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Cerebral ischaemia occurs when cerebral blood flow (CBF) is compromised and 
brain tissue becomes starved of oxygen and nutrients, leading to cell death and 
neurological deficits. Ischaemic events in the brain can be either focal or global, 
and are major pathological features of age-related diseases, such as stroke and 
dementia. Several modifiable risk factors, such as diet, can exacerbate ischaemic 
damage. The aim of this thesis was to investigate how different dietary states, 
obesity and high sugar, affect inflammation and ischaemic outcomes in murine 
models of global and focal ischaemia.  
 
In order to investigate global ischaemic pathology, we sought to characterise a 
mouse model of chronic cerebral hypoperfusion, bilateral common carotid artery 
occlusion (BCAS). We demonstrated a sustained reduction in CBF at 3 months in 
BCAS animals; however, consequent neuropathology and cognitive deficits were 
absent. Additionally, we measured clinically validated markers of hypoperfusion 
(vascular endothelial growth factor, myelin associated protein, and proteolipid 
protein 1), that had not previously been investigated in the context of the BCAS, 
but found that there was no change in tissue oxygenation. We hypothesise that the 
reduction in CBF was not severe enough to induce global ischaemia and 
subsequent neuropathology. 
 
Turning our focus to focal ischaemic pathology, we used middle cerebral artery 
occlusion (MCAo) to investigate how diet affects ischaemic injury. We found that 
stroke induced long-term changes in depressive/anxiety-like behaviours, and also 
altered the levels of plasma lipids and adipokines, which may have negative 
impacts on vascular health. Obese mice also had long-term alterations in 
depressive and anxiety-like behaviours after stroke, but these changes did not 
differ significantly from lean mice that had equivalent lesion volumes. 
 
Next, we investigated how hyperglycaemia affects stroke outcomes. We found that 
hyperglycaemia exacerbates ischaemic brain damage by augmenting interleukin 
(IL)-1β dependent post-stroke inflammation. We showed that macrophage 
production of IL-1β post-stroke is glycolysis dependent, and in the context of 
hyperglycaemic conditions, is potentiated by increased substrate availability. 
Furthermore, we identify pyruvate as an essential metabolite downstream of 
glycolysis that regulates IL-1β production, and we hypothesise that this is mediated 
via succinate accumulation. 
 
This thesis produces mechanistic insight into the inflammatory pathology of focal 
and global ischaemia. Specifically, we have shown that obese and hyperglycaemic 
states have distinct impacts on post-stroke outcomes, primarily by regulating 
inflammatory and metabolic processes in immune cells. Ultimately, gaining a better 
mechanistic insight into how diet-related diseases and dietary factors modulate 
ischaemic pathology may help identify new therapeutic targets, increase health 
and lifestyle education, and improve public awareness. 
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 Cerebral ischaemia 

The brain is the body’s most energetically demanding organ, accounting for over 

20% of the total energy consumption and requiring a constant supply of blood to 

sustain metabolic activity (Magistretti and Allaman, 2015). Disruption to this 

cerebral blood flow (CBF) can result in an ischaemic state, which can have 

potentially devastating effects on brain function. There are two types of cerebral 

ischaemia, focal ischaemia and global ischaemia; these are major pathological 

events central to the aetiologies of common vascular and age-related diseases, 

such as stroke and dementia. Focal ischaemia occurs as a result of the complete 

cessation of blood flow in a specific region of the brain, with large cerebral vessels 

most typically affected. Global ischaemia, on the other hand, is the result of 

diminished CBF to many brain regions, and can be caused by cardiac insufficiency 

(heart failure, cardiac arrhythmias), peripheral and cranial vessel stenosis, and 

small vessel disease (SVD) (Ciacciarelli et al., 2020); SVD in particular is a major 

contributor to vascular dementia and has a growing global burden (O’Brien and 

Thomas, 2015). During cerebral ischaemia, the brain is subject to hypoxic 

conditions that initiate an irreversible cascade of events of cell death, inflammation, 

tissue damage, and distinct functional and cognitive deficits. 

 

 Ischaemic stroke  

There are two broad classifications of stroke: ischaemic and haemorrhagic. 

Ischaemic stroke accounts for approximately 70% of overall stroke cases and 

occurs in response to a blockage in cerebral blood vessels (Campbell et al., 2019). 

The remaining stroke cases are haemorrhagic, caused by the rupture of cerebral 

blood vessels. For the purposes of this thesis, attention will be focused on 

ischaemic stroke. Combined, ischaemic and haemorrhagic stroke affect over 13 

million people worldwide, with stroke being the second leading cause of death after 

ischaemic heart disease (Campbell et al., 2019; GBD 2016 Stroke Collaborators, 

2019). As well as being a major cause of mortality, stroke is also the third most 

common cause of morbidity; there are over 80 million stroke survivors worldwide, 

many of whom are left with significant disabilities (GBD 2016 Stroke Collaborators, 

2019). In addition, stroke-related mortality and morbidity is associated with a huge 

economic burden, where it is estimated to cost approximately £26 billion a year in 

the UK alone (Stroke Association, 2015). Improved prevention strategies and 

treatments have resulted in reduced incidence and mortality rates in developing 
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countries, though prevalence is still increasing because of the ageing population. 

Consequently, there are many stroke survivors living with stroke-induced 

disabilities and post-stroke dementia, which are major unmet clinical needs 

(Pollock et al., 2012).  

 

 Aetiology of ischaemic stroke  

Ischaemic strokes are most commonly associated with thromboemboli that result 

from large artery atherosclerosis (23%) or cardioembolism (22%) (Adams et al., 

1993). During atherosclerosis, plaques that are rich in low-density lipoprotein build 

up in vessel walls (Bentzon et al., 2014). Over a long period of time, plaque burden 

can advance to completely occlude the affected blood vessel or, more commonly, 

lead to the formation of emboli that occlude vessels distal to the plaque. Embolism 

of atherosclerotic plaques in peripheral vessels, such as the common carotid, is a 

major contributor to ischaemic stroke (Marulanda-Londoño and Chaturvedi, 2016), 

whereas intracranial atherosclerosis is less common. The latter is more commonly 

observed in Asian populations than in western populations (Holmstedt et al., 2013; 

Kim et al., 2018). Cardioembolic strokes commonly occur due to atrial fibrillation, 

a process in which thrombi form in the atrium due to arrhythmias, and can 

subsequently travel as emboli in the circulation to occlude cerebral vessels. 

Anticoagulation strategies for atrial fibrillation have been used to reduced risk of 

cardioembolic stroke; however, this has been associated with increased risk of 

haemorrhage (Best et al., 2019). Furthermore, stroke is associated with increased 

risk of atrial fibrillation, as stroke damage in turn can promote dysrhythmia (Kamel 

et al., 2016). Other causes of stroke include: SVD (22%) and genetic forms (3%), 

although in one quarter of cases, the aetiology is unknown (Adams et al., 1993). 

All of the described stroke aetiologies can contribute to transient ischaemic attacks, 

which are characterised by temporary blockage of CBF, spontaneous resolution, 

and no permanent cerebral damage. However, transient ischaemic attacks are 

associated with a 10% increased risk of having a recurring stroke (Coutts, 2017), 

as well as an increased risk of dementia (Pendlebury and Rothwell, 2019). 
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 Ischaemic stroke treatment 

Currently approved therapies for ischaemic stroke aim to promote vessel 

recanalisation by breaking down or removing the clot. Alteplase is a recombinant 

form of tissue plasminogen activator (tPA) administered intravenously (i.v.), 

functioning via cleavage of plasminogen to plasmin which in turn degrades 

fibrin-rich clots and restores CBF (Campbell et al., 2019). Tenecteplase is a 

genetically modified version of tPA with longer half-life, and has greater specificity 

for fibrin than alteplase (Tanswell et al., 2002). Currently, tenecteplase is only 

licensed for use in India; however, ongoing clinical trials have demonstrated that 

the efficacy and safety profile is superior to alteplase (Coutts et al., 2018; Campbell 

et al., 2019). The major limitation of i.v. thrombolytic therapies is that they are only 

efficacious in a short time window, within approximately 4.5 hours after stroke 

onset (Emberson et al., 2014); the efficacy of these treatments decreases 

markedly with delayed administration (Muchada et al., 2014). A short therapeutic 

time window, combined with delayed disease presentation and lengthy hospital 

admission times, has resulted in only 10% of stroke admissions in the UK qualifying 

for thrombolysis treatment (McMeekin et al., 2017). Furthermore, the main adverse 

effect of thrombolysis is an increased risk of haemorrhage, and with it, worse 

outcomes (Campbell et al., 2019). Therefore, before thrombolytic treatment can be 

administered, neuroimaging must confirm ischaemic rather than haemorrhagic 

aetiology, and patients with history of uncontrolled hypertension and systemic 

bleeding are excluded from treatment (Powers et al., 2018). Apart from tPA, no 

other drugs to date have been effective for treating ischaemic stroke, despite an 

estimated $1 billion dollars to date being spent on developing new pharmacological 

therapies(Feuerstein and Chavez, 2009). 

 

In the past 5 years, vessel recanalisation approaches in stroke have been 

revolutionised through the development of endovascular thrombectomy to 

surgically remove thromboemboli and restore CBF. Several clinical trials have 

reported high efficacy compared with tPA, and an extended therapeutic window of 

6 hours (Goyal et al., 2016); in addition, some trials have even demonstrated 

efficacy up to 24 hours after onset (Albers et al., 2018; Nogueira et al., 2018). 

Mechanical thrombectomy is also not associated with subsequent risk of 

haemorrhage, meaning that more patients are eligible for this treatment (Campbell 

et al., 2019). Despite these advantages, the technically demanding nature of this 
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procedure and lack of skilled operators are major obstacles preventing more 

widespread utilisation. Indeed, it has been estimated that although 10% of 

ischaemic stroke patients are eligible for thrombectomy, less than 1% of patients 

receive this treatment (McMeekin et al., 2017). With more specialists being trained 

and the expansion of thrombectomy services in stroke centres worldwide, the 

number of patients receiving treatment should increase significantly in the coming 

years. 

 

Independent of pharmacologic and mechanical approaches, the greatest overall 

benefit for stroke patients is being admitted into a specialised stroke unit 

(Langhorne, 1997). This ensures patients are treated by dedicated staff who 

manage the prevention of secondary complications and instigate early 

rehabilitation. A further extension of specialised stroke care is the introduction of 

mobile stroke units, which comprise ambulances equipped with CT scanners to 

facilitate rapid diagnosis and early thrombolytic treatment; these units have been 

shown to be effective in Germany (Ebinger et al., 2014). Despite specialised stroke 

units providing better care, they are limited by the lack of effective therapies 

available. Current treatments are restricted to a subset of patients, and there are 

no therapeutics that modulate damage or improve recovery following ischaemia. 

Consequently, there is an unmet need to develop new treatments that reduce 

ischaemic injury acutely and facilitate neurological repair. 

 

 Pathophysiology of ischaemic stroke  

Prolonged cessation of blood flow in the brain triggers an ischaemic cascade that 

ultimately results in neuronal death. The tissue in the core, the area most deprived 

of CBF, becomes deficient in oxygen and glucose, which halts cellular metabolism 

and adenosine triphosphate (ATP) generation (Dirnagl et al., 1999). A lack of 

energy results in an ionic imbalance; the resting membrane potential cannot be 

maintained via ATP-dependent channels and neurons become depolarised and 

release neurotransmitters such as glutamate (Martin et al., 1994; Dirnagl et al., 

1999). Glutamate is an excitatory neurotransmitter and initiates the next stage of 

the ischaemic cascade, excitotoxicity. Glutamate can induce neuronal cell death 

both directly and indirectly (the latter by cytotoxic oedema). Glutamate activates 

AMPA and NMDA receptors to further exacerbate the ionic imbalance, facilitating 

cytotoxic oedema by increasing osmolarity (Lipton, 1999), and the next wave of 



20 

 

damage via Ca2+. Intracellular Ca2+ contributes to a loss of cellular integrity by 

activating of proteases, lipases and nucleases (Lipton, 1999), and mediates the 

accumulation of reactive oxygen species (ROS) (Dirnagl et al., 1999). Oxidative 

stress induces further cellular injury and contributes to induction of an inflammatory 

response. In addition, ATP insufficiency leads to necrotic (ATP-independent) rather 

than apoptotic (ATP-dependent) cell death, wherein cell membrane rupture and 

the release of cellular contents, drives inflammatory responses. Inflammation is 

critical in determining the extent of ischaemic injury, and will be discussed further 

in later sections. Oxidative stress and inflammatory mediators both promote 

increased blood brain barrier (BBB) permeability through transcellular and 

paracellular routes (Iadecola and Anrather, 2011). BBB opening exacerbates 

oedema, and facilitates entry of immune cells and blood serum proteins into the 

parenchyma further impacting neuronal cell death. Even in the event that normal 

CBF is restored, such as following clot thrombolysis, further vascular damage, 

known as reperfusion injury, can occur (Eltzschig and Eckle, 2011). 

 

 Small vessel disease 

In contrast to the aforementioned large-vessel strokes, SVD affects the small 

vessels of the brain: arterioles, capillaries and venules. SVD has an extremely 

heterogeneous presentation that is dependent on the extent of the pathology, and 

which vessels are affected (Wardlaw et al., 2013). Neuroimaging techniques (MRI 

and CT) can detect various SVD-related lesions, including white matter 

hyperintensities, lacunes, small subcortical infarcts, enlarged perivascular spaces 

and microbleeds (Fig. 1.1) (Wardlaw et al., 2019). These lesions can be 

asymptomatic, or manifest as a broad range of clinical symptoms such as cognitive 

impairment, mood disturbances and abnormal gait (Rajani and Williams, 2017). 

SVD directly contributes to both ischaemic stroke and dementia; it has been 

reported that 1 in 5 strokes are caused by SVD (Pantoni et al., 2010) and SVD also 

results in worse outcome after stroke (IST-3 collaborative group, 2015). Moreover, 

neuropathological examinations of brains of Alzheimer’s disease (AD) patients 

found that 80% had distinct vascular pathology (Toledo et al., 2013; Power et al., 

2018). Given the heterogenous phenotype of SVD, and its role in other age-related 

diseases, the prevalence is difficult to ascertain.  
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Figure 1.1 - Distinct cerebrovascular pathologies underly the heterogeneous 
clinical manifestations of SVD.  
Figure adapted from Dichgans and Leys (2017). 

 

 Aetiology of small vessel disease  

There are 3 major aetiopathogenic classifications of SVD: arteriolosclerosis, 

cerebral amyloid angiopathy (CAA) and rare familial forms; of which, 

arteriolosclerosis and CAA are most prevalent (Pantoni et al., 2010). 

Arteriolosclerosis, also known as hypertensive arteriopathy, is characterised by 

thickening of the arteriole vessel wall and vessel lumen stenosis. Histopathological 

features of arteriolosclerosis include microatheromas (small lipid-containing 

vascular lesions), lipohyalinosis (asymmetric thickening of vessel wall with 

deposits of hyaline) and fibrinoid necrosis (necrosis of smooth muscle cell and 

subsequent fibrin deposition) (Pantoni et al., 2010; Wardlaw et al., 2013). Vessels 

become tortuous and lose integrity, becoming dysfunctional (Román and 

Benavente, 2004). The pathogenesis of these vascular lesions is not well 

understood, but is strongly associated with ageing, hypertension, diabetes and 

atherosclerosis (Pantoni et al., 2010). The second subcategory of SVD pathology 

is CAA, characterised by amyloid-β accumulation around arterioles and capillaries, 

namely the leptomeningeal vessels (Werring, 2018). Amyloid accumulation results 

in vessel dilation and subsequent vessel rupture, which manifests as microbleeds 
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and large lobular haemorrhages (Smith and Eichler, 2006). The development of 

CAA is predominantly sporadic in nature and it is extremely common; it is reported 

that over 90% of individuals with dementia have CAA (Arvanitakis et al., 2011). In 

addition to sporadic forms, rare familial CAA-related mutations have also been 

identified (Banerjee et al., 2017). This third category of small vessel pathology 

encompasses rare genetic forms of SVD, including: cerebral autosomal dominant 

arteriopathy with subcortical infarcts and leukoencephalopathy (CADASIL) (Joutel 

et al., 1996); cerebral autosomal recessive arteriopathy with subcortical infarcts 

and leukoencephalopathy (CARASIL) (Fukutake, 2011); Col4A1 mutations 

(Lanfranconi and Markus, 2010); and Fabry’s disease (Kolodny et al., 2015). 

Ultimately, these microangiopathies impede cerebral perfusion and contribute to 

both focal and global ischaemic events, the progression of white matter lesions 

(WML), and neurodegeneration and cortical thinning (Wardlaw et al., 2019). 

 

Current therapies for the treatment and prevention of SVD are limited, and are 

predominantly targeted at managing risk factors. Randomised control trials (RCT) 

to test the efficacy of anti-hypertensive (Dufouil et al., 2005; Weber et al., 2012) 

and lipid-lowering drugs (Ten Dam et al., 2005) to reduce WML have not found any 

clinical benefit for patients. Additionally, the recent Systolic Blood Pressure 

Intervention Trial (SPRINT) MIND trial found that reducing systolic blood pressure 

to <120 mm Hg, compared to <140 mm Hg, did not reduce the risk of dementia, 

but did reduce the incidence of mild cognitive impairment by 19% (Williamson et 

al., 2019). These results demonstrate that SVD is poorly understood, and a better 

understanding of the underlying disease mechanisms may drive the development 

of novel and more effective therapeutics. 

 

 Pathophysiology of small vessel disease  

In contrast to the well-defined sequence of events that occur before, during and 

after ischaemic stroke, SVD pathophysiology has not been fully elucidated. WMLs 

are the major pathology observed in patients with SVD, and are indicated by MRI 

as white matter hyperintensities which are predominantly subcortical or 

periventricular (Alber et al., 2019). White matter hyperintensities that contribute to 

SVD are presumed to be of vascular origin, although exactly how 

microvasculopathies cause WMLs and contribute to SVD is not well understood.  
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The current literature proposes two major theories for how SVD-related WML 

develop. The first theory proposes that chronic hypoperfusion contributes to WML 

progression and SVD. Distinct WMLs have been associated with chronic 

hypoperfusion due to cranial atherosclerosis and cardiac insufficiency (Román and 

Benavente, 2004). However, the contribution of microvascular stenosis to WML 

formation is not as clearly defined (Fisher, 1982). Several neuroimaging studies 

have demonstrated that subjects with WMLs have lower resting CBF than those 

with normal-appearing white matter (Sam et al., 2016; Van Dalen et al., 2016). A 

further study assessing WMLs and histopathological markers of hypoxia 

(hypoxia-inducible factor (HIF)-1α and HIF-2α) in post-mortem tissue found that 

WMLs were associated with a hypoxic environment (Fernando et al., 2006); this 

indicates that reduced perfusion may be a causative factor in the development of 

WMLs. However, a systematic review of the literature surrounding CBF and WML, 

which excluded studies without appropriate age-matched controls, found there was 

no longer a strong association between CBF and WML (Shi et al., 2016). 

Additionally, patients with a genetic form of SVD, CADASIL, have no change in 

CBF in white matter (Chabriat et al., 2000). Consequently, it is suspected that 

rather than having a causal role in WML progression, hypoperfusion is a 

downstream response to tissue damage that is caused through other mechanisms.  

 

The second theory proposes that distinct vascular pathology causes endothelial 

dysfunction and BBB permeability that consequently drives SVD-related WML 

formation (Wardlaw et al., 2003). Endothelial dysfunction can facilitate the 

disruption of endothelial tight junctions, the basement membrane and key cells that 

make up the neurovascular unit (astrocyte and pericytes). Ultimately, disruption of 

any of these factors can facilitate the passage of blood serum proteins into the 

brain parenchyma, which can have deleterious effects on homeostatic brain 

function (Joutel and Chabriat, 2017). Firstly, BBB permeability facilitates fluid 

accumulation in the interstitial space, which causes oedema and contributes to 

further vascular changes, such as thickened and stiff vessel walls (Wardlaw et al., 

2019). Secondly, the extravasation of fibrinogen has been shown to contribute to 

WMLs and perivascular tissue damage by: activating microglia and perivascular 

macrophages; impairing myelin repair by inhibiting oligodendrocyte precursor cell 

maturation; and impairing amyloid-β clearance (which has relevance for CAA 

pathology) (Petersen et al., 2018; Wardlaw et al., 2019). Ultimately, BBB leakage 
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contributes to demyelination and a loss of white matter integrity; this can have 

direct effects on cognition through impaired signal transmission, and further 

indirect effects on cognition through secondary neurodegeneration and cortical 

thinning (Duering et al., 2015; Wardlaw et al., 2019).  

 

The association between BBB permeability and WMLs has been demonstrated by 

multiple methodologies, including biomarker and histopathological analyses, and 

by neuroimaging techniques. Levels of serum albumin in cerebrospinal fluid (CSF) 

can be used as a biomarker for BBB permeability. A systematic review found that 

an elevated CSF/serum albumin ratio correlates with vascular dementia and WML 

burden in patients (Farrall and Wardlaw, 2009). Histopathological studies have 

demonstrated BBB permeability by immunostaining for extravasated serum 

proteins (immunoglobulin G (IgG), complement and fibrinogen) in white matter 

regions (periventricular and deep white matter) (Akiguchi et al., 1997; Hainsworth 

et al., 2017). Finally, neuroimaging studies show that SVD patients have increased 

BBB permeability (Huisa et al., 2015; Muñoz Maniega et al., 2017). Additionally, 

BBB leakage increases with proximity to WMLs (Wardlaw et al., 2017), and 

increased BBB permeability is a prognostic predictor of WML evolution (Van 

Leijsen et al., 2018). Combined, this evidence supports that endothelial dysfunction 

and subsequent BBB permeability drives WML progression and SVD.  

 

Downstream consequences of endothelial disruption and BBB breakdown are 

reduced CBF, and reduced cerebrovascular reactivity (Joutel and Chabriat, 2017). 

Thickened vessel walls through fluid accumulation will negatively impact vessel 

function, impairing CBF and promoting hypoperfusion (Wardlaw et al., 2019). 

Moreover, tissue damage and cellular loss reduce metabolic demand, further 

decreasing CBF (Joutel and Chabriat, 2017). Consequently, reduced perfusion 

promotes a hypoxic environment that further exacerbates BBB permeability. 

Indeed, oligodendrocyte precursor cells are reported to express matrix 

metallopeptidase (MMP)-9 in hypoxic conditions, which disrupts BBB integrity and 

leads to a self-perpetuating cycle of damage (Seo et al., 2013). 
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 Risk factors of cerebral ischaemia  

The pathological mechanisms and clinical presentations of cerebral ischaemia can 

be extremely heterogeneous, in part due to the wide array of risk factors associated 

with the initiation and progression of the disease. Age, sex and genetics are the 

most important non-modifiable risk factors for stoke; stroke risk doubles every 

decade from the age of 55 onwards (Wolf et al., 1992), and there is a 33% greater 

incidence of stroke in men than women (Appelros et al., 2009). The 

INTERSTROKE trial identified 10 modifiable risk factors that accounted for 90% of 

all strokes (O’Donnell et al., 2010). These factors were: hypertension; physical 

inactivity; dysregulated apolipoproteins; poor diet; elevated waist-to-hip ratio; 

psychosocial factors; smoking; cardiovascular events; alcohol consumption; and 

diabetes mellitus. Hypertension was the most important risk factor, accounting for 

35% of all strokes (O’Donnell et al., 2010). These risk factors were almost identical 

to those identified in the INTERHEART trial as contributors to myocardial infarction, 

further demonstrating the importance of vascular health (Yusuf et al., 2004). 

Impressively, O’Donnell et al extended this trial to investigate these risk factors 

globally in 32 countries, and were able to identify precise regional differences that 

may help influence country-specific stroke prevention strategies (GBD 2016 Stroke 

Collaborators, 2016).  

 

In light of these modifiable risk factors, the concept of a polypill, containing a low 

dosage of blood pressure-lowering agents (aspirin and statins) has been proposed 

to prevent ischaemic events (Campbell et al., 2019). Although this has been trialled 

for heart disease, it has not yet been investigated for stroke (Castellano et al., 

2014). In the context of dementia, studies of lifestyle-based preventions have 

attempted to reduce the impact of modifiable risk factors on disease development. 

For example, the Finnish Geriatric Intervention Study to Prevent Cognitive 

Impairment and Disability (FINGER) trial implemented multidomain interventions 

consisting dietary counselling, exercise, cognitive training, social activities, and the 

monitoring and movement of vascular and metabolic risk factors; the trial showed 

a 25% improvement in cognitive performance in patients with a high dementia risk 

score (Ngandu et al., 2015). Currently, this multidomain intervention strategy is 

being extended into a worldwide RCT (Kivipelto et al., 2018).  
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 Dietary risk factors and cerebral ischaemia 

Interestingly, of the 10 modifiable risk factors identified in the INTERSTROKE 

study, 7 (hypertension, dysregulated apolipoproteins, poor diet, elevated waist-to-

hip ratio, cardiovascular events, alcohol consumption, and diabetes mellitus) are 

directly influenced by diet (O’Donnell et al., 2010; GBD 2016 Stroke Collaborators, 

2016); this highlights the importance of dietary influences on modulating the 

likelihood of cerebral ischaemia. Indeed, it has been estimated that dietary 

interventions may decrease stroke risk by 19% (Rees et al., 2013). 

 

Diet-related diseases, such as obesity, are huge social and economic burdens. 

The global prevalence of obesity is rapidly increasing; it was estimated that in 2016 

there were >1.9 billion adults overweight, and 650 million were obese (Nyberg et 

al., 2018), and this is associated with $2 trillion related health costs a year globally 

(Dobbs et al., 2014). Simply, obesity is a result of a long-term energy imbalance, 

when more calories are consumed than are expended, and is clinically defined as 

a body mass index (BMI) >30 kg/m2, or a waist-to-hip ratio of >0.8 women or >0.9 

for men (Blüher, 2019). In the INTERSTROKE trial, waist-to-hip ratio was directly 

implicated with increased risk of stroke. Obesity also directly affects the 

development of hypertension and hyperlipidemia, impacting on subsequent 

cardiovascular events such as atrial fibrillation and atherosclerosis, which are both 

critical in ischaemic stroke pathogenesis (Rocha and Libby, 2009; Vyas and 

Lambiase, 2019). Moreover, increased BMI has been shown to reduce CBF, 

contributing to chronic hypoperfusion (Alosco et al., 2012), and is also associated 

with increased risk of dementia (Kivimäki et al., 2018). 

 

High-salt diets are strongly linked with hypertension (Rose et al., 1988) and 

reducing salt intake is effective to lower blood pressure (He and MacGregor, 2002). 

Hypertension as a result of a high-salt diet is associated with a significantly 

increased risk of cardiovascular disease and stroke (Strazzullo et al., 2009); it has 

been estimated that a reduction in sodium intake by 100 mmol/day would lower 

blood pressure and reduce stroke mortality by 25% (Stamler et al., 1989). Lifestyle 

approaches to reduce dietary salt using the Dietary Approaches to Stop 

Hypertension (DASH) diet (a diet rich in vegetables, fruits, and low-fat dairy 

products) demonstrated substantial reductions in blood pressure (Sacks et al., 

2001). Moreover, the DASH diet has been associated with decreased risk of stroke 
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(Feng et al., 2018). A modified DASH diet, the Mediterranean DASH (MIND) diet, 

which is designed to be rich in fruit and vegetables that have reported 

neuroprotective effects, is associated with a reduced rate of cognitive decline 

(Morris et al., 2015). Consequently, the American Heart Association recommend a 

reduced sodium intake of 1500 mg/day (Appel et al., 2011).  

 

Glucose is another dietary component that contributes to poorer outcome after 

cerebral ischaemia. High-sugar diets are associated with the development of type 

2 diabetes mellitus (Ley et al., 2014), which is characterised by insulin resistance 

and uncontrolled blood glucose levels (DeFronzo et al., 2015). Diabetes has 

well-established atherosclerotic manifestations that are attributable to the chronic 

effects of hyperglycaemia, insulin resistance and free fatty acids on the vascular 

endothelium; this promotes vasoconstriction, inflammation and thrombosis 

(Creager et al., 2003). In line with this, diabetes mellitus was identified as a 

modifiable risk factor in the INTERSTROKE trial; however, controlling diabetes via 

glycaemic control has not shown any benefit for preventing stroke in 3 major RCTs 

(Hewitt et al., 2012). Moreover, diabetes has been associated with dementia, and 

AD has been referred to as “type 3 diabetes”, due to shared pathological features. 

Alongside profound effects on the vasculature, insulin resistance in neurons may 

play an important role in memory decline (Willette et al., 2015; Zhao et al., 2017), 

and phase II trials of an insulin nasal spray has improved cognitive decline (Claxton 

et al., 2013). Independent of diabetes status, hyperglycaemia alone has been 

associated with increased mortality and morbidity after stroke (Kruyt et al., 2010); 

however, the underlying mechanisms have not been elucidated. Additionally, high 

glucose-containing diets have been associated with an unfavourable 

apolipoprotein profile (a modifiable risk factor identified in the INTERSTROKE trial) 

(Frondelius et al., 2017), and may suggest an interplay between hyperglycaemic 

and high-cholesterol diets that may influence outcomes after stroke.  

 
In addition to its profound effects on hypertension, atherosclerosis and insulin 

sensitivity, diet may increase the risk of stroke through other mechanisms, such as 

inflammation, thrombosis, endothelial dysfunction, and oxidation (Ding and 

Mozaffarian, 2006). Thus, there is the need for preclinical research to fully elucidate 

the mechanisms by which dietary components contribute to cerebral ischaemia, in 

order to contribute to new therapeutic approaches and enhanced dietary 

interventions.  
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 Inflammation 

Inflammation is a physiological host defence response, designed to prevent 

infection to invading pathogens and to promote repair. However, inflammation has 

been shown to be a major contributor to a plethora of non-communicable diseases 

from cancer and diabetes to stroke and dementia (Sobowale et al., 2016). In these 

disease states, an immune response is commonly initiated to endogenous stimuli 

(referred to as sterile inflammation) leading to tissue damage. Indeed, sterile 

inflammation is central to the pathophysiology of both cerebral ischaemia and 

dementia, and represents an important therapeutic target for the treatment of both 

diseases (Chamorro et al., 2012; White et al., 2017). Moreover, prominent risk 

factors such as aging (Goldberg and Dixit, 2015), diabetes (Donath, 2014), and 

hypertension (Solak et al., 2016) have been described to have inflammatory 

components. 

 

 Post-stroke inflammation 

A complex inflammatory cascade is initiated following an ischaemic event, and this 

persists for days to months after the initial injury. It is becoming increasingly clear 

that this inflammatory component contributes to both tissue damage and 

resolution, which can potentially be modulated therapeutically to prevent tissue 

damage or to enhance repair. 

 

After initial occlusion, the inflammatory cascade starts in the intravascular 

compartment, where hypoxia and changes in shear stress cause ROS production 

(Iadecola and Anrather, 2011). ROS activates endothelial cells to produce 

adhesion molecules and proinflammatory cytokines, and has an important role in 

initiating the coagulation cascade in platelets (Iadecola and Anrather, 2011). CBF 

is compromised as oxidative stress inhibits the production of nitric oxide (NO) 

dependending, a potent vasodilator, and promotes the constriction of pericytes 

(Yemisci et al., 2009; Iadecola and Anrather, 2011). The BBB also becomes 

compromised in this process, as oxidative stress and inflammation upregulate 

transcellular transport through pinocytotic vesicles, and downregulate tight junction 

protein expression, which facilitates paracellular permeability (Engelhardt and 

Sorokin, 2009). 
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Minutes to hours after vessel occlusion, necrotic cells release damage-associated 

molecular patterns (DAMPS), which are endogenous intracellular entities that 

provoke immune responses, and include high mobility group box 1 (HMGB1), ATP, 

ribonucleic acid (RNA), deoxyribonucleic acid (DNA), and heat shock proteins 

(Chamorro et al., 2012). DAMPS activate local innate immune cells (microglia and 

perivascular macrophages) via pattern recognition receptors (PRRs), such as toll-

like receptors (TLR), to produce proinflammatory cytokines (interleukin (IL)-1, 

tumor necrosis factor α (TNFα) and IL-6) and chemokines (C-X-C motif ligand 

(CXCL)-1 and C-C Motif Chemokine Ligand (CCL)-2) to recruit circulating immune 

cells (Chamorro et al., 2012). The importance of PRR activation in stroke has been 

demonstrated using toll-like receptor (TLR)-4-/- (Caso et al., 2007) and TLR-2-/- 

mice (Lehnardt et al., 2007); after stroke, animals had reduced lesion volumes, 

improve neurological outcomes, and reduced proinflammatory cytokine 

production. Put simply, the activation of glial and endothelial cells recruits 

circulating inflammatory leukocytes and lymphocytes to the site of injury along a 

chemotactic gradient mediated by cytokines, chemokines and adhesion molecules.  

 

Neutrophils are the first leukocyte to migrate to the brain after stroke, where they 

have been detected within the first hour, and peak at 1-3 days (Jickling et al., 2015). 

Neutrophils are associated with mediating stroke damage; blockade of neutrophil 

infiltration or depletion of neutrophils is associated with reduced lesion volumes 

and better behavioural outcomes in experimental animal models (Neumann et al., 

2015). Clinically, elevated neutrophils are associated with larger infarcts after 

stroke (Buck et al., 2008); however, therapeutic attempts to block neutrophil 

recruitment in stroke have generated mixed results (Jickling et al., 2015). Following 

neutrophil recruitment, monocytes infiltrate the brain. Monocytes are first detected 

at 24 hours, and peak at 4 days (Planas, 2018), before differentiating into 

macrophages (Miró-Mur et al., 2016). Interestingly, depletion of 

monocytes/macrophages in CD11b-diphtheria toxin receptor mice (Perego et al., 

2016), or inhibition of monocyte recruitment with C-C Motif Chemokine Receptor 

(CCR)-2 inhibitors have led to increased lesion volumes (Chu et al., 2015). Thus, 

monocyte recruitment into the brain may be beneficial during stroke, as it has been 

postulated that monocytes convert from a proinflammatory phenotype to an 

anti-inflammatory one, aiding tissue repair and recovery. 
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Alongside a prominent innate immune response, the adaptive immune response is 

also critical in stroke pathology, and B cells and T cells can modulate outcomes 

after stroke. T cells rapidly increase in the brain within 24 hours after stroke, where 

they play an important role in promoting thromboinflammation and exacerbating 

stroke damage (Stoll and Nieswandt, 2019). After the first 24 hours, different T cell 

subsets emerge, and these have been shown to have both detrimental and 

beneficial effects. CD8+ cytotoxic T cells rapidly infiltrate the parenchyma after 24 

hours (Chu et al., 2014) and mediate neuronal death (Mracsko et al., 2014). 

Infiltrating γδ T cells have been shown to contribute to stroke injury through the 

production of IL-17 (Shichita et al., 2009). In contrast, regulatory T cells accumulate 

at later timepoints and secrete IL-10, which is essential for post-stroke repair (Liesz 

et al., 2009). B cells have also been shown to have neuroprotective effects, through 

the secretion of IL-10 (Bodhankar et al., 2013), and more recently have been 

shown to promote neurogenesis and functional improvements (Ortega et al., 

2020). However, a detrimental role for B cells after stroke has also been 

demonstrated, as B cell follicles form in the brain parenchyma and contribute to 

cognitive decline through the production of IgG (Doyle and Buckwalter, 2017). 

 

 Hypoperfusion-related inflammation 

In comparison to ischaemic stroke, a well-defined inflammatory cascade has not 

been described for SVD-related ischaemia. Hypoperfusion-related ischaemia is 

chronic and consequently, the temporal dynamics of the inflammatory response 

are likely to be different. Chronic hypoperfusive neurodegeneration occurs over an 

extended period of time, from months to years, and neurons die via apoptosis 

rather than necrosis (Broughton et al., 2009; Park et al., 2019). In contrast to 

necrosis, apoptosis is an energy-dependent programmed cell death that results in 

damaged cells being phagocytosed before DAMPS are released and a large 

inflammatory response can be initiated (Taylor et al., 2008). Despite this, a 

neuroinflammatory response has been observed in SVD, and is likely to contribute 

to pathology. 

