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Abstract: Acute cerebrovascular disease can affect people at all stages of life, from neonates 

to the elderly, with devastating consequences. It is responsible for up to 10% of deaths world-

wide, is a major cause of disability, and represents an area of real unmet clinical need. Acute 

cerebrovascular disease is multifactorial with many mechanisms contributing to a complex 

pathophysiology. One of the major processes worsening disease severity and outcome is 

inflammation. Pro-inflammatory cytokines of the interleukin (IL)-1 family are now known to 

drive damaging inflammatory processes in the brain. The aim of this review is to discuss the recent 

literature describing the role of IL-1 in acute cerebrovascular disease and to provide an update 

on our current understanding of the mechanisms of IL-1 production. We also discuss the recent 

literature where the effects of IL-1 have been targeted in animal models, thus reviewing potential 

future strategies that may limit the devastating effects of acute cerebrovascular disease.
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Acute cerebrovascular disease
Acute cerebrovascular disease is a myriad of clinical conditions that can present in 

many different ways, from periventricular hemorrhage in preterm babies, through 

subarachnoid hemorrhage (SAH), ischemic and hemorrhagic stroke, and vascular 

dementia in middle and old age.

Evidence based treatments for acute stroke are limited to thrombolysis for up to 

20% of all strokes, antiplatelet agents, and stroke unit care. There is some evidence 

for decompressive craniectomy in highly selected patients as a life saving measure, 

and ongoing trials are investigating the efficacy of endovascular interventions such 

as thrombectomy for acute ischemic stroke. For SAH, there is currently no treatment 

that addresses the ischemic injury occurring at ictus and the use of nimodipine still 

results in up to a third of patients developing delayed cerebral ischemia. In intracerebral 

hemorrhage (ICH), no current therapies other than those addressing hypertension at 

presentation improve the outcome,1 and surgical trials including the recent Surgical 

Trial in Lobar Intracerebral Haemorrhage (STICH II) study have also failed to show 

any benefit.2 It is therefore evident that treatment of acute cerebrovascular disease 

remains an area of unmet clinical need. While there have been numerous rodent 

studies targeting inflammation, particularly in stroke, only a few of these have suc-

cessfully translated into clinical practice. Furthermore, there remains a paucity of 

research into the targeting of key molecular pathological mechanisms that underpin 

neurodegeneration occurring in all of these processes. The purpose of this review is 

to discuss the potential for targeting a pro-inflammatory cytokine called interleukin 
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(IL)-1 and its regulatory processes as potential treatments 

for cerebrovascular disease.

Inflammation
Inflammation is an important host defense response to 

injury or infection. Key to an inflammatory response is the 

recruitment of polymorphonuclear cells to the site of injury 

or infection. This response is coordinated by cascades of 

cellular and molecular events that include the production of 

pro-inflammatory mediators such as cytokines, chemokines, 

and cell adhesion molecules. Many of the tools of the inflam-

matory response that target pathogens, such as proteases 

and reactive oxygen species, also kill healthy cells. This 

collateral damage may be acceptable when compared to the 

consequences of pathogen survival. However, when these 

responses occur in the absence of infection, during injury, or 

noncommunicable disease states, this collateral damage leads 

to a worsening of the condition and as such represents a thera-

peutic target.3 Inflammation in the context of injury, and in 

the absence of infection, is considered as sterile inflammation. 

