmonary fibrosis, senolytic treatment significantly improved physical
function, a benefit which was associated with a decrease in circulating SASP proteins. Similarly, a
report from a phase 1 clinical trial in individuals with diabetic kidney disease showed that senolytic
therapy decreased senescence burden and the expression of circulating cytokines and MMPs
including IL-1α, IL-2, IL-6, IL-9 and MMP2, MMP9 and MMP12 [156]. Senolytics by their design do
not target an individual molecule or cell type and as such may provide a strategy to target the
systemic expression of multiple inflammatory mediators that are detrimental to cardiovascular
health.

6. Conclusions
Chronic subclinical inflammation has long been accepted as the consequence of the ageing process,
where dysfunctional cellular repair mechanisms culminate in the activation of pro-inflammatory
pathways. Atherosclerosis and heart failure are both prototypical age-related diseases, wherein
inflammation has been considered a bystander for many years. With the advent of anti-IL-1
targeting drugs in clinical trials, it has now been proven that inflammation itself can be a causative
factor in the progression of atherosclerosis and deterioration of heart failure. The inhibition of these
pathways can decelerate the ageing process in the cardiovascular system, but potentially at the risk
of lessening infection control. Similarly, senolytics could be very powerful anti-ageing drugs by
eliminating dysfunctional, pro-inflammatory cells in the cardiovascular system to enhance the
healing process, but side effects are equally hampering their use in clinical practice.
Available literature shows that the NLRP3 inflammasome plays an indispensable role in the
development of cardiovascular diseases, linking inflammageing and heart diseases, and that NLRP3 is
a novel yet validated target for the prevention and treatment of cardiovascular diseases. Effective
regulation of NLRP3 by small molecule drugs may be used in prevention and treatment
cardiovascular diseases. Recent structural biology advances resolving NLRP3 structure at the
atomistic level of detail, combined with extensive analysis of structure and dynamics and utilising
cutting-edge ultra-high-throughput screening techniques should allow us to selectively target NLRP3
by small molecule inhibitors to manipulate inflammasome activation therapeutically. Deconvoluting
the binding mode of existing preclinical inhibitors could lead the way towards structure-guided
development of clinical candidates in the conceivable future.
Recent reports suggest targeting non-neuronal nicotinic acetylcholine receptors by small
molecules – either agonists or positive allosteric modulators – as a novel therapeutic strategy to
suppress adverse inflammation within the cardiovascular system. While targeting nicotinic
receptors, particularly 7 receptor, is still in early stages of preclinical development, the role exerted
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by these receptors in the inflammation underlying cardiovascular diseases is undisputable. Studies
showing modulation of NLRP3 and its downstream targets by 7 further emphasise this receptor as
a novel “druggable” target for therapeutic interventions. Furthermore, dupa7, which is partially
duplicated variant of the α7 unique to humans, seems to be upregulated in conditions associated
with elevated inflammation. Even though dupa7 has not been validated yet as the cardiovascular
drug target, available results strongly indicate this receptor as a novel, exciting drug target for
treatment of cardiovascular conditions.
To conclude, this review focuses on the association between several “druggable” targets such as
NLRP3 and nicotinic receptors, cellular senescence, and the development of cardiovascular diseases,
which will hopefully provide some important clues for development of new therapeutic strategies
for cardiovascular diseases.
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