 

In line with the widely accepted hypothesis that BBB permeability causes WMLs 

and SVD, pathological studies have demonstrated neuroinflammation in the 

regions of WML around blood vessels (Akiguchi et al., 1997). Post-mortem 

examinations have shown astrocyte and microglia activation, with increased 
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expression of cyclooxygenase-2 (Tomimoto et al., 2000) and MMPs (Rosenberg, 

2009), which can further degrade basic myelin protein, and facilitate demyelination 

(Cammer et al., 1978; Chandler et al., 1995). These findings are consistent with 

animal studies that have shown microglia and astrocyte activation in white matter 

(Farkas et al., 2004). A recent systematic review critically assessing the literature 

associating SVD and inflammation found that markers of vascular inflammation 

(intercellular adhesion molecule (ICAM)-1, vascular cell adhesion molecule 

(VCAM)-1, homocysteine, von Willebrand factor (VWF)) were strongly associated 

with SVD pathology (WMLs, enlarged perivascular spaces and cerebral 

microbleeds) (Low et al., 2019). Further analysis assessing the regional distribution 

of SVD found stronger associations between vascular inflammation and SVD in 

regions associated with arteriosclerotic vessels, which are a major 

histopathological feature of SVD. These data indicate that endothelial dysfunction 

in arteriosclerotic vessels can lead to BBB permeability that drives SVD pathology. 

However, due to a lack of data, it was not possible to establish whether 

inflammation contributes to SVD pathogenesis, or is a consequence of SVD. In the 

same review, the authors assessed how markers of peripheral inflammation were 

associated with SVD. Although the association between peripheral inflammation 

and SVD was not as strong as that of vascular inflammation, peripheral markers of 

inflammatory were associated with CAA-related SVD. 

 

 Interleukin-1  

IL-1 has a major role in orchestrating immune responses and consequently has 

been strongly linked with poorer outcomes in cerebrovascular disease. The IL-1 

cytokine family consists of 11 members in total and has been shown to have 

pleiotropic functions in innate and adaptive immunity (Dinarello, 2018). The most 

widely studied IL-1 family cytokines are IL-1α, IL-1β and IL-1RA. All 3 cytokines 

signal through the receptor IL-1 receptor (IL-1R)-1; however, IL-1RA is a naturally 

occurring antagonist that binds to IL-1R1 and prevents IL-1α/β signalling (Sims and 

Smith, 2010; Dinarello, 2018). Although IL-1α and IL-1β both signal via IL-1R1, 

IL-1α/β biology is vastly different (Dinarello, 2018); this thesis will focus on the 

regulatory mechanisms that control IL-1β, as IL-1β has been shown to be highly 

relevant both in stroke (Sobowale et al., 2016; Barrington et al., 2017) and in AD 

(White et al., 2017). The release of IL-1β from monocytes and macrophages is a 

key driver of inflammatory responses and therefore it is tightly regulated at multiple 
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biological checkpoints, from expression to maturation, to secretion (Schroder and 

Tschopp, 2010). 

 

 lL-1β expression 

Under basal conditions, IL-1β is expressed at low levels (Vitkovic et al., 2001), and 

following an inflammatory stimulus is rapidly up-regulated (Dinarello, 2009). IL-1β 

expression is regulated by the major proinflammatory transcription factor, nuclear 

factor kappa-light-chain-enhancer of activated B cells (NFκB), which is activated 

following TLR (Dinarello, 2018), or IL-1R1 (Dinarello et al., 1987) stimulation. As 

previously discussed, TLRs can be activated in response to DAMPs in the context 

of sterile inflammation, and in response to pathogen associated molecular patterns 

(PAMP), such as bacterial lipopolysaccharide (LPS) (Chow et al., 1999). More 

recently, IL-1β expression has also been shown to be regulated by HIF-1α 

(Tannahill et al., 2013). IL-1β is expressed as a biologically inactive 31 kDa protein, 

pro IL-1β, which requires post-translational proteolytic cleavage into its 17 kDa 

mature form (Mosley et al., 1987).  

 

 lL-1β maturation 

Pro IL-1β cleavage is mediated by caspase-1 (Kostura et al., 1989); mice deficient 

in caspase-1 are resistant to LPS-induced endotoxic shock and have decreased 

serum IL-1β (Kuida et al., 1995; Li et al., 1995). However, caspase-1 is also 

expressed in cells as an inactive form, pro-caspase-1, which also requires 

activation via further post-translational modification (Afonina et al., 2015). 

Caspase-1 requires proximity-induced self-cleavage for activation, which is 

mediated by the assembly of large multimeric protein structures, known as 

inflammasomes (Lamkanfi and Dixit, 2014). Inflammasomes are molecular 

scaffolds comprised of 3 proteins: an inflammasome sensor molecule, an adaptor 

molecule known as ASC and the pro-caspase-1; which interact via homotypic 

interactions (Schroder and Tschopp, 2010). Multiple inflammasome sensor 

molecules have been identified; majority are from the NOD-like receptor (NLR) 

family and include NLRP (NOD-, LRR- and pyrin domain-containing)1, NLRP3, 

NLRP6, NLRP7, NLRP12 and NLRC4 (NOD-, LRR- and CARD-containing 4) (Latz 

et al., 2013). These intracellular PRRs have been shown to be activated in 

response to a broad range of endogenous and exogenous signals. For example, 
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NLRP1 is activated in response to anthrax toxin (Boyden and Dietrich, 2006), 

NLRP7 is activated in response to bacterial LPS (Khare et al., 2012), and NLRC4 

is activated in response to cytosolic flagellin (Abdelaziz et al., 2010) Another 

inflammasome, absent in melanoma 2 (AIM2), has been shown to bind directly to 

cytosolic DNA (Bürckstümmer et al., 2009). Following activation, inflammasome 

sensor molecules oligomerise with the adaptor protein, apoptosis-associated 

speck-like protein containing a CARD (ASC), to form large ASC specks; ASC 

speck formation recruits pro-caspase-1 to the inflammasome and initiates 

caspase-1 activation and subsequent IL-1β maturation (Fernandes-Alnemri et al., 

2007; Latz et al., 2013; Proell et al., 2013). The most extensively studied 

inflammasome is the NLRP3 inflammasome and this has been strongly implicated 

in AD pathology (Heneka et al., 2014), but there have been conflicting findings 

about NLRP3 involvement in stroke (Yang et al., 2014; Denes et al., 2015; Ye et 

al., 2017; Lemarchand et al., 2019) .  

 

 lL-1β secretion 

The final checkpoint of IL-1β regulation is secretion. Once cleaved, IL-1β is 

secreted from cells through a non-conventional pathway, where it can bypass the 

Golgi-endoplasmic reticulum network and be secreted by either the shedding of 

microvesicles, or by cell membrane permeabilisation and lytic cell death. It is 

generally considered that IL-1β secretion by shredding or permeabilisation is a 

continuum that is dependent on the strength of the stimulus; a weak stimuli 

facilitates shredding of microvesicles, whereas a strong stimulus results in cell 

permeabilisation and IL-1β release (Lopez-Castejon and Brough, 2011). 

Predominantly, IL-1β release is associated with membrane permeabilisation and 

cell death, referred to as pyroptosis (Denes et al., 2012). Pyroptosis is a 

proinflammatory form of cell death that causes an infected macrophage to die and 

at the same time release proinflammatory cytokines such as IL-1β, and DAMPs, 

essential for propagating an immune response (Bergsbaken et al., 2009). In 

addition, caspase-1 also facilitates cell death through gasdermin D cleavage, 

which releases the N-terminal fragment that consequently associates with the cell 

membrane and facilitates membrane permeabilisation, cell death and IL-1β 

release (Shi et al., 2015).  
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 IL-1 signalling 

As previously discussed, IL-1β and IL-1α signal via IL-1R1, which is expressed on 

several cell types. IL-1R1 is a membrane-bound receptor which, upon IL-1α/β 

binding, recruits the IL-1 receptor accessory protein (IL-1RAcP) (Weber et al., 

2010). An IL-1R1/IL-1RAcP complex activates intracellular signalling cascades 

that ultimately activates NF-κB, which translocates to the nucleus to upregulate the 

expression of proinflammatory genes, such as cytokines (IL-1, IL-6), chemokines 

(CXCL1, IL-8), eicosanoids (prostaglandin E) and adhesion molecules (ICAM-1 

and VCAM-1) (Libermann and Baltimore, 1990; Mantovani et al., 2019). IL-1β 

cleavage to the 17 kDa form is essential for activity at IL-1R1 (Garlanda et al., 

2013), although pro IL-1α has been shown to demonstrate activity at the IL-R1 

receptor with marked potency compared to the mature IL-1α (Kim et al., 2013). 

 

Further regulatory mechanisms of IL-1 signalling are IL-1RA, and the decoy 

receptor, IL-1R2. IL-1RA binds to IL-1R1 to prevent IL-1α/β binding, and does not 

recruit IL-1RAcP to prevent NF-κB activation (Arend et al., 1998). Moreover, 

IL-1RA expression is induced by IL-1, serving as an endogenous negative 

feedback loop to dampen IL-1 signalling (Arend et al., 1998). IL-1R2 has been 

shown to bind IL-1α/β and recruit IL-1RAcP, although it does not have an 

intracellular signalling domain and therefore cannot activate NF-κB signalling 

(Colotta et al., 1993). 

 

 IL-1 in ischaemic stroke  

IL-1 was first implicated in stroke pathology in the early 1990s when IL-1RA was 

found to be protective in a rat model of stroke (Relton and Rothwell, 1992; Garcia 

et al., 1995). A myriad of preclinical studies since then have reported the protective 

effects of blocking IL-1 signalling in stroke, through varying mechanisms, such as 

intracerebroventricular injection of anti-IL-1β antibodies in rats (Yamasaki et al., 

1995), delayed IL-1RA administration in rats (Loddick and Rothwell, 1996), IL-1RA 

administration in mice (Nawashiro et al., 1997) and the use of IL-1α/β-/- mice 

(Boutin et al., 2001). Impressively, the protective effects of IL-1RA in individual 

laboratories have been recapitulated in a multicentre preclinical study (Maysami et 

al., 2016), and verified in a meta-analysis (Banwell et al., 2009; McCann et al., 

2016). Additionally, systemic administration of IL-1β has been found to potentiate 

ischaemic stroke damage (McColl et al., 2007). Similar neuroprotective effects 
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have been reported when investigating upstream of IL-1 signalling, as inhibiting 

IL-1β processing via capase-1 with inhibitors Ac‐YVAD‐cmk (Hara et al., 1997; 

Rabuffetti et al., 2000) or VRT-018858 (Ross et al., 2007) has also reduced stroke-

induced brain damage. More recent preclinical studies have focused on identifying 

which inflammasome sensor molecules facilitate IL-1β production after stroke. 

Initial studies identified AIM2 and NLRC4 as mediators of IL-1β production after 

stroke, and not NLRP3 (Denes et al., 2015). Subsequent studies suggested a role 

for NLRP3 in stroke damage (Yang et al., 2014; Ismael et al., 2018); however, 

Lemarchand et al (2019) contradict these results and replicate the initial findings 

that NLRP3 does not contribute to ischaemic damage.  

 

Recent preclinical studies have attempted to map IL-1 signalling in the brain to 

identify which cell types respond to IL-1. Two independent groups have 

comprehensively demonstrated that IL-1 signalling in brain endothelial cells is 

critical for the propagation of neuroinflammation (Liu et al., 2019; Wong et al., 

2019). Wong et al (2019) also demonstrated that conditional deletion of interleukin-

1 receptor 1 (IL-1R1) in brain endothelial cells caused a significant reduction in 

lesion volume and immune cell infiltration. Furthermore, IL-1 signalling through 

cholinergic neurons was an important contributor to neuronal cell death after 

stroke, through as yet unidentified mechanisms (Wong et al., 2019). In the context 

of fever, Liu et al (2019) demonstrated that brain endothelial IL-1R1-/- mice did not 

experience sickness behaviour and immune cell recruitment was impaired. 

 

Following the successes of IL-1RA in preclinical models, recombinant IL-1RA 

(anakinra) has subsequently been evaluated in clinical trials for the treatment of 

ischaemic stroke and subarachnoid haemorrhage. Anakinra is currently approved 

for the treatment of rheumatoid arthritis, and therefore a well-tolerated safety profile 

has previously been demonstrated, which permitted phase II clinical trials to 

assess efficacy for stroke (Mertens and Singh, 2009). The first small phase II study 

investigating i.v. anakinra in acute ischaemic stroke demonstrated a good safety 

profile, a reduction in inflammatory markers (IL-6 and C-reactive protein) and a 

trend for improved clinical outcome at 3 months for anakinra-treated patients 

(Emsley et al., 2005). In a subsequent second phase II clinical trial with 

subcutaneous anakinra, IL-6 and C-reactive protein were also reduced, but IL-1RA 
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treatment was not associated with better clinical outcomes (Smith et al., 2018), 

highlighting the enormous complexity of the role of IL-1 in stroke. 

 

 IL-1 in small vessel disease 

Though there is a well-defined role for IL-1 in the context of stroke, its role in SVD 

is not as clear. SVD predominantly affects the elderly, and it is widely recognised 

that low-grade chronic inflammation contributes to age-related diseases (Youm et 

al., 2013). However, the mechanisms responsible for driving this inflammation 

remain unclear. It is hypothesised that inflammasomes are central to this chronic 

inflammatory state, especially as they have been directly implicated in vascular 

diseases (Lénárt et al., 2016) and in neurodegeneration (Freeman and Ting, 2016; 

White et al., 2017).  

 

The most common risk factor for SVD is hypertension (Heye et al., 2016; Ihara and 

Yamamoto, 2016); elevated levels of IL-1β have been reported with patients with 

hypertension (Dalekos et al., 1997; Dörffel et al., 1999; Fearon and Fearon, 2008). 

Additionally, genetic polymorphisms have been identified: within NLRP3 (Kunnas 

et al., 2015), in the non-coding region of NLRP3 (Omi et al., 2006) and in NLRP3-

associated genes (Zhao et al., 2016), which are all linked to hypertension 

susceptibility. Moreover, a recent paper, published by Furman et al (2017) 

demonstrated that inflammasomes are pivotal regulators of age-related disease, 

contributing to the development of hypertension and increased mortality. 

Specifically, by using gene expression data accumulated from a longitudinal 

population cohort, they identified NLRC4 and NLRP5 to be highly expressed with 

increased age, and patients that highly express these inflammasome components 

were associated with increased IL-1β serum levels, hypertension and mortality. 

The authors showed that the metabolites (N4-acetylcytidine) NA4 and adenosine 

activate NLRC4 in vitro, and in vivo, NA4 exacerbated hypertension in angiotensin-

II treated mice. Thus, this study directly implicates NLRC4 in the chronic low-grade 

inflammation that occurs in aging and hypertension. 

 

Atherosclerosis is also a major risk factor for SVD. A major component of 

atherosclerotic plaques is cholesterol crystals that activate NLRP3 in circulating 

immune cells and drive inflammation (Duewell et al., 2010; Rajam̈aki et al., 2010). 

Another key cell type in plaque formation is platelets, which constitutively express 
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inflammasome components (NLRP3, NLRC4 and ASC), and are major sources of 

circulating IL-1β. It has been demonstrated in vitro that NLRP3 activation 

contributes to platelet activation, aggregation, and thrombus formation (Murthy et 

al., 2017). In addition, NA4 and adenosine, activators of the NLRC4, can also 

activate platelets (Furman et al., 2017). Another risk factor associated with the 

development of SVD is obesity, which is associated with worse outcome after 

stroke (McColl et al., 2009; Maysami et al., 2015) and accelerated memory decline 

in AD (Knight et al., 2014). Saturated fatty acids such as palmitate have been 

shown to activate NLRP3 in endothelial cells (Mohamed et al., 2014) and NLRC4 

in astrocytes (Liu and Chan, 2014). Arteriosclerosis that affects cerebral 

microvessels in SVD is often lipid, so it remains unclear whether 

pathophysiological mechanisms observed in atherosclerosis are directly relevant. 

 

As previously mentioned, the NLRP3 inflammasome has been strongly implicated 

in AD pathology. Heneka et al (2013) showed that APP/PS1xNLRP3-/- mice have 

reduced neuroinflammation, decreased amyloid burden, and are protected from 

cognitive decline. Furthermore, NLRP3 and NLRP1 gene expression has been 

shown to be upregulated in monocytes from patients with severe AD compared to 

age-matched healthy controls, and these monocytes also exhibited augmented 

responses to LPS and amyloid-β stimulation (Saresella et al., 2016). In the context 

of CAA, amyloid-β accumulation around arterioles may mediate inflammasome 

activation and contribute to SVD pathology; however, this has yet to be 

investigated. 
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 Immunometabolism 

In past decade there has been a considerable shift in our understanding of how 

cellular metabolic systems support and alter immune cell functions; this has 

resulted in the establishment of the immunometabolism field. Classically, the 6 

main cellular metabolic pathways, (glycolysis, the citric acid cycle (TCA), pentose 

phosphate, fatty acid oxidation (FAO), fatty acid synthesis and amino acid 

metabolic pathways) were considered for their anabolic and catabolic actions, and 

the generation of ATP. However, a surge of evidence has shown that metabolic 

processes are key regulators of an inflammatory responses, and that nutrient 

availability (e.g. diet) can dominantly regulate cellular metabolism. Thus, 

immunometabolism may be an important pathophysiological mechanism that 

underlies the association between diet, inflammation and outcomes in 

cerebrovascular disease. 

 

Early studies which first suggested that metabolic shifts were important for immune 

cell function showed that activated macrophages and T cells had increased 

glucose uptake (Alonso and Nungester, 1956; Newsholme et al., 1986), and 

preventing glycolysis with 2-deoxyglucose (2DG) inhibited activation (Michl et al., 

1976; Hamilton et al., 1986). Initially these findings were controversial because 

glycolytic production of ATP is inferior to oxidative phosphorylation 

(OXPHOS)/TCA ATP production, with 2 molecules of ATP and 36 molecules of 

ATP being produced respectively from 1 molecule of glucose (O’Neill et al., 2016). 

However, it is now appreciated that while a switch to glycolysis does maintain ATP 

generation, it also supports effector cell function, such as cytokine production in 

macrophages (Viola et al., 2019), and cellular growth and proliferation in T cells 

(Pearce, 2010). Whereas glycolysis is associated with proinflammatory cell 

phenotypes, a switch to FAO metabolism has been associated with reparative 

immunity, mediated by Treg cells and memory T cells (O’Neill et al., 2016). 

However, this stratification is a vast oversimplification, as glycolysis is not solely 

associated with inflammatory cellular functions, and FAO is not only associated 

with repair. In fact, all metabolic pathways are closely interconnected and have 

been shown to be important in supporting a vast array of cellular functions, 

depending on the stimulus (Van den Bossche et al., 2017). Indeed, all immune 

cells are sentinel cells that respond to an array of signals within the extracellular 

milieu, to fight infection and promote repair. The rapidly expanding field of 
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immunometabolism is currently characterising the underlying metabolic fluxes that 

support immune cell function, in response to specific signals. Alongside this, the 

field is further highlighting aberrant metabolic states in diseases with a distinct 

inflammatory component, and identifying new therapeutic targets to modulate 

immune responses. Within the scope of this thesis, we will review specifically how 

metabolic reprogramming supports macrophage function. 

 

 Macrophage immunometabolism 

In physiological conditions, tissue-resident macrophages maintain tissue integrity 

and remove apoptotic cells. Following tissue damage or pathogen invasion, tissue-

resident macrophages are among the first cells to respond, initiating an 

inflammatory signalling cascade of proinflammatory chemokines to recruit 

circulating immune cells, including bone marrow-derived monocytes. At the site of 

inflammation, monocytes differentiate into macrophages to maintain the immune 

response or to promote resolution and tissue regeneration. Involvement across the 

entirety of the inflammatory response suggests that macrophages are extremely 

plastic cells with vast phenotypic heterogeneity. Broadly speaking, macrophage 

activation has been simplified into M1 (proinflammatory) and M2 

(anti-inflammatory) phenotypes. However, this is a vast over-simplification that 

does not account for the full breadth of macrophage activation states which have 

been characterised in multi-dimensional models of macrophage polarisation 

(Gordon et al., 2014; Martinez and Gordon, 2014). Stark differences in the 

underlying metabolic processes that support M1 and M2 activation have been 

described (Fig. 1.2); however, the full extent of metabolic reprogramming for the 

full breadth of macrophage polarisation has not yet been elucidated. 

 

M1 macrophages are critical for initiating and sustaining inflammatory responses, 

secreting proinflammatory cytokines to recruit infiltrating immune cells, alongside 

phagocytosing damaged or infected cells (Viola et al., 2019). Glycolysis facilitates 

sufficient and rapid ATP generation, and increased biosynthesis for cytokine 

production. Inhibiting glycolysis prevents cytokine production (Tannahill et al., 

2013) and impairs macrophage migration (Semba et al., 2016). This metabolic 

switch to glycolysis is commonly referred to as the Warburg effect (Warburg, 1956), 

which was first described in cancer cells and is characterised by increased glucose 

uptake, increased lactate production and decreased OXPHOS. Indeed, M1 
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macrophages have been found to exhibit all of these metabolic changes 

(Freemerman et al., 2014). In vitro M1 polarisation has been described in response 

to a wide array of stimuli, including LPS and interferon-γ (IFNγ) (Wang et al., 2018). 

Furthermore, it has been shown that enzymes in the glycolytic pathway influence 

the proinflammatory phenotype, with the enzymes pyruvate kinase muscle 

(Palsson-McDermott et al., 2015) and glyceraldehyde-3-phosphate 

dehydrogenase (Millet et al., 2016) upregulating IL-1β and TNFα production, 

respectively. Additionally, 6-phosphofructo-2-kinase/fructose-2,6-biphosphatase-3 

(PFKFB3) has been shown to promote the phagocytosis of virus-infected cells 

(Jiang et al., 2016).  

 

At the other end of the spectrum, M2 macrophages are associated with resolution 

of inflammation, and have been shown to release anti-inflammatory cytokines 

(IL-1RA, transforming growth factor β, and insulin-like growth factor-1), 

phagocytose apoptotic cells and mediate collagen deposition (Mantovani et al., 

2013; Viola et al., 2019). M2 macrophages have been shown to be polarised in 

response to IL-4 (Stein et al., 1992) or IL-33 (Doyle et al., 1994; White et al., 2017), 

and utilise OXPHOS as their primary energy source (O’Neill et al., 2016). Initially, 

FAO and fatty acid synthesis was shown to be upregulated in metabolic pathways 

that support TCA anaplerosis and OXPHOS (Huang et al., 2014). Interestingly, this 

was shown in the context of efferocytosis, where lipids absorbed by phagocytosis 

are metabolised by fatty acid oxidation to support OXPHOS (Zhang et al., 2019). 

More recently, however, a role for glycolysis in M2 activation has also been 

demonstrated, where it also is required for early IL-4 responses to support the TCA 

and OXPHOS (Tan et al., 2015). 

 

Studies have demonstrated that alongside the dynamic shift in metabolic 

pathways, the accumulation of specific metabolites modulates macrophage 

functions, adding a new layer of understanding to the way in which metabolism 

supports cellular function and shapes immune responses. During LPS stimulation, 

cellular metabolism switches from OXPHOS to glycolysis and two breaks in the 

TCA occur, resulting in the accumulation of citrate and succinate (Jha et al., 2015). 

Initially, citrate accumulates due to suppression of isocitrate dehydrogenase, which 

mediates citrate metabolism in the TCA cycle (Van den Bossche et al., 2017). 

Subsequently, citrate moves into the cytosol where it is a substrate for fatty acid 
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synthesis to support the production of NO and prostaglandins, which have 

prominent effects on vascular inflammation and endothelial cell activation 

(Infantino et al., 2011). Moreover, citrate is a substrate for immunoresponsive gene 

1 which converts citrate to itoconate (Strelko et al., 2011; O’Neill and Artyomov, 

2019). Interestingly, itoconate has been shown to have anti-inflammatory 

properties by promoting nuclear factor erythroid 2-related factor 2 (NRF2). NRF2 

is a transcription factor that upregulates the expression of cytoprotective genes 

(Hayes and Dinkova-Kostova, 2014), and has been shown to inhibit the expression 

of inflammatory cytokines, IL-6 and IL-1β (Kobayashi et al., 2016). Itoconate 

activates NRF2 signalling by interacting Kelch-like ECH-associated protein 1 

(KEAP1), which targets NRF2 for proteosomal degradation, thereby enabling 

NRF2 activity (Mills et al., 2018). Moreover, itoconate links citrate and succinate 

accumulation, where it has been shown to inhibit succinate dehydrogenase which 

mediates succinate metabolism (Cordes et al., 2016; Lampropoulou et al., 2016). 

Succinate has also been demonstrated to be a critical immunometabolite in 

shaping immune cell function. The accumulation of succinate has been shown to 

stabilise HIF-1α expression, which can directly upregulate IL-1β expression 

(Tannahill et al., 2013). Succinate has been shown to stabilise HIF-1α expression 

via two mechanisms: (i) inhibition of cytosolic prolyl hydroxylase domain (PHD) 

enzymes which continually degrade HIF-1α during normoxia (Tannahill et al., 

2013), and (ii) succinate dehydrogenase can oxidise succinate which generates 

ROS and stabilises HIF-1α expression (Mills et al., 2016). Combined, citrate, 

itoconate, and succinate are key metabolites which have been shown to have 

distinct roles in regulating both pro- and anti-inflammatory macrophage responses. 

 

Despite metabolic reprogramming being well-described in peripheral 

macrophages, the metabolic changes that occur in the brain’s tissue-resident 

macrophage population, the microglia, are not as well understood. It has been 

shown that in response to various proinflammatory stimuli, such as LPS 

(Voloboueva et al., 2013; Orihuela et al., 2016) and LPS + IFNγ (Gimeno-Bayón 

et al., 2014), microglia become polarised to an inflammatory M1-like phenotype, 

and a shift from OXPHOS to glycolysis. This has been demonstrated by an 

increase in extracellular acidification rate and a decrease in oxygen consumption 

rate in cultured microglia (Holland et al., 2018), alongside the production of 

inflammatory cytokines (Lynch, 2019). Interestingly, M1-like polarisation and 
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glycolytic flux has also been demonstrated in response to AD-related 

stimuli, amyloid-β (Rubio-Araiz et al., 2018; Baik et al., 2019). Similarly, microglia 

polarisation with IL-4 is associated with OXPHOS, with an increased oxygen 

consumption rate and ATP production (Holland et al., 2018). Importantly, there is 

a paucity of research investigating the consequences of metabolic reprogramming 

in ischaemic injury, highlighting an important area of investigation. 

 
 

 

 

 

 

 

 

Figure 1.2 - Metabolic reprogramming supports macrophage M1/M2 polarisation. 
Following an M1 stimulus (LPS or IFNγ) via TLR4 glycolytic and PPP pathways are 
upregulated to facilitate the production of inflammatory mediators, such as: cytokines, nitric 
oxide and prostaglandins. Inflammatory profile is further supported by specific 
immunometabolites, such as glycolytic enzymes and TCA cycle intermediates. 
Alternatively, following an M2 stimulus (IL-4 or IL-13) OXPHOS and FAO pathways are 
upregulated. Figure taken from Corcoran and O’Neill (2016). Abbreviations - FAO: fatty 
acid oxidation; IFN: interferon; IL: interleukin; LPS: lipopolysaccharide; NO: nitric oxide; 
OXPHOS: oxidative phosphorylation; PG: prostaglandins; PPP: pentose phosphate 
pathway; ROS: reactive oxygen species; TCA: tricarboxylic acid cycle; TLR: toll like 
receptor. 
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 Animal models of cerebral ischaemia 

Post-mortem tissue is critical for validating the clinical relevance of preclinical 

findings; however, access to human tissue is challenging, and is limited to a single 

timepoint. To better explore the temporal dynamics of ischaemic events, 

longitudinal clinical studies can be conducted; however, due to the inaccessible 

nature of the brain, experimental read-outs are limited. Therefore, the use of animal 

models in ischaemic research has been invaluable for understanding 

pathophysiological mechanisms which occur in response to hypoxic events. 

Combined, animal and clinical studies are a powerful tool to better understand 

disease mechanisms, and to explore new therapeutic strategies. A number of 

animal models have been developed to recapitulate both focal and global 

ischaemia in humans, with some of these described below. 

 Focal cerebral ischaemia 

It has been shown that over 50% of strokes originate from an occlusion in the 

middle cerebral artery (MCA) (Ng et al., 2007). Consequently, many different 

techniques have been developed to manipulate the MCA in experimental animal 

models of stroke. MCA occlusion (MCAo) is the most widely used experimental 

technique, whereby an intraluminal filament is inserted into the common carotid 

artery (CCA), advanced to the Circle of Willis to occlude the MCA for a given 

period, before subsequent removal. There are two major variations of this surgery, 

the Koizumi or the Longa method. An important difference in these methods is that 

the Koizumi method inserts the filament directly into the CCA, which subsequently 

requires permanent ligation (Koizumi et al., 1986), whereas the Longa method 

inserts the filament into the external carotid artery, and the CCA does not require 

permanent ligation (Longa et al., 1989). Both of these methods produce 

striato-cortical lesions, bordered by a partially ischaemic penumbra region, but 

have different reperfusion profiles. Large ischaemic lesions affect white and grey 

matter (Arakawa et al., 2006), resulting in significant contra-lateral motor deficits 

(MacRae, 2011), and cognitive deficits (Ryan et al., 2006; Carmo et al., 2014). 

Furthermore, following MCAo, a well-defined inflammatory response is initiated, 

involving activation of neuroimmune cells, infiltration of peripheral immune cells 

and production of cytokines and chemokines (Chamorro et al., 2012). Another 

inducible model of focal cerebral ischaemia is the distal MCAo (dMCAo) model. 

This model requires a craniotomy to expose the distal branches of the MCA, which 

can subsequently be occluded by different experimental techniques, such as 
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photothrombosis (Labat-gest and Tomasi, 2013), or electrocoagulation (Llovera et 

al., 2014), or by initiating endogenous clot formation by application of thrombin 

(Orset et al., 2007) or FeCl3 (Karatas et al., 2011). dMCAo produces small and 

consistent cortical lesions, with associated contra-lateral motor deficits. Non MCA-

related models of focal ischaemia include CCA injections of particulates to induce 

multi-infarct lesions, such as micro-spheres (Miyake et al., 1993; Fukatsu et al., 

2002), suspended cholesterol crystals (Rapp et al., 2008) or autologous blood clots 

(Zhang et al., 2013).  

 

 Global cerebral ischaemia 

Global cerebral ischaemia has been modelled in animals by manipulating the CCA 

to induce chronic hypoperfusion. These models have recapitulated SVD-related 

pathology, such as, white matter damage, vascular pathology, BBB breakdown 

and neuroinflammation, alongside distinct cognitive deficits. However, the major 

criticism of these models is that they do not model human disease, as carotid 

stenosis does not widely contribute to SVD progression (Potter et al., 2012), and it 

is speculated that reduced CBF is secondary to BBB breakdown (Wardlaw et al., 

2017). However, global hypoperfusion (due to atherosclerosis in the Circle of Willis, 

cardiac insufficiency, orthostatic hypotension, and impaired autoregulatory 

responses following hypertension) has still been implicated in the formation of 

WMLs and cognitive impairments. Moreover, neuropathology induced by these 

models phenocopies pathology caused by alternate SVD pathophysiological 

mechanisms. Therefore, these preclinical models are invaluable tools to study the 

effects of reduced perfusion and global ischaemia on cerebral function. 

 

The most frequently used model of global hypoperfusion is the 2-vessel occlusion 

(2-VO) in rats (Jiwa et al., 2010; Madigan et al., 2016) which involves the surgical 

ligation of the common CCA to produce a sustained drop in CBF. After ligation, 

CBF rapidly drops to around 30-40% of baseline for 3-4 days (Tomimoto et al., 

2003), and then begins to gradually increase. However, CBF has been shown to 

remain lower than baseline up to 3 months after surgery (Otori et al., 2003). Robust 

white matter damage is induced during 2-VO, notably extensive white matter 

rarefaction along the optic tract and moderate damage in the corpus callosum 

(Wakita et al., 1994; Farkas et al., 2007). Vasculopathy has been demonstrated in 

rats 14 months post-surgery by electron microscopic examination, identified by the 
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thickening and fibrosis of capillaries (De Jong et al., 1999). Neuroinflammation has 

been demonstrated through the activation of inflammatory glial cells, astrocytes 

(Wakita et al., 1994; Pappas et al., 1996; Schmidt-Kastner et al., 2005; Farkas et 

al., 2007) and microglia (Wakita et al., 1994; Abrahám and Lázár, 2000; Farkas et 

al., 2007). Furthermore, 2-VO animals treated with cyclosporine A, an 

immunosuppressant drug, had significantly less activated microglia and reduced 

white matter rarefaction (Wakita et al., 1995). Alongside the histopathological 

features, cognitive loss is also observed in this experimental model of SVD. 

Impaired learning and memory has been identified in multiple cognitive tests, 

including the Morris water maze (MWM) (Pappas et al., 1996; Vicente et al., 2009; 

Wang et al., 2010), radial arm maze (Pappas et al., 1996) and Y-maze (Sarti et al., 

2002). These cognitive deficits have largely been attributed to white matter 

dysfunction; however, some studies have identified dysfunction in the 

hippocampus (Pappas et al., 1996; Jiwa et al., 2010). Variations of the 2-VO model 

can be implemented to attain a more severe reduction in CBF; 3-vessel occlusion 

bilaterally ligates the CCAs and one vertebral artery (De La Torre and Fortin, 1994; 

Horecký et al., 2009), whereas a 4-vessel occlusion model ligates one CCA and 

the opposite vertebral artery is ligated in one surgical procedure, followed by a 

second procedure 7 days later ligating the remaining CCA and vertebral artery 

(Plaschke et al., 1999). Both models generate chronic hypoperfusion and impaired 

memory; however, mortality is high and there is significant reduced locomotor 

activity (Jiwa et al., 2010). A major limitation of these models is the extensive 

damage which occurs along the optic tract, which induces impaired vision (Farkas 

et al., 2007). Consequently, animals with impaired vision will not perform as well in 

cognitive tests, such as MWM or novel object recognition (NOR), as both require 

responses to visual cues, and thus the validity of the behavioural assessment is 

compromised (Ihara and Tomimoto, 2011). Furthermore, 2-VO is restricted to rats. 

Some strains of mice lack fully developed posterior communicating arteries in their 

Circle of Willis and therefore cannot withstand this surgical procedure (Farkas et 

al., 2007), thereby limiting the model’s suitability for more sophisticated molecular 

technologies, such as transgenic mice (Ihara and Tomimoto, 2011). Finally, the 

rapid drop in CBF observed in the acute phase of this model is not representative 

of clinical SVD; therefore, future models will need to be developed to replicate the 

gradual reduction in CBF and allow the use of transgenic animals (Ihara and 

Tomimoto, 2011; Kitamura et al., 2016). 
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Shibata et al (2004) developed a chronic model of hypoperfusion for use in mice, 

bilateral carotid artery stenosis (BCAS), which uses metal coils to narrow the CCA 

by 50%. It was found that that using these microcoils with a diameter of 0.18 mm, 

the stenosis of the CCAs produced selective white matter lesions, with no grey 

matter damage, and these have been shown to persist for up to 6 months 

post-surgery (Shibata et al., 2004; Nishio et al., 2010). CBF has been shown to 

drop acutely at day 1, gradually increasing by 1 month (Shibata et al., 2004) but 

remaining below baseline at 3 months (Nishio et al., 2010). BCAS animals develop 

impaired memory with sustained hypoperfusion, progressing from deficits in 

working memory at early timepoints (1 month) (Shibata et al., 2007; Coltman et al., 

2011; Hou et al., 2015), to deficits in reference memory at later timepoints (6 

months) (Nishio et al., 2010; Holland et al., 2015). Alongside cognitive 

impairments, progressive neuropathology has been described: WMLs in the 

corpus callosum at 1 month (Shibata et al., 2004, 2007; Saggu et al., 2016); 

decreased metabolism in the hippocampus at 6 months (Nishio et al., 2010); and 

pyknotic and apoptotic neurons in the hippocampus and cerebral cortex at 8 

months (Nishio et al., 2010). Other pathological features of SVD that have been 

observed in BCAS mice include increased BBB permeability (Ihara and Tomimoto, 

2011), thickened endothelial basement membrane (Holland et al., 2015), activated 

glial cells (Shibata et al., 2004; Holland et al., 2015; Saggu et al., 2016) and 

subcortical haemorrhagic lesions at 6 months (Holland et al., 2015).  