Acute brain cerebrovascular disease results primarily from a 

disruption to blood flow to a region of the brain and thus the 

inflammation stimulated by such injuries can be considered 

sterile. Cytokines of the IL-1 family, namely the IL-1α and 

IL-1β isoforms, are strongly implicated in sterile inflamma-

tory responses that worsen acute cerebrovascular disease.4

IL-1 production
In a healthy brain, IL-1 is undetectable, but it is expressed 

after an injury or during disease.5 For example, in an animal 

model of stroke (induced by occlusion of the middle cerebral 

artery), a rapid increase in expression of both IL-1α,6 and 

IL-1β are observed in microglia within hours of the insult 

and within areas of the brain that experience cell death.7 

Although IL-1α and IL-1β appear to be produced mainly 

by microglia in this model, there is evidence that astrocytes 

may also express IL-1.7,8 Microglia expressing IL-1α are also 

observed in regions adjacent to the bleed site in a rat model 

of SAH.9 Preclinical pharmacological or genetic manipula-

tion studies have demonstrated a consistently detrimental 

effect of IL-1 in experimental stroke.10 In clinical studies, 

increased intrathecal concentrations of IL-1β are associ-

ated with increased injury,11 and with increased incidence 

of vasospasm following SAH.12 IL-1 induces release of the 

inflammatory mediator IL-6 from glia and neurons through 

type-1 receptor IL-1RI signaling.13,14 IL-6 concentrations 

are more readily detectable and tend to be more consistent 

over time. IL-6 is increased in cerebrovascular disease within 

the cerebrospinal fluid (CSF) and the brain extracellular fluid. 

In stroke, intrathecal IL-6 concentrations correlate with lesion 

size,11,15 while in SAH, increased intrathecal IL-6 concentra-

tions are associated with demonstrable vasospasm.12

IL-1 expression is stimulated by molecular motifs 

expressed by pathogens termed pathogen associated molecu-

lar patterns, or by molecules released from dead or injured 

tissue/cells, or that are modified during disease called dam-

age associated molecular patterns (DAMPs). DAMPs are 

endogenous molecules normally retained within cells and 

thus not exposed to immune surveillance. Upon their release 

during cell death, DAMPs are sensed by pattern recognition 

receptors (PRRs) on the membranes of cells of the innate 

immune system, such as microglia, resulting in signaling 

cascades that induce the expression of pro-inflammatory 

cytokines.16,17 The specific DAMPs that drive the expression 

of IL-1 after an acute brain injury are unknown, although 

there are many potential candidates identified from other 

disease states including high mobility group protein B1, heat 

shock proteins, heparin sulfate, and many other endogenous 

molecules released by dying cells.17 Acute phase proteins 

such as serum amyloid A may also induce expression of 

IL-1 in microglia after a brain injury after gaining access to 

the brain through a damaged blood–brain barrier.18 Many 

of the DAMPs discovered stimulate PRRs of the toll-like 

receptor (TLR) family, resulting in the activation of signaling 

pathways such as nuclear factor-κB and p38 mitogen acti-

vated protein kinase that regulate the expression of multiple 

inflammatory genes in addition to IL1A and IL1B.19 TLRs 

share a conserved toll- and IL-1 receptor related domain 

with IL-1RI, and thus TLRs and IL-1RI share many common 

signaling steps following stimulation.19,20

Many pro-inflammatory mediators have conventional 

secretory routes from the cell, but perhaps indicative of their 

position as master cytokines, IL-1α and IL-1β are subject 

to an additional regulatory step. Stimulating cells to express 

IL-1 is often referred to as a priming step. A second stimulus 

is required to elicit their cellular release.21 Both IL-1 forms are 

initially produced as precursors that reside in the cytoplasm 

of the cell following the initial priming step. Pro-IL-1β is 

inactive at IL-1RI, and requires proteolytic cleavage to yield 

a mature, secreted, biologically active molecule. Pro-IL-1α 

has some biological activity, which is strongly enhanced 

following proteolytic cleavage (Figure 1).22,23

IL-1 processing and secretion
The protease most commonly reported to cleave pro-IL-1β 

is caspase-1. Caspase-1 is also produced as an inactive 
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precursor however, and a “primed” cell must encounter a 

secondary stimulus that facilitates the activation of caspase-1. 

The secondary stimulus that drives IL-1β processing and 

release during sterile disease is an additional DAMP. Dur-

ing sterile inflammation the secondary stimulus is typically 

sensed by a cytosolic PRR called NACHT, LRR and PYD 

domains-containing protein (NLRP) 3.24 Sterile activators 

of NLRP3 include (but not exclusively) molecules such as 

adenosine triphosphate (ATP),25 sphingosine,26 and mono-

sodium urate.27 There is limited evidence supporting a direct 

interaction between DAMP and NLRP3 and additional host 

cellular signals such as K+ efflux,28 lysosomal destabiliza-

tion and cathepsin activity,29 and ROS production and/or 

mitochondrial dysfunction,30 are suggested to be important. 

Once activated NLRP3 interacts via an interaction of pyrin 

domains with an adaptor protein called apoptosis-associated 

speck-like protein containing a caspase recruitment domain 

(ASC). ASC recruits pro-caspase-1 into the complex via 

an interaction of caspase activation and recruitment domain 

(CARD) that subsequently results in caspase-1 activation 

and processing of pro-IL-1β. This multimolecular IL-1β 

processing complex is called the inflammasome.31 A role for 

the NLRP3 inflammasome in brain inflammation has been 

suggested using animal models of Alzheimer’s disease and 

multiple sclerosis.32,33 However, there is as yet no evidence 

to support a role of NLRP3 in ischemic brain injury. Another 

inflammasome forming PRR that is found in the brain is 

NLRP1,34 which is expressed by neurons.35 NLRP1 has 

DAMPs

InflammasomeNF-κB

Pro-IL-1β

IL-1β

Cell surface IL-1RI

Pro-IL-1α

Surface IL-1α Mature IL-1α

Cell surface DAMP receptor signalling

Figure 1 The development of inflammation in acute cerebrovascular disease.
Notes: Cell death as a result of acute cerebrovascular disease results in the generation of numerous damage associated molecular patterns (DAMPs) that act on pattern 
recognition receptors on immune cells to initiate and shape the inflammatory response. DAMPs stimulate “priming,” resulting in increased expression of interleukin (IL)-1, 
and also stimulate inflammasome assembly, activation of caspase-1, and of other proteases capable of processing and activating IL-1. IL-1 (both IL-1α and IL-1β) is released 
and can then stimulate the type I IL-1 receptor on responsive cells to trigger inflammatory signaling pathways with pleiotropic effects.
Abbreviations: DAMPs, damage associated molecular patterns; NF-κB, nuclear factor-κB; IL, interleukin; IL-1R1, type I IL-1 receptor.
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a CARD and can thus interact with caspase-1 directly,36 