 

Similar to 2-VO, CBF rapidly drops after BCAS surgery and gradually recovers and 

therefore does not reliably replicate clinically relevant chronic cerebral 

hypoperfusion. To represent a more physiological relevant stenosis of the vessels, 

the BCAS model has been modified to introduce a gradual narrowing of the vessels 

using ameroid microconstrictors (AC) made of hygroscopic casein which swell 

when water is absorbed. In this model, there is a gradual reduction in CBF over 

2-3 days, impaired working memory at 28 days, and the presence of WMLs and a 

neuroinflammatory response (Kitamura et al., 2012). ACs can also be surgically 

implanted in mice to initiate gradual hypoperfusion in mice, commonly referred to 

as gradual carotid artery stenosis (GCAS). ACs with an internal diameter of 0.5 

mm produced a phenotype that is too severe, with a mortality rate of 58.8% at 28 

days post-surgery, and cerebral infarctions in both grey and white matter (Hattori 
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et al., 2014). However, using ACs with an internal diameter of 0.75 mm can model 

features of SVD and has a much-improved survival rate of 91% at 28 days 

post-surgery (Hattori et al., 2016). Mice surgically implanted with bilateral ACs 

exhibit a sustained reduction of CBF (50%) after 28 days, WMLs, microglial and 

astrocyte proliferation, and impaired working memory (Y-maze) and motor 

impairments (rotarod) (Hattori et al., 2016). Moreover, the GCAS has been further 

adapted to elicit a slightly different disease phenotype. The surgical placement of 

an AC on one CCA artery and a microcoil on the other CCA is a novel mouse 

model of chronic hypoperfusion referred to as AC arterial stenosis (ACAS) (Hattori 

et al., 2015). Arterial spin labelling has shown a gradual reduction of CBF over 28 

days, with differences in CBF between the two different hemispheres and 

impairments in both working and spatial memory observed in Y-maze and MWM 

tests, respectively (Hattori et al., 2015). Interestingly, ACAS mice also exhibit motor 

deficits, with motor coordination and balance impairments identified in multiple 

behavioural tests: rotarod, wire hang and Y-maze (Hattori et al., 2015). 

Histopathological analysis have also identified distinct differences between the two 

hemispheres. In the right hemisphere (the AC side), multiple ischaemic strokes 

develop in the right subcortical area by day 14, with activation of astrocytes and 

microglia and hippocampal neuronal loss. In the left hemisphere (microcoil side) 

ischaemic infarcts are absent, but there is extensive white matter rarefaction by 

day 32, and glial cell activation (Hattori et al., 2015). 

 

Another mouse model of global hypoperfusion that is commonly performed is 

unilateral ligation of the right CCA, known as unilateral CCA occlusion (UCCAo). 

CBF drops acutely in the ipsilateral hemisphere after surgery, with no change in 

contralateral CBF (Yoshizaki et al., 2008; Nishino et al., 2016) and has been shown 

to remain reduced in the ipsilateral hemisphere up to 4 months post-surgery 

(Zuloaga et al., 2015). Alongside a reduction in CBF, UCCAo elicits cognitive 

impairment in non-spatial working memory and spatial memory. Deficits in 

non-spatial working memory, as assessed by NOR, have been identified at 1 

month (Yoshizaki et al., 2008; Ma et al., 2015; Zhou et al., 2017) and 3 months 

post-surgery (Zuloaga et al., 2015). Spatial memory impairment has been identified 

up to 1 month post-surgery (Ma et al., 2015; Zhou et al., 2017) but this was not 

seen at 3 months (Zuloaga et al., 2015) in the MWM task. Furthermore, no changes 

in motor activity or anxiety have been found (Yoshizaki et al., 2008; Zuloaga et al., 



48 

 

2015). Cognitive decline in the UCCAo model has been attributed to hippocampal 

atrophy and ventricular enlargement observed at 4 months post-surgery (Zuloaga 

et al., 2015); however, no changes in neuronal density have been identified at 28 

days in the hippocampus and neocortex (Nishino et al., 2016). Histopathological 

analysis has identified extensive WMLs in the corpus callosum and striatum 

(Yoshizaki et al., 2008; Ma et al., 2015; Zhou et al., 2017), in addition to activated 

glial cells and increased proinflammatory cytokines (Yoshizaki et al., 2008). 

Moreover, it has recently been identified that IL-1β plays a critical role in progenitor 

oligodendrocyte cell recruitment and white matter repair after UCCAo, where 

IL-1R1-/- and IL-1RA treated animals had improved re-myelination and prevented 

cognitive decline (Zhou et al., 2017). 
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 Summary and aims 

Cerebral ischaemia occurs in response to a marked reduction in blood flow to the 

brain, which can be a result of complete cessation of blood flow in vessels, or an 

accumulative effect of diminished flow. Reduced CBF can occur due to a multitude 

of aetiologies, and as a consequence, can produce an array of pathological 

manifestations. This heterogeneity has ultimately resulted in a poor understanding 

of the disease mechanisms, limited therapeutic targets, and a distinct lack of 

treatments. A further added complexity is how modifiable risk factors contribute to, 

and interact with ischaemic pathology. Of interest to this thesis is how dietary risk 

factors affect cerebral ischaemia, with a focus on obesity and hyperglycaemia. 

Ultimately, gaining a better understanding of the pathophysiology of cerebral 

ischaemia may reduce risk and also improve outcomes and aid recovery. 

 

The overarching aim of this thesis was to investigate how diet influences 

inflammatory responses and the subsequent neuropathological and functional 

outcomes after global and focal cerebral ischaemia. Within this overall aim, we set 

out to address three specific objectives: 

 

1. Develop and characterise the BCAS model of global cerebral 

hypoperfusion, which will be used for the first time at the University 

of Manchester. 

 

2. Investigate how obesity regulates inflammatory responses and long-

term functional outcomes in mice following experimental stroke.  

 

3. Determine how hyperglycaemia regulates inflammatory responses 

and neuropathological outcome in mice following experimental 

stroke.  
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 Abstract 

Global hypoperfusion is a key pathological process that contributes to cerebral 

ischaemia and has been associated with small vessel disease (SVD). Despite this, 

the pathophysiological consequences of global hypoperfusion are poorly 

understood. In order to investigate these phenomena, we used a mouse model of 

chronic cerebral hypoperfusion, bilateral common carotid artery stenosis (BCAS), 

to characterise changes in: cerebral blood flow (CBF), memory, blood brain barrier 

(BBB) breakdown and neuroinflammation. It has previously been shown that 

myelin-associated glycoprotein:proteolipid protein 1 (MAG:PLP) and vascular 

endothelial growth factor (VEGF) are robust markers of tissue hypoperfusion in 

human post-mortem tissue. These markers have not previously been investigated 

in the context of the BCAS model, and so were included in this study to assess 

changes in cerebral perfusion. 

 

Mice had 0.18 mm microcoils applied bilaterally to the common carotid arteries and 

were recovered for 1 or 3 months. CBF was assessed by laser speckle contrast 

imaging at days 0 and 1, 1 and 3 months, and spatial working memory was 

assessed at 1 and 3 months. Neuroinflammation was assessed on post-mortem 

brains by microglia and astrocyte activation, and BBB breakdown was assessed 

by levels of fibrinogen and pericyte marker (PDGFR-β). Overall, BCAS induced a 

modest reduction in CBF, but no change in tissue oxygenation markers, MAG:PLP 

and VEGF. A lack of changes in these clinical markers of tissue hypoperfusion 

indicates that despite a modest reduction in CBF, the BCAS model was not severe 

enough to induce tissue hypoxia. Concomitantly, we did not observe 

hypoxia-related pathology, such as memory impairment, BBB breakdown, and 

neuroinflammation. These findings suggest that 0.18mm microcoils induce 

cerebral hypoperfusion of an insufficient magnitude to promote measurable 

pathology and cognitive decline. 
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 Introduction 

Cerebrovascular disease is increasingly considered a central pathological feature 

of dementia. Alois Alzheimer first described the histopathology in a dementia brain 

as “arteriosclerotic brain atrophy”, although this became overshadowed by the 

“Alzheimerization” of dementia, and the focus shifted to the molecular basis of 

amyloid and tau (Libon et al., 2006; Drouin and Drouin, 2017). However, there has 

been a recent resurgence in evidence that identifies vascular disease as a major 

contributor to dementia. Histopathological studies have highlighted that up to 80% 

of Alzheimer’s disease (AD) patients have vascular pathology, and that 

cerebrovascular disease is the most common neuropathological feature in aged 

subjects with dementia (Toledo et al., 2013; Power et al., 2018). Statistical 

modelling using the Alzheimer’s Disease Neuroimaging Initiative (ADNI) dataset to 

study the temporal ordering of disease progression has also identified vascular 

dysregulation as an early and important factor associated with the development of 

AD (Iturria-Medina et al., 2016), highlighting the need to better understand how 

cerebrovascular disease contributes to dementia. 

 

Cerebral ischaemia is the principle pathological feature of cerebrovascular 

disease, of which there are two major types, focal ischaemia (i.e. stroke) and global 

ischaemia. Global ischaemia/hypoperfusion is caused by multiple disease states, 

including cardiac insufficiency (heart failure, cardiac arrhythmias or hypotension), 

peripheral and cranial vessel stenosis, and small vessel disease (Ciacciarelli et al., 

2020); however, SVD is considered to have the largest contribution to chronic 

hypoperfusion. SVD affects the small vessels of the brain (arterioles, capillaries 

and venules) and has extremely heterogeneous pathology. The underlying 

pathophysiological mechanisms are not well understood, however, it is proposed 

that microvascular pathology causes endothelial dysfunction and BBB 

permeability, and hypoperfusion is a secondary consequence of BBB breakdown 

(Joutel and Chabriat, 2017). Eventually, the blood supply is unable to meet the 

brain’s metabolic demands. Consequently, tissue oxygenation is reduced, and an 

ischaemic environment develops over an extended period of time, which drives 

tissue damage. Clinically, SVD manifests as white matter hyperintensities, 

lacunes, microinfarcts and enlarged perivascular spaces that can be observed on 

magnetic resonance imaging (MRI) scans. Patients may be asymptomatic or they 

may present with cognitive dysfunction (Ciacciarelli et al., 2020). Indeed, reduced 
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CBF has been closely associated with cognitive decline (Shi et al., 2016; De La 

Torre, 2017) and is used as a predictive marker for dementia progression (Farkas 

et al., 2007). Furthermore, low resting CBF correlates with increased frequency of 

white matter hyperintensities (Fernando et al., 2006; Shi et al., 2016; Bahrani et 

al., 2017) and reduced cerebrovascular reactivity (a more sensitive indicator of 

tissue-level CBF), and it predicts the progression from normal white matter to the 

formation of white matter lesions (WML) (Sam et al., 2016).  

 

WMLs are a key pathological feature associated with SVD and cerebral 

hypoperfusion and can be clearly delineated via MRI. However, histopathological 

methods to assess ischaemic white matter damage have historically been less 

sensitive than modern neuroimaging techniques. Barker et al (2013) recently 

developed a reliable post-mortem assay for ischaemic white matter damage by 

comparing myelin-associated glycoprotein (MAG) and proteolipid protein 1 (PLP). 

MAG is sensitive to ischaemia, whereas PLP is resistant to ischaemia; 

consequently, the MAG:PLP ratio declines with increasing SVD and cerebral 

amyloid angiopathy severity. MAG:PLP has also been shown to be a relevant 

indicator of hypoperfusion in different regions of the AD brain (Barker et al., 2014; 

Thomas et al., 2015). Further investigation of vasoregulatory factors that may 

contribute to ischaemia has highlighted that the angiogenic factor, vascular 

endothelial growth factor (VEGF), strongly correlates with MAG:PLP (Barker et al., 

2014; Thomas et al., 2015). It is thought that VEGF is increased in response to 

hypoperfusion via hypoxia-inducible factor (HIF)1-alpha stabilisation and this 

upregulates VEGF expression to drive angiogenesis and restore CBF (Forsythe et 

al., 1996; Zhang et al., 2000; Rey and Semenza, 2010). Indeed, elevated VEGF 

expression has been demonstrated in preclinical models of stroke (Kalaria et al., 

1998; Sun et al., 2003) and human post-mortem stroke tissue (Issa et al., 1999), 

and HIF staining is increased in human ischaemic white matter (Fernando et al., 

2006). 

  

BBB disruption has been proposed to be a major driving factor for WML 

progression (Wardlaw et al., 2003) and BBB permeability correlates with increased 

WML frequency (Wardlaw et al., 2017; Zhang et al., 2019; Freeze et al., 2020). 

BBB permeability permits serum proteins such as fibrinogen, albumin, and 

immunoglobulin G (IgG), to move from the blood vessels into the parenchyma. 
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Specifically, fibrinogen extravasation has been demonstrated in both preclinical AD 

models and in human AD brains; this has been shown to be a proinflammatory 

process that drives microglia-mediated neurodegeneration and cognitive decline 

(Merlini et al., 2019). In addition, fibrinogen has been shown to prevent 

oligodendrocyte precursor cell maturation, and this may further contribute to WML 

progression by preventing myelin repair (Petersen et al., 2018). Pericytes have 

also been shown to be critical regulators of CBF and the maintenance of BBB 

integrity; it has been widely reported that pericyte dysfunction and a loss of 

pericytes occurs in AD (Sengillo et al., 2013; Halliday et al., 2016; Miners et al., 

2018, 2019; Nortley et al., 2019) and during stroke (Yemisci et al., 2009; Hall et al., 

2014). The Atwell lab has shown that pericytes can constrict in response to 

ischaemia (Hall et al., 2014) and amyloid-β (Nortley et al., 2019), resulting in 

reduced CBF in the contexts of stroke and AD respectively. Further work from the 

Love group has shown that fibrinogen and the pericyte marker, platelet derived 

growth factor receptor beta (PDGFR-β), have a strong relationship with the 

MAG:PLP ratio and VEGF, further highlighting BBB breakdown as a key 

pathophysiological event in chronic cerebral hypoperfusion (Miners et al., 2018).  

 

To investigate cerebral hypoperfusion in a preclinical setting, various rodent 

models have been used in which the circulatory system is manipulated to restrict 

blood flow to the brain; the most widely used model is the bilateral common carotid 

artery stenosis (BCAS) in mice. Shibata et al (2004) first characterised the BCAS 

model of global hypoperfusion, whereby CBF is restricted via the bilateral 

application of microcoils to the common carotid arteries (Nishio et al., 2010). They 

demonstrated that using 0.18 mm microcoils to narrow the common carotid arteries 

by 50% could produce SVD-related pathology (selective WML with no grey matter 

damage), which was detectable up to 6-months post-surgery. Subsequently, this 

model has been widely employed and multiple research groups have shown that 

CBF is significantly altered, with a peak reduction observed at acute timepoints (1 

day) (Shibata et al., 2004) that slowly recovers over time (1 – 3 months), but never 

returns to baseline levels (Nishio et al., 2010). Alongside changes in CBF, 

impairments in both short-term (Shibata et al., 2007; Coltman et al., 2011; Hou et 

al., 2015) and long-term memory (Nishio et al., 2010; Holland et al., 2015) have 

been identified. Other neuropathological features of SVD have been observed in 

BCAS mice, including: white matter damage (Holland et al., 2011, 2015); blood 
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brain barrier (BBB) permeability (Ihara and Tomimoto, 2011); extra cellular matrix 

remodelling (Holland et al., 2015); neuroinflammation (Shibata et al., 2004; Holland 

et al., 2015; Saggu et al., 2016); and subcortical haemorrhagic lesions (Holland et 

al., 2015). A drawback of this model is that it does not accurately reflect the human 

disease, as carotid stenosis is not common in SVD (Potter et al., 2012), and 

reduced CBF is proposed to be secondary to BBB leakage (Wardlaw et al., 2017). 

Despite this, the BCAS model is an invaluable tool to study the effects of reduced 

perfusion and global ischaemia on cerebral function. 

 

In this study, we performed neuropathological and cognitive assessments of mice 

subjected to BCAS or sham surgery, and assessed changes in CBF, short-term 

working memory, BBB breakdown, and neuroinflammation. We also performed 

biochemical assays to measure clinically validated markers of hypoperfusion, 

MAG, PLP, and VEGF, to determine whether these markers could reliably quantify 

ischaemic white matter damage in murine models of global hypoperfusion. 
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 Materials and Methods 

 Animals 

Male C57BL/6J mice (Charles River) were used for all studies. All animals were 

housed in groups (2–5 per cage) in individually ventilated cages in standard 

housing conditions (temperature 21 ± 2°C; humidity 55% ± 5%; 12-hour light/12-

hour dark cycle), with access to food and water ad libitum. All experiments were 

conducted in accordance with the UK Animals (Scientific Procedures) Act 1986 

and approved by the Home Office under relevant personal and project licenses at 

The University of Manchester, Biological Sciences Facility. All reporting of animal 

experiments complied with the ARRIVE guidelines (Animal Research: Reporting in 

In Vivo Experiments) (Kilkenny et al., 2010). 

 

 Bilateral common carotid artery stenosis 

Chronic cerebral hypoperfusion was induced as previously described in 15–16 

week old mice (Shibata et al., 2004). Briefly, anaesthesia was induced with 4% 

isoflurane and maintained with 1.5% (in a mix of 30% O2 and 70% N2O). Core body 

temperature was monitored using a rectal probe and maintained at 37±0.5°C with 

a homoeothermic blanket (Harvard Apparatus) throughout surgery. A midline 

incision was made at the neck, with submandibular glands and overlying 

connective tissue retracted to expose the common carotid arteries and microcoils 

(0.18 mm internal diameter; Sawane Spring Co) were applied permanently to both 

common carotid arteries, with a 30-min interval between each microcoil insertion. 

Sham animals underwent identical surgical interventions without application of 

microcoils. Animals were numbered and randomly allocated surgical group using 

Excel’s randbetween function. Mice were given subcutaneous injections of saline 

(0.5 mL) and analgesia (Buprenorphine, 0.5 mg/kg) immediately after surgery. 

Animals were kept at 30°C, monitored until fully recovered from the effects of 

anaesthesia, and subsequently placed back in general housing. Mash was 

provided post-surgery and general behaviour, appearance and body weight were 

monitored regularly. 
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As this was the first time this model was used in our hands we did not have any 

pilot data on which to base power calculations. 22 animals were used for BCAS 

surgery and 20 animals were used for sham surgeries. 2 animals died during BCAS 

surgery, and 1 animal was euthanised at day 1 due to animal reaching humane 

endpoints. 1 death occurred in sham-operated group. Final group sizes were sham 

n = 19 and BCAS n = 19. Breakdown of group sizes for IHC and biochemical 

assessment at different time points can be found in Table 2.1, and are detailed in 

figure legends. 

 

Table 2.1 - Final group sizes for animals used for IHC and biochemical assessment 
at different time points. 

Surgery Analysis 1 month 3 month 

Sham 
IHC 5 7 

Biochemistry - 7 

BCAS 
IHC 4 7 

Biochemistry - 8 

 

 Laser speckle imaging  

Relative CBF was recorded by laser speckle contrast imaging (LSCI), performed 

using a moorFLPI-2 imager (Moor Instruments). Mice were anaesthetised with 

isoflurane 1.5% (in a mix of 30% O2 and 70% N2O) and core body temperature was 

monitored using a rectal probe and maintained at 37±0.5°C with a homoeothermic 

blanket (Harvard Apparatus). Mice were fixed in a stereotaxic frame and a midline 

incision in the scalp was made to expose the skull. An imaging window was made 

using ultrasound gel (to prevent the skull drying out) and a 16 mm cover slip to 

ensure a smooth flat surface. CBF was measured in all animals at baseline, day 1, 

and at 1- and 3-months. At baseline, day 1 and 1 month, animals were imaged for 

4 min with a 250 frame temporal filter. At 3 months, animals were imaged for 4 min 

with a 1500 frame temporal filter. CBF was analysed by the MoorFLPI software 

and shown with arbitrary units in a 256-color palette. Briefly, for each animal all 

frames were averaged, and 2 regions of interest were placed over the 

somatosensory cortex on the left and right hemisphere, avoiding large draining 

veins. Average flux values for both regions of interest were taken. All analysis was 

performed blinded to experimental groups by randomising file names. Acquired 

images which were deemed to be of poor quality (patches of calcification or 

incorrect positioning) were not included in analysis. 
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 Y-maze spontaneous alternation test 

To assess short-term working memory, the Y-maze spontaneous alternation test 

was performed as previously described (Martin et al., 2014) at 1 and 3 months. 

Briefly, animals were placed in a white opaque Perspex maze with three arms 

containing different visual cues and allowed to explore for 8 min before being 

returned to their home cage. All tests were recorded by video and entries into arms 

were recorded (arm entries were defined as four paws crossing the threshold of a 

respective arm). Spontaneous alternation was defined as successive entry into 

three different arms. Subsequently, percent of correct alternation was calculated 

as:(
𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑎𝑙𝑡𝑒𝑟𝑛𝑎𝑡𝑖𝑜𝑛𝑠

𝑡𝑜𝑡𝑎𝑙 𝑎𝑟𝑚 𝑒𝑛𝑡𝑟𝑖𝑒𝑠−2
) × 100. Mice with less than 8 arm entries during the 5 min 

trial were excluded from the analysis. All videos were scored randomised and 

blinded by randomising file names. Equipment was thoroughly cleaned between 

mice, screens placed around the test areas and white noise played throughout the 

test duration to minimise sensory cues. All testing was conducted during the light 

phase. 

 

 Tissue preparation 

At 1- and 3-months post-surgery, mice were culled for histological and biochemical 

analysis. Animals culled for histological assessment were terminally anaesthetised 

with 4–5% isoflurane (in a mix of 30% O2 and 70% N2O) and transcardially 

perfused with phosphate buffered saline (PBS) followed by 4% paraformaldehyde 

(PFA). Brains were further immerse-fixed in PFA for 24 hours and gross sectioned 

into 2 mm thick sections using a metal brain matrix. All tissue was then embedded 

in paraffin wax using a Shadon Citadel 2000 tissue processor (Thermo Fisher 

Scientific), and subsequently sectioned into 5 µm sections using a Leica RM 2155 

Microtome (Leica Microsystems Ltd) and mounted on SuperFrost Plus slides 

(Thermo Fisher Scientific). Animals culled for biochemical assessment were 

terminally anaesthetised with 4-5% isoflurane (in a mix of 30% O2 and 70% N2O) 

and transcardially perfused with PBS. Brains were removed and microdissections 

of white matter (corpus callosum, internal capsule and optic tract) and grey matter 

(cortex) were performed, and the tissue subsequently flash frozen with liquid 

nitrogen. Tissue was homogenised in 1% sodium dodecyl sulfate (SDS) buffer (100 

μM NaCl, 10mM Tris pH 6, 1μM phenylmethylsulfonyl fluoride (PMSF), 1μg/ml 

aprotinin (Sigma Aldrich) and 1% SDS in distilled water) in a Precellys 

homogeniser (Stretton Scientific). 
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 Immunohistochemistry  

To further investigate microglia and astrocyte activation, Ionized calcium binding 

adaptor molecule 1 (Iba1) and Glial fibrillary acidic protein (GFAP) 

immunohistochemistry was performed. Slides were dewaxed and serially 

rehydrated in graded ethanol, followed by antigen retrieval with Tris-EDTA (pH9) 

for 30 min at 95 °C. Slides were left to cool for 20 min before being inserted into 

Shandon™ Sequenza™ slide racks (Thermo Fisher Scientific) and washed (3x) 

before primary antibodies were applied for 1 hour at room temperature (RT). Slides 

were washed (3x) and then secondary antibodies applied for 1 hour at RT: 

biotinylated goat anti-rabbit (1:200, Vector Laboratories). Slides were washed (3x) 

and ABC-Alkaline Phosphatase (Vector Laboratories) was added for 30 min at RT. 

Slides were washed (3x) and Vector Red Substrate (Vector Laboratories) was 

added to slides for 30 min at RT. Slides were washed (3x) and counter stained with 

haematoxylin. Coverslips were then mounted onto slides using DPX mounting 

medium (Sigma Aldrich). Images were taken on a 3D-Histech Pannoramic-250 

microscope slide-scanner using a 0.30 Plan Achromat objective (Zeiss). Primary 

antibodies used were anti-Iba1 (1:1000, Abcam, ab178846) and anti-GFAP 

(1:1000, Abcam, ab68428). Wash steps were performed throughout using wash 

buffer (0.1 % TWEEN20 in Tris-buffered saline) and all antibodies were diluted in 

0.1% BSA TBST. Specificity controls were performed on additional sections with 

omission of the primary antibodies, and no staining was observed. The 

frequency of Iba1- and GFAP-positive cells were determined in 3 regions: 

internal capsule, hippocampus and cortex. For each brain region, 1–3 regions of 

interest were selected in both the left and right hemispheres, and an average 

frequency of positive cells was calculated. All image analysis was conducted 

blinded using QuPath (Bankhead et al., 2017). Images which were deemed to be 

of poor quality, or not acquired correctly were not included in analysis. 

 

 ELISA  

To assess tissue oxygenation, neuroinflammation and BBB breakdown, the levels 

of various markers in both grey and white matter tissue homogenate were analysed 

by ELISA. The concentration of MAG was determined using an in-house direct 

ELISA, as previously described (Barker et al., 2013, 2014; Miners et al., 2018). 

Proteins levels of PLP (Aviva Biosystems, OKEH05831), VEGF (R&D systems, 

DY493-05), Fibrinogen (Cloud Clone, SEA193Mu), PDGFR-β (Aviva Biosystems, 



61 

 

OKEH03442), GFAP (Cloud Clone, SEA068Mu) and CD11b (My Biosource, 

MBS934157), were determined according to the manufacturer’s guidelines. 

Absorbance was read at 450 nM in a FLUOstar Optima plate reader (BMG 

Labtech). Absolute concentrations were determined for each analyte by 

interpolating against a standard curve of recombinant protein (supplied in kits). All 

concentrations were calculated from the average of duplicate measurements for 

each sample. 

 

 Data Analysis 

Data collection and analysis was performed by experimenters in a blinded and 

randomised manner. Equal variance and normality were assessed with the Brown-

Forsythe and Shapiro-Wilk test respectively and appropriate transformations were 

applied when necessary. Where appropriate, data are presented as mean ± 

standard error (SEM), or individual points plotted with best-fit linear regression and 

95% confidence intervals. Statistical analyses performed were one-sample t-tests, 

linear regression and linear mixed effects models followed by Sidak-Holmes post 

hoc analysis. p values <0.05 were considered statistically significant. All statistical 

analyses were performed using GraphPad Prism v8 (GraphPad Software Inc). 

Further details on statistical analyses used are stated in the figure legends. 
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 Results 

 BCAS reduced CBF but did not result in changes in working 

memory 

This study aimed to replicate previous findings that have shown that BCAS causes 

a sustained reduction in CBF and memory impairments (Shibata et al., 2004; 

Nishio et al., 2010). C57BL/6 mice underwent BCAS or sham surgery and were 

recovered for either 1 or 3 months; CBF and memory were assessed at various 

timepoints throughout the study (Fig. 2.1A). We found that BCAS had no adverse 

effects on body weight (Fig. 2.1B); all animals increased body mass by 20% 

throughout the study. Using LSCI to measure CBF changes, BCAS resulted in a 

20% decrease in CBF at Day 1 post-surgery, with no difference in CBF at 1 month 

(Fig. 2.1C). After optimisation of the LSCI procedure at 3 months (Fig. 2.1D) (to 

reduce the appearance of artefacts on the surface of the skull), we found that 

BCAS animals exhibited a 30% reduction in CBF compared to sham animals. 

These changes in CBF are demonstrated in representative images (Fig. 2.1E). No 

changes in short-term working memory were found in the Y-maze spontaneous 

alternation test at 1- and 3-months (Fig. 2.1F), and there was no difference in the 

total number of arm entries between groups (data not shown). Furthermore, we did 

not find a correlation between the frequency of spontaneous alternations and CBF 

(Fig. 2.1G). Combined, our results show that, despite a reduction in CBF at 3 

months post-surgery, BCAS did not induce deficits in working memory. 
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Figure 2.1 - BCAS causes a modest drop in CBF with no changes in working 
memory. 
Schematic diagram depicts the experimental design (A). Body weight was assessed 
throughout the study (B). Laser speckle contrast imaging was conducted at: Days 0 and 1, 
and at 1 and 3 months post-surgery. Relative CBF was quantified at days 0-30 (C) and at 
3 months (D). Flux values are presented as mean ± SEM (n=13-20). #P<0.05, sham vs 
BCAS at Day 1, determined using linear mixed effects models followed by Sidak-Holmes 
post hoc analysis. ****P<0.0001 sham vs BCAS, determined using an unpaired t-test. 
Representative images show laser speckle contrast imaging speckle patterns at different 
timepoints (E). Working memory was assessed at 1- and 3-months, using the Y-maze 
spontaneous alternation test (F); data are presented as mean ± SEM (n=13-20). The 
correlation between working memory vs CBF was also assessed (G). Solid lines indicate 
best-fit linear regression and the interrupted lines indicate the 95% confidence intervals. r2 

and p values are detailed in the figure. Individual points represent separate animals.  

 

 

 BCAS does not cause changes in tissue oxygenation  

As BCAS induced a modest reduction in CBF, we next assessed tissue 

oxygenation in both grey and white matter tissues via clinical markers of tissue 

oxygenation (Barker et al., 2014), MAG:PLP and VEGF (Fig. 2.2). In the white 

matter, MAG:PLP ratio (Fig. 2.2A) and VEGF levels (Fig. 2.2C) were not different 

between sham and BCAS animals. In addition, there were no correlations between 

MAG:PLP and CBF (Fig. 2.2B), or VEGF and CBF (Fig. 2.2D). Similarly, in the grey 

matter, no differences in MAG:PLP ratio (Fig. 2.2E) or VEGF levels (Fig. 2.2G) 

were found between sham and BCAS animals, and there were no correlations 

between MAG:PLP and CBF (Fig. 2.2F) or VEGF and CBF (Fig. 2.2H). These data 

suggest that the CBF reduction caused by BCAS at 3 months did not lead to a 

significant reduction in tissue oxygenation. 
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Figure 2.2 - BCAS does not cause a reduction in brain tissue oxygenation. 
Tissue oxygenation was assessed using MAG:PLP and VEGF levels in both the white (A-
D) and grey matter (E-H) . MAG:PLP (A & E) and VEGF (C & G) levels were determined 
by ELISA. Data are presented as mean ± SEM (n=6-7). Correlations between MAG:PLP 
vs CBF were assessed in white (B) and grey matter (F), and the correlations between 
VEGF vs CBF assessed in white (D) and grey matter (H). Solid lines indicate best-fit linear 
regression and the interrupted lines indicate the 95% confidence intervals. r2 and p values 
are detailed in the figure. Individual points represent separate animals. 
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 BCAS does not induce BBB disruption 

As BCAS did not cause a reduction in tissue oxygenation, we next assessed other 

pathological indicators of ischaemia. BBB disruption is a consequence of 

ischaemic brain damage, resulting in the leakage of blood serum proteins into the 

parenchyma and loss of pericytes. In this study we assessed BBB breakdown by 

analysing fibrinogen and PDGFR-β levels in the cortex at 3 months (Fig. 2.3). 

Fibrinogen levels were not significantly different between sham and BCAS animals 

(Fig. 2.3A), and no correlation was established between fibrinogen levels and CBF 

(Fig. 2.3B). A trend of increased PDGFR-β was observed in BCAS animals (Fig. 

2.3C); however, this did not reach statistical significance. Furthermore, there was 

no correlation between PDGFR-β and CBF (Fig. 2.3D). These data show that 

despite a modest CBF reduction at 3 months post-surgery, the BBB may not be 

disrupted in BCAS animals, suggesting that this model did not induce global brain 

ischaemia. 

             

 
Figure 2.3 - BCAS does not cause BBB breakdown at 3 months post-surgery. 
BBB breakdown in the grey matter was assessed by ELISA at 3 months. BBB disruption 
was assessed by fibrinogen (A), and PDGFR-β (C) levels. Data are presented as mean ± 
SEM (n=6-7). Correlations between fibrinogen vs CBF (B) and PDGFR-β vs CBF (D) were 
also determined. Solid lines indicate best-fit linear regression and the interrupted lines 
indicate the 95% confidence intervals. r2 and p values are detailed in the figure. Individual 
points represent separate animals. 
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 BCAS does not induce a microglia or astrocyte response 

As ischaemia induces an inflammatory response, we also assessed 

neuroinflammation in BCAS and sham mice. To assess spatial and temporal 

microglial activation, immunostaining for Iba1 was conducted. Representative 

images show uniform Iba1 staining in the cortex (Fig. 2.4A), hippocampus (Fig. 

2.4D) and internal capsule (Fig. 2.4G) at 1- and 3-months post-surgery. Iba1+ cells 

displayed ramified morphologies that are indicative of a resting state, and not the 

amoeboid morphology associated with activation (Karperien et al., 2013). 

Quantification of the frequency of Iba1+ cells in the cortex (Fig. 2.4B), hippocampus 

(Fig. 2.4E) and internal capsule (Fig. 2.4H) identified no differences between sham 

and BCAS animals at 1- or 3-months. A linear regression was performed to assess 

the correlation between CBF and the frequency of Iba1+ cells. However, there was 

no relationship between CBF and the frequency of Iba1+ cells in the cortex (Fig. 

2.4C), hippocampus (Fig. 2.4F) or internal capsule (Fig. 2.4I). We also investigated 

CD11b, a marker of microglia and macrophages by ELISA. No difference in CD11b 

levels in the cortex at 3 months was found between sham and BCAS animals (Fig. 

2.4J), and no correlation was established between CD11b and CBF (Fig. 2.4K).  

 

GFAP immunostaining was conducted to assess spatial and temporal astrocyte 

activation after BCAS. Representative images show minimal GFAP staining in the 

cortex (Fig. 2.5A), and uniform staining in the hippocampus (Fig. 2.5D) and internal 

capsule (Fig. 2.5G) at 1- and 3- months. Quantification of the frequency of GFAP+ 

cells in the cortex (Fig. 2.5B), hippocampus (Fig. 2.5E) and internal capsule 

(Fig. 2.5H) identified no differences between sham and BCAS animals at 1- or 3-

months. Linear regression was performed to assess the correlation between CBF 

and the frequency of GFAP+ cells. A significant correlation between CBF and the 

frequency of GFAP+ cells was established in the cortex (Fig. 2.5C). However, no 

relationship between CBF and the frequency of GFAP+ cells was found in the 

hippocampus (Fig. 2.5F) or internal capsule (Fig. 2.5I). Levels of GFAP in the 

cortex at 3 months were also assessed by ELISA. A trend of increased GFAP was 

observed in BCAS animals; however, this did not achieve statistical significance 

(Fig. 2.5J). Furthermore, there was no correlation between GFAP levels and CBF 

(Fig. 2.5K). Combined, these data imply that BCAS does not induce a 

neuroinflammatory response. In line with the tissue oxygenation and BBB 

disruption data, these data imply that BCAS did not induce global brain ischaemia. 
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Figure 2.4 - BCAS does not cause microglial activation at 1- or 3-months post-
surgery. 
Immunostaining for Iba1 was conducted and number of activated microglia were 
determined in 3 different regions: cortex (A-C), hippocampus (D-F) and internal capsule 
(G-I). Representative images show Iba1 staining from sham and BCAS animals at 1- and 
3-months in the cortex (A), hippocampus (D) and internal capsule (G). Scale bar = 200 µm. 
The frequency of Iba1-positive cells was quantified in the cortex (B), hippocampus (E) and 
internal capsule (H); data are presented as mean ± SEM (n=2-7). The correlation between 
the frequency of Iba1-positive cells vs CBF was assessed in the cortex (C), hippocampus 
(F) and internal capsule (I). Microglial activation was also assessed in the cortex at 3 
months by ELISA for CD11b (J); data are presented as mean ± SEM (n=6-7). The 
correlation between CD11b vs CBF (K) was also determined. Solid lines indicate best-fit 
linear regression and the interrupted lines indicate the 95% confidence intervals. r2 and p 
values are detailed in the figure. Individual points represent separate animals.  
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Figure 2.5 - BCAS does not cause astrocyte activation at 1- or 3- months post-
surgery. 
Immunostaining for GFAP was conducted and the number of astrocytes were determined 
in 3 different regions: cortex (A-C), hippocampus (D-F) and internal capsule (G-I). 
Representative images show GFAP staining from sham and BCAS animals at 1- and 3- 
months in the cortex (A), hippocampus (D) and internal capsule (G). Scale bar = 200 µm. 
The frequency of GFAP-positive cells was quantified in the cortex (B), hippocampus (E) 
and internal capsule (H); data are presented as mean ± SEM (n=3-7). The correlation 
between the frequency of GFAP-positive cells vs CBF was assessed in the cortex (C), 
hippocampus (F) and internal capsule (I). Astrocyte activation was also assessed by ELISA 
for GFAP in the cortex at 3 months (J); data are presented as mean ± SEM (n=6-7). The 
correlation between GFAP vs CBF (K) was also determined. Solid lines indicate best-fit 
linear regression and the interrupted lines indicate the 95% confidence intervals. r2 and p 
values are detailed in the figure. Individual points represent separate animals. *P<0.05.  
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 Discussion 

This study aimed to elaborate on previous studies using the BCAS model to induce 

global hypoperfusion, a key pathological process underlying SVD and dementia. 