although the presence of ASC does appear to enhance its 

activity.37 The NLRP1 inflammasome is suggested to be 

important in rodent models of acute CNS injury through 

studies using neutralizing antibodies in models of spinal 

cord injury and traumatic brain injury in the rat,38,39 and in a 

mouse model of thromboembolic stroke.40

Once processed, IL-1β is secreted rapidly from the 

cell into the extracellular environment where it stimulates 

signaling pathways on IL-1RI expressing cells. The precise 

mechanisms of IL-1β secretion are poorly understood. IL-1β 

does not follow the conventional endoplasmic reticulum-

golgi pathway of secretion and harnesses one or more of 

the nonconventional secretory routes. We have recently 

reviewed the literature for mechanisms of IL-1β secretion 

and postulated that the mechanism involved may depend on 

the strength of the inflammatory stimulus.21 Based on this 

simple theory we classified IL-1β secretion mechanisms as 

(1) rescue and redirect where IL-1β targeted for degradation 

via lysosomal or autophagic routes could be rescued and 

secreted; (2) protected release where IL-1β is contained 

in secreted vesicles such as microvesicles shed from the 

plasma membrane, or exosomes released by the exocytosis 

of multivesicular bodies; and (3) terminal release where 

IL-1β is secreted through pores in the plasma membrane, 

with these pores ultimately resulting in an osmotic lysis of 

the cell. Whilst the vast majority of the literature reporting 

IL-1β release focuses on the inflammasome, it is important 

to note that additional caspase-1 independent mechanisms 

exist, and of particular relevance to sterile disease may be 

extracellular processing of pro-IL-1β by neutrophil derived 

proteases including proteinase 3.41,42 An extracellular 

cathepsin D dependent processing of pro-IL-1β has also 

been reported to occur from microglia stimulated with ATP 

under acidic conditions.43

In contrast to IL-1β, there has been comparatively little 

research into the mechanisms of IL-1α processing and 

secretion. The secretion of IL-1α in response to DAMP stimu-

lation is also reported to depend upon the inflammasome.44 

Pro-IL-1α is not a substrate for caspase-1 and it is not clear 

how inflammasome activation regulates its processing and 

release, although a non-catalytic role of caspase-1 and calpain 

protease dependent processing are implicated.44,45 An alterna-

tive23 to this model was proposed recently where pro-IL-1α 

binds tightly to an intracellular form of the type II IL-1 recep-

tor (IL-1RII). Upon activation of the inflammasome, IL-1RII 

is cleaved by caspase-1 rendering pro-IL-1α available for 

calpain mediated cleavage.23 Granzyme B is also reported 

to cleave pro-IL-1α leading to an increase in its biological 

activity.22 In contrast to IL-1β, pro-IL-1α can traffic to the 

nucleus of the expressing cell and this mechanism may limit 

IL-1α release during cell death.46

Consequences of IL-1 signaling
IL-1 released by microglia into the extracellular space can act 

directly on nearby neurons. IL-1β stimulates the activation of 

Src tyrosine kinases in neurons which results in phosphoryla-

tion of the NR2A and NR2B N-methyl-D-aspartate (NMDA) 

receptor subunits.47 This subsequently results in increased 

calcium flux after NMDA receptor activation and increased 

excitotoxic cell death.47 IL-1β can also exert neurotoxic 

effects via glial cell dependent production of reactive oxygen 

and proteases.48,49 In a microglia-neuron coculture model, 

aggregated amyloid-β (pathological feature of Alzheimer’s 

disease) induced neurotoxicity was lost when caspase-1 

knockout microglia were used instead of wildtype.50 Thus, 

“local” effects of IL-1 dependent signaling could contribute 

to brain injury.

We now know that in addition to centrally produced 

IL-1, peripheral sources also contribute to brain inflamma-

tion after experimental stroke.51 Systemic IL-1β exacerbates 

neuronal injury after experimental stroke by increasing the 

production and infiltration of neutrophils into the ischemic 

tissue.52 This neutrophil dependent toxicity is at least in part 

dependent upon a matrix metalloproteinase induced disrup-

tion of the blood–brain barrier.53 In a culture system, platelet 

derived IL-1α can activate brain endothelial cells to produce 

chemokines and increase expression of adhesion molecules, 

thus facilitating the transmigration of neutrophils across an 

endothelial cell layer.54 Transmigrated neutrophils were 

recently shown to be neurotoxic via a mechanism depen-

dent upon proteases associated with neutrophil extracellular 

traps.55 Thus, multiple sources and effects of IL-1 may con-

tribute to the inflammation dependent damage that occurs 

during acute cerebrovascular disease.

Another consequence of IL-1 dependent inflammation 

in acute cerebrovascular disease is immune depression, 

which contributes to a susceptibility to infection.56,57 This is 

of particular clinical relevance, where infections following 

ischemic stroke58,59 and SAH60 are observed with increased 

frequency, and are a major cause of morbidity in those 

surviving the initial insult. This phase of immune depres-

sion represents an unbalanced peripheral anti-inflammatory 

reaction following the initial insult,56,61 and results in altered 
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lymphocyte function62 and depletion,63 reduced natural 

killer cell function,64 and a shift from Th1 to Th2 cytokine 

response.65 The two main mechanisms that are thought to 

cause immune depression after an acute brain injury are 

(1) stimulation of the hypothalamic-pituitary-adrenal axis 

releasing adrenal cortisol, and (2) catecholamine mediated 

IL-10 release.57,66 IL-1β and IL-6 are direct inducers of both 

mechanisms.56,67 Our research group has also demonstrated 

the central role of IL-1 in poststroke immune depression by 

inducing its reversal with the IL-1 receptor antagonist (IL-1-

Ra).68 Further studies are currently underway in SAH and 

ICH. In ICH, although a reduction in white blood cells is 

not usually observed,69 there is clinical evidence that plasma 

IL-10 concentrations are raised which may contribute to 

immune depression and increased risk of infection.70

Targeting inflammation in acute 
cerebrovascular disease
A variety of pharmacological interventions against the 