Following surgical application of 0.18 mm microcoils to the common carotid 

arteries, we monitored the long-term changes in CBF and cognition. In addition, 

we characterised aspects of ischaemic pathology, with a focus on tissue 

oxygenation, BBB disruption, and neuroinflammation. 

 

Chronic cerebral hypoperfusion has been heavily associated with cognitive decline 

in dementia (Shi et al., 2016; De La Torre, 2017) and is often used as a predictive 

marker for dementia progression (Farkas et al., 2007). To model cerebral 

hypoperfusion experimentally, we used the murine BCAS model. Assessment of 

CBF in this model using LSCI or laser Doppler flowmetry has shown previously 

that CBF drops by 30-40% at Day 1, before partially recovering to 20% below 

baseline by 1 month (Shibata et al., 2004), and this does not return to baseline 

levels by 3 months (Nishio et al., 2010). A similar trend in CBF was detected using 

arterial spin labelling where CBF is reduced by 50% at Day 1 and slowly increases 

over 1 month, but never returns to baseline (Hattori et al., 2016; Boehm-Sturm et 

al., 2017). In the present study, we observed similar changes in CBF; a peak 

reduction at Day 1 and a gradual increase in CBF by 1 month. Whilst we observed 

similar trends in CBF over time, the magnitude in peak reduction differed from other 

reports. Previous studies have demonstrated a peak reduction in CBF of 40-50%, 

which is in stark contrast to our study where the drop in CBF was modest (~20% 

at Day 1). During the LSCI procedure, technical issues arose due to the 

development of calcified patches on the skull. To account for these confounding 

artefacts, a new LSCI approach was adopted to more accurately assess CBF at 3 

months. With this optimised protocol, we were able to detect a modest reduction 

in CBF compared with sham controls, in line with reports from other groups at this 

timepoint (Nishio et al., 2010). It is important to note that the data show a wide 

range of CBF values. It is well described that C57/B6 mice have large variability in 

the anatomy of the Circle of Willis. In a study by McColl et al (2004), only 10% of 

B6 mice were found to have a complete Circle of Willis, 60% were missing a single 

posterior communicating artery and 30% were missing both the left and the right 

single posterior communicating artery. This anatomical diversity may account for 

the CBF variability in our data; animals with an incomplete Circle of Willis will have 
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no compensatory flow mechanisms and experience more severe hypoperfusion. 

To take into account this variation in CBF, further pathological markers investigated 

in this study were assessed in relation to individual changes in CBF. 

 

The BCAS model has also been widely used to study cognitive impairments in 

response to global hypoperfusion. At early timepoints (1 month), working memory 

is impaired in the 8-arm radial maze (Shibata et al., 2007; Coltman et al., 2011; 

Hou et al., 2015) and Y-maze (Dong et al., 2011; Hou et al., 2015). Cognitive 

dysfunction advances with time, and deficits in reference memory develop by 6 

months in the Morris water maze (Holland et al., 2015) and at 8 months in the 

Barnes maze (Nishio et al., 2010). Working memory impairment may be 

attributable to frontal WMLs, whereas impairment in reference memory is largely 

associated with disruption of hippocampal integrity (Ihara and Tomimoto, 2011), 

with the observed impairments in cognition correlating with neuropathologic 

changes. One month post-surgery, WMLs are present in the corpus callosum, 

whilst no histological changes have been identified in the cerebral cortex or 

hippocampus (Shibata et al., 2004, 2007; Saggu et al., 2016). Six months post-

surgery, fluorodeoxyglucose positron emission tomography indicates hippocampal 

dysfunction with a decrease in hippocampal glucose utilisation (Nishio et al., 2010). 

These metabolic changes progress by 8 months, with pyknotic and apoptotic 

neurons being identified in the hippocampus and cerebral cortex (Nishio et al., 

2010). Despite other groups demonstrating a deficit in working memory via Y-

maze, the current study did not detect any impairment at 1- or 3-months after 

surgery. Furthermore, there was no relationship between CBF and Y-maze 

performance. These results suggest that the modest reduction in CBF observed 

was not severe enough to induce cognitive decline. 

 

It has previously been shown that MAG:PLP is a robust post-mortem marker of 

tissue hypoperfusion in AD and vascular dementia brains, in both white matter 

(Barker et al., 2013) and the cerebral cortex (Thomas et al., 2015; Miners et al., 

2016). Another post-mortem marker of hypoperfusion is VEGF, which has been 

shown to increase in the frontal cortex of AD brains (Thomas et al., 2015) and 

correlates positively with MAG:PLP (Barker et al., 2014; Thomas et al., 2015). In 

the current study, we sought to investigate these clinically validated markers of 

hypoperfusion to back-translate these indices into our preclinical models, ensuring 
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we are recreating translational pathology. No changes in MAG:PLP or VEGF were 

identified in either the white or grey matter, and there was no relationship between 

these markers and CBF. These results support our other findings that the reduction 

in CBF was not severe enough to induce tissue hypoxia. To further investigate 

whether BCAS induced tissue ischaemia, assessment of tissue levels of oxygen 

(pO2) could be assessed. Using this approach, Duncombe et al (2017) show that 

pO2 is significantly reduced in the corpus callosum of BCAS mice for up to 6 weeks. 

Previous work has shown that the BCAS model increases expression of hypoxia-

related genes in the white matter, 3 days after hypoperfusion (Reimer et al., 2011). 

An alternative method of determining whether BCAS induces pathologically 

hypoxic conditions is to investigate white matter damage. Indeed, white matter 

rarefaction and vacuolation had been reported in the initial characterisation of the 

model (Shibata et al., 2004), which has since been replicated (Holland et al., 2015), 

alongside loss of oligodendrocytes (McQueen et al., 2014). Subtle white matter 

pathology has also been detected by diffusion tensor imaging at 1 month (Holland 

et al., 2011) and is more pronounced at 6 months (Holland et al., 2015). These 

further analyses could also support our findings relating to working memory; if we 

do not identify WMLs, it would support the hypothesis that hypoperfusion did not 

induce hypoxia, axonal degeneration did not occur and memory was not impaired.  

 

BBB disruption is a key pathological feature which has been widely demonstrated 

in neurodegenerative diseases (Zlokovic, 2008), and has been proposed to drive 

WML progression in SVD (Wardlaw et al., 2003). Clinically, BBB damage has been 

widely demonstrated by either measurement of the cerebrospinal fluid (CSF)/blood 

albumin ratio or post-mortem histopathological analysis. Advances in live-imaging 

techniques have uncovered subtle increases in BBB permeability in patients with 

dementia (van de Haar et al., 2015), and increased BBB leakage within white 

matter hyperintensities (Wardlaw et al., 2017). Whilst multiple studies assessing 

the CSF/blood albumin ratio suggest that BBB permeability increases in dementia 

(Skoog et al., 1998; Wada, 1998; Taheri et al., 2011), they demonstrate that 

increased CSF/blood albumin does not related to amyloid pathology, but does 

relate to diabetes and brain microvascular damage (Janelidze et al., 2017). Post-

mortem analyses of the extravasation of serum proteins from the blood vessels 

into the brain classically assess the serum proteins, fibrinogen, albumin and IgG 

(Sengillo et al., 2013; Cortes-Canteli et al., 2015). A previous study that examined 
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fibrinogen levels in post-mortem AD brains showed an increase compared with 

controls, and an increase in fibrinogen levels was associated with increased 

cerebral amyloid angiopathy severity and end-stage disease in the Braak tangle 

stage (Miners et al., 2018). The authors also demonstrated that PDGFR-β levels 

decreased in AD brains and that this was associated with higher fibrinogen levels 

(Miners et al., 2018). To assess BBB breakdown in this study, we measured the 

levels of fibrinogen and PDGFR-β. We showed that BCAS did not alter levels of 

fibrinogen or PDGFR-β and that there was no relationship between CBF and 

fibrinogen or PDGFR-β. Previous studies have shown fibrinogen extravasation 

(Holland et al., 2015) and PDGFR-β loss (Liu et al., 2019) in response to BCAS; 

however, fibrinogen extravasation was observed at a later timepoint (6 months) 

(Holland et al., 2015), and PDGFR-β loss was observed acutely (Day 3) (Liu et al., 

2019). Other groups have reported extravasation of Evans blue dye (Roberts et 

al., 2018; Liu et al., 2019) and IgG (Seo et al., 2013; Liu et al., 2019) at early 

timepoints (3, 7, and 14 days). In essence, the majority of studies reporting BBB 

disruption demonstrate that it occurs early on, implying that it may not be observed 

at the 3-month timepoint investigated here. Studies have shown that hypoxia can 

modulate BBB permeability directly by modulating endothelial cell tight junction 

protein expression (Engelhardt et al., 2014), and indirectly by TGFβ signalling from 

oligodendrocyte precursor cells (Seo et al., 2014). Moreover, oligodendrocyte 

precursor cells have been shown to express matrix metallopeptidase (MMP)-9 in 

response to hypoperfusion, driving BBB leakage (Seo et al., 2013). Combined, our 

data suggests that a modest reduction in CBF did not induce tissue hypoxia and 

subsequent BBB permeability did not occur. 

 

It is hypothesised that following BBB disruption, the entry of blood serum proteins 

into the parenchyma further exacerbates hypoxia-induced damage by promoting 

an inflammatory response (Duncombe et al., 2017). The majority of clinical 

histopathological studies highlight that inflammation drives the development of 

white matter damage. Neuroinflammation is largely observed in WMLs around 

blood vessels (Akiguchi et al., 1997), where activated astrocytes and microglia 

(Simpson et al., 2007) express increased levels of cyclooxygenase-2 (Tomimoto 

et al., 2000) and MMPs (Rosenberg et al., 2001; Rosenberg, 2009). MMPs 

exacerbate damage and promote BBB breakdown through degradation of myelin 

protein and demyelination (Cammer et al., 1978; Chandler et al., 1995). Moreover, 
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transcriptomic analysis of post-mortem tissue from WMLs found that genes 

associated with immune regulation were significantly increased (Simpson et al., 

2009). Another key neuroinflammatory component identified in vascular dementia 

pathogenesis is oxidative stress (Iadecola, 2013; Gorelick et al., 2016). Aberrant 

proinflammatory signalling by angiotensin II (Marchesi et al., 2008) has been 

shown to upregulate NADPH oxidase and the subsequent production of harmful 

reactive oxygen species (Faraci, 2011). In the BCAS model, a plethora of 

inflammatory markers have been used to investigate neuroinflammation, including: 

increased number of microglia (Wakita et al., 1994; Shibata et al., 2004; McQueen 

et al., 2014; Holland et al., 2015; Hase et al., 2017; Manso et al., 2018) and 

astrocytes (Holland et al., 2015; Saggu et al., 2016); endothelial cell activation 

(Kitamura et al., 2017); leukocyte rolling (Yata et al., 2014); proinflammatory 

(TNFα, IL-1 and IL6) cytokine production (Reimer et al., 2011; Yuan et al., 2017); 

and MMP expression (Ihara et al., 2001; Nakaji et al., 2006). In this study, we did 

not observe a neuroinflammatory response to BCAS. There was no difference in 

Iba1 staining in the different regions of the brains at 1- or 3-months, no difference 

in CD11b, and no relationship between these markers and CBF changes. Similarly, 

no difference in GFAP staining in the different regions of the brains was found, 

although a relationship between CBF and GFAP was identified in the cortex. This 

finding would suggest that the animals that experienced severe hypoperfusion had 

an inflammatory astrocytic response. However, this appears to be contraindicated 

by a lack of a significant increase in GFAP levels by ELISA, although this may be 

due to differences in CBF between the two groups. A previous study reported an 

astrocyte and microglial response in the optic tract and corpus callosum, but not in 

the internal capsule (Sigfridsson et al., 2018). Therefore, further analysis of these 

regions which are sensitive to hypoperfusion may have identified a 

neuroinfammatory response. Combined, these results show that in this study, 

BCAS-induced hypoperfusion did not provoke a neuroinflammatory response. This 

supports the hypothesis whereby BCAS did not induce tissue hypoxia, which in 

turn did not cause BBB breakdown and a subsequent neuroinflammatory 

response. 
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In conclusion, we have not been able to replicate the BCAS-related pathology that 

has been reported in previous studies. Despite a modest reduction in CBF, there 

were no corresponding changes in cognition, tissue oxygenation, 

neuroinflammation, BBB breakdown, or white matter damage after BCAS. We 

postulate that the reduction in CBF was not severe enough to cause tissue hypoxia 

and induce hypoxia-related pathology, and tighter coils are required to achieve a 

pathological reduction in CBF. These data suggest further work is required to 

identify the magnitude in CBF reduction required to reliably induce ischaemic white 

matter damage (and consequently cognitive decline). Defining this threshold would 

ultimately reduce inter-laboratory variability and make the BCAS model more 

reproducible. 
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 Abstract 

During recovery, stroke patients are at risk of developing long-term complications 

that impact quality of life, including changes in body weight and composition, 

depression and anxiety, as well as an increased risk of subsequent vascular 

events. The aetiologies and time-course of these post-stroke complications have 

not been extensively studied, and are poorly understood. Therefore, we assessed 

long-term changes in body composition, metabolic markers and behaviour after 

middle cerebral artery occlusion in mice. These outcomes were also studied in the 

context of obesity, a common stroke comorbidity proposed to protect against post-

stroke weight loss in patients. We found that stroke induced long-term changes in 

body composition, characterised by a sustained loss of fat mass with a recovery of 

lean weight lost. These global changes in response to stroke were accompanied 

by an altered lipid profile (increased plasma free fatty acids and triglycerides) and 

increased adipokine release at 60 days. After stroke the liver also showed 

histological changes indicative of liver damage and a decrease in plasma alanine 

aminotransferase (ALT) was observed. Stroke induced depression and anxiety-like 

behaviours in mice, illustrated by deficits in exploration, nest building and 

burrowing behaviours. When initial infarct volumes were matched between mice 

with and without comorbid obesity, these outcomes were not drastically altered. 

Overall, we found that stroke induced long-term changes in depressive/anxiety-like 

behaviours, and changes in plasma lipids, adipokines and the liver that may impact 

negatively on future vascular health. 
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 Introduction 

Stroke is the leading cause of long-term disability in the UK, chiefly due to the 

devastating effects of ischaemic brain damage on the sensorimotor system. 

However, patients also develop other complications that have a negative impact 

on recovery and reduce their quality of life. In the days, weeks and months after 

stroke, patients are at increased risk of infections and develop complications such 

as changes in body weight and appetite, depression, fatigue, anxiety and/or 

cognitive impairment (Duncan et al., 2012; Ayerbe et al., 2013; Nakling et al., 2017; 

Shi et al., 2018). Stroke patients are also at an increased risk for future vascular 

events (Putaala et al., 2010; Boulanger et al., 2019). Very little is known about the 

underlying mechanisms involved in post-stroke complications but long-lasting 

changes in metabolism and energy balance are likely key (Scherbakov et al., 

2019).  

 

Weight loss in stroke patients is common and an important determinant of outcome 

(Jöonsson et al., 2008; Kim et al., 2015; Nii et al., 2016). During the acute phase 

of stroke, the nutritional status of patients worsens, resulting in malnutrition that 

interferes with the recovery of patients’ activities of daily living (Desai and 

Amraotkar, 2019; Sato et al., 2019). Approximately 20% of surviving patients may 

then develop tissue wasting (cachexia), characterised by loss of lean and fat tissue, 

with these patients showing poor functional recovery compared to nutritionally 

healthy patients (Scherbakov et al., 2019). Patients at high risk of malnutrition also 

have a high risk of mortality at 6 months post-stroke (Gomes et al., 2016), and 

malnutrition and low body weight are both then risk factors for further stroke 

recurrence (Olsen et al., 2008; Doehner et al., 2013; Andersen and Olsen, 2015; 

Wang et al., 2015). The reasons why patients experience weight loss after stroke 

are not entirely clear, but are thought to include reduction in food intake and 

increased catabolic drive. Stroke in mice can induce an acute whole body 

metabolic response that involves changes in lipids and adipokines in the liver, 

adipose tissue and plasma and which could impact on energy balance and weight 

control (Haley et al., 2017). Adipokines such as resistin and adiponectin are 

released from adipose tissue and early changes in both are reported in mice after 

stroke, suggesting disturbances in metabolic status. Adiponectin, resistin and lipids 

have also been linked to increased stroke risk in people (Gairolla et al., 2017; 

Opatrilova et al., 2018). However, whether these acute changes in lipolysis and 
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adipokines seen in experimental stroke are long lasting is unknown, but prolonged 

alterations in these physiological systems could potentially impact future vascular 

health.  

 

Conditions that affect metabolism, for example obesity and diabetes, increase the 

risk of stroke, and are thus common co-morbidities found in stroke patients 

(Ostwald et al., 2006; Karatepe et al., 2008; O’Donnell et al., 2010; Sandu et al., 

2015). These conditions may also affect the recovery from stroke, for example 

obesity worsens acute experimental stroke outcome (McColl et al., 2009; Maysami 

et al., 2015; Haley and Lawrence, 2016, 2017). In contrast to clinical studies that 

monitor patient recovery over several months, most of these studies in comorbid 

animals have focused on acute timepoints (e.g. 24-72h). In fact, some clinical 

studies suggest obesity may actually be beneficial for stroke recovery, the so-

called 'obesity paradox', which leads to reduced mortality in obese patients 

(Vemmos et al., 2011; Doehner et al., 2013). One proposed biological explanation 

for these epidemiological observations is that excess energy stores in obesity 

protect against post-stroke weight loss (Scherbakov et al., 2011), thus preventing 

the harmful effects of malnutrition on post-stroke recovery. However, whether 

obesity affects weight loss, lipids and adipokine release, and neurological recovery 

and behaviour after experimental stroke in the long-term is poorly understood.  

 

The aims of this study were to: (i) establish the effect of experimental stroke on 

depressive- and anxiety-like behaviours; long-term secondary complications 

commonly reported in stroke patients, and (ii) assess if stroke-induced prolonged 

changes in weight loss, and adipokine and lipid status. Additionally, we determined 

the impact of obesity on these outcomes.  

 

 

 

 

 

 

 



89 

 

 Materials and Methods 

 Animals  

Male C57BL/6J mice (Envigo) were used for all studies. All animals were housed 

in individually ventilated cages in standard housing conditions (temperature 21 ± 

2°C; humidity 55% ± 5%; 12-h light/12-h dark cycle), with access to food and water 

ad libitum. At 8 weeks of age, cages of mice were randomly assigned (using ‘rand()’ 

function of Microsoft Excel) to either a high-fat diet (named obese; 60% energy 

from fat, 58G9, Test Diets, supplied by IPS Product Supplies Ltd) or a low-fat diet 

(named control; 12% energy from fat, 58G7, Test Diets, IPS Product Supplies Ltd) 

for 26 weeks prior to surgery (Maysami et al., 2015). All experiments were 

conducted in accordance with the UK Animals (Scientific Procedures) Act 1986 

and approved by the local Animal Welfare and Ethical Review Board, University of 

Manchester, UK. All reporting of animal experiments complied with the ARRIVE 

guidelines (Animal Research: Reporting in In Vivo Experiments) (Kilkenny et al., 

2010). 

 

 Transient middle cerebral artery occlusion  

Transient middle cerebral artery occlusion (MCAo) was used to induce focal 

ischaemia in the left cerebral hemisphere using a protocol adapted from Longa et 

al (1989). Anaesthesia was induced with 4% isoflurane and maintained with 1.5% 

(30% O2 and 70% N2O). Core body temperature was monitored using a rectal 

probe and maintained at 37 ± 0.5°C with a homeothermic blanket (Harvard 

Apparatus). The left carotid arteries were exposed and a silicone-coated filament 

(coating 210 μm in diameter and 4-5 mm length, Doccol) was introduced into the 

external carotid artery and advanced along the internal carotid artery until 

occluding the origin of the middle cerebral artery. Successful MCAo was confirmed 

by a reduction in cerebral blood flow of at least 80% as measured using laser-

Doppler (Moor Instruments). High-fat diet (for 6 months) is known to worsen 

ischaemic damage in rodents after 30 min but not 20 min MCAo (Maysami et al., 

2015). As the severity of many outcome measures (e.g. post-stroke behavioural 

deficits) are likely to correlate with infarct volume the greater ischaemic damage 

seen after 30 min MCAo in obese high-fat fed mice could be a potential 

confounding factor. Therefore, to produce a similar volume of ischaemic damage 

between diet groups, the MCA was occluded for 20 min in obese mice (n = 10) and 

30 min in control mice (n = 19). To confirm that obese mice have poorer outcome, 
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as previously reported by Maysami et al (2012), a group of obese mice (n = 4) also 

underwent MCA for 30 min. After the respective occlusion times, the filament was 

removed to allow reperfusion and the wound sutured. Sham operated mice (n = 

10/diet group) underwent the same procedure, however once the filament had 

been inserted and advanced to the MCA it was immediately withdrawn. As we 

aimed to match infarct volumes between diet groups, and did not have a pilot data 

for animals recovered to 60 days, we had no pilot data on which to base power 

calculations. Therefore, a standardized effect size was used for the power analysis, 

using a Cohen’s d of 1.4. Using an alpha of 0.5 and a power of 0.8, we found 10 

animals per group would be required. However, additional animals were used in 

anticipation of drop-out over the 60-day recovery period due to the large infarcts 

expected. Due to the obese phenotype, blinding could not be performed during 

surgery, but all subsequent analyses were performed blinded to diet and surgery. 

To facilitate nutrition for the first 2 days post-MCAo, all animals were given access 

to a soft chow diet (Special Diets Services, BK001 E), in addition to their respective 

control and high-fat diets. Deficits in sensorimotor function were assessed using a 

28-point neuroscore on days 2, 7, 14 and 51 post-MCAo, modified from procedures 

described previously (Encarnacion et al., 2011) (full protocol described in Appendix 

2).  

 

Due to animals reaching humane endpoints for animal suffering (Percie du Sert et 

al., 2017), several animals were euthanised within 14 days of surgery, some of 

which were euthanised prior to undergoing magnetic resonance imaging (MRI) 

imaging; 8 control (of which 3 had no MRI scan on day 2), 5 obese mice (20 min 

MCAo) and 4 obese mice (30 min MCAo). One animal each from the control 30 

min and obese 20 min groups were excluded due to no stroke. No deaths or 

complications occurred in sham-operated animals. Final numbers were control 

sham n = 10, control MCAo/stroke n = 10, obese sham n = 10 and obese 

MCAo/stroke (20 min) n = 4, and are detailed in the figure legends.  

 

 Quantification of infarct volume/oedema/brain atrophy 

Infarct volume and oedema were quantified at 48 hours post-MCAo, and brain 

atrophy at day 50 post-surgery by MRI. Under isoflurane anaesthesia, MRI scans 

were taken with a 7T horizontal bore magnet (Agilent Technologies) interfaced to 

a BrukerAvance III console (Bruker Biospin) using a surface transmit-receive coil. 
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Coronal pilot images were acquired to determine the correct geometry and localise 

the brain (using a multi-scale gradient echo sequence). T2-weighted TurboRARE 

high resolution images were taken under the following parameters; matrix = 256 x 

256, slice thickness = 1 mm, interslice distance = 1 mm, resolution=0.0156 

cm/pixel, acquisition time = 5 min 51 sec. Infarct volume at 48 hours was calculated 

by measuring infarct area over 8 slices in ImageJ (NIH). Oedema was calculated 

as the percentage difference between the volumes of the ipsilateral and 

contralateral hemispheres. At day 50, atrophy was calculated as the percentage 

reduction in the volume of the ipsilateral hemisphere compared to the contralateral. 

Analyses of atrophy, infarct volume and oedema were all performed blinded to 

experimental groups by randomising file names. 

 

 Behavioural Phenotyping  

Depressive-like behaviours were assessed in all mice using the burrowing and nest 

building tests. For all tests a baseline measurement (day 0) was taken prior to 

surgery. Locomotor activity and measures of anxiety were assessed using the 

open field test. White noise was played throughout the tests to minimise auditory 

cues, and all testing (except nest building) was conducted during the light phase. 

  

 Burrowing  

Burrowing ability was assessed in all mice on days 0, 3, 14 and 30 as adapted from 

R Deacon (2006). Briefly, burrows were made from 20 cm piece of 68 mm diameter 

plastic downpipe with one end sealed, 2.5 cm machine screws were inserted at the 

other end to elevate the burrow 3 cm off the cage floor. Mice were habituated to 

the burrowing arena (an empty cage) for 30 min, before burrowing tubes, 

containing 700 g of gravel, were introduced and left for 1 h. After 1 hour burrows 

were removed and remaining gravel was weighed to calculate percentage 

burrowed.  

 

 Nest building 

Nest building ability was assessed in all mice on days 0, 3, 7, 14 and 30. Mice were 

individually housed with 140 g of wood chippings and 20 g of sizzle nest building 

material equally distributed throughout the cage, and food weighed. Mice were left 

overnight and images were taken of the nests from above and of the sides to 

determine depth and all mice returned to home cages. Nests were scored based 
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on Deacon’s standardized scale (Deacon, 2006), from 0-5. All images were blinded 

and scored by two independent markers, an average score was calculated and 

further analysed. The amount of food consumed (kCal) during the dark phase was 

also calculated.  

 

 Open field  

On day 37 mice were placed individually into the centre of a square opaque 

perspex box (45 cm x 30 cm x 45 cm) and their behaviour recorded for 5 min. 

Apparatus was cleaned with 70% ethanol between mice. Video recordings were 

analysed with Stoelting ANY-maze v4.9 software and for assessment of 

locomotion/activity the total distance (m) moved, average speed (m/sec), duration 

(sec) of mobile episodes were measured. For assessment of anxiety the time (sec) 

spent at the sides of the arena was measured and % time spent at the sides 

calculated.  

 

 Body Composition analysis. 

Body composition (adipose tissue and lean mass) was assessed by nuclear 

magnetic resonance imaging (EchoMRI, Echo Medical systems) at days 0, 1, 3, 5, 

7, 10, 14, 21, 42 and 49. Total body weight of animals was taken prior to scanning. 

Net loss (g) in total body weight and adipose and lean mass was calculated from 

day 0 (prior to stroke) and area under the curve (g x days) for all timepoints. 

 

 Tissue preparation and histology 

At day 60 post-surgery mice were terminally anaesthetised with 4-5% isoflurane 

(30% O2 and 70% N2O) and cardiac blood taken before transcardial perfusion with 

phosphate buffered saline (PBS). Plasma was obtained by centrifugation at 1200g 

for 10 min and epididymal fat removed and both were frozen and stored at -80oC. 

Animals were then transcardially perfused with 4% paraformaldehyde (PFA) and 

the brain and liver were immerse fixed in PFA for 48 h. The brain was sliced into 2 

mm thick sections using a metal brain matrix. Brain sections and the liver were 

embedded in paraffin wax using a Shadon Citadel 2000 tissue processor (Thermo 

Fisher Scientific) and subsequently sectioned into 5 µm sections using a Leica RM 

2155 Microtome (Leica Microsystems Ltd) and mounted on SuperFrost Plus slides 

(Thermo Fisher Scientific). Brain and livers were deparaffinised in xylene (followed 

by ethanol), stained with haemotaoxylin and eosin and coverslipped using DPX 
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mounting medium (Thermo Fisher Scientific). Hepatic steatosis (fatty vacuolation 

due to accumulation of lipid) and hepatocyte injury (ballooning degeneration and/or 

pale to clear cytoplasm) were semi-quantitatively graded using the criteria adapted 

from that previously described by Kleiner et al (2005). For each parameter, six 

random fields of view were evaluated using ImageJ (NIH) by an experimenter 

blinded to the groups by randomising file names. 

 

 Adipokine analysis 

Adipose tissue (from frozen epididymal fat) was homogenized in buffer (50 mM 

Tris-HCl, 150 mM NaCl, 5 mM CaCl2 and 0.02% NaN3) containing 1% Triton-X and 

protease inhibitor cocktail 1 (Calbiochem). 5 µL was added per mg of tissue sample 

(around 100 mg of tissue was used). Samples were then homogenised using a T-

10 Basic ULTRA-TURRAX homogeniser (IKA), briefly sonicated on ice with a 

hand-held probe sonicator (IKA) and left on ice for 30 min. Samples were 

centrifuged at 14,000 g for 30 min (4˚C). Supernatant was decanted and stored at 

-20˚C. Resistin, adiponectin and leptin in adipose tissue supernatant and plasma 

were analysed by enzyme-linked immunosorbent assay (ELISA; R&D Systems, 

DY1069, DY1119, DY498) according to the manufacturer’s instructions. Adipokine 

concentrations were determined by reference to the relevant standard curves. For 

adipose tissue protein concentration was assessed by a bicinchoninic protein 

assay (BCA; Pierce Biotechnology), and results expressed as pg or ng/mg protein. 

For plasma data are expressed as µg or ng/ml/g fat weight. 

 

 Lipid analysis and ALT assay 

Plasma levels of free fatty acids (FFAs; Zen-Bio Inc) and triglycerides (BioVision 

Inc) were measured (in mmol/l) using the relative assays according to the 

manufacturer’s instructions. Alanine aminotransferase (ALT) levels were 

measured in the plasma using a colorimetric activity assay kit (Cayman Chemical). 

 

 Data and statistical analyses 

Data are presented as mean ± standard deviation (SD), unless indicated. Equal 

variance and normality were assessed with the Brown-Forsythe and Shapiro–

Wilk test respectively and appropriate transformations were applied when 

necessary. For discrete data and data with non-normal distributions (neuroscore), 

generalised linear mixed modelling (GLMM) was used with mouse I.D. as the 



94 

 

random effect (Fournier et al., 2012; Bates et al., 2015; Skaug et al., 2016). The 

significance of inclusion of an independent variable or interaction terms were 

evaluated using log-likelihood ratio. Holm-Šidák post-hocs were then performed 

for pair-wise comparisons using the least square means (Lenth, 2016). Pearson 

residuals were evaluated graphically using predicted vs level plots. All analyses 

were performed using R (version 3.5.1). Linear mixed effects models were used 

to assess the effects of diet and stroke on depressive-like behaviour. The linear 

mixed model function “lme” (nlme v1.1-9) was used to estimate the effects of stroke 

and diet on outcome measures. All factors and interactions were modelled as fixed 

effects. A within-subject design with random intercepts and by-subject random 

slopes for all effects was used, aiming for a maximal random effects structure. 

Inclusion of fixed effect into the model were evaluated using the log-likelihood ratio 

test. Modelling was carried out using R (version 3.2.5). All other statistical 

analyses were performed using GraphPad Prism v6 (GraphPad Software Inc) 

using the appropriate tests (as detailed in the figure legends). p values < 0.05 were 

considered statistically significant.  
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 Results 

 Obese mice with the same infarct volume showed no difference in 

acute outcome  

Although obesity is a well-established risk factor for ischaemic stroke, it is more 

controversial as to whether obesity worsens outcome in patients. We have shown 

previously that with an occlusion time of 30 min, obesity (induced by high-fat 

feeding) increases ischaemic damage after experimental stroke in mice (Maysami 

et al., 2015) and here 30 min occlusion of the MCA also produced severe 

ischaemic damage and all mice (n = 4) had to be culled at day 2. To better model 

the clinical situation and avoid the confounding effect of differences in infarct 

volumes between groups, the MCA was occluded for 20 min in obese mice, 

compared to 30 min in control mice. There was no effect of sham surgery on 

survival in either diet group. There was no significant difference in survival between 

control mice undergoing a 30 min occlusion, and obese mice undergoing a 20 min 

occlusion (Fig. 3.1a). There was also no significant difference in infarct volume or 

stroke-induced oedema between groups as measured by MRI at day 2, either in 

all mice including those that died, or in survivors only (Fig. 3.1b,c). 

 

MRI imaging at day 2 (Fig. 3.1d) showed large infarcts present in both the striatum 

and cortex, and in some cases extending into the hippocampus and thalamus. At 

day 50, areas of hyperintensity on MRI were present predominantly in the outer 

cortical regions. On histological examination these regions were cerebral spinal 

fluid- (CSF) filled cavities devoid of brain tissue. Ventricular enlargement and 

ipsilateral hemisphere atrophy were also observed in both control and obese 

stroked animals, with no significant in atrophy difference between groups (Fig. 

3.1e). 

 

Sensorimotor function was assessed longitudinally using neuroscore. Deficits in 

both groups were observed up to 51 days post-stroke compared to sham animals 

(Fig. 3.1f). A significant effect of day (p < 0.001) was observed after stroke in 

control and obese mice indicating functional improvement (a reduction in 

neuroscore) over time. There was no effect of diet on neuroscore, and no 

interaction effect between diet and day. 
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Figure 3.1 - Obese mice with the same infarct volume showed no difference in 
outcome. 
C57BL/6J fed a control or high-fat (obese) diet for 6 months underwent middle cerebral 
artery occlusion (MCAo; 30 min for control, 20 min for obese). Percent survival over 60 
days (a). MRI imaging (T2 Turborare) was performed on all mice at day 2, and in survivors 
at day 50. Infarct volume (b) and oedema (c) were quantified on day 2 using MRI images 
(crossed symbols represent mice culled prior to d 50). Representative MRI scans for both 
control and obese mice illustrating ischaemic damage on day 2 and ipsilateral hemisphere 
atrophy on day 50 (d). Representative images for both timepoints are from the same mouse 
(scale bar = 0.38 cm). Atrophy in ipsilateral hemisphere was measured at day 50 from MRI 
scans (e). Neuroscore was measured at days 2, 7, 14 and 51 after surgery to assess 
sensorimotor deficits (f). Data are presented as mean ± SD (a, b, c, e) or median and 
interquartile range (f). For (b) and (c) n = 9-15 and (e) and (f) n = 4-10. Data were assessed 
using (a) a Log-rank (Mantel-Cox) test, (b) unpaired t-test, (c) and (e) one-sample t test 
with hypothetical value of 0 within a group (where ***p < 0.001) and unpaired t-test between 
groups, (f) generalised linear mixed effects modelling followed by Holm-Šidák post hoc 
analysis. 
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 Stroke disrupts spontaneous behaviours in mice 

Both nest building and burrowing are behaviours engaged by healthy mice without 

training, and so the loss of these behaviours can be used as indication of 

depressive-like behaviour. Stroke induced deficits in both nest-building (Fig. 3.2a) 

and burrowing (Fig. 3.2b). The stroke-induced deficit in nest building was 

detectable up to 14 days post-stroke, with a maximal reduction seen at 3 days. 

Mixed linear model analysis identified a main effect of stroke (χ1
2=7.076, p < 0.008), 

but no effect of diet, and no interaction between stroke and diet. Deficits in 

burrowing behaviour were observed at 3 days post-stroke compared to sham 

operated control mice. However, sham-operated obese mice also had significantly 

reduced burrowing behaviour at day 3. Mixed linear model analysis identified a 

main effect of both diet (χ1
2=5.094, p < 0.024) and stroke (χ1

2=4.563, p < 0.033). An 

interaction effect between stroke and diet was observed (χ1
2=5.011, p < 0.025), and 

between stroke and day (χ3
2=13.284, p < 0.004). 

 

To determine if there were any changes in locomotion or anxiety-like behaviours, 

open field analysis was performed on day 37. No effect of diet or stroke was 

detected on the total distance travelled, average speed, or time mobile (Fig. 3.3a-

c). A significant main effect of diet and stroke was observed on measures of anxiety 

(time spent in the sides of arena), with stroke increasing anxious behaviour (Fig. 

3.3d). No interaction effect between diet and stroke was observed on any 

parameters assessed. To assess working memory the Y-maze test was performed 

at day 14 and 45. No memory impairment was observed after stroke in either 

control or obese mice compared to sham (Fig. 3.S1). 
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Figure 3.2 - Stroke induces prolonged depressive-like behaviours. 
Depressive-like behaviours were assessed by nest building (a) and burrowing (b) on days: 
0, 3, 7, 14 and 30 (not day 7 for burrowing) post-stroke. Impaired nest building behaviour 
in control and obese mice was observed up to 14 days after stroke, and at day 3 for 
burrowing, when obese sham mice also showed a deficit. Data are presented as mean ± 
SD (n = 4-10). **p < 0.01 and ***p < 0.001 control sham versus control stroke; #p < 0.05 
and ###p < 0.001 obese sham versus obese stroke; $$p < 0.01 control sham versus obese 
sham. Statistical analysis was performed using a linear mixed effects models followed by 
Šidák-Holmes post hoc analysis. 
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Figure 3.3 - Stroke induces behaviours indicative of anxiety. 
Locomotor behaviour and measures of anxiety were assessed in the open field test on day 
37 and expressed for locomotion as (a) total distance moved, (b) average speed, (c) time 
mobile, and for anxiety (d) percentage of time spent at sides of arena. An increase in the 
amount of time spent at the sides of the arena, indicating anxiety, was seen after stroke in 
control and obese mice and also in obese mice after sham surgery. Data are presented as 
mean ± SD (n = 4-10). *p < 0.05 for a main effect of stroke and diet. Statistical analysis 
was performed using a two-way ANOVA followed by Tukey’s post hoc multiple 
comparisons test. 
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 Greater and prolonged adipose tissue loss in obese mice after 

stroke  

Before surgery (MCAo or sham), mice fed a high-fat diet had increased body 

weight and a higher percentage body fat but reduced lean mass (Table 3.1) 

compared to mice fed a control diet. After experimental stroke, both control and 

obese mice showed a prolonged loss of body weight compared to sham-operated 

mice (Fig. 3.4a,d, Table 3.1). However, body weight loss was significantly greater 

in obese mice. In both groups, post-stroke weight loss was primarily due to a 

reduction in adipose tissue mass, with obese mice losing significantly more 

adipose tissue (Fig. 3.4b,e). In comparison, lean mass reduced only transiently in 

both stroke groups, and the extent of the loss was similar between control and 

obese mice (Fig. 3.4c,f). In neither group did infarct volume correlate with weight 

loss (Fig. 3.4g). At day 14 when weight loss reached a nadir after stroke, overnight 

food intake was significantly greater compared to baseline (day 0) in both control-

fed sham and stroke mice, but no difference was seen between day 0 and 14 in 

obese mice (Fig. 3.4h).  

 

Table 3.1 - Body composition before and after stroke. 

 

 Control Obese 

 Sham Stroke Sham Stroke 

Initial     

Body weight 34.5 ± 5.8 34.0 ± 1.9 49.4 ± 1.7### 50.1 ± 3.9### 

% fat 27.6 ± 13.2 28.5 ± 4.0 43.2 ± 2.2### 43.1 ± 3.2# 

% lean 67.6 ± 12.2 67.3 ± 2.9 53.9 ± 2.2### 52.6 ± 1.9## 

Final     

Body weight 35.4 ± 5.7 28.9 ± 1.5* 47.6 ± 4.4### 34.9 ± 8.5*** 

% fat 27.7 ± 11.0 11.3 ± 5.0*** 35.6 ± 5.3 19.5 ± 8.9** 

% lean 70.9 ± 8.7 79.9 ± 8.7 61.3 ± 4.5# 78.5 ± 9.3** 

 

Mice were kept on a control diet or a high-fat diet (obese) for 6 months. Middle cerebral 
artery occlusion (MCAO; 30 min for control and 20 min for obese) to induce stroke, or sham 
surgery was performed. Body weight, and % fat and lean tissue were assessed before and 
at day 50 after surgery by EchoMRI. Data are shown as mean values ± S.D. (n = 4-
10/group). Statistical analysis was performed using a two-way ANOVA followed by Tukey’s 
post hoc multiple comparisons test. *p < 0.05, **p < 0.01, ***p < 0.001 versus surgery 
control on same diet and #p < 0.05, ##p < 0.01, ###p < 0.001 versus control diet for same 
surgery. 
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Figure 3.4 - Stroke induced a prolonged reduction in adipose tissue mass. 
Net change in body weight (a), adipose/fat mass (b) and lean mass (c) in grams were 
measured at baseline and days 1, 3, 5, 7, 10, 14, 21, 42 and 49 after stroke. Fat and lean 
masses were determined by EchoMRI. Area under the curve was calculated for net change 
(d-f). A prolonged decrease in body weight due to loss of fat mass was observed in control 
and obese mice after stroke with greater loss in obese mice. Stroke induced a transient 
loss of lean mass in control and obese mice. No correlation was seen between body weight 
loss and infarct volume in control or obese mice (g). Overnight food intake on day 14 
relative to food intake prior to surgery (day 0) (h) was significantly increased in control but 
not obese groups. Data are shown as mean values ± SD (n = 4-10/group). For AUC data, 
all groups were compared with a two-way ANOVA followed by Tukey’s post hoc multiple 
comparisons test, where *p < 0.05, **p < 0.01, ***p < 0.001. Difference in food intake was 
compared to a hypothetical mean of 0 by one-sample t-test (where *p < 0.05). Correlation 
in (g) was performed using a linear regression. 
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 Stroke induces a prolonged change in adipokine production 

In mice fed a control diet, stroke induced significant alterations in adipokine 

production at 60 days post-stroke (Fig. 3.5). Resistin concentrations were 

significantly increased after stroke in the adipose tissue (Fig. 3.5a) and plasma 

(Fig. 3.5b), and adiponectin concentrations were increased in the plasma (Fig. 

3.5c). Leptin concentrations were unaffected by stroke (Fig. 3.5c,f). The adipokine-

response to stroke was similar in obese mice, though some differential effects were 

observed. For example, stroke did not induce a significant increase in resistin in 

the adipose tissue in obese mice. There was no significant correlation between the 

extent of weight loss and plasma adipokine levels after stroke in control or obese 

mice (adiponectin; control r2 = 0.09, obese r2 = 0.32: resistin; control r2 = 0.19, 

obese r2 = 0.29: leptin; control r2 = 0.0002, obese r2 = 0.35). Obesity by itself (in 

the absence of stroke) also affected adipokine production. Sham-operated obese 

mice had decreased resistin and adiponectin concentrations in the adipose tissue 

and plasma, and increased concentrations of leptin in adipose tissue.  

 

 

 

 

 
 
 
 



103 

 

Figure 3.5 - Stroke induces a prolonged change in adipokine production. 
White adipose tissue (epididymal, a,c,e) and plasma (b,d,f) was taken 60 days post-stroke 
and resistin (a-b), adiponectin (c-d) and leptin (e-f) levels assessed by ELISA. In control 
mice, stroke resulted in an increase in resistin in the adipose tissue and plasma, and an 
increase in plasma adiponectin. An increase in plasma resistin and adiponectin was also 
seen after stroke in obese mice. Adipose tissue concentrations were normalised to 
microgram of total protein from BCA assay and plasma concentrations normalised to total 
adipose mass. Data are presented as mean ± SD (n = 4-10). *p < 0.05, **p < 0.01 and ***p 
< 0.001. Statistical analysis was performed using two-way ANOVA followed by Tukey’s 
post hoc multiple comparisons test. 
 
 

 Stroke induces a prolonged change in plasma lipids and induces 

liver function 

In mice fed a control diet, at 60 days after stroke there was a significant increase 

in plasma free fatty acids and triglycerides (Fig. 3.6a,b). This effect was not seen 

in obese mice, though sham-operated obese mice had higher plasma triglycerides 

concentrations. In response to stroke in either control or obese mice there was no 

significant correlation between weight loss and plasma free fatty acids (control r2 = 

0.00002, obese r2 = 0.26) or triglycerides (control r2 = 0.05, obese r2 = 0.19). 

 

Increases in liver triglycerides have previously been reported 24 hours after stroke 

in mice. Livers were therefore taken at day 60 and assessed histologically. Liver 

steatosis was observed in sham-operated obese mice, though this effect was lost 

in obese mice undergoing experimental stroke (Fig. 3.6c,e). Stroke had no effect 

on liver steatosis in control-fed mice. Hepatocyte injury was also measured using 

a scoring system, with damaged hepatocytes being identified by their partial or 

complete loss of cytoplasm, and condensed or swollen nuclei (Fig. 3.6d,e). Stroke 

induced significant hepatocyte damage in mice fed a control diet, though significant 

hepatocyte damage was already observed in sham-operated obese mice, and so 

stroke did not further increase hepatocyte damage in obese mice. ALT was 

measured as an indicator of liver function and was lower in both control and obese 

mice after a stroke compared to sham groups (Fig. 3.6f).  
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Figure 3.6 - Stroke induces a prolonged increase in plasma lipids and change in liver 
pathology and function. 
At 60 day post-stroke, free fatty acids (a) and triglycerides (b) were assessed in the plasma. 
Liver steatosis and injury were assessed semi-quantitatively in tissue sections (c & d). 
Representative images of liver (e) showing steatosis (accumulation of fat) in obese mice 
(asterisks), and liver injury (ballooning of hepatocytes and/or pale to clear cytoplasm; arrow 
heads) in obese mice, and in control-fed mice. Scale bar 100µm. Plasma ALT levels (f). In 
control mice, stroke led to an increase in plasma free fatty acids and triglycerides, a 
decrease in ALT, and caused a change in liver pathology/injury. Raised triglycerides, liver 
injury and lower ALT were observed in obese mice after sham or stroke surgery, while liver 
steatosis seen in obese sham mice was reduced after stroke. Data are presented as mean 
± SD (a, b, f) or median and interquartile range (c, d). (n = 4-10). *p < 0.05 and **p < 0.01. 
Statistical analysis was performed using two-way ANOVA followed by Tukey’s post hoc 
multiple comparisons test for (a, b, f) and a non-parametric Kruskal-Wallis test followed by 
Dunn’s test for multiple comparisons for (c, d). 
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 Discussion 

Here we monitored the long-term metabolic and behavioural effects of stroke, and 

the impact of the co-morbidity obesity and demonstrate in control male mice long-

lasting changes that could indicate a risk for future vascular health.  

 

Stroke patients commonly develop depression and anxiety, which are barriers to 

recovery and rehabilitation (Duncan et al., 2012; Ayerbe et al., 2013; Nakling et al., 

2017). Here, experimental stroke in mice induced prolonged changes in 

behaviours that were measures of sickness behaviour, depression and anxiety. 

Both nest building and burrowing behaviours were disrupted, two tests that exploit 

natural rodent behaviours, which could also be surrogate markers for activities of 

daily living. Burrowing behaviour has classically been employed as a measure of 

sickness behaviour in mouse models of systemic inflammation and prion disease 

(Deacon et al., 2001; Teeling et al., 2007), but has also been suggested to measure 

attention and executive function (Deacon et al., 2008). Nest building, a complex 

goal-directed behaviour, has previously been used in models of schizophrenia to 

study negative symptoms including impaired attention (Takao et al., 2013; 

Pedersen et al., 2014). The reasons that patients develop depression are complex 

and poorly understood, though inflammation has been hypothesised to play a role 

(Becker, 2016). Inflammation is well understood to drive sickness behaviour in 

rodents, which seems phenotypically similar to depression, involving decreased 

concentration, fatigue and anhedonia (Maes et al., 2012). Prolonged anxiety was 

also seen after stroke, as mice spent more time at the sides of an open arena 

compared to the centre. It is unlikely that impairment in motor activity contributed 

solely to these behavioural changes (especially nest building and burrowing) after 

stroke as no changes in the distance moved or speed were observed in the open 

field test. Furthermore, we observed no deficits in nest building and burrowing at 

day 30 when there was still an impairment in sensorimotor function assessed using 

neuroscore. Some behaviours including burrowing have been proposed to be 

affected by repeated anaesthesia in healthy mice (Hohlbaum et al., 2017). 

However, in the latter study burrowing was assessed 30 min post-anaesthesia 

compared to at least 24 hours here. Burrowing was not impaired in control mice 

after sham surgery, thus making it unlikely that anaesthesia contributed to the 

burrowing deficits in the present study. Collectively therefore, by using these tests, 
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we have demonstrated that experimental stroke induced long-lasting changes in 

behaviour that were relevant to those seen in stroke patients. 

 

Weight loss and malnutrition are frequently observed in patients with stroke, and 

are associated with poor outcome (Jöonsson et al., 2008; Kim et al., 2015; Nii et 

al., 2016; Scherbakov et al., 2019). It was originally thought that weight loss is due 

primarily to a reduction in lean mass, in particular muscle wasting (sarcopenia) 

(Scherbakov et al., 2015) but recent work also demonstrates loss of fat mass 

(Scherbakov et al., 2019). Weight loss and reduction in muscle mass (examined 

ex vivo) have also been reported in rodents up to 7 days after experimental stroke 

(Choe et al., 2004; Chang et al., 2010; Springer et al., 2014; Desgeorges et al., 

2015). These changes in muscle mass appear to be transient as no differences 

were observed between 2-14 weeks (Ansved et al., 1996; Abo et al., 2004). Here, 

we comprehensively assessed the impact of stroke on body composition in vivo up 

to 49 days post-stroke, observing a prolonged reduction in body weight that was 

due to a loss of fat mass. Lean mass was also lost, but returned to pre-surgery 

levels by 21 days. The reason for this dramatic and prolonged weight loss after 

stroke is unclear and could involve several mechanisms, including reduced food 

intake and/or raised energy expenditure, possibly via the action of inflammatory 

mediators. Acute weight loss after experimental stroke can correlate positively with 

ischaemic damage (Scherbakov et al., 2011; Cai et al., 2015), although this 

correlation is not always observed (Haley et al., 2017). Here, the degree of weight 

loss over 49 days did not directly correlate with initial damage at 48 h, suggesting 

that post-stroke weight loss may be caused by factors secondary to the initial injury, 

and develop during recovery. Experimental models of stroke involving permanent 

external carotid ligation have been proposed to cause feeding difficulties that result 

in weight loss (Trueman et al., 2011; Trotman-Lucas et al., 2017). Although food 

intake is likely to be reduced in the initial few days after stroke, we observed that 

when weight loss was maximal (day 14), food intake was not different (in obese) 

or increased (in controls) compared to pre-surgery, which is in agreement with 

others showing no reduction in food intake 7 days after stroke in mice (Springer et 

al., 2014). Furthermore, weight loss was significantly less in sham-operated mice 

(compared to stroke) in which external carotid ligation was also performed. 
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The long-term reduction in body fat we observed after experimental stroke was 

also accompanied by changes in lipid metabolism. This effect was most 

pronounced in non-obese animals, which showed increases in plasma free fatty 

acids and triglycerides. Non-obese animals also had higher plasma concentrations 

of resistin and adiponectin after stroke. It is unlikely that weight loss alone caused 

these changes as there was no correlation between the severity of weight loss and 

plasma levels of these factors. In addition, healthy weight loss is typically 

associated with a reduction in plasma free fatty acids and triglycerides. 

Experimental stroke has been previously shown to acutely affect peripheral lipid 

metabolism, potentially through the release of inflammatory mediators that can 

promote a catabolic state (Haley et al., 2017), and can also exacerbate 

atherosclerosis (Roth et al., 2018). Together, these findings of lipid and adipokine 

disturbance here suggest that experimental stroke in non-obese mice resulted in 

long-lasting changes in metabolism, potentially originating in the adipose tissue. 

Changes in plasma adipokines and lipids in patients after stroke have been studied 

poorly, but a few studies report early increases in resistin and triglycerides 

(Kochanowski et al., 2012; Perovic et al., 2016, 2017). Whether these factors in 

patients are high prior to stroke, and/or if they remain elevated more chronically is 

unknown. Stroke patients are at an increased risk of future vascular events, but it 

is not fully understood why (Putaala et al., 2010; Boulanger et al., 2019). However, 

altered blood lipids (Yaghi and Elkind, 2015), increased plasma resistin (Opatrilova 

et al., 2018) and changes in adiponectin (Hao et al., 2013) have been reported as 

risk factors for stroke. Similarly, being underweight is a risk factor for stroke, and 

for poor stroke outcome (Olsen et al., 2008; Doehner et al., 2013; Andersen and 

Olsen, 2015; Wang et al., 2015). Therefore, prolonged weight loss after stroke may 

result in a lipid and adipokine profile that increases the risk of further vascular 

events. 

 

After stroke, non-obese animals also showed prolonged liver histological changes 

suggestive of liver injury. Previous work has indicated liver damage and hepatocyte 

apoptosis after stroke in high-fat fed rats, but only an acute timepoint (24 h) was 

studied (Gong et al., 2012). Liver damage is also reported in other experimental 

models of injury including heart failure (Shaqura et al., 2017). Within in the first 24 

hours after stroke in rodents an increase in chemokine and cytokine expression is 

observed in the liver, which is accompanied by infiltration of neutrophils that could 
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potentially initiate damage (Gong et al., 2012; Wang et al., 2014; Maysami et al., 

2015; Haley et al., 2017). An increase in liver triglyceride content is also seen 24 

hours after stroke in mice (Haley et al., 2017). It is not known if liver triglyceride 

levels are chronically elevated in the present study, but this is unlikely as there was 

no increase in liver steatosis after stroke when assessed histologically. Liver 

damage is usually accompanied by an increase in plasma ALT, and raised plasma 

ALT have been reported between 3-24 hours after stroke in rats (Yang et al., 2003; 

Wang et al., 2014). In contrast here, plasma ALT levels were lower 60 days after 

stroke compared to sham. However, low ALT blood levels have been shown to be 

a marker of frailty and be associated with increased risk of mortality and poorer 

long-term outcome in the middle-aged and elderly, and patients with ischaemic 

heart disease (Elinav et al., 2006; Ramaty et al., 2014; Ramati et al., 2015; Peltz-

Sinvani et al., 2016; Edvardsson et al., 2018; Kogan et al., 2018). To our 

knowledge, chronic liver function has not been studied in ischaemic stroke 

patients, but liver disease is a co-morbidity and risk factor for stroke (Kim et al., 

2017; Zhang et al., 2018) and lower ALT at admission is a predictor of poor 

outcome at 3 months (Gao et al., 2017). Thus overall, these data suggest that 

experimental stroke induced a prolonged change in liver function, but whether this 

has a long-term consequence on health remains to be determined.  

 

Obese rodents have greater infarcts after experimental stroke (McColl et al., 2009; 

Maysami et al., 2015; Haley and Lawrence, 2017). As the extent of ischaemic 

damage is the most important determinant of acute sensory and motor outcomes, 

it is also likely a key determinant of the longer-term outcomes studied here. 

Therefore, to model the clinical situation in which obese patients often do not have 

worse initial ischaemic injury and outcome (Dehlendorff et al., 2014; Seet et al., 

2014), we used different MCA occlusion times in our control and high-fat fed groups 

to match initial ischaemic damage. Indeed, there was no significant difference in 

infarct volume at 48 hours or long-term survival up to 60 days. Furthermore, there 

was also no influence of obesity on the extent of odema, brain atrophy, physical 

impairment (when assessed by neuroscore) or depressive and anxiety-like 

symptoms. In contrast to the experimental studies, some clinical studies report an 

‘obesity paradox’ where obese stroke patients have reduced mortality and 

morbidity. A hypothesised biological explanation for the ‘obesity paradox’ is that 

the greater metabolic reserves found in obese stroke patients protect them from 
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severe weight loss, especially loss of lean tissue (Scherbakov et al., 2011; Haley 

and Lawrence, 2016). In the present study, we found that obese mice had a greater 

reduction in fat mass after stroke compared to control mice. This could be partly 

due to food intake, as food intake was not increased after stroke (at day 14) in 

obese mice, and without a positive calorie balance the lost weight will not be 

regained. Enhanced weight loss in obese mice may also be driven by inflammatory 

cytokines that promote an enhanced anorexic response and/or raised metabolic 

rate. Increases in inflammatory cytokines are observed in obese mice after stroke 

in the plasma, liver and adipose tissue (Maysami et al., 2015; Haley et al., 2017). 

Obese mice also show an enhanced anorectic response to lipopolysaccharide, 

which causes a greater and more prolonged reduction in food intake and body 

weight (Lawrence et al., 2012). Besides losing more adipose weight after stroke, 

obese mice showed an altered long-term disturbance in lipids and adipokines 

compared to control mice, likely as obesity per se resulted in metabolic 

abnormalities (e.g. increased plasma lipids), which were similar to those found 

after stroke in control mice. Together, these data suggest that obesity did not offer 

protection against weight loss after experimental stroke or affect long-term 

behavioural changes.  

 

In summary, stroke patients commonly develop secondary complications in the 

weeks and months after stroke that negatively affect their recovery and quality of 

life. However, these complications are not well studied preclinically, and their 

mechanisms are poorly understood. Here, we identified new behavioural tools to 

assess secondary complications of stroke such as depression. We also were the 

first to observe long-term effects of stroke on metabolic markers. Specifically, our 

data demonstrate that in both obese and control mice, lean mass is only transiently 

reduced after stroke, whereas we observed a long-term effect on fat mass. This 

reduction in fat mass in control mice was accompanied by changes in adipokines 

and lipids, and potential changes in liver function. Future work should determine if 

these findings in male mice are also seen in females, and how they translate to 

stroke patients. However, these data suggest stroke causes a lasting effect on 

metabolism that could contribute to the increased risk of recurrent vascular events 

seen in stroke patients. 

 



111 

 

 References 

Abo, M., Miyano, S., Eun, S. S. and Yamauchi, H. (2004). Histochemical characterization of skeletal 
muscles in rats with photochemically-induced stroke. Brain Injury, 18(10), 1017–1024. 

Andersen, K. K. and Olsen, T. S. (2015). The obesity paradox in stroke: Lower mortality and lower 
risk of readmission for recurrent stroke in obese stroke patients. International Journal of Stroke, 10(1), 

99–104. 

Ansved, T., Ohlsson, A. L., Jakobsson, F. and Johansson, B. B. (1996). Enzyme-histochemical and 
morphological characteristics of fast- and slow-twitch skeletal muscle after brain infarction in the rat. 
Journal of the neurological sciences, 144(1–2), 14–20. 

Ayerbe, L., Ayis, S., Wolfe, C. D. A. and Rudd, A. G. (2013). Natural history, predictors and outcomes 
of depression after stroke: Systematic review and meta-analysis. British Journal of Psychiatry, 202(1), 
14–21. 

Bates, D., Mächler, M., Bolker, B. and Walker, S. (2015). Fitting Linear Mixed-Effects Models Using 
lme4. Journal of Statistical Software, 67(1), 1–48. 

Becker, K. J. (2016). Inflammation and the Silent Sequelae of Stroke. Neurotherapeutics, 13(4), 801–
810. 

Boulanger, M., Li, L., Lyons, S., Lovett, N. G., Kubiak, M. M., Silver, L., Touzé, E. and Rothwell, P. 
M. (2019). Effect of coexisting vascular disease on long-term risk of recurrent events after TIA or 
stroke. Neurology, 93(7), e695–e707. 

Cai, L., Geng, X., Hussain, M., Liu, Z., Gao, Z., Liu, S., Du, H., Ji, X. and Ding, Y. (2015). Weight 
loss: Indication of brain damage and effect of combined normobaric oxygen and ethanol therapy after 
stroke. Neurological Research, 37(5), 441–446. 

Chang, H.-C., Yang, Y.-R., Wang, P. S., Kuo, C.-H. and Wang, R.-Y. (2010). Effects of insulin-like 
growth factor 1 on muscle atrophy and motor function in rats with brain ischemia. The Chinese Journal 
of Physiology, 53(5), 337–48. 

Choe, M. A., Gyeong, J. A., Lee, Y. K., Ji, H. I., Choi-Kwon, S. and Heitkemper, M. (2004). Effect of 
inactivity and undernutrition after acute ischemic stroke in a rat hindlimb muscle model. Nursing 
Research, 53(5), 283–292. 

Deacon, R. M. (2006). Assessing nest building in mice. Nature Protocols, 1(3), 1117–1119. 

Deacon, R. M. J. (2006). Burrowing in rodents: a sensitive method for detecting behavioral 
dysfunction. Nature Protocols, 1(1), 118–121. 

Deacon, R. M. J., Cholerton, L. L., Talbot, K., Nair-Roberts, R. G., Sanderson, D. J., Romberg, C., 
Koros, E., Bornemann, K. D. and Rawlins, J. N. P. (2008). Age-dependent and -independent 
behavioral deficits in Tg2576 mice. Behavioural Brain Research, 189(1), 126–138. 

Deacon, R. M. J., Raley, J. M., Perry, V. H. and Rawlins, J. N. P. (2001). Burrowing into prion disease. 
NeuroReport, 12(9), 2053–2057. 

Dehlendorff, C., Andersen, K. K. and Olsen, T. S. (2014). Body mass index and death by stroke no 
obesity paradox. JAMA Neurology, 71(8), 978–984. 

Desai, R. and Amraotkar, A. R. (2019). Relationship of Malnutrition during Hospitalization with 
Functional Recovery and Postdischarge Destination in Elderly Stroke Patients. Journal of Stroke and 
Cerebrovascular Diseases, 28(12), 104347. 

Desgeorges, M. M., Devillard, X., Toutain, J., Divoux, D., Castells, J., Bernaudin, M., Touzani, O. and 
Freyssenet, D. G. (2015). Molecular Mechanisms of Skeletal Muscle Atrophy in a Mouse Model of 
Cerebral Ischemia. Stroke, 46(6), 1673–1680. 

Doehner, W., Schenkel, J., Anker, S. D., Springer, J. and Audebert, H. (2013). Overweight and 
obesity are associated with improved survival, functional outcome, and stroke recurrence after acute 
stroke or transient ischaemic attack: Observations from the tempis trial. European Heart Journal, 
34(4), 268–277. 

Duncan, F., Wu, S. and Mead, G. E. (2012). Frequency and natural history of fatigue after stroke: A 
systematic review of longitudinal studies. Journal of Psychosomatic Research, 73(1), 18–27. 

 



112 

 

Edvardsson, M., Sund-Levander, M., Milberg, A., Wressle, E., Marcusson, J. and Grodzinsky, E. 
(2018). Differences in levels of albumin, ALT, AST, γ-GT and creatinine in frail, moderately healthy 
and healthy elderly individuals. Clinical Chemistry and Laboratory Medicine, 56(3), 471–478. 

Elinav, E., Ackerman, Z., Maaravi, Y., Ben-Dov, I. Z., Ein-Mor, E. and Stessman, J. (2006). Low 
alanine aminotransferase activity in older people is associated with greater long-term mortality. 
Journal of the American Geriatrics Society, 54(11), 1719–1724. 

Encarnacion, A., Horie, N., Keren-Gill, H., Bliss, T. M., Steinberg, G. K. and Shamloo, M. (2011). 
Long-term behavioral assessment of function in an experimental model for ischemic stroke. J 
Neurosci Methods, 196(2), 247–257. 

Fournier, D. A., Skaug, H. J., Ancheta, J., Ianelli, J., Magnusson, A., Maunder, M. N., Nielsen, A. and 
Sibert, J. (2012). AD Model Builder: Using automatic differentiation for statistical inference of highly 
parameterized complex nonlinear models. Optimization Methods and Software, 27(2), 233–249. 

Gairolla, J., Kler, R., Modi, M. and Khurana, D. (2017). Leptin and adiponectin: Pathophysiological 
role and possible therapeutic target of inflammation in ischemic stroke. Reviews in the 
Neurosciences, 28(3), 295–306. 

Gao, F., Chen, C., Lu, J., Zheng, J., Ma, X. C., Yuan, X. Y., Huo, K. and Han, J. F. (2017). De Ritis 
ratio (AST/ALT) as an independent predictor of poor outcome in patients with acute ischemic stroke. 
Neuropsychiatric Disease and Treatment, 13(1), 1551–1557. 

Gomes, F., Emery, P. W. and Weekes, C. E. (2016). Risk of Malnutrition Is an Independent Predictor 
of Mortality, Length of Hospital Stay, and Hospitalization Costs in Stroke Patients. Journal of Stroke 
and Cerebrovascular Diseases, 25(4), 799–806. 

Gong, W. H., Zheng, W. X., Wang, J., Chen, S. H., Pang, B., Hu, X. M. and Cao, X. L. (2012). 
Coexistence of hyperlipidemia and acute cerebral ischemia/reperfusion induces severe liver damage 
in a rat model. World Journal of Gastroenterology, 18(35), 4934–4943. 

Haley, M. J. and Lawrence, C. B. (2016). Obesity and stroke: Can we translate from rodents to 
patients? Journal of Cerebral Blood Flow & Metabolism, 36(12), 2007–2021. 

Haley, M. J. and Lawrence, C. B. (2017). The blood-brain barrier after stroke: Structural studies and 
the role of transcytotic vesicles. Journal of Cerebral Blood Flow & Metabolism, 37(2), 456–470. 

Haley, M. J., Mullard, G., Hollywood, K. A., Cooper, G. J., Dunn, W. B. and Lawrence, C. B. (2017). 
Adipose tissue and metabolic and inflammatory responses to stroke are altered in obese mice. 
Disease Models and Mechanisms, 10(10), 1229–1243. 

Hao, G., Li, W., Guo, R., Yang, J. G., Wang, Y., Tian, Y., Liu, M. Y., Peng, Y. G. and Wang, Z. W. 
(2013). Serum total adiponectin level and the risk of cardiovascular disease in general population: A 
meta-analysis of 17 prospective studies. Atherosclerosis, 228(1), 29–35. 

Hohlbaum, K., Bert, B., Dietze, S., Palme, R., Fink, H. and Thöne-Reineke, C. (2017). Severity 
classification of repeated isoflurane anesthesia in C57BL/6JRj mice - Assessing the degree of 
distress. PLoS ONE, 12(6), e0179588. 

Jöonsson, A. C., Lindgren, I., Norrving, B. and Lindgren, A. (2008). Weight loss after stroke: A 
population-based study from the Lund Stroke Register. Stroke, 39(3), 918–923. 

Karatepe, A. G., Gunaydin, R., Kaya, T. and Turkmen, G. (2008). Comorbidity in patients after stroke: 
Impact on functional outcome. Journal of Rehabilitation Medicine, 40(10), 831–835. 

Kilkenny, C., Browne, W. J., Cuthill, I. C., Emerson, M. and Altman, D. G. (2010). Improving 
Bioscience Research Reporting: The ARRIVE Guidelines for Reporting Animal Research. PLoS 
Biology, 8(6), e1000412. 

Kim, S. U., Song, D., Heo, J. H., Yoo, J., Kim, B. K., Park, J. Y., Kim, D. Y., Ahn, S. H., Kim, K. J., 
Han, K. H. and Kim, Y. D. (2017). Liver fibrosis assessed with transient elastography is an 
independent risk factor for ischemic stroke. Atherosclerosis, 260(1), 156–162. 

Kim, Y., Kim, C. K., Jung, S., Ko, S. B., Lee, S. H. and Yoon, B. W. (2015). Prognostic importance of 
weight change on short-term functional outcome in acute ischemic stroke. International Journal of 
Stroke, 10(100), 62–68. 

Kleiner, D. E., Brunt, E. M., Van Natta, M., Behling, C., Contos, M. J., Cummings, O. W., Ferrell, L. 
D., Liu, Y. C., Torbenson, M. S., Unalp-Arida, A., Yeh, M., McCullough, A. J. and Sanyal, A. J. (2005). 
Design and validation of a histological scoring system for nonalcoholic fatty liver disease. Hepatology, 

41(6), 1313–1321. 



113 

 

Knight, E. M., Martins, I. V. A. A., Gümüsgöz, S., Allan, S. M. and Lawrence, C. B. (2014). High-fat 
diet-induced memory impairment in triple-transgenic Alzheimer’s disease (3xTgAD) mice 
isindependent of changes in amyloid and tau pathology. Neurobiology of Aging, 35(8), 1821–1832. 

Kochanowski, J., Grudniak, M., Baranowska-Bik, A., Wolinska-Witort, E., Kalisz, M., Baranowska, B. 
and Bik, W. (2012). Resistin levels in women with ischemic stroke. Neuro Endocrinology Letters, 
33(6), 603–7. 

Kogan, M., Klempfner, R., Lotan, D., Wasserstrum, Y., Goldenberg, I. and Segal, G. (2018). Low ALT 
blood levels are associated with lower baseline fitness amongst participants of a cardiac rehabilitation 
program. Journal of Exercise Science and Fitness, 16(1), 1–4. 

Lawrence, C. B., Brough, D. and Knight, E. M. (2012). Obese mice exhibit an altered behavioural and 
inflammatory response to lipopolysaccharide. Disease Models & Mechanisms, 5(5), 649–659. 

Lenth, R. V. (2016). Least-Squares Means: The R Package lsmeans. Journal of Statistical Software, 

(69) 1. 

Longa, E. Z., Weinstein, P. R., Carlson, S. and Cummins, R. (1989). Reversible middle cerebral artery 
occlusion without craniectomy in rats. Stroke, 20(1), 84–91. 

Maes, M., Berk, M., Goehler, L., Song, C., Anderson, G., Gałecki, P. and Leonard, B. (2012). 
Depression and sickness behavior are Janus-faced responses to shared inflammatory pathways. 
BMC Medicine, 10(66), 1–19. 

Maysami, S., Haley, M. J., Gorenkova, N., Krishnan, S., McColl, B. W. and Lawrence, C. B. (2015). 
Prolonged diet-induced obesity in mice modifies the inflammatory response and leads to worse 
outcome after stroke. Journal of Neuroinflammation, 12(1), 140. 

Mccoll, B. W., Rose, N., Robson, F. H., Rothwell, N. J. and Lawrence, C. B. (2009). Increased brain 
microvascular MMP-9 and incidence of haemorrhagic transformation in obese mice after 
experimental stroke. Journal of Cerebral Blood Flow & Metabolism, 30(2), 267–272. 

Nakling, A. E., Aarsland, D., Næss, H., Wollschlaeger, D., Fladby, T., Hofstad, H. and Wehling, E. 
(2017). Cognitive Deficits in Chronic Stroke Patients: Neuropsychological Assessment, Depression, 
and Self-Reports. Dementia and Geriatric Cognitive Disorders Extra, 7(2), 283–296. 

Nii, M., Maeda, K., Wakabayashi, H., Nishioka, S. and Tanaka, A. (2016). Nutritional Improvement 
and Energy Intake Are Associated with Functional Recovery in Patients after Cerebrovascular 
Disorders. Journal of Stroke and Cerebrovascular Diseases, 25(1), 57–62. 

O’Donnell, M. J., Denis, X., Liu, L., Zhang, H., Chin, S. L., Rao-Melacini, P., Rangarajan, S., Islam, 
S., Pais, P., McQueen, M. J., Mondo, C., Damasceno, A., Lopez-Jaramillo, P., Hankey, G. J., Dans, 
A. L., Yusoff, K., Truelsen, T., Diener, H. C., Sacco, R. L., Ryglewicz, D., Czlonkowska, A., Weimar, 
C., Wang, X. and Yusuf, S. (2010). Risk factors for ischaemic and intracerebral haemorrhagic stroke 
in 22 countries (the INTERSTROKE study): A case-control study. The Lancet, 376(9735), 112–123. 

Olsen, T. S., Dehlendorff, C., Petersen, H. G. and Andersen, K. K. (2008). Body mass index and 
poststroke mortality. Neuroepidemiology, 30(2), 93–100. 

Opatrilova, R., Caprnda, M., Kubatka, P., Valentova, V., Uramova, S., Nosal, V., Gaspar, L., Zachar, 
L., Mozos, I., Petrovic, D., Dragasek, J., Filipova, S., Büsselberg, D., Zulli, A., Rodrigo, L., Kruzliak, 
P. and Krasnik, V. (2018). Adipokines in neurovascular diseases. Biomedicine and Pharmacotherapy, 
98(1), 424–432. 