IL-1 system have been studied in experimental models of 

acute cerebrovascular disease where they have been shown 

to limit neuronal injury.71 We have recently reviewed these 

in more depth elsewhere,71 but briefly, they range from bio-

logicals such as IL-1Ra and neutralizing IL-1β antibodies, 

to small molecule inhibitors of inflammatory signaling path-

ways and caspase-1.71 Although protective effects observed 

when targeting nuclear factor-κB or p38 mitogen activated 

protein kinase could be ascribed to a plethora of inflamma-

tory signaling processes, at least comparable neuroprotective 

effects are observed with agents that specifically target the 

IL-1 pathway. Caspase-1 inhibitors are highly protective 

in rodent models of acute cerebrovascular disease.72–74 

Antibodies that target IL-1β directly,75 or components of the 

NLRP1 inflammasome are also protective in experimental 

models.39,40 For many years, IL-1Ra has been known to offer 

significant neuroprotection in experimental models of brain 

injury.5 These studies have recently been extended to animals 

with comorbidities commonly seen in stroke patients, where 

similar neuroprotective effects of IL-1Ra are also reported.76 

Clinically, IL-1Ra has also been administered to patients with 

ischemic and hemorrhagic stroke where it was effective in 

reducing peripheral markers of inflammation.77 In patients 

with SAH, IL-1Ra has been administered through both 

intravenous78 and subcutaneous routes (Galea, unpublished 

data, 2012). Intravenous IL-1Ra has been demonstrated to 

penetrate CSF and achieve concentrations that are associated 

with neuroprotection in rodent studies.79 Together these data 

suggest that targeting the IL-1 system could represent a real 

opportunity for treating acute cerebrovascular disease.

Conclusions, open questions,  
and future perspectives
In summary, there is compelling evidence to suggest that 

effective targeting of the IL-1 system could be therapeutic 

in the treatment of acute cerebrovascular disease. Despite the 

large number of potential DAMPs and signaling pathways 

involved in the regulation of IL-1, its actions depend entirely 

on IL-1RI activation, which is the only known signaling 

receptor for IL-1α and IL-1β (Figure 1). Perhaps that is 

why IL-1Ra has proven to be so effective and is showing 

the greatest promise currently. Importantly IL-1Ra is also 

protective in comorbid models of stroke in rodents which 

better reflect the human condition.76

In addition to nonrepresentative animal models, there are 

other reasons for the persistent failure of drugs that require  

an appreciation of the underlying biological pathways. 

Changes in the activity of single enzymes normally have 

only small effects on pathway fluxes, and multisite modula-

tion is necessary to effect large changes in fluxes.80 Target-

ing multiple nodes in a signaling network may therefore 

be a more effective therapeutic strategy.81 The potential of 

this approach has already been demonstrated in a number 

of cellular models, including our own work on the expres-

sion of IL-1β.82 The existence of such dynamic interactions 

and changes within the inflammatory cascade may thus be 

overcome by approaches that target multiple points within 

the inflammatory cascade.

At the fundamental level there exist a number of 

questions. Many arise from our yet incomplete understand-

ing of inflammasome priming and activation and assembly, 

and the mechanism of secretion for IL-1. More specifically, 

the mechanisms and inflammasomes regulating IL-1 in acute 

brain injury remain unknown. Relative contributions of IL-1α 

and IL-1β to the expanding infarct or developing ischemia 

are also unknown. Understanding these processes will likely 

lead to the identification of new therapeutic targets that may 

further direct strategies to target the inflammation that occurs 

during acute cerebrovascular disease.
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