Ostwald, S. K., Wasserman, J. and Davis, S. (2006). Medications, comorbidities, and medical 
complications in stroke survivors: The cares study. Rehabilitation Nursing, 31(1), 10–14. 

Pedersen, C. S., Sørensen, D. B., Parachikova, A. I. and Plath, N. (2014). PCP-induced deficits in 
murine nest building activity: Employment of an ethological rodent behavior to mimic negative-like 
symptoms of schizophrenia. Behavioural Brain Research, 273(1), 63–72. 

Peltz-Sinvani, N., Klempfner, R., Ramaty, E., Sela, B. A., Goldenberg, I. and Segal, G. (2016). Low 
ALT Levels Independently Associated with 22-Year All-Cause Mortality Among Coronary Heart 
Disease Patients. Journal of General Internal Medicine, 31(2), 209–214. 

 

 

 

 



114 

 

Percie du Sert, N., Alfieri, A., Allan, S. M., Carswell, H. V. O., Deuchar, G. A., Farr, T. D., Flecknell, 
P., Gallagher, L., Gibson, C. L., Haley, M. J., Macleod, M. R., McColl, B. W., McCabe, C., Morancho, 
A., Moon, L. D. F., O’Neill, M. J., Pérez de Puig, I., Planas, A., Ragan, C. I., Rosell, A., Roy, L. A., 
Ryder, K. O., Simats, A., Sena, E. S., Sutherland, B. A., Tricklebank, M. D., Trueman, R. C., Whitfield, 
L., Wong, R. and Macrae, I. M. (2017). The IMPROVE Guidelines (Ischaemia Models: Procedural 
Refinements Of in Vivo Experiments). Journal of Cerebral Blood Flow & Metabolism, 37(11), 3488–
3517. 

Perovic, E., Mrdjen, A., Harapin, M., Kuna, A. T. and Simundic, A. M. (2017). Diagnostic and 
prognostic role of resistin and copeptin in acute ischemic stroke. Topics in Stroke Rehabilitation, 
24(8), 614–618. 

Perovic, E., Mrdjen, A., Harapin, M. and Simundic, A.-M. (2016). Short Term Changes of Serum 
Lipids in Acute Ischemic Stroke. Clinical Laboratory, 62(11), 2107–2113. 

Putaala, J., Haapaniemi, E., Metso, A. J., Metso, T. M., Artto, V., Kaste, M. and Tatlisumak, T. (2010). 
Recurrent ischemic events in young adults after first-ever ischemic stroke. Annals of Neurology, 
68(5), 661–671. 

Ramati, E., Israel, A., Tal Kessler, Petz-Sinuani, N., Sela, B.-A., Idan Goren, Grinfeld, A., Lavi, B. 
and Segal, G. (2015). Low ALT activity amongst patients hospitalized in internal medicine wards is a 
widespread phenomenon associated with low vitamin B6 levels in their blood. Harefuah, 154(2), 89–
93, 137. 

Ramaty, E., Maor, E., Peltz-Sinvani, N., Brom, A., Grinfeld, A., Kivity, S., Segev, S., Sidi, Y., Kessler, 
T., Sela, B. A. and Segal, G. (2014). Low ALT blood levels predict long-term all-cause mortality 
among adults. A historical prospective cohort study. European Journal of Internal Medicine, 25(10), 
919–921. 

Roth, S., Singh, V., Tiedt, S., Schindler, L., Huber, G., Geerlof, A., Antoine, D. J., Anfray, A., Orset, 
C., Gauberti, M., Fournier, A., Holdt, L. M., Harris, H. E., Engelhardt, B., Bianchi, M. E., Vivien, D., 
Haffner, C., Bernhagen, J., Dichgans, M. and Liesz, A. (2018). Brain-released alarmins and stress 
response synergize in accelerating atherosclerosis progression after stroke. Science Translational 
Medicine, 10(432), 1–11. 

Sandu, R. E., Buga, A. M., Uzoni, A., Petcu, E. B. and Popa-Wagner, A. (2015). Neuroinflammation 
and comorbidities are frequently ignored factors in CNS pathology. Neural Regeneration Research, 
10(9), 1349–1355. 

Sato, M., Ido, Y., Yoshimura, Y. and Mutai, H. (2019). Relationship of Malnutrition During 
Hospitalization With Functional Recovery and Postdischarge Destination in Elderly Stroke Patients. 
Journal of Stroke and Cerebrovascular Diseases, 28(7), 1866–1872. 

Scherbakov, N., Dirnagl, U. and Doehner, W. (2011). Body weight after stroke lessons from the 
obesity paradox. Stroke, 42(12), 3646–3650. 

Scherbakov, N., Pietrock, C., Sandek, A., Ebner, N., Valentova, M., Springer, J., Schefold, J. C., von 
Haehling, S., Anker, S. D., Norman, K., Haeusler, K. G. and Doehner, W. (2019). Body weight 
changes and incidence of cachexia after stroke. Journal of Cachexia, Sarcopenia and Muscle, 10(3), 
611–620. 

Scherbakov, N., Sandek, A. and Doehner, W. (2015). Stroke-Related Sarcopenia: Specific 
Characteristics. Journal of the American Medical Directors Association, 16(4), 272–276. 

Seet, R. C. S., Zhang, Y., Wijdicks, E. F. M. and Rabinstein, A. A. (2014). Thrombolysis outcomes 
among obese and overweight stroke patients: An age- and national institutes of health stroke scale-
matched comparison. Journal of Stroke and Cerebrovascular Diseases, 23(1), 1–6. 

Shaqura, M., Mohamed, D. M., Aboryag, N. B., Bedewi, L., Dehe, L., Treskatsch, S., Shakibaei, M., 
Schäfer, M. and Mousa, S. A. (2017). Pathological alterations in liver injury following congestive heart 
failure induced by volume overload in rats. PloS ONE, 12(9), e0184161. 

Shi, K., Wood, K., Shi, F. D., Wang, X. and Liu, Q. (2018). Stroke-induced immunosuppression and 
poststroke infection. Stroke and Vascular Neurology, 3(1), 34–41. 

Skaug, H., Fournier, D., Bolker, B., Magnusson, A. and Nielsen, A. (2016). Generalized Linear Mixed 
Models using AD Model Builder using AD Model Builder. R package version. 

 

 



115 

 

Springer, J., Schust, S., Peske, K., Tschirner, A., Rex, A., Engel, O., Scherbakov, N., Meisel, A., Von 
Haehling, S., Boschmann, M., Anker, S. D., Dirnagl, U. and Doehner, W. (2014). Catabolic signaling 
and muscle wasting after acute ischemic stroke in mice: Indication for a stroke-specific sarcopenia. 
Stroke, 45(12), 3675–3683. 

Takao, K., Kobayashi, K., Hagihara, H., Ohira, K., Shoji, H., Hattori, S., Koshimizu, H., Umemori, J., 
Toyama, K., Nakamura, H. K., Kuroiwa, M., Maeda, J., Atsuzawa, K., Esaki, K., Yamaguchi, S., 
Furuya, S., Takagi, T., Walton, N. M., Hayashi, N., Suzuki, H., Higuchi, M., Usuda, N., Suhara, T., 
Nishi, A., Matsumoto, M., Ishii, S. and Miyakawa, T. (2013). Deficiency of schnurri-2, an MHC 
enhancer binding protein, induces mild chronic inflammation in the brain and confers molecular, 
neuronal, and behavioral phenotypes related to schizophrenia. Neuropsychopharmacology, 38(8), 
1409–1425. 

Teeling, J. L., Felton, L. M., Deacon, R. M. J., Cunningham, C., Rawlins, J. N. P. and Perry, V. H. 
(2007). Sub-pyrogenic systemic inflammation impacts on brain and behavior, independent of 
cytokines. Brain, Behavior, and Immunity, 21(6), 836–850. 

Trotman-Lucas, M., Kelly, M. E., Janus, J., Fern, R. and Gibson, C. L. (2017). An alternative surgical 
approach reduces variability following filament induction of experimental stroke in mice. Disease 
Models & Mechanisms, 10(7), 931–938. 

Trueman, R. C., Harrison, D. J., Dwyer, D. M., Dunnett, S. B., Hoehn, M. and Farr, T. D. (2011). A 
Critical Re-Examination of the Intraluminal Filament MCAO Model: Impact of External Carotid Artery 
Transection. Translational Stroke Research, 2(4), 651–661. 

Vemmos, K., Ntaios, G., Spengos, K., Savvari, P., Vemmou, A., Pappa, T., Manios, E., 
Georgiopoulos, G. and Alevizaki, M. (2011). Association between obesity and mortality after acute 
first-ever stroke: The obesity-stroke paradox. Stroke, 42(1), 30–36. 

Wang, H. J., Si, Q. J., Shan, Z. L., Guo, Y. T., Lin, K., Zhao, X. N. and Wang, Y. T. (2015). Effects of 
body mass index on risks for ischemic stroke, thromboembolism, and mortality in Chinese atrial 
fibrillation patients: A single-center experience. PLoS ONE, 10(4), e0123516. 

Wang, Y. Y., Lin, S. Y., Chuang, Y. H., Sheu, W. H. H., Tung, K. C. and Chen, C. J. (2014). Activation 
of hepatic inflammatory pathways by catecholamines is associated with hepatic insulin resistance in 
male ischemic stroke rats. Endocrinology, 155(4), 1235–1246. 

Yaghi, S. and Elkind, M. S. V. (2015). Lipids and Cerebrovascular Disease: Research and Practice. 
Stroke, 46(11), 3322–3328. 

Yang, X.-F., He, W., Lu, W.-H. and Zeng, F.-D. (2003). Effects of scutellarin on liver function after 
brain ischemia/reperfusion in rats. Acta pharmacologica Sinica, 24(11), 1118–24. 

Zhang, X., Qi, X., Yoshida, E. M., Méndez-Sánchez, N., Hou, F., Deng, H., Wang, X., Qiu, J., He, C., 
Wang, S. and Guo, X. (2018). Ischemic stroke in liver cirrhosis: Epidemiology, risk factors, and in-
hospital outcomes. European Journal of Gastroenterology and Hepatology, 30(2), 233–240. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



116 

 

 Supplementary material 

 Y-maze spontaneous alternation test 

To assess short-term working memory, the Y-maze spontaneous alternation test 

was performed as previously described by Knight et al (2014). Control and obese 

mice were assessed at day 0, and days 14 and 45 post-MCAo or sham surgery. 

Briefly, animals were placed in a white opaque Perspex maze with three arms (A, 

B and C) containing different visual cues and allowed to explore for 8 min before 

being returned to home cage. All tests were recorded by video and entries into 

arms were recorded (arm entries were defined as four paws crossing the threshold 

of a respective arm). Spontaneous alternation was defined as successive entry into 

three different arms. Subsequently, percent of correct alternation was calculated 

as the number of alternations divided by the number of arm entries minus two. The 

total number of moves was also recorded as an index of ambulatory activity. All 

videos were scored blinded by an independent observer. 
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Figure 3.S1 - Stroke caused no impairment in memory. 
C57BL/6J fed a control or high-fat (obese) diet for 6 months underwent middle cerebral 
artery occlusion (MCAo; 30 min for control, 20 min for obese). At day 0, 14 and 45 working 
memory was assessed using the spontaneous alternation Y-maze test and was calculated 
as the % alternation (a). Locomotor activity and motivation to perform the test was 
assessed by number of entries (b). No difference in memory was observed at any timepoint 
after stroke but a decrease in the number of arm entries was seen after stroke in control 
mice at day 14 and an increase in obese mice at day 45. Data are presented as mean ± 
SD (n = 4-10). *p < 0.05 control sham versus control stroke; ##p < 0.01 obese sham versus 
obese stroke. Statistical analysis was performed using a linear mixed effects models 
followed by Šidák-Holmes post hoc analysis. 
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 Abstract 

High blood glucose (hyperglycaemia) levels are commonly observed in patients 

admitted to hospital for stroke and are associated with larger infarcts, increased 

mortality and worse recovery. The effects of hyperglycaemia on stroke outcomes 

are independent of other risk factors such as age, diabetes, and stroke severity. 

Similarly, in animal models of stroke, hyperglycaemia increases infarct volume and 

is associated with higher mortality. However, it is not clear how high blood glucose 

levels contribute to stroke damage. It is well known that inflammation exacerbates 

stroke damage. Specifically, stroke patients with high levels of interleukin (IL)-1 

have worse recovery, and treatment with the natural antagonist, IL-1 receptor 

antagonist (IL-1RA), is associated with improved recovery in experimental models 

of stroke. In this study, we investigated whether blood glucose availability could 

regulate the IL-1β mediated inflammatory response post-stroke. 

 

Using both cellular and experimental models of stroke, we show that 

hyperglycaemia exacerbates ischaemic brain injury by augmenting the post-stroke 

inflammatory response. Following activation from an inflammatory stimulus, 

proinflammatory macrophages switch their metabolic profile from oxidative 

phosphorylation to glycolysis, fuelling the production of proinflammatory mediators, 

including IL-1β. Consequently, increases in blood glucose enhance glycolysis-

dependent macrophage activation after stroke and worsen ischaemic brain injury 

in mice which is ameliorated with 2-deoxyglucose (2DG), an inhibitor of glycolysis. 

As glucose metabolism is also essential for neuronal survival in ischaemic tissue, 

inhibition of glycolysis is not a viable therapeutic strategy. Therefore we 

investigated which metabolites downstream of glucose metabolism regulate IL-1β 

production. We identify pyruvate as an essential metabolite supporting IL-1β 

production, potentially via augmenting succinate accumulation. Ultimately, this 

study enhances our understanding of the relationship between blood glucose and 

inflammation, providing mechanistic insight into why hyperglycaemic patients have 

greater damage after stroke. This new understanding could aid the development 

of new therapeutic strategies for stroke patients. 
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 Introduction 

Hyperglycaemia has been reported in up to 60% of non-diabetic patients admitted 

to hospital for ischaemic stroke (Capes et al., 2001; Hjalmarsson et al., 2014), and 

is associated with larger infarct size and worse clinical outcomes, including 

increased mortality (Szczudlik et al., 2001; Dora et al., 2004; Kruyt et al., 2010). 

The effects of hyperglycaemia on stroke outcome are independent of other risk 

factors such as age, stroke severity, as well as diabetic status (Candelise et al., 

1985; Cox and Lorains, 1986; Weir et al., 1997; Capes et al., 2001; Parsons et al., 

2002; Baird et al., 2003; Saxena et al., 2016). Robust preclinical evidence support 

these findings, where hyperglycaemia exacerbates stroke damage in animal 

models of stroke (Kagansky et al., 2001). Insulin treatment to lower blood glucose 

was found to be neuroprotective in animal models of stroke (Bômont and 

MacKenzie, 1995). However, a large scale clinical trial, UK Glucose Insulin in 

Stroke Trial (GIST-UK), found no clinical benefit of lowering blood glucose levels 

with insulin post-stroke (Gray et al., 2007). Failure in this trial is likely to be due to 

the detrimental effects of hypoglycaemia, as neuronal viability is dependent on 

glucose availability, and lowering blood glucose post-stroke risks compromising 

neuronal survival (Piironen et al., 2012). Despite this, a strong association between 

poor outcomes and elevated blood glucose levels remains, and the mechanisms 

by which high blood glucose augments ischaemic brain damage have not yet been 

fully elucidated. Proposed mechanisms for how high blood glucose levels can 

aggravate damage include: (i) impairing vessel recanalisation by promoting 

coagulation (Stegenga et al., 2006; Vaidyula et al., 2006), (ii) decreasing cerebral 

reperfusion through inhibiting vasodilation (Williams et al., 1998), and (iii) 

increased reperfusion injury mediated by inflammation (Esposito et al., 2002). 

 

Inflammation plays a critical and complex role in stroke pathophysiology, being 

involved in both the propagation and the resolution of damage. In particular, 

interleukin (IL)-1 mediated inflammation has been widely associated with worse 

outcome after stroke in rodents. Blocking IL-1 with the natural antagonist, IL-1 

receptor antagonist (IL-1RA), was first demonstrated to be protective in ischaemic 

stroke in 1992 (Relton and Rothwell, 1992). Since then multiple studies have 

confirmed protective effects of IL-1RA in mice (McCann et al., 2016), including a 

multicentre preclinical trial (Maysami et al., 2016). Additionally, systemic 

administration of IL-1β was found to potentiate ischaemic stroke damage (McColl 
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et al., 2007). IL-1 production is rapidly induced following ischaemia, and has been 

shown to be produced predominantly from brain-resident macrophages, microglia 

(Amantea et al., 2010; Luheshi et al., 2011).  

 

Proinflammatory activation of macrophages is coupled with cellular metabolic 

reprogramming which supports effector cell function. M1-like macrophages 

stimulated by lipopolysaccharide (LPS) and/or interferon-gamma (IFNγ) shift their 

metabolism from oxidative phosphorylation to glycolysis which supports the 

production of proinflammatory mediators, including IL-1β (Van den Bossche et al., 

2017; Viola et al., 2019). Therefore, inhibiting glycolysis prevents macrophage 

activation and production of proinflammatory cytokines (Michl et al., 1976; 

Hamilton et al., 1986). Additionally, advances in the field of immunometabolism 

have revealed that alongside metabolic reprogramming to support cellular function, 

the accumulation of specific metabolites can act as signalling molecules which 

shape the immune response (O’Neill and Artyomov, 2019). Macrophages are 

extremely responsive to their microenvironments and nutrient availability can also 

directly affect metabolism and the immune response (Wei et al., 2017). Therefore, 

we hypothesised that hyperglycaemia (i.e. increased systemic glucose availability) 

could enhance glycolysis-dependent macrophage inflammatory responses after 

stroke. 

 

In this study, we have attempted to reveal the mechanisms by which 

hyperglycaemia promotes inflammation and ischaemic damage following stroke. 

Using in vitro and in vivo models we show hyperglycaemia exacerbates ischaemic 

brain injury by augmenting the post-stroke inflammatory response. Increased 

glucose availability sustains glycolysis in macrophages and augments IL-1β 

production. Inhibition of glycolysis prevents IL-1β production and ameliorates 

stroke damage. However, as post-stroke glucose metabolism is also essential for 

neuronal survival, inhibition of glycolysis is unlikely to be a clinically viable 

therapeutic strategy. We identify pyruvate as an essential metabolite downstream 

of glycolysis that supports IL-1β production, potentially via succinate accumulation. 

Combined our results suggest that selective inhibition of glycolysis in immune cells 

will prevent post-stroke inflammation, whilst maintaining neuronal viability and may 

be a beneficial therapeutic strategy. 
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 Materials and Methods 

 Materials 

Pharmacological reagents were obtained from the following manufacturers: Sigma 

(D-Glucose, D-Mannitol, Lipopolysaccharides from Escherichia coli O26:B6 (LPS), 

Etoposide, 2-Deoxy-D-glucose, Oxamate, Sodium L-lactate, UK5099, Diethyl 

succinate (DS), Diethyl butylmalonate (DBM), β-Chloro-L-alanine); Tocris (GSK 

2837808A); and Biolegend (IFNγ). Concentrations of drugs used are detailed in 

the figure legends. All other materials/reagents were obtained from Sigma unless 

otherwise stated. 

 

 Animals  

Male C57BL/6J mice (Charles River) were used for stroke studies. All animals were 

housed in groups (2-5 per cage) in individually ventilated cages in standard 

housing conditions (temperature 21 ± 2°C; humidity 55% ± 5%; 12-hour light/12-

hour dark cycle), with access to food and water ad libitum. All experiments were 

conducted in accordance with the UK Animals (Scientific Procedures) Act 1986 

and approved by the Home Office under relevant personal and project licenses at 

The University of Manchester, Biological Sciences Facility. All reporting of animal 

experiments complied with the ARRIVE guidelines (Animal Research: Reporting in 

In Vivo Experiments) (Kilkenny et al., 2010). 

 

 Transient middle cerebral artery occlusion 

Transient middle cerebral artery occlusion (MCAo) was used to induce focal 

ischaemia in the left cerebral hemisphere using a protocol adapted from Koizumi 

et al (1986). Anaesthesia was induced with 4% isoflurane and maintained with 

1.5% (30% O2 and 70% N2O). Core body temperature was monitored using a rectal 

probe and maintained at 37 ± 0.5°C with a homeothermic blanket (Harvard 

Apparatus). The carotid arteries were exposed and a silicone-coated filament 

(coating 210 μm in diameter and 4-5 mm length, Doccol) was introduced into the 

common carotid artery and advanced along the internal carotid artery until 

occlusion of the origin of the MCA for 15 mins. At the start of surgery mice were 

given an interperitoneal (i.p.) injection of glucose (2.2 g/kg) or phosphate buffered 

saline (PBS). All pharmacological treatments: 2DG (2.2 g/kg), and UK5099 (10 

mg/kg), were given i.p., at the same time as glucose injections. Animals were 
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numbered and then the treatments were randomly allocated using Excel’s 

randbetween function. Treatments were coded by a third party to ensure all 

experiments were performed by an experimenter blinded to treatment groups. 

Blood glucose was measured before glucose treatment, and during occlusion 

using a SD CodeFree blood glucose meter (SD Biosensor). All animals were 

recovered for 24 hours and neurological dysfunction was assessed with a 

neurological score modified from a previously reported neuroscore (Bederson et 

al., 1986a). Animals with a neuroscore of <1 (e.g. barrel rolling, tonic clonic 

seizures, prone and not responsive to stimuli) were excluded. All animals were 

euthanised at 24 hours by terminal anesthesia (4-5% isoflurane, 30% O2, and 70% 

N2O) and transcardially perfused with PBS. All brains were taken for 

triphenyltetrazolium chloride (TTC) staining, leukocyte isolation, or 

immunostaining, details of final numbers of animals used for different analyses are 

summarised in Table 4.1. 

 

Table 4.1 - Final group sizes for animals used for different analyses. 

Experiment Treatment 

Analysis 

IHC TTC 
Leukocyte 
Isolation 

Final 
Died 

(Excluded) 
Final 

Died 
(Excluded) 

Final 
Died 

(Excluded) 

Glucose 
exacerbates 
lesion volume 

PBS 11 1 8 1 (1) 5 2 (1) 

Glucose 7 2 (3) 9 1 4 3 

2DG blocks IL-1 
production and 
reduces lesion 
volume 

Glucose - - 8 2 7 1 

Glucose + 
2DG 

- - 7 2 (1) 6 2 (1) 

UK5099 blocks 
IL-1 production 
and reduces 
lesion volume 

Glucose - - 7 - 7 - 

Glucose + 
UK5099 

- - 7 - 6 1 

 

 Infarct quantification 

To determine infarct volume, brains were cut into 1-mm thick coronal sections and 

stained with 2% TTC 24 hours post-stroke and fixed with 4% paraformaldehyde 

(PFA) for 30 min at room temperature (RT). Images were captured with a digital 

camera and infarct size was analysed using Image J (NIH). Infarct volume was 

calculated as: (contralateral hemisphere area – healthy area of ipsilateral 

hemisphere) x slice thickness x number of slices (Bederson et al., 1986b). All 

analysis was performed blinded to experimental groups by randomising file names. 
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 Leukocyte isolation 

Ipsilateral hemispheres were digested for 60 min at 37 °C with 50 U/mL 

Collagenase (Gibco, #17104-019), 0.5 U/mL Dispase II (Gibco, #17105-041) and 

200 U/mL DNase I (Roche, #10104159001) in Hank's balanced-salt solution 

containing calcium and magnesium. The tissue was finely minced and myelin 

removed using a 32% isotonic percoll solution centrifuged at 2000 xg for 10 min at 

RT with brake on 2. Following single cell isolation red blood cells were lysed by 10 

min incubation with BD Pharmlyse (BD Bioscience, #555899). Isolated leukocytes 

were subsequently lysed in NP-40 buffer supplemented with proteinase inhibitor 

cocktail (Calbiochem). Cell lysates were stored at -20 °C prior to biochemical 

analyses. 

 Tissue processing and Immunostaining  

After PBS perfusion mice for immunostaining were further perfused with 4% PFA 

and brains were removed. Brains were further immerse fixed in PFA for 24 hours 

and gross sectioned into 3 mm thick sections using a metal brain matrix. All tissue 

was then embedded in paraffin wax using a Shadon Citadel 2000 tissue processor 

(Thermo Fisher Scientific), and subsequently sectioned at a thickness of 5 µm 

using a Leica RM 2155 Microtome (Leica Microsystems Ltd.), mounted onto 

SuperFrost© Plus slides (Thermo Fisher Scientific), and dried overnight. Slides 

were dewaxed and serially rehydrated in graded ethanol, followed by antigen 

retrieval with TrisEDTA (pH9) for 30 min at 95 °C, and left to cool for 20 min. 

Primary antibodies rabbit-anti-Iba1 (1:500, Abcam, #ab178846) and 

goat-anti-IL-1β (1:200, R&D systems, #A-401) were incubated overnight at 4 ˚C. 

Iba-1 was visualised using donkey-anti rabbit AF647 (Thermo Fisher Scientific). 

IL-1β was visualised using the Tyramide 555 SuperBoostTM (Thermo Fisher 

Scientific) as per manufacturer’s instructions. Specificity controls were performed 

on additional sections with omission of the primary antibodies, and no staining 

was observed.  Wash steps were performed throughout using wash buffer (0.1 % 

TWEEN20 in Tris-buffered saline) and all antibodies were diluted in 0.1% BSA 

TBST. Sections were sequentially rinsed in PBS and distilled water, dried 

overnight in the dark at room temperature and then coverslipped in ProLong 

Diamond anti-fade mountant (Thermo Fisher Scientific). 
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Images were collected on a Zeiss Axioimager.D2 or Olympus BX63 upright 

microscope and captured using a Coolsnap HQ2 camera (Photometrics) or DP80 

camera (Olympus) through Micromanager software v1.4.23 or CellSens 

Dimensions V1.16 (Olympus). Specific band pass filter sets for were used to 

prevent bleed through from one channel to the next. Images were then processed 

and analysed using ImageJ (NIH). Six cortical and sub-cortical regions of interest 

(3 at Bregma −0.38 mm and 3 at Bregma −1.94 mm) spanning the MCA vascular 

territory were imaged and IL-1β+ Iba1+ cells were quantified in these regions using 

Image J (NIH). All analysis was performed blinded to experimental groups by 

randomising file names. 

 

 Cell culture  

Primary bone marrow derived macrophages (BMDMs) were isolated from C57BL/6 

(Charles River) mice as previously described (Trouplin et al., 2013). Harvested 

BMDMs were cultured in complete DMEM (supplemented with 10% heat-

inactivated fetal bovine serum (FBS, Thermo Fisher Scientific) and 1% penicillin 

streptomycin (PenStrep)), and 33.3% L929-conditioned media for 7–10 days. After 

7-10 days BMDMs were harvested and seeded in 48 well plates at 0.5 x 106 

cells/well over night, and treated the next day.  

 

Murine mixed glial cells were prepared from the brains of 2–4-day-old C57BL/6 

mice of both sexes. Briefly, brains were dissected from pups and the meninges 

and cerebellum were then removed. The remaining tissue was homogenised in 

complete DMEM via repeated trituration. The resulting homogenate was 

centrifuged at 500 × g for 10 min and the pellet was resuspended in fresh culture 

medium. After five days, the cells were washed, and fresh medium was placed on 

the cells. The medium was replaced every two days. On day 12, the cells were 

seeded at 2 × 105 cells/mL in 24-well plates and incubated for a further two days 

prior to use. All cell cultures were incubated at 37 °C, 90% humidity, and 5% CO2. 
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 Glucose cell assays 

Two main glucose containing media were used for cellular experiments: normal 

glucose DMEM (NormGlc), and high glucose DMEM (HighGlc) as described by 

Pavlou et al (2018). NormGlc is the low glucose (5.5 mM) DMEM (Thermo Fisher 

Scientific, #11885084), supplemented with 10% FBS and 1% PenStrep. HighGlc 

is NormGlc, supplemented with additional 25 mM glucose. BMDMs were changed 

into different glucose containing media and polarised into M1 with 50 ng/mL 

LPS + 100 ng/mL recombinant IFNγ for 24 hours and cell lysates and supernatants 

were collected and stored at -20 °C. Cells were lysed with lysis buffer (50 mM 

Tris/HCl, 150 mM NaCl, Triton 1% v/v, pH 7.3) containing protease inhibitor cocktail 

(Calbiochem).  

 

For all drug treatments cells were pretreated with drugs for 3 hours in NormGlc 

media. Following pretreatment cells were M1 polarised with respective Glu 

containing media, and re-treated with drugs. Further adapted media used in 

experiments were: osmolarity control medium (Mannitol) and lactate enriched 

media. Osmolarity control medium (Mannitol) is NormGlc, supplemented with 

25 mM Mannitol. Lactate enriched media is NormGlc, supplemented with 

additional 25 mM sodium L-lactate. 

 

 RNA seq 

RNA was extracted using a PureLink RNA mini kit (Invitrogen). RNA-Seq analysis 

was performed. RNA samples were assessed for quality and integrity using a 2200 

TapeStation (Agilent Technologies) according to the manufacturer’s instructions. 

RNA-Seq libraries were generated using the TruSeq Stranded mRNA assay 

(Illumina, Inc.) according to the manufacturer’s instructions. Briefly, poly-T, oligo-

attached, magnetic beads were used to extract polyadenylated mRNA from 1 μg 

of total RNA. The mRNA was then fragmented using divalent cations under high 

temperature and then transcribed into first strand cDNA using random primers. 

Second strand cDNA was then synthesised using DNA polymerase I and RNase 

H, and a single “A” base addition was performed. Adapters were then ligated to the 

cDNA fragments and then purified and enriched by PCR to create the final cDNA 

library. Adapter indices were used to multiplex libraries, which were pooled prior to 

cluster generation using a cBot instrument. The loaded flow cell was then pair-end 

sequenced (101 + 101 cycles, plus indices) on an Illumina HiSeq4000 instrument. 

Demultiplexing of the output data (allowing one mismatch) and BCL-to-Fastq 
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conversion was performed with CASAVA 1.8.3. Sequencing quality for each 

sample was determined using the FastQC program. Low-quality sequence data 

were removed utilising the trimmomatic program. STAR v2.4.0 was utilised to map 

the trimmed sequence into the murine genome (mm10 genome with gencode M16 

annotation). Raw counts for each sample were generated by the htseq-count 

program and subsequently normalised relative to respective library sizes using 

DESeq2 package for the R statistical program (Love et al., 2014). The DESeq2 

program was additionally used to plot the PCA with all sample data to visualise 

different clusters at multiple levels that describes the maximum variance within the 

data set. Genes of interest were identified by pairwise comparisons. False 

discovery rate (FDR) adjusted p values were used to evaluate significance. 

 

 

 Functional and pathway enrichment analysis 

Genes with an FDR-corrected p value of less than 0.01 were analysed for 

transcriptional regulation and cell pathway enrichment utilizing the enrichR 

package (Wajid Jawaid, 2019) to string search the Enrichr webserver: GO term, 

PANTHER and Transcriptional Regulatory Relationships Unraveled by Sentence-

based Text mining (Han et al., 2018) datasets (Chen et al., 2013; Kuleshov et al., 

2016) on R (R Core Team, 2017). Significant features (p < 0.05) were further 

probed by cluster analyses utilising Ward's minimum variance method of 

hierarchical clustering visualised using R package “pheatmaps (Kolde, 2015). 

Heatmap, PCA and volcano plots were generated using the R packages 

“pheatmaps”, R version 2.6.1 base and “ggplot2” (Wickham, 2016), respectively 

 

 Quantification of IL-1β, IL-6 and TNFα 

IL-1β in cell lysates, and IL-6 and TNFα in supernatants were quantified by 

enzyme-linked immunosorbent assay (ELISA; #DY401; #DY406; #DY410; R&D 

Systems) according to manufacturer’s instructions.  

 

IL-1β in cell lysates was further assayed by western blot. Samples were run on 

10% SDS polyacrylamide gels and transferred at 15 V onto nitrocellulose 

membrane (Bio-Rad) using a Trans-Blot Turbo Transfer System (Bio-Rad) before 

blocking with 2.5% w/v bovine serum albumin (BSA) in phosphate-buffered saline, 

1% Tween 20 (PBST) for 1 hour at RT. Membranes were washed and incubated 
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(4 °C) overnight in goat anti-mouse IL-1β (R&D Systems, #AF-401,) in PBST, 0.1% 

BSA. Following this, membranes were washed and incubated with rabbit anti-goat 

(Agilent, #P0160) in 2.5% BSA in PBST for 1 hour at RT. Membranes were washed 

and incubated in ECL Prime Western Blotting Detection Reagent (GE Life 

Sciences) before exposure with G:BOX (Syngene) and Genesys software. β-Actin 

was used as a loading control.  

 

 Quantification of lactate and succinate 

Succinate was assessed in cell lysates by succinate assay kit (Abcam, #ab204718) 

according to manufacturer’s instructions. Lactate was assessed in cell lysates and 

supernatants by lactate assay kit (Abcam, #ab65331) according to manufacturer’s 

instructions. 

 

 Cell death and viability 

Cell death was measured by assessing lactate dehydrogenase release using the 

CytoTox 96 Non-Radioactive Cytotoxicity Assay Kit (Promega, #G1780) according 

to manufacturer’s instructions. Cell viability was assessed by CellTiter 96 Non-

Radioactive Cell Proliferation Assay Kit (Promega, #G4000) according to the 

manufacturer’s instructions. BMDMs were seeded in 96 well plates at 0.2 x 106 

cells/well over night for CellTiter assay. Apoptotic cell death was assessed by 

western blot for cleaved caspase 3. Samples were run on 15% SDS 

polyacrylamide gels and transferred at 15 V onto nitrocellulose membrane (Bio-

Rad) using a Trans-Blot Turbo Transfer System (Bio-Rad). Membranes were 

blocked with 2.5% w/v BSA in PBST for 1 hour at RT, washed and incubated (4 °C) 

overnight in rabbit anti-mouse caspase-3 (Cell Signalling Technology, #9662) in 

PBST, 2.5% BSA. Following this, membranes were washed and incubated with 

goat anti-rabbit (Agilent, #P0448,) in 2.5% BSA in PBST for 1 hour at RT. 

Membranes were washed and incubated in ECL Prime Western Blotting Detection 

Reagent (GE Life Sciences) before exposure with G:BOX (Syngene) and Genesys 

software. β-Actin was used as a loading control. A positive control of Etoposide (40 

μM) treated cells was used for cleaved caspase-3. 
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 Statistical analysis  

Data collection and analysis was performed by experimenters in a blinded and 

randomised manner. Equal variance and normality were assessed with the Brown-

Forsythe and Shapiro-Wilk test respectively and appropriate transformations were 

applied when necessary. Where appropriate, data are presented as: mean ± 

standard error (SEM); individual points plotted with best-fit linear regression and 

95% confidence intervals; or median and interquartile range (IQ). Statistical 

analyses performed were: two-tailed unpaired t-tests; Welch’s t-test; linear 

regression; one-way analysis of variance (ANOVA) with Dunnett’s post hoc test; 

two-way ANOVA with Sidak's posthoc test; and Mann Whitney test. Statistical 

significance was accepted at *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 

0.0001. All statistical analyses were performed using GraphPad Prism v8 

(GraphPad Software Inc.), further details on statistical analyses used are stated in 

the figure legend. 
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 Results 

 Elevated blood glucose promotes IL-1β production and ischaemic 

damage after stroke 

To identify the effects of high extracellular glucose on macrophage function we 

performed RNA-seq on BMDMs cultured in either normal or high glucose 

containing media, in the presence or absence of an M1 stimulation for 24 hours. 

Unguided principal component analysis of the data identified as expected, M1 

stimulation caused stark differences in cellular transcripts. Although glucose 

concentration did not alter the transcriptome of unstimulated macrophages, M1 

stimulated cells cultured in high glucose had distinctly different transcripts (3337 

differentially expressed genes) compared to cells cultured in normal glucose (Fig. 

4.1A). Pathway enrichment analysis highlighted that M1 stimulated macrophages 

cultured in different glucose media possessed strikingly divergent nuclear factor 

kappa-light-chain-enhancer of activated B cells (NFκB)-dependent gene profiles 

(Fig. 4.1B). M1 stimulated cells which were cultured in high glucose had 40 NFκB-

related genes downregulated, and 30 NFκB-related genes upregulated, compared 

to normal glucose. Notably, IL-1β expression was significantly increased in 

response to high glucose, but not other NFκB regulated proinflammatory cytokines, 

including IL-6 and TNFα.  
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Figure 4.1 - Elevated glucose levels promotes production of IL-1B, which 
exacerbates stroke damage. 
BMDMs were treated with different glucose containing media: NormGlc (5.5 mM Glc) or 
HighGlc (30.5 mM Glc), in the presence or absence of an M1 stim (100 ng/mL IFNγ and 50 
ng/mL LPS) for 24 hours and RNA was isolated and sequenced (A-B, n=3). Unguided 
principal component analysis cells (A), and heat maps of all significantly upregulated or 
downregulated genes downstream of NFκB activation (B). BMDMs were treated with 
different glucose containing media: NormGlc (5.5 mM Glc), HighGlc (30.5 mM Glc) or 
Mannitol (5.5 mM Glc + 25 mM mannitol), in the presence or absence of an M1 stim (100 
ng/mL IFNγ and 50 ng/mL LPS) for 24 hours (C-D). Pro IL-1β was determined by ELISA 
and western blot (C), and IL-6 and TNFα in supernatants was determined by ELISA (D). 
Graphs are representative of two independent experiments, with four biological replicates 
(C-D, n=4). Mice were given 2.2 g/kg Glc, or PBS, by i.p. injection and a stroke was induced 
by MCAo (E-L). Blood glucose was assessed before Glc/PBS injection, and during MCA 
occlusion (E, n=44). Immunostaining for Iba1 and Pro IL-1β, representative images and 
quantification of Iba1+IL-1β+ cells in ipsilateral hemisphere 24 hours after MCAo (F, n=18). 
Leukocytes were isolated from the ipsilateral hemisphere and lysed. Pro IL-1β was 
determined by ELISA (G, n=9). Correlation between Pro IL-1β and blood glucose assessed 
(H). Infarct volume was assessed by TTC staining and representative images shown (I, 
n=17). Scale bar = 75 mm. Correlation between infarct volume and blood glucose assessed 
(J). Functional outcome was assessed by % weight loss (K, n=44) and neuroscore (L, 
n=44). Data are presented as mean ± SEM (C, D, E, F, G, I, K) or median and IQ (L). Solid 
lines indicate best-fit linear regression and the interrupted lines the 95% confidence 
intervals, r2 values detailed in the figure, individual points represent separate animals (H, 
J). Data were assessed using: two-way ANOVA with Sidak’s post hoc (B); one-way ANOVA 
with Dunnett’s post hoc vs M1 Stim HighGlc (D); repeated two-way ANOVA with Sidak’s 
post hoc (E); Welch’s t test (F, G, I, K); Mann-Whitney test (L); and linear regression (H, 
J). ##p < 0.01 M1 Stim NormGlc vs High Glc, and M1 Stim Mannitol vs High Glc; *p < 0.05, 
**p < 0.01, ***p < 0.001, and ****p < 0.0001. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



134 

 

We next assessed whether glucose-dependent increases in IL-1β transcript were 

similarly observed at a protein level. As expected, M1 stimulation induced the 

production of NFκB regulated proteins: IL-1β, IL-6 and TNFα (Fig. 4.1C-D). M1 

stimulated cells cultured in high glucose produced 3 fold more pro IL-1β compared 

to cells cultured in normal glucose (Fig. 4.1C), whilst glucose availability had no 

effect on IL-6 or TNFα production (Fig. 4.1D). Elevated production of IL-1β was not 

related to increased osmolarity as cells cultured in osmolarity matched media 

(Mannitol) produced similar levels of pro IL-1β to cells cultured in normal glucose 

(Fig. 4.1C). There was no cell death (pyroptosis or apoptosis) in response to M1 

stim regardless of glucose concentration (Fig. 4.S1). To investigate whether 

glucose availability similarly regulates IL-1β production in vivo, mice were treated 

with glucose, or left untreated, prior to MCAo. Administration of glucose caused a 

2 fold increase in blood glucose levels at the time of MCAo (Fig. 4.1E). 

Immunostaining for macrophage marker Iba1 and IL-1β revealed that the majority 

of IL-1β producing cells in the brain were Iba1+ (microglia, monocyte-derived 

macrophages, or perivascular macrophages) 24 hours post-stroke (Fig. 4.S2). 

IL-1β+Iba1+ cells were found predominantly in the ipsilateral hemisphere, and often 

located in close proximity to blood vessels (Fig. 4.S2). Quantification of 

immunostaining identified a 3 fold increase in IL-1β+Iba1+ cells in the ipsilateral 

hemisphere of glucose treated mice, compared to untreated mice (Fig. 4.1F). 

These findings were confirmed using leukocyte isolations. 24 hours post-stroke 

leukocytes were isolated from ipsilateral hemisphere and a 4 fold increase in 

production of pro IL-1β was identified in glucose treated mice, compared to 

untreated mice (Fig. 4.1G). Moreover, the levels of pro IL-1β significantly correlated 

with blood glucose (Fig. 4.1H). Consistent with a substantial increase in IL-1β, 

glucose treated mice had 3 fold increased infarct volume compared to untreated 

mice (Fig. 4.1I), and a significant correlation between infarct volume and blood 

glucose was found (Fig. 4.1J). Indeed, glucose treated mice had a worse functional 

outcome with increased weight loss (Fig. 4.1K), and a higher neuroscore (Fig. 4.1L) 

compared to untreated mice. These results indicate that increased glucose 

availability enhances IL-1β production which is associated with worse outcomes 

after stroke. 
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 Elevated blood glucose promotes IL-1β production and ischaemic 

damage via a glycolysis-dependent mechanism after stroke  

Proinflammatory M1 polarisation in macrophages depends on a switch from 

oxidative phosphorylation to glycolysis (Viola et al., 2019). Hence, we 

hypothesised that high glucose levels may promote elevated production of IL-1β 

by augmenting glycolysis. To investigate this, we treated M1-stimulated BMDMs 

with the glucose analogue 2-deoxy glucose (2DG) (Fig. 4.2A). As expected, 2DG 

dose-dependently inhibited pro IL-1β production in M1 stimulated BMDMs cultured 

in high glucose (Fig. 4.2B). 2DG modestly inhibited IL-6 production but had no 

effect on TNFα (Fig. 4.2C). We next assessed whether 2DG could similarly 

selectively inhibit IL-1β production in brain resident macrophages. Pro IL-1β 

production, but not IL-6 or TNFα, was elevated in M1-stimulated mixed glial 

cultures cultured in high glucose, compared to glial cells cultured in normal glucose 

(Fig. 4.S3A). 2DG blocked the production of pro IL-1β production and IL-6, but 

increased TNFα production (Fig. 4.S3B).  

 

To investigate whether 2DG similarly inhibited IL-1β production in vivo, mice were 

treated with glucose or glucose and 2DG combined prior to MCAo. Blood glucose 

levels at the point of MCAo occlusion were similar in mice treated with glucose or 

glucose and 2DG (Fig. 4.2D). Glucose and 2DG treatment decreased pro IL-1β 

production 3 fold in isolated leukocytes, compared to glucose treatment alone (Fig. 

4.2E), and the correlation between pro IL-1β and blood glucose was lost in 2DG 

treated mice (Fig. 4.2F). Consistent with a substantial decrease in intracerebral IL-

1β, there was a 3 fold reduction in infarct volume in glucose and 2DG treated mice 

compared to mice treated with glucose alone (Fig. 4.2G). In addition there was no 

correlation between pro IL-1β and blood glucose in 2DG-treated mice. 2DG 

treatment also improved functional outcome (Fig. 4.2J), but there was no 

significant effect on weight loss (Fig. 4.2I). These results suggest that increased 

glucose availability drives IL-1β production by glycolysis-dependent mechanisms. 
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Figure 4.2 - Glycolysis is required for production of IL-1β, and exacerbates stroke 
damage. 
Schematic diagram highlighting 2DG inhibits glycolysis (A). BMDMs were pretreated with 
increasing concentrations of 2DG (1 mM, 2 mM and 4 mM) for 3 hours, and then challenged 
with different M1 stimulated (100 ng/mL IFNγ and 50 ng/mL LPS) glucose containing 
medias (NormGlc 5.5 mM Glc, HighGlc 30.5 mM Glc) for 24 hours (B-C). Pro IL-1β was 
determined by ELISA and western blot (B), and IL-6 and TNFα in supernatants was 
determined by ELISA (C). Graphs are representative of one independent experiment, with 
four biological replicates (B-C, n=4). Mice were given 2.2 g/kg Glc i.p, followed by a further 
injection of either 2DG (2.2 g/kg) or PBS, and a stroke was induced by MCAo (D-J). Blood 
glucose was assessed before Glc injection, and during MCA occlusion (D, n=28). 
Leukocytes were isolated from the ipsilateral hemisphere and lysed. Pro IL-1β was 
determined by ELISA (E, n=13). Correlation between Pro IL-1β and blood glucose 
assessed (F). Infarct volume was assessed by TTC staining and representative images 
shown (G, n=15). Scale bar = 75 mm. Correlation between infarct volume and blood 
glucose assessed (H). Functional outcome was assessed by % weight loss (I, n=27) and 
neurological dysfunction (J, n=28). Data are presented as mean ± SEM (B, C, D, E, G, I) 
or median and IQ (J). Solid lines indicate best-fit linear regression and the interrupted lines 
the 95% confidence intervals, r2 values detailed in the figure, individual points represent 
separate animals (F, H). Data were assessed using: one-way ANOVA with Dunnett’s post 
hoc vs High Glc (B-C); repeated two-way ANOVA with Sidak’s post hoc (D); Welch’s t test 
(E, G, I); Mann-Whitney test (J); and linear regression (F, H). *p < 0.05, **p < 0.01, ***p < 
0.001, and ****p < 0.0001. 
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 Elevated blood glucose promotes IL-1β production and ischaemic 

damage via a mitochondrial pyruvate carrier-dependent mechanism after stroke  

We next aimed to investigate which metabolites downstream of glycolysis 

regulated IL-1β production. The principal metabolite produced by glycolysis is 

pyruvate (Fig. 4.3A). Oxamate (40 mM), an analogue of pyruvate, significantly 

inhibited production of IL-1β and IL-6, but not TNFα, in M1 stimulated BMDMs 

cultured in high glucose (Fig. 4.3B-C). Oxamate at higher doses induced a global 

reduction in cytokine production, alongside reduced β-Actin intensity, which is 

indicative of reduced cell viability (Fig. 4.3B-C).  

 

 

 

 

 

Figure 4.3 - Pyruvate metabolism is essential for production of IL-1β. 
Schematic diagram illustrating inhibition of pyruvate metabolism by oxamate (A). BMDMs 
were pre-treated with increasing concentrations of oxamate (10 mM, 20 mM, 40 and 80 
mM) for 3 hours, and then challenged with respective M1 stimulated (100 ng/mL IFNγ and 
50 ng/mL LPS) glucose containing medias (NormGlc 5.5 mM, HighGlc 30.5 mM) for 24 
hours (B-C). Pro IL-1β was determined by ELISA and western blot (B), and IL-6 and TNFα 
in supernatants was determined by ELISA (C). Graphs are representative of two 
independent experiment, with five biological replicates (B, n=5), or one independent 
experiment, with 3 biological replicates (C, n=3). Data are presented as mean ± SEM. Data 
was assessed with one-way ANOVA with Dunnett’s post hoc vs High Glc. **p < 0.01, ***p < 
0.001, and ****p < 0.0001 PBS vs Glc. 
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Once glucose is metabolised to pyruvate there are 3 major metabolic fates, we 

therefore investigated which of these fates is essential for IL-1β production. The 

conversion of pyruvate to lactate by lactate dehydrogenase (LDHA) is a hallmark 

of aerobic glycolysis (Fig. 4.4A). As expected, intracellular lactate production was 

significantly increased in M1 stimulated BMDMs cultured in high glucose, 

compared to cells cultured in normal glucose (Fig. 4.4B). The LDHA inhibitor, GSK 

2837808A, significantly reduced lactate production at 100 μM (Fig. 4.4C), but also 

inhibited IL-1β, IL-6 and TNFα production, and reduced β-Actin intensity (Fig. 4.4D-

E). Cell viability was assessed by MTT assay, and a significant reduction in cell 

viability was determined at 100 μM GSK 2837808A (Fig. 4.4F), suggesting lactate 

production is required for macrophage viability. As conversion of pyruvate to 

lactate appeared essential for macrophage viability following M1 stimulation, we 

used an alternate approach to investigate whether lactate is acting as an 

immunoregulatory signalling molecule promoting IL-1β production. M1 stimulated 

BMDMs were cultured in normal glucose, high glucose, or normal glucose and high 

lactate. Intracellular lactate was significantly increased in cells cultured with lactate 

enriched media (Fig. 4.4G), but there was no increase in pro IL-1β, compared to 

cells cultured in normal glucose (Fig. 4.4F). Combined, our results suggest that 

pyruvate conversion to lactate is essential to maintain cell viability, but lactate itself 

is not an immunometabolite regulating IL-1β. Pyruvate may also be converted to 

α-ketoglutarate and alanine via alanine aminotransferase (ALT) (Fig. 4.4I). 

However, increasing doses of the ALT inhibitor β-chloro-L-alanine had no effect on 

IL-1β, IL-6, or TNFα production (Fig. 4.4J&K). These results indicate that 

conversion of pyruvate to lactate, or α-ketoglutarate does not regulate IL-1β 

production. 
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Figure 4.4 - Conversion of pyruvate to lactate, or α-Ketoglutarate, is not essential for 
production of IL-1β. 
Schematic diagram illustrating the metabolic fates of pyruvate (A). BMDMs were treated 
with different glucose containing media: NormGlc (5.5 mM Glc), HighGlc (30.5 mM Glc) or 
Mannitol (5.5 mM Glc + 25 mM mannitol), in the presence or absence of an M1 stim (100 
ng/mL IFNγ and 50 ng/mL LPS) for 24 hours, and intracellular lactate was determined (B). 
BMDMs were pretreated with increasing concentrations of GSK 2837808A (0.1, 1, 10, and 
100 μM, vehicle used is DMSO) for 3 hours, and then challenged with respective M1 
stimulated (100 ng/mL IFNγ and 50 ng/mL LPS) glucose containing medias (NormGlc 5.5 
mM, HighGlc 30.5 mM) for 24 hours (C-E). Intracellular lactate (C), pro IL-1β (D), and IL-6 
and TNFα was determined (E). Cell viability was assessed by MTT (F). BMDMs were 
treated with lactate enriched media (5.5 mM Glc + 25 mM Lactate) and intracellular lactate 
(G) and pro IL-1β was determined (H). BMDMs were pretreated with increasing 
concentrations of β-Chloro-L-alanine (5, 25, 50, 250, 500 μM) for 3 hours, and then 
challenged with respective M1 stimulated (100 ng/mL IFNγ and 50 ng/mL LPS) glucose 
containing medias (NormGlc 5.5 mM, HighGlc 30.5 mM) for 24 hours (I-J). Pro IL-1β was 
determined by ELISA and western blot (I), and IL-6 and TNFα in supernatants was 
determined by ELISA (J). Graphs are representative of two independent experiment (B-J, 
n=3-6), or one independent experiment, with 3 biological replicates (C, n=3). Data are 
presented as mean ± SEM. Data were assessed with: two-way ANOVA with Tukey’s post 
hoc (B); one-way ANOVA with Dunnett’s post hoc vs HighGlc (C-E, H, J-K); one-way 
ANOVA with Dunnett’s post hoc vs NormGlc (G); and Kruskal-Wallis with Dunn’s post hoc 
(F). *p < 0.05, **p < 0.01, ***p < 0.001, and ****p< 0.0001. 

 

Pyruvate can also be transported to mitochondria, to support the tricarboxylic acid 

(TCA) cycle (Fig. 4.5A). To determine whether transport of pyruvate to the 

mitochondria is important for IL-1β production, we treated M1 stimulated BMDMs 

cultured in high glucose with increasing doses of the mitochondrial pyruvate carrier 

inhibitor, UK5099. UK5099 inhibited IL-1β production in a dose-dependent fashion 

(Fig. 4.5B), weakly inhibited IL-6, but did not affect TNFα, (Fig. 4.5C). To 

investigate whether UK5099 similarly inhibited IL-1β production in vivo, mice were 

treated with glucose or glucose and UK5099 combined prior to MCAo. Blood 

glucose levels at the point of MCAo occlusion were not significantly altered 

between mice treated with glucose or glucose and UK5099 (Fig. 4.5D). UK5099 

decreased pro IL-1β production in isolated leukocytes compared to untreated mice 

(Fig. 4.5E), and there was no correlation between pro IL-1β and blood glucose in 

UK5099 treated mice (Fig. 4.5F). Similarly, there was a significant reduction in 

infarct volume in UK5099 treated mice (Fig. 4.5G), and an improved neuroscore 

(Fig, 5.5H), but no difference in weight loss between UK5099 and untreated mice 

(Fig. 4.5I). These results suggest that transport of pyruvate from the cytosol to the 

mitochondria and entry into the TCA is essential for IL-1β production. 
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Figure 4.5 - Entry into TCA and succinate accumulation required for production of 
IL-1β, and blocking TCA entry is neuroprotective. 
Schematic diagram illustrating UK5099 inhibits pyruvate entry into mitochondria and TCA 
(A). BMDMs were pretreated with increasing concentrations of UK5099 (25, 50, 100 μM, 
vehicle used is DMSO) for 3 hours, and then challenged with different M1 stimulated (100 
ng/mL IFNγ and 50 ng/mL LPS) glucose containing medias (NormGlc 5.5 mM Glc, HighGlc 
30.5 mM Glc) for 24 hours (B-C). Pro IL-1β was determined by ELISA and western blot (B), 
and IL-6 and TNFα in supernatants was determined by ELISA (C). Graphs are 
representative of one independent experiment (B-C, n=3-4). Mice were given 2.2 g/kg Glc 
i.p, followed by a further injection of either UK5099 (10 mg/kg) or PBS, and a stroke was 
induce by MCAo (D-J). Blood glucose was assessed before Glc injection, and during MCA 
occlusion (D, n=27). Leukocytes were isolated from the ipsilateral hemisphere and lysed. 
Pro IL-1β was determined by ELISA (E, n=13). Correlation between Pro IL-1β and blood 
glucose assessed (F). Infarct volume was assessed by TTC staining and representative 
images shown (G, n=14). Scale bar = 75 mm. Functional outcome was assessed by % 
weight loss (H, n=27) and neurological dysfunction (I, n=27). Schematic to show succinate 
accumulation inhibits prolyl-hydroxylase (PHD) enzymes which continually degrade 
HIF-1α, resulting in HIF-1α stabilisation (J). BMDMs were treated with different glucose 
containing media in the presence or absence of an M1 stim for 24 hours, and intracellular 
succinate was determined (K). BMDMs were pretreated with increasing concentrations of 
diethyl succinate (2.5, 5, 10 mM, vehicle used is DMSO), or diethyl butylmalonate (0.25, 
0.5, 1 mM, vehicle used is DMSO) for 3 hours, and then challenged with different M1 
stimulated in NormGlc for 24 hours (L). Pro IL-1β was determined by ELISA. Graphs are 
representative of two independent experiment (B-C, n=4-5). Data are presented as mean 
± SEM (B, C, D, E, G, H, K, L) or median and IQ (I). Solid lines indicate best-fit linear 
regression and the interrupted lines the 95% confidence intervals, r2 values detailed in the 
figure, individual points represent separate animals (F). Data were assessed using: one-
way ANOVA with Dunnett’s post hoc vs vehicle (B-C); one-way ANOVA with Dunnett’s post 
hoc vs NormGlc (L); repeated two-way ANOVA with Sidak’s post hoc (D); Welch’s t test (E, 
G, H); Mann-Whitney test (I), linear regression (F) and two-way ANOVA with Tukey’s post 
hoc (K). *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001. 

 

 

As our data indicated that transport of pyruvate to the mitochondria is required for 

IL-1β production, we hypothesised that glucose availability may regulate the 

accumulation of a specific TCA cycle intermediate that could drive IL-1β 

production. Studies have shown that the TCA cycle intermediate succinate 

accumulates in M1 stimulated macrophages and supports IL-1β production 

(Tannahill et al., 2013). We therefore assessed succinate levels in M1 stimulated 

BMDMs cultured in normal or high glucose. We found that M1 stimulated BMDMs 

cultured in high glucose have significantly elevated succinate, compared to cells 

cultured in normal glucose (Fig. 4.5K). Moreover, in normal glucose media, 

elevating intracellular succinate with either cell permeable succinate (DS) or, an 

inhibitor of succinate dehydrogenase (SDH) (DBM), is sufficient drive the 

production of pro IL-1β in M1 stimulated BMDMs (Fig. 4.5L). Thus, our results 

indicate that glucose potentially regulates IL-1β production via succinate 

accumulation. 
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 Discussion 

Epidemiological evidence has shown a strong association between high blood 

glucose levels and worse outcomes after stroke (Kruyt et al., 2010; Hjalmarsson et 

al., 2014). However, the mechanisms by which high glucose exacerbates stroke 

damage are not well-understood. Here we present data indicating that 

hyperglycaemia may promote worse outcomes after stroke through metabolic 

reprogramming of brain-associated macrophages, and identify increased 

expression of IL-1β as a critical mediator of poor stroke outcomes.  

 

Using RNA seq analysis we identified that elevated extracellular glucose levels 

caused stark differences in cellular transcripts. Pathway analysis further identified 

that specific NFκB regulated genes were differentially expressed in BMDMs in 

response to high glucose, which is consistent with previous findings where high 

glucose activates NFκB in vascular smooth muscle cells (Yerneni et al., 1999), 

pericytes (Romeo et al., 2002) and endothelial cells (Pieper and Riaz-ul-Haq, 1997; 

Ramana et al., 2004). Interestingly, IL-1β was significantly upregulated, but not 

other proinflammatory cytokines. Increased infarct volume in response to 

hyperglycaemia has been well-reported in preclinical models of stroke (Kruyt et al., 

2010; MacDougall and Muir, 2011), which has been recapitulated in the current 

study. Here our data suggests that increased glucose availability supports IL-1β 

production which is associated with worse outcomes. Epidemiological studies have 

also shown an association between diabetes and Alzheimer’s disease (AD) 

(Biessels et al., 2006), and HbA1c, a sensitive marker of chronic hyperglycaemia, 

was predictive of memory loss in both diabetic, and non-diabetic patients (Marden 

et al., 2017). Importantly, AD has been shown to have a strong neuroinflammatory 

component, and NLRP3-dependent production of IL-1β has been associated with 

AD pathology and cognitive decline (Heneka et al., 2013; Daniels et al., 2016), 

which may be exacerbated in the context of hyperglycaemia. Interestingly, a 

neuropathological investigation of regional AD pathology (amyloid plaques and 

neurofibrillary tangles) found no association with either diabetic status or HbA1c. 

They did, however, find a strong association between diabetic status and HbA1c 

on cerebrovascular pathology, such as subcortical infarcts (Pruzin et al., 2017). 

These results demonstrate that hyperglycaemia has prominent effects at the 

vasculature which may be the link between diabetes and AD.  
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It has been well described that macrophage polarisation to an M1-like inflammatory 

state is associated with metabolic shift from oxidative phosphorylation to glycolysis, 

which supports ATP generation and production of cytokines (Viola et al., 2019). 

Inhibiting glycolysis with 2DG specifically inhibited the production of IL-1β in high 

glucose conditions, confirming that glycolysis is required for IL-1β production 

(Tannahill et al., 2013). Next we recapitulated these findings in vivo, showing that 

2DG blocks leukocyte production of IL-1β and is associated with better outcomes, 

which has also been previously found in rodent models of stroke (Combs et al., 

1986; Yu and Mattson, 1999; Wei et al., 2003). A previous preclinical study has 

also directly implicated glucose metabolism as key pathological process which 

shapes immune cell function after stroke, and influences outcomes. Khan et al 

(2016) proposed that hyperglycaemia exacerbates stroke damage via the 

production of specific glucose metabolites, α-dicarbonyls, which prevent M2 

polarisation of infiltrating monocytes. The protective role of infiltrating monocytes 

in the resolution of stroke pathology has been previously demonstrated in 

ischaemic stroke (Gliem et al., 2016), and in haemorrhagic stroke (Barrington et 

al, unpublished). We propose glucose metabolism enhances an M1 phenotype, 

rather than preventing M2 polarisation. Whilst we report these effects at 24 hours, 

Khan et al (2016) report their effects at 48 hours after stroke. Therefore at acute 

timepoints (24 hours) increased glucose metabolism could drive lL-1β production, 

contributing to the subsequent production of α-dicarbonyls which may also inhibit 

M2 polarisation of infiltrating monocytes at later timepoints (48 hours).  

 

Immunostaining analysis identified IL-1β production from predominantly Iba1+ cells 

which could be either microglia, perivascular macrophages, or monocyte-derived 

macrophages. In addition, high extracellular glucose potentiated the production of 

IL-1β in M1 stimulated mixed glial cultures (exclusively astrocytes and microglia), 

we hypothesise that the potentiated IL-1β response is predominantly mediated by 

brain-resident macrophages, microglia. Although astrocytes have been 

demonstrated to produce IL-1β (Choi et al., 2014) their capacity to produce IL-1β 

is limited compared to microglia, and microglial production of IL-1β has been 

well-described in different diseases (Liu and Quan, 2018). Immunostaining also 

identified Iba1+IL-1β+ cells clustered around blood vessels. This is in agreement 

with previous studies that have shown IL-1β to signal via interleukin-1 receptor 1 

(IL-1R1) at the cerebrovasculature. This is evidenced by the fact that the 
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conditional deletion of IL-1R1 in brain endothelial cells caused a significant 

reduction in infarct volume and immune cell infiltration after MCAo (Liu et al., 2019; 

Wong et al., 2019) 

 

Despite metabolic changes being well-described in peripheral immune cells, less 

is known about how metabolism shapes microglial function. Like macrophages, 

microglial activation has also been associated with a shift from oxidative 

phosphorylation to glycolysis and the production of inflammatory cytokines (Lynch, 

2019). This has been demonstrated in response to LPS (Voloboueva et al., 2013; 

Orihuela et al., 2016) and LPS + IFNγ (Gimeno-Bayón et al., 2014) by other groups, 

and here we also recapitulate these findings with mixed glial cultures. Macrophage 

polarisation and metabolic reprogramming has been well-described in response to 

pathogen associated molecular patterns, such as LPS (Tannahill et al., 2013; 

Palsson-McDermott et al., 2015) and IFNγ (Wang et al., 2018), however until 

recently metabolic changes in response to DAMPs had not been shown. Di Gioia 

et al (2019) demonstrated the specific upregulation of proIL-1β in response to LPS 

and oxidised phospholipids, demonstrating that DAMPs can influence metabolic 

changes and alter immune responses. Oxidised phospholipids play a role in the 

formation of atherosclerotic plaques and Di Gioia et al (2019) demonstrate in 

animal models of atherosclerosis and clinically, that oxidised phospholipids 

contribute to a hyperinflammatory state. These findings are of direct clinical 

relevance in the context of stroke as 23% of all ischaemic strokes are of 

atherosclerotic aetiology (Adams et al., 1993), thus exposure to oxidised 

phospholipids may also be causing immune cell metabolic reprogramming which 

can shape stroke outcomes. Here we show elevated extracellular glucose acting 

as a DAMP to regulate immunometabolism and augmenting an inflammatory 

response. Interestingly, metabolic reprogramming of microglia has been also 

demonstrated in response to LPS + amyloid-β (Rubio-Araiz et al., 2018), and 

amyloid-β alone (Baik et al., 2019), establishing amyloid-β and another DAMP-like 

molecule which can induce metabolic changes, and implicating that 

immunometabolic changes may also be important in AD pathophysiology. 

 

Ultimately, targeting glycolysis is therapeutically not a viable strategy as 

modulating a metabolic system which is shared by all cell types will have 

deleterious effects. Additionally, clinical trials using insulin to lower glucose did not 
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show any benefit (Gray et al., 2007), and it is likely that a therapeutic approach to 

inhibit glycolysis would fail for the same reasons. Blood glucose concentrations 

and stroke outcomes follow a U-shaped curve, and both hypoglycaemia and 

hyperglycaemia are associated with poorer clinical outcomes (Piironen et al., 

2012). Whilst we propose that glucose potentiates post-stroke inflammation, it is 

also critical for neuronal survival. Consequently, a beneficial therapeutic strategy 

should selectively inhibit immune cell polarisation, whilst not compromising 

neuronal survival. Therefore, we sought to identify a key metabolite downstream 

of glucose metabolism which regulates IL-1β production in myeloid cells as a 

potential therapeutic target. 

 

The final metabolite produced in glycolysis is pyruvate, which using an analogue 

of pyruvate, oxamate, we showed to be essential in regulating IL-1β production. 

Pyruvate is a versatile metabolite, with multiple metabolic fates: (i) conversion to 

lactate, (ii) transamination, and (iii) entry into the TCA. We investigated each of 

these fates to determine which is essential for regulating IL-1β production. First, 

we inhibited the conversion of pyruvate to lactate with the LDHA inhibitor GSK 

2837808A. An hallmark of M1 polarisation is the production of lactate, commonly 

referred to as the Warburg effect (Warburg, 1956; Palsson-McDermott and O’Neill, 

2013), which was augmented when extracellular glucose availability was 

increased. Until recently lactate had largely been known as a metabolic by-product, 

however recently it has been demonstrated to act as a signalling molecule to shape 

immune cell function. Zhang et al (2019) show that the production of lactate from 

M1 stimulated macrophages increases histone lactylation, which promotes the 

expression of M2-like genes, coining this homeostatic process as the “lactate 

clock”. Earlier research demonstrated that lactic acid produced from tumor cells 

can stabilise hypoxia-inducible factor (HIF)-1α, and upregulate the expression of 

vascular endothelial growth factor (Colegio et al., 2014). We demonstrate a 

maximal dose of GSK 2837808A inhibits lactate production, despite previously 

stated IC50 values to inhibit lactate production in cancer cell lines being significantly 

lower (Billiard et al., 2013). At a dose that inhibits lactate production we have a pan 

inhibition of cytokines, which we attribute to a loss in cell viability. Interestingly, 

oxamate is also a non-competitive inhibitor of LDHA and at high concentrations we 

observe pan inhibition of cytokines, and a reduction in β-Actin intensity. Combined 

these results suggest that lactate is required for cell viability. During the conversion 
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of pyruvate to lactate NAD+ is generated, which is required to sustain glycolysis 

and energy production, therefore inhibiting NAD+ recycling may lead to an energy 

deficit and a subsequent reduction in cell viability. However, when enriching media 

with an equivalent concentration of lactate to glucose, lactate does not augment 

IL-1β production suggesting lactate is not an IL-1β-related immunometabolite.  

 

These results have distinct clinical relevance as lactate accumulation has been 

proposed to contribute increased brain damage due to production of lactic acid and 

a subsequent decreased in pH (Rehncrona and Kågström, 1983; Katsura et al., 

1992), and hyperglycaemia correlates positively with increased cerebral lactate 

after stroke (Parsons et al., 2002). However a decrease in pH during glycolysis has 

been demonstrated to be due to the release of H+ ions during ATP hydrolysis and 

not lactic acid production (Zilva, 1978), and lactate administration is 

neuroprotective (Berthet et al., 2009), rebutting the notion that lactate accumulation 

is detrimental. Another important consideration in the context of stroke is the 

proposed role of lactate as an alternative energy source for neurons from the 

astrocyte-neuron lactate shuttle, further supporting the requirement of lactate 

production (Cater et al., 2003; Tang, 2018).  

 

The second fate of pyruvate we investigated was transamination to 

α-ketoglutarate, mediated by ALT. Inhibition of ALT had no effect on IL-1β 

production, implicating transamination as a non-essential pathway in regulating 

IL-1β production. The final fate of pyruvate we investigated was the entry into the 

TCA. Using the mitochondrial transporter inhibitor, UK5099, we selectively 

inhibited IL-1β production and improved stroke outcomes, which is in agreement 

with previous studies that have shown pyruvate transport into the mitochondria is 

essential for regulating M1 polarisation and cytokine production (Meiser et al., 

2016). The accumulation of the TCA intermediate succinate, has been well 

described to drive the production of IL-1β through stabilising HIF-1α and directly 

upregulating IL-1β expression (Tannahill et al., 2013). Succinate has been shown 

to stabilise HIF-1α expression via two distinct mechanisms. Firstly, accumulation 

in the mitochondria results in transport to the cytosol where it can inhibit prolyl-

hydroxylase enzymes which degrade HIF-1α during normoxia (Tannahill et al., 

2013). Secondly, the oxidation of succinate via SDH generates ROS production 

which also stabilises HIF-1α expression (Mills et al., 2016). Here we show high 
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extracellular glucose levels potentiated succinate accumulation, whilst increasing 

concentrations of cell permeable succinate, DS, or an inhibitor of SDH which 

degrades succinate, DBM, is sufficient to increases pro IL-1β production. 

Therefore, our results suggest that pyruvate metabolism and entry into the TCA 

supports succinate accumulation.  

 

An importance consideration not addressed in this study is how pyruvate supports 

succinate accumulation. Following M1 polarisation the TCA cycle is interrupted and 

citrate and succinate accumulate (Viola et al., 2019). Due to these two breaks in 

the TCA, there is an incomplete flow of metabolites, and pyruvate entry into the 

TCA cannot directly support succinate accumulation. Tannahill et al (2013) 

proposed that glutaminolysis to generate α-ketoglutarate is the principle 

mechanism of succinate anaplerosis, and to a lesser extent, the gamma 

aminobutyric acid (GABA) shunt. However, a large metabolic and transcriptomic 

study demonstrated that glutamine deprivation affects M2 polarisation but not M1 

polarisation (Jha et al., 2015), suggesting an unidentified pathway supports 

succinate accumulation. Therefore, further investigation to identify how pyruvate 

supports succinate accumulation may reveal a novel immunometabolic pathway 

and novel therapeutic targets to prevent IL-1β production. 

 

In conclusion, we show hyperglycaemia exacerbates ischaemic brain injury by 

augmenting the post-stroke inflammatory response, via glycolysis-dependent 

production of IL-1β in macrophages. Glucose is serving two masters post-stroke, 

maintaining neuronal survival, whilst sustaining glycolysis dependent production of 

IL-1β production in macrophages. We identified pyruvate as a metabolite 

downstream of glycolysis which is essential for regulating IL-1β, and suggest 

pyruvate supports succinate accumulation. However, how pyruvate supports 

succinate accumulation is yet to be identified. Combined these results provides a 

mechanistic insight to why hyperglycaemic patients have greater damage after 

stroke, and may contribute to the development of new therapeutic strategies. 
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 Supplementary material 

 

 

 

Figure 4.S1 – Glucose and M1 challenge does not cause cell death in BMDMs.  
BMDMs were treated with different glucose containing media: NormGlc (5.5 mM Glc), 
HighGlc (30.5 mM Glc) or Mannitol (5.5 mM Glc + 25 mM mannitol), in the presence or 
absence of an M1 stim (100 ng/mL IFNγ and 50 ng/mL LPS) for 24 hours (A-B). Pyroptotic 
cell death was assessed by LDH release (A, n=4), and apoptotic death was assessed by 
western blot for cleaved Casp3 (B). A positive control for cleaved Casp3 was run alongside 
samples, where mixed glial cultures were been treated with EtOp (40 μg/mL). Data are 
presented as mean ± SEM. Data were assessed with two-way ANOVA with Tukey’s post 
hoc (A) , **p < 0.01 M1 Stim Norm Glc vs High Glc and M1 Stim Mannitol vs High Glc.  
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Figure 4.S2 – IL-1β production after MCAo is predominantly from Iba1+ cells.  
Mice were given 2.2 g/kg Glc, or PBS, by i.p. injection and a stroke was induce by MCAo. 
Representative images show immunostaining for Iba1, pro IL-1β, and DNA in the 
contralateral and ipsilateral hemisphere (n=18).  
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Figure 4.S3 – Elevated glucose drives production of IL-1β in brain specific cell types, 
which is dependent of glycolysis.  
Murine mixed glia were pretreated with 2DG (2mM) for 3 hours, and then challenged with 
respective M1 stimulated (100 ng/mL IFNγ and 50 ng/mL LPS) glucose containing medias 
(NormGlc 5.5 mM, HighGlc 30.5 mM) for 24 hours (A-B). Pro IL-1β was determined by 
ELISA and western blot (A), and IL-6 and TNFα in supernatants was determined by ELISA 
(B). Graphs are representative of one independent experiment, with three biological 
replicates (B-C, n=3). Data are presented as mean ± SEM. Data was assessed using: two-
way ANOVA with Tukey’s post hoc (A); one-way ANOVA with Dunnett’s post hoc (B). *p < 
0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001 vs M1 stim High Glc. 
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 Summary  

Cerebral ischaemia can occur in response to a transient focal cessation or chronic 

global reduction in blood flow to the brain, both of which have potentially 

detrimental consequences and central roles in the pathology of stroke and SVD. A 

number of modifiable risk factors, such as diet, have been shown to exacerbate 

ischaemic damage. Here, we investigated global and focal ischaemic pathology in 

murine models, and how obesity and hyperglycaemia modulates the response to 

neuropathology. 

 

The overarching aim of this thesis was to investigate how diet influences 

inflammatory responses and the subsequent neuropathological and functional 

outcomes after global and focal cerebral ischaemia. Within this overall aim, we set 

out to address three specific objectives: 

 

1. Develop and characterise the BCAS model of global cerebral 

hypoperfusion, which will be used for the first time at the University 

of Manchester. 

 

2. Investigate how obesity regulates inflammatory responses and long-

term functional outcomes in mice following experimental stroke.  

 

3. Determine how hyperglycaemia regulates inflammatory responses 

and neuropathological outcome in mice following experimental 

stroke.  

 

In Chapter 2, we aimed to establish a mouse model of hypoperfusion, BCAS. The 

BCAS model was first established in 2004, and has been widely published since 

then, producing a modest reduction in CBF, and distinct vascular and white matter 

pathologies in mice (Shibata et al., 2004). In this study, we showed a sustained 

reduction in CBF, but we did not observe a concomitant reduction in tissue 

oxygenation or altered ischaemic pathology. We hypothesise that the reduction in 

CBF was not severe enough and/or there was sufficient compensatory collateral 

flow; this meant that the critical threshold required to induce the neuropathological 

and cognitive changes previously observed in murine models was not reached. In 

subsequent chapters, we therefore employed the well-established MCAo model of 
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transient focal ischaemia, to investigate how different dietary states can affect 

post-ischaemic inflammatory responses and ischaemic injury. 

 

In Chapter 3, we investigated long-term outcomes after stroke, focusing on 

clinically relevant outcomes. We found that stroke induced long-term changes in 

depressive and anxiety-like behaviours and a sustained loss in adipose mass. We 

also found an altered lipid profile, increased adipokine release, and increased liver 

damage, which are indicative of an increased risk of subsequent vascular events. 

Additionally, we assessed these outcomes in obese mice to determine what effect 

obesity has on long-term outcomes after stroke. We corroborated previous findings 

that obese mice have increased lesion volume and higher mortality after MCAo 

(Maysami et al., 2015). In light of this, we took a novel approach to equalise lesion 

volumes with different occlusion times; therefore, any changes in outcomes can be 

attributed to the effects of obesity, rather than increased damage. Obese mice, 

with equivalent lesion volumes, had long-term changes in depressive and anxiety-

like behaviours, but these changes did not differ from normal-fed mice. Obese mice 

did have a greater reduction in adipose mass, compared to normal-fed mice; 

however, this was not accompanied by pronounced changes in adipokine release, 

lipid profile and liver damage.  

 

In Chapter 4, we investigated the effect of hyperglycaemia on inflammatory stroke 

pathology. Hyperglycaemia is commonly observed in patients admitted to hospital 

for stroke and is associated with larger infarcts, increased mortality and poorer 

clinical outcomes. These effects are independent of other risk factors such as age, 

diabetes, and stroke severity. However, it is unclear how blood glucose 

exacerbates ischaemic injury. Here, we show that following stroke, 

macrophage/microglial cells undergo extensive metabolic reprogramming to 

support an inflammatory phenotype, which is characterised by enhanced IL-1β 

production. Moreover, production of IL-1β was dependent on glycolysis. However, 

as inhibiting glycolysis is not a clinically viable therapeutic methodology, we sought 

to identify key metabolites downstream of glycolysis regulating IL-1β production, in 

a bid to discover potential targets. We identified that pyruvate metabolism and entry 

into the TCA cycle is required for IL-1β production, where it likely supports 

succinate accumulation. 
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 Experimental considerations and future directions 

 Refinement of the BCAS model  

The main finding of Chapter 2 was that there were no major pathological changes 

in the brain in response to BCAS-induced chronic hypoperfusion. Despite a 

sustained reduction in CBF at 3 months, tissue oxygenation was not affected at 

this timepoint. Consequently, ischaemia-related pathology such as BBB 

breakdown and neuroinflammation did not occur. To determine tissue oxygenation, 

we used clinically validated markers of tissue oxygenation, MAG:PLP and VEGF, 

which were assessed for the first time in the BCAS model in this study. We did not 

see a significant change in these markers and suggest that the lack of effect is due 

to CBF not being sufficiently reduced. To further validate MAG:PLP and VEGF as 

markers of ischaemia in mouse tissue we could: (i) assess MAG:PLP and VEGF 

acutely in more severe model of ischaemia, e.g. MCAo or 2VO, or (ii) assess 

changes at Day 1 in the BCAS model when maximal reduction in CBF is observed. 

Following validation of MAG:PLP and VEGF as relevant markers of ischaemia in 

mouse tissue, we could re-assess these markers in an optimised model of BCAS 

and evaluate the translatability of the model.  

 

With respect to the validity of the BCAS model, there are several experimental 

considerations to ensure that sufficient pathological hypoperfusion occurs and 

subsequent ischaemia achieved. The first option is to decrease the diameter of the 

coil, furthering restricting CBF. In an early paper characterising the BCAS model, 

the authors used 4 different diameters of coils: 0.16, 0.18, 0.20 and 0.22 mm, with 

the 0.16 mm coil being associated with more severe CBF reduction, higher 

mortality and grey matter damage (Shibata et al., 2004). Indeed, other research 

groups employing this model have experienced issues with modest reductions in 

CBF using 0.18 mm coils, and have consequently switched to tighter coils. A 

further experimental consideration which may have impacted our results is the 

inherent biological variability within groups. It is well described that C57BL/6 mice 

have large variations in the anatomy of the Circle of Willis and this anatomical 

diversity may account for the variability in our data (McColl et al., 2004). To account 

for this in future experiments, we could incorporate strict exclusion criteria such as: 

(i) a minimum reduction in CBF at Day 1, (ii) pre-selecting animals with suitable 

vasculature by MRI before BCAS surgery, or (iii) assessment of posterior 

communicating arteries post-mortem by carbon black ink perfusion. 
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In Chapters 3 and 4, we showed how dietary influences, obesity and 

hyperglycaemia, modulate outcomes after transient ischaemia. To our knowledge, 

there have not been any studies that have investigated these co-morbidities in the 

context of the BCAS model. Thus, it would be interesting to conduct experiments 

investigating obesity and hyperglycaemia in the context of chronic global 

hypoperfusion, to draw comparisons between the pathology in focal and global 

ischaemia. Additionally, Chapter 4 investigated immunometabolic changes after 

ischaemic stroke, but very little is known about metabolic changes in response to 

global ischaemia, and it would therefore be of interest to investigate the role of 

immunometabolism in the BCAS model.  

 

 Investigating long-term vascular risk after stroke and the obesity 

paradox 

In chapter 3, we identified that normal-fed mice had an altered lipid, adipokine and 

ALT profile, and this was indicative of poor vascular health, and risk of future 

vascular events. Indeed, in humans, the risk of recurrent vascular events, such as 

secondary stroke or myocardial infarction, is high for many years after the initial 

stroke (Putaala et al., 2010). A recent preclinical study also indicated that 

experimental stroke induces profound effects on vascular health through enhanced 

atherosclerotic mechanisms (Roth et al., 2018). In this study, the authors showed 

that 1 month after stroke, mice had increased aortic plaque burden, which was 

mediated via HMGB1 release and activation of endothelial cells. In our study, 

incorporation of en face vessel staining to characterise plaque burden would have 

been beneficial to determine if the poor vascular risk profile translates into a 

pathological manifestation. Further long-term studies to investigate recurrent 

cardiovascular events after stroke are required to confirm these findings.  

 

To investigate how obesity effects long-term changes after stroke, we also used 

mice that had been fed a high-fat diet for 6 months. We confirmed previous reports 

demonstrating that obesity is associated with increased mortality at acute 

timepoints after MCAo (Maysami et al., 2015). Consequently, we took a novel 

approach to use different MCA occlusion times to equalise lesion volumes. This 

approach allowed us to assess the effect of obesity on long-term outcomes, 

independent of lesion volume. We found obesity did not affect anxiety and 
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depressive behaviours post-stroke, compared to normal-fed mice. This contradicts 

the obesity hypothesis that suggests that obese patients have better outcomes 

after stroke due to increased energy stores which protect from weight loss 

(Vemmos et al., 2011; Doehner et al., 2013). Here, despite finding obese mice to 

have an enhanced/exaggerated reduction in post-stroke adipose loss, long-term 

outcomes did not differ from control-fed mice. However, the major limitation of 

these findings is the low sample size (n = 4), and as such, these results would need 

to be verified in a larger cohort. Alongside obesity being associated with worse 

short-term outcomes in experimental models of stroke, acute high-fat feeding (3 

days) is also associated with worse outcomes after MCAo. Haley et al (2019) 

identified that acute high-fat feeding causes distinct disruptions in glucose 

homeostasis, highlighting an important link between high-fat and high-glucose 

diets on outcomes after stroke. 

 

 Immunometabolism shaping stroke outcomes 

In Chapter 4, we propose that glycolytic flux, following M1-like polarisation, 

regulates post-stroke IL-1β production. In the context of hyperglycaemia, there is 

increased substrate availability that drives glycolytic flux and IL-1β production, 

which proposes a mechanistic insight into why hyperglycaemia may be associated 

with larger infarcts after stroke. Here, we demonstrate glycolytic flux via a number 

of different parameters, increased lactate production, succinate accumulation and 

pro IL-1β production. The gold standard assessment of metabolic fluxes is 

performed using the Seahorse analyser to determine oxygen consumption rate 

(OCR) and extracellular acidification rate (ECAR); future work including these 

analyses would help to build on the metabolic characterisations described here. 

 

Data in Chapter 4 show that hyperglycaemia results in potentiated pro IL-1β 

production, and subsequent increased lesion volume following stroke. However, a 

major caveat is that we have not yet validated the directionality of this relationship. 

It is plausible that hyperglycaemia exacerbates neuronal damage via an 

IL-1β-independent mechanism, and increased damage causes increased IL-1β 

production. To address these concerns, future experiments using IL-1RA or IL-1β-/- 

mice would verify the directionality of hyperglycaemia and IL-1β, and confirm our 

hypothesis that IL-1β is a major driver of ischaemic damage. A further assumption 

of this study is that IL-1β production is driven by HIF-1α stabilisation, which has 
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previously been shown to bind to the IL-1β promotor and upregulate expression 

(Tannahill et al., 2013). However, we do not directly show HIF-1α stabilisation by 

conventional immunoblotting techniques, due to technical difficulties with rapid 

HIF-1α degradation in normoxic conditions. Useful future experiments could 

incorporate a CXCR3 HIF-1α-/- mouse line to establish the role HIF-1α in regulating 

IL-1β. These mice could be used for both BMDM isolations to directly implicate 

HIF-1α in IL-1β production, and also in vivo experiments to directly assess the 

relative contribution of macrophage/microglia IL-1β production in stroke damage. 

 

We identify pyruvate as an essential metabolite for IL-1β production, potentially by 

supporting succinate accumulation. Tannahill et al (2013) proposed that 

glutaminolysis is the principle mechanism of succinate anaplerosis. Glutaminolysis 

is a two-step process that converts glutamine to glutamate and glutamate to 

α-ketoglutarate, which supports the anaplerosis of succinate in the TCA. However, 

our data indicate glucose-derived pyruvate as the critical intermediate, rather than 

glutamine, supporting succinate-dependent IL-1β production. In agreement, a 

recent ‘omics’ study identified that glutamine deprivation affects M2 polarisation 

but not M1 polarisation, suggesting an unidentified pathway which supports 

succinate accumulation (Jha et al., 2015). Future experiments should utilise 

isotope-labelled mass spectrometry approaches to identify whether glucose or 

glutamine is the crucial carbon source for succinate, and/or whether this 

relationship is altered depending on relative substrate availability. 

 

Another consideration of this study is the issue of translatability from mice to 

humans. Currently all experimental work has been conducted in mouse tissue, and 

concerns have been raised about the differences in mouse and human cellular 

metabolism. Vijayan et al (2019) proposed that human macrophage stimulated with 

LPS are reliant on OXPHOS, in contrast to the glycolysis reliance observed in 

murine macrophages. However, when Wang et al (2018) stimulated human 

monocytes and macrophages with IFNγ, they showed that these cells express 

IL-1β in a glycolysis-dependent manner. Future studies should utilise human 

isolated macrophages to validate our findings in mice of a glucose-dependent 

hyperinflammatory phenotype. Additionally, there may be utility in employing 

clinical datasets and historical plasma samples to assess the relationships 



165 

 

between blood glucose, specific plasma metabolites (e.g. succinate/lactate, IL-1β), 

and stroke severity/outcomes. 

 

 Translational and clinical considerations 

 Dietary interventions for age-related diseases 

It is well described that modifiable risk factors are associated with poor vascular 

health and the development of ischaemia-related diseases, such as stroke and 

dementia. It has been estimated that approximately 35% of dementia cases 

worldwide can be attributed to modifiable risk factors: poor education in early life, 

midlife hypertension, obesity, diabetes, smoking, physical inactivity, depression, 

social isolation and hearing loss (Livingston et al., 2017). Given that these risk 

factors can be modulated by lifestyle changes, a number of RCTs are ongoing to 

investigate the effects of lifestyle-based preventions on the development of 

dementia (Ngandu et al., 2015; van Charante et al., 2016; Andrieu et al., 2017; 

Rosenberg et al., 2019). To date, three large European multi-domain 

lifestyle-based prevention studies have been completed: FINGER, the French 

Multidomain Alzheimer Preventive Trial (MAPT), and the Dutch Prevention of 

Dementia by Intensive Vascular Care (PreDIVA) study. All 3 studies have shown 

promising results, and the FINGER trial met its primary outcome showing a 25% 

improvement in cognitive performance in patients with a high dementia risk score. 

Whilst MAPT and PreDIVA did not meet their primary outcomes, they showed 

promising results in cognitive improvement in subgroup analyses. The FINGER 

trial implemented multidomain interventions which consisted of dietary counselling, 

exercise, cognitive training, and social activities, and interventions were tailored to 

individuals and their risk profiles. The use of multidomain approaches clearly 

illustrates the importance of lifestyle choices, such as diet, on vascular health. 

However, the relative contribution of diet on disease outcomes cannot be 

determined in these multidomain studies. RCTs that focus primarily on dietary 

intervention and cognition, such as the Mediterranean diet (Martínez-Lapiscina et 

al., 2013; Tussing-Humphreys et al., 2017), Dietary Approaches to Stop 

Hypertension (DASH) and Mediterranean-DASH Intervention for 

Neurodegenerative Delay (MIND) diets (van den Brink et al., 2019), omega-3 rich 

diets (Cole et al., 2009), and ketogenic diets (Neth et al., 2020) have reported 

positive effects on cognition. 

 



166 

 

In order to inform and shape studies in humans, preclinical research is essential 

for gaining mechanistic insight into the role of diet in the development of 

neurological and cerebrovascular diseases. A seminal preclinical study identified 

how salt-rich diets contribute to cognitive dysfunction. Faraco et al (2018) 

demonstrated that dietary salt reduces CBF and promotes cognitive decline, via a 

novel TH17 gut-brain axis affecting endothelial cell function. The authors show that 

cognitive decline is independent of hypoperfusion but dependent on endothelial 

nitric oxide dysfunction, and this promotes tau phosphorylation and subsequent 

neurodegeneration (Faraco et al., 2019). Another important study provided 

mechanistic insight into how a western diet has long lasting effects on our immune 

response. Christ et al (2018) showed that a diet rich in saturated fats and refined 

sugars can prime monocytes for an augmented IL-1β response to future 

inflammatory signals, and may contribute to the aetiology of atherosclerosis. 

Ultimately, an improved understanding of how dietary influences contribute to and 

shape disease outcomes is essential for educating individuals about healthy 

lifestyle choices. It is plausible that improved education in western countries may 

be partly responsible for the decreasing prevalence of dementia (Wu et al., 2017), 

in contrast to countries such as China (Chan et al., 2013) and Japan (Dodge et al., 

2012), where the rates of obesity and diabetes are increasing (Loef and Walach, 

2013).  

 

Combined evidence from clinical and preclinical studies demonstrates that different 

dietary states can have profound impacts on disease outcomes, such as stroke 

and dementia. Increased public awareness and improved education, as well as 

enhanced regulatory measures, such as stricter manufacturing regulations for 

sugar content in processed foods (Feigin and Krishnamurthi, 2016), should be 

used together to limit the exposure to potentially harmful dietary components. 

Moreover, the introduction of aversion strategies, such as taxation, may also be a 

viable in alleviating disease burden (Wilson, 2004; Asaria et al., 2007; Briggs et al., 

2013). 
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 Metabolic changes in dementia 

In Chapter 4, we found that hyperglycaemia had profound effects in the context of 

stroke, but the effects of hyperglycaemia were not considered in the context of 

chronic hypoperfusion and dementia. Contrastingly, glucose hypometabolism has 

been associated with development of AD. A recent study highlighted the genetic 

variant apolipoprotein E (APOE) 2 allele is protective against the development of 

AD, and is associated with increased glucose metabolism in the brain (Wu et al., 

2018). Conversely, the APOE4 allele is associated with an increased risk of AD 

and decreased brain glucose metabolism. Moreover, AD brains have been shown 

to have decreased expression of glucose transporters and are associated with 

decreased glycolytic flux (An et al., 2018). As such, there have been different 

therapeutic approaches to regulate glucose levels in AD patients, such as insulin 

and the GLP-1 analogue, liraglutide, with some success (Kuehn, 2019). In our 

study, we showed that increased glucose metabolism is pro-inflammatory, and as 

neuroinflammation is associated with AD progression and poorer outcomes 

(Heneka et al., 2015), this may indicate that increasing glucose metabolism in AD 

may have harmful inflammatory side-effects. 

 

 Clinical considerations for immunometabolism therapeutic 

strategies 

Chapter 4 suggests that targeting molecular components involved in 

immunometabolism may be beneficial in the treatment of stroke. However, this 

raises concerns about off-target effects, as metabolic programming is fundamental 

to all cell types. However, despite these concerns, immunometabolic strategies 

have been employed for many years in the treatment of cancer, thus proving the 

feasibility of these types of treatments. The success of these treatments in the 

cancer field is based upon the amplified metabolic demands of tumour cells 

compared to that of surrounding tissue, which makes them more sensitive to 

anti-metabolic drugs. For example, anti-folate drugs capitalise on cancer cells’ 

increased proliferative capacities, by inhibiting one-carbon transfer reaction which 

is required for nucleotide synthesis (Newman and Maddocks, 2017). In our work, 

we identified a distinctly different metabolic phenotype of myeloid cells to other 

tissue types, creating an anti-metabolite therapeutic window. A possible advantage 

of using metabolic approaches in inflammatory disorders over cancer is that the 

endpoints are far less destructive. Specifically, cancer treatments are designed to 
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kill cancerous cells, whereas anti-metabolite drugs for inflammatory diseases are 

designed to reshape cellular function. Therefore, in treating these conditions, a 

potentially lower dose could be administered with less harmful side-effects than 

would be needed in the context of cancer (Mazumdar et al., 2020). 

 

We acknowledge that any approach that systemically targets glucose metabolism 

is likely to fail in the clinical setting, due to its importance in many biological 

processes and more specifically in the context of stroke, its critical role in neuronal 

survival and brain repair. We therefore attempted to identify specific metabolites 

downstream of glycolysis that regulate IL-1β production. We found that pyruvate 

metabolism is essential for IL-1β production, and supports succinate accumulation; 

however, we have not fully elucidated the pathways which may identify novel 

therapeutic targets. Another consideration is the use of the diabetes drug, 

metformin. Metformin has been shown to inhibit glycolysis specifically in immune 

cells, and could be repurposed for acute stroke treatment to selectively inhibit M1 

polarisation in immune cells (Caslin et al., 2018).  

 

An immunometabolic approach to prevent post-stroke inflammation would need to 

be time-dependent, targeting pro-inflammatory myeloid cells in the acute period 

after stroke. Therapies designed for acute timepoints after stroke are difficult to 

implement, due to lengthy admission times and the requirement for ischaemic 

stroke confirmation. However, an advantage of this therapeutic strategy is that 

at-risk sub-groups of patients may be stratified for different treatment regimens 

based on their blood glucose measurements, and provide a more patient-specific 

approach. Additional clinical concerns may arise through the inhibition of IL-1β, as 

this has been associated with an increased risk of fatal sepsis (Ridker et al., 2017). 
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 Final conclusions 

It is well known that a balanced and healthy diet can guard against many diseases, 

and alteration of diet has the potential to mitigate or exacerbate certain pathological 

disease features. In the context of ischaemia, it well known that poor diet 

exacerbates outcomes. This thesis investigates in detail how obesity and 

hyperglycaemia affect outcomes after transient ischaemia. We found that obesity 

is associated with increased acute mortality, but does not exacerbate long-term 

outcomes when lesion volumes are equal between groups. Hyperglycaemia has 

profound effects on innate immunity, sustaining glycolytic flux and IL-1β 

production. SVD is a growing global burden and a major contributor to dementia, 

whereby extensive microvascular disease can result in chronic hypoperfusion and 

global ischaemia. Indeed, poor diet is a risk factor for dementia and has been 

shown to exacerbate disease. Lifestyle-based prevention RCTs show benefit in 

targeting modifiable risk factors to improve vascular health and to improve the rate 

of cognitive decline. Therefore, future preclinical studies are required in order to 

gain a mechanistic insight to how diet affects chronic hypoperfusion. 

 

Importantly, unlike genetics and age, diet is a modifiable risk factor. A better 

understanding of how diet modulates cerebrovascular disease will help to educate 

and inform public health policies (such as the sugar tax) that promote healthier 

lifestyle choices. However, as lifestyle-based treatments are commonly fraught 

with low compliance rates, it is important to also continue gaining better 

mechanistic insights into how specific dietary states influence ischaemic outcomes; 

this research will help identify new therapeutic targets and novel pharmacological 

treatments that may help in reducing disease burden. 
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Extended immunohistochemistry protocol 

 

Extended IHC protocol used in Chapter 2 and Chapter 4. For specific details on 

antibodies used and concentrations please see respective methods sections. 

 

1. Dewax and rehydrate: xylene 1 (5 min); xylene 2 (5 min); 100% EtOH (3 

min); 100% EtOH (3 min); 90% EtOH (3 min), dH2O 

2. Antigen retrieval: Tris EDTA (pH9) at 95 °C for 30 min  

3. Cool for 20 mins 

4. Wash with dH2O and load slides in sequencer cassettes  

5. Wash x3 with 0.1 % TWEEN20 in Tris-buffered saline (TBST) 

6. Add 1° Ab for 1 hour at RT or, at 4 °C overnight. Ab were diluted in 0.1% 

BSA TBST. 

7. Wash x3 TBST 

8. Add 2° biotinylated Ab for 1 hour at RT. Ab were diluted in 0.1% BSA TBST. 

9. Wash x3 TBST 

10. Prepare ABC-AP kit according to manufacturer’s instructions and incubate 

with slide for 30 min at RT  

11. Wash x3 TBST 

12. Prepare Vector Red Substrate according to manufacturer’s instructions and 

incubate with slide for 30 min at RT, in the dark 

13. Wash x3 TBST 

14. Counterstain: Running dH2O (2 min); Heamatoxlyin (45 sec); Running 
dH2O (2 min); Scott’s water (10 dips); Running dH2O (2 min); 90% EtOH (2 
dips); 100% EtOH (10 dips); 100% EtOH (30 sec); Xylene 

15. Apply DPX and secure coverslip. Leave to air dry overnight 
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28 point neuroscore protocol 

In Chapter 3 deficits in sensorimotor function were assessed using a 28-point 

neuroscore modified from procedures described previously by Encarnacion et al. 

(2011). See below for full details on 28 point scoring system used. 

 

 0 1 2 3 4 

(1) Body 
symmetry 

(open 
bench top) 

Normal 
Slight 

asymmetry 
Moderate 

asymmetry 
Prominent 
asymmetry 

Extreme 
asymmetry 

     

      

(2) Gait 
(open 
bench 
top) 

Normal Stiff, inflexible Limping 
Trembling, 

drifting, falling 
Does not walk 

     

      

(3) Climbing 
(gripping 

surface, 45° 
angle) 

Normal 
Climbs with 
strain, limb 
weakness 

present 

Holds onto 
slope, 

does not 
slip or 
climb 

Slides down 
slope, 

unsuccessful 
effort to 

prevent slope 

Slides 
Immediately, no 
effort to prevent 

fall  

      

(4) Circling 
behaviour 

(open 
bench top) 

Not 
Present 

Predominantly 
one-sided 

turns 

Circles to 
one side 

Circles 
constantly to 

one side 
Pivoting, 

swaying or no 
movement (not 

constantly) 
 

      

(5) Front 
limb 

symmetry 
(mouse 

suspended 
by 

its tail) 

Normal 
Light 

asymmetry 
Marked 

asymmetry 
Prominent 
asymmetry 

Slight 
asymmetry, no 

body/limb 
movement 

    

     

      

(6) 
Compulsory 

circling 
(front limbs 
on bench, 

rear 
suspended 

by tail) 

Not 
Present 

Tendency to 
turn to one 

side 

Circles to 
one side 

Pivots to one 
side sluggishly 

Does not 
advance 

     

     

      

(7) Whisker 
response 

(light touch 
from 

behind) 

Symmetric
al 

Response 

Light 
asymmetry 

Prominent 
asymmetry 

Absent 
response 

ipsilaterally, 
diminished 

contralaterally 

Absent 
proprioceptive 

response 
bilaterally    
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Tables of reagents 

Table A3.1 - Summary of reagents used for experiments in Chapter 2. 

 

Reagent 
type 

Designation Catalogue # Identifiers Additional 

Strain, strain 
background 
(Mus 
musculus) 

C57BL/6 (B6) mice   Charles River   

Chemical 
compound, 
drug 

PFA #P6148 Sigma Aldrich   

Chemical 
compound, 
drug 

PBS #D8537 Sigma Aldrich   

Chemical 
compound, 
drug 

SDS #62862 Sigma Aldrich   

Chemical 
compound, 
drug 

Phenylmethylsulfonyl 
fluoride  

#P7626  Sigma Aldrich   

Chemical 
compound, 
drug 

Aprotinin #A6279 Sigma Aldrich   

Antibody 
Biotinylated goat anti-
rabbit IgG 

#BA-1000 Vector Laboratories IHC: (1/200) 

Antibody 
Mouse anti-Iba1  
(rabbit monoclonal) 

#ab178846 Abcam 
IHC: 
(1/1000) 

Antibody 
Mouse anti-GFAP  
(rabbit monoclonal) 

#ab68428 Abcam 
IHC: 
(1/1000) 

Commercial 
assay or kit 

PLP ELISA #OKEH05831 Aviva Biosystems   

Commercial 
assay or kit 

VEGF ELISA #DY493-05 R&D systems   

Commercial 
assay or kit 

Fibrinogen ELISA #SEA193Mu Cloud Clone   

Commercial 
assay or kit 

PDGFRB ELISA #OKEH03442 Aviva Biosystems   

Commercial 
assay or kit 

GFAP ELISA #SEA068Mu Cloud Clone   

Commercial 
assay or kit 

CD11b ELISA #MBS934157 My Biosource   

Commercial 
assay or kit 

ABC-Alyakine 
Phosphatase  

#AK-5000 Vector Laboratories   

Commercial 
assay or kit 

Vector Red Substrate 
Kit 

#SK-5100 Vector Laboratories   

Software, 
algorithm 

MoorFLPI software    Moor Instruments Ltd   

Software, 
algorithm 

QuPath   
University of 
Edinburgh 

  

Software, 
algorithm 

GraphPad Prism    
GraphPad Software 
Inc 

v8 
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Table A3.2 - Summary of reagents used for experiments in Chapter 3. 

 

Reagent 
type 

Designation Catalogue # Identifiers Additional 

Strain, 
strain 
background 
(Mus 
musculus) 

C57BL/6 (B6) mice  Envigo   

Animal Diet 60% energy from fat Cat. #58G9 Test Diets   

Animal Diet 12% energy from fat Cat. #58G7 Test Diets   

Chemical 
compound, 
drug 

PFA Cat. #P6148 Sigma Aldrich   

Chemical 
compound, 
drug 

Triton X Cat. #T8787 Sigma Aldrich   

Chemical 
compound, 
drug 

Protease Inhibitor 
Cocktail Set I  

Cat. #539131 Calbiochem   

Chemical 
compound, 
drug 

DPX mounting medium  Cat. #6522 Sigma Aldrich   

Chemical 
compound, 
drug 

PBS Cat. #D8537 Sigma Aldrich   

Commercial 
assay or kit 

ALT assay Cat. #700260 Cayman Chemical   

Commercial 
assay or kit 

FFA assay Cat. #CA-31 Zen-Bio Inc   

Commercial 
assay or kit 

BCA Protein Assay Kit Cat. #23225 Pierce Biotechnology   

Commercial 
assay or kit 

Resistin ELISA Cat. #DY1359 R&D Systems   

Commercial 
assay or kit 

Adiponectin ELISA Cat. #DY1119 R&D Systems   

Commercial 
assay or kit 

Leptin ELISA Cat. #DY398 R&D Systems   

Software, 
algorithm 

ANY-maze   Stoelting v4.9  

Software, 
algorithm 

Image J     

Software, 
algorithm 

GraphPad Prism   GraphPad Software Inc v6 

Software, 
algorithm 

R   RStudio, Inc   
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Table A3.3 - Summary of reagents used for experiments in Chapter 4. 

 

Reagent type Designation Catalogue # Identifiers Additional 

Strain, strain 
background (Mus 
musculus) 

C57BL/6 (B6) mice   Charles River   

Chemical 
compound, drug 

Low Glucose DMEM 11885084 
Thermo Fisher 
Scientific 

5.5 mM 

Chemical 
compound, drug 

High Glucose DMEM D6429 Sigma   

Chemical 
compound, drug 

Fetal Bovine Serum 10500064 
Thermo Fisher 
Scientific 

  

Chemical 
compound, drug 

PBS D8537 Sigma Aldrich   

Chemical 
compound, drug 

Penicillin 
Streptomycin  

P0781 Sigma Aldrich   

Chemical 
compound, drug 

Glucose G8270 Sigma Aldrich 

In vitro: 25 
mM  
In vivo: 2.2 
g/kg 

Chemical 
compound, drug 

2DG D8375 Sigma Aldrich 

In vitro: 1, 2, 

4 mM 
In vivo: 2.2 
g/kg 

Chemical 
compound, drug 

Mannitol M4125 Sigma Aldrich 25 mM  

Chemical 
compound, drug 

DMSO D2650 Sigma Aldrich   

Chemical 
compound, drug 

Oxamate O2751  Sigma Aldrich 
10, 20, 40 
mM 

Chemical 
compound, drug 

UK5099 PZ0160 Sigma Aldrich 

In vitro: 

Vehicle 
DMSO; 25, 
50, 100 μM 
In vivo: 10 

mg/kg 

Chemical 
compound, drug 

Sodium L-lactate L7022 Sigma Aldrich 25 mM  

Chemical 
compound, drug 

GSK 2837808A 5189 Tocris  
Vehicle 
DMSO; 0.1, 
1, 10, 100 μM 

Chemical 
compound, drug 

Etoposide E1383 Sigma Aldrich 40 μM 

Chemical 
compound, drug 

Diethyl succinate 112402 Sigma Aldrich 
Vehicle 
DMSO; 2.5, 
5, 10 mM 

Chemical 
compound, drug 

Diethyl 
butylmalonate 

112038 Sigma 
Vehicle 
DMSO; 0.25, 
0.5, 1 mM 

Chemical 
compound, drug 

β-Chloro-L-alanine 
hydrochloride 

C9033 Sigma Aldrich 
Vehicle PBS; 
5, 25, 50, 
250, 500 μM 

Chemical 
compound, drug 

Bovine Serum 
Albumin  

A9647 Sigma Aldrich   

Chemical 
compound, drug 

Tween 20 P9416  Sigma Aldrich   

Chemical 
compound, drug 

Protease Inhibitor 
Cocktail Set I  

539131 Calbiochem   
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Reagent type Designation Catalogue # Identifiers Additional 

Chemical 
compound, drug 

Lipopolysaccharides 
from Escherichia 
coli O26:B6 

L2654 Sigma Aldrich 50 ng/mL 

Chemical 
compound, drug 

TTC T8877  Sigma Aldrich 2% 

Chemical 
compound, drug 

Collagenase 17104-019 
Thermo Fisher 
Scientific 

50 U mL-1 

Chemical 
compound, drug 

Dispase II 17105-041 
Thermo Fisher 
Scientific 

0.5 U mL-1 

Chemical 
compound, drug 

DNase I 10104159001 Roche 200 U mL-1 

Chemical 
compound, drug 

Percoll P4937 Sigma  

Chemical 
compound, drug 

BD Pharmlyse 555899 BD Bioscience  

Chemical 
compound, drug 

NP40 Cell Lysis 
Buffer 

FNN0021 
Thermo Fisher 
Scientific 

 

Peptide, 
recombinate 
protein 

Recombinant Mouse 
IFN-γ 

575306 Biolegend 100 ng/mL 

Antibody 
Mouse anti-IL-1β  
(goat polyclonal) 

AF-401 R&D Systems 
WB: (1/800) 
IHC: (1:200) 

Antibody 
Mouse anti-caspase-
3  
(rabbit monoclonal) 

9662 
Cell Signalling 
Technology 

WB: (1/1000) 

Antibody 
Goat anti-IgG 
(rabbit polyclonal) 

P0160 Agilent WB: (1/1000) 

Antibody 
Rabbit anti-IgG 
(rabbit polyclonal) 

P0448 Agilent WB: (1/1000) 

Antibody HRP Bactin ab49900 Abcam 
WB: (1/50 
000) 

Antibody 
Mouse anti-Iba1 
(rabbit polyclonal) 

ab178846 Abcam IHC: (1/500) 

Antibody 
anti-rabbit AF647  
(donkey polyclonal) 

A32795 
Thermo Fisher 
Scientific 

 

Commercial 
assay or kit 

Lactate Kit ab65331 Abcam  

Commercial 
assay or kit 

ECL Prime Western 
Blotting Detection 
Reagent 

GERPN2232 GE Healthcare  

Commercial 
assay or kit 

PureLink™ RNA Mini 
Kit 

12183025 Invitrogen  

Commercial 
assay or kit 

PureLink™ DNase 
Set 

10207483 Invitrogen  

Commercial 
assay or kit 

Succinate Kit ab204718 Abcam  

Commercial 
assay or kit 

CytoTox 96 Non-
Radioactive 
Cytotoxicity Assay 
Kit 

G1780 Promega  

Commercial 
assay or kit 

CellTiter 96 Non-
Radioactive Cell 
Proliferation Assay 
Kit 

G4000 Promega  

Commercial 
assay or kit 

IL-1β ELISA DY401 R&D Systems  
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Reagent type Designation Catalogue # Identifiers Additional 

Commercial 
assay or kit 

IL-6 ELISA CDY406 R&D Systems  

Commercial 
assay or kit 

TNFα ELISA DY410 R&D Systems  

Commercial 
assay or kit 

Tyramide 555 
SuperBoostTM 

B40936 
Thermo Fisher 
Scientific 

 

Commercial 
assay or kit 

ProLong Diamond 
anti-fade Mountant 

P36970 
Thermo Fisher 
Scientific 

  

Software, 
algorithm 

Image J       

Software, 
algorithm 

R   RStudio, Inc   

Software, 
algorithm 

GraphPad Prism    
GraphPad Software 
Inc 

v8 

 


