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Abstract  

 

Alzheimer’s disease (AD) is a progressive neurodegenerative disease of ageing with an 

estimated prevalence of 36 million worldwide. Individuals carrying one ε4 allele of the 

apolipoprotein E gene (APOE) are 6 times more likely to develop AD than ε3 

homozygotes. Further, ε4 carriers have an abnormal increased reliance on fatty acid 

oxidation (FAO). The L-carnitine system consisting of L-carnitine and its esters 

(acylcarnitines) plays an important role in FAO. We therefore hypothesized that 

changes in blood and brain levels of L-carnitine, its metabolites (TMAO and GBB) as 

well as acylcarnitines would be indicative of dysfunctional FAO in ageing ε4 carriers 

influencing AD onset and progression. The L-carnitine system was evaluated in blood 

and brain in association with APOE in multiple cohorts of controls and patients over the 

continuum of AD. To investigate the influence of age and APOE on this system a mouse 

model of AD with human APOE was examined. In this model ex vivo cerebrovascular 

uptake of L-carnitine metabolites and fatty acids (FAs) were also investigated in relation 

to APOE. Additionally, a 1-week L-carnitine oral challenge was performed to evaluate 

the influence of APOE on L-carnitine metabolism. These data suggested that the L-

carnitine pathway is dysregulated early on in AD, particularly among ε4 carriers. In the 

brain, changes in the L-carnitine system were related to AD pathology in an APOE-

dependent manner. In mouse models APOE did not affect cerebrovascular uptake of L-

carnitine metabolites and FAs or the metabolism of L-carnitine after oral challenge. 

However, acylcarnitines were differentially affected in different genotypes after 

cerebrovascular uptake of compounds and L-carnitine challenge suggesting altered in 

FAO flux in different APOE genotypes. 

Understanding disturbances in the L-carnitine system with age, in relation to APOE 

genotypes, and their collective contributions to AD will help develop targeted prevention 

and therapeutic strategies.  
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1. Introduction 

 

1.1. Alzheimer’s disease 

 

1.1.1. Background 

 

In 2018, 1.73% to 1.94% of the European population suffered from dementia (Alzheimer 

Europe, 2019).  Late onset Alzheimer’s disease (AD) is a progressive degenerative 

brain disease of ageing and the most common type of dementia in those aged over 60. 

It has a mean age of onset of 80 years and an average duration of 8 to 10 years, and its 

greatest genetic risk factor is in the APOE gene encoding the Apolipoprotein E (ApoE) 

protein. It is also more prevalent in women (Masters et al., 2015). Additionally, there is a 

rare form of the disease with an earlier age of onset (<60) that can be caused by 

autosomal dominant mutations in APP, PSEN1 or PSEN2 genes encoding the amyloid 

precursor protein and presenilins 1 and 2 (Reitz et al., 2020). The pre-clinical period of 

AD (before the onset of clinical signs and symptoms) is thought to extend over 20 years 

(Masters et al., 2015). This asymptomatic window provides an opportunity for early 

diagnosis and intervention to prevent or delay symptoms. One of the challenges to this 

is AD’s heterogenous clinical presentation and the evolving pathology of AD over the 

disease course varies between individuals in terms of severity and progression and can 

be affected by genetics such as APOE  as well as age of onset and sex (Nagy et al., 

1995; Reiman et al., 2020).  

Therefore, to fully appreciate AD and its heterogeneity, we need to better understand 

how risk factors such as APOE can influence the disease course.  
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1.1.2. Clinical presentation, diagnosis, and underlying pathology of AD 

 

From its first identification by Alois Alzheimer in 1906 to the first diagnostic 

recommendations of the National Institute of Neurological and Communicative 

Disorders and Stroke (NINCDS) and the Alzheimer’s Disease and Related Disorders 

Association (ADRDA) in 1984, AD diagnosis has gone from purely pathological to 

clinicopathological (McKhann et al., 1984). Indeed in 2011, the National Institute on 

Ageing (NIA) decided to update the earlier 1984 NINCDS-ADRDA guidelines which only 

addressed later stages of AD and were based on the belief that AD pathology and 

symptoms were synonymous. This updated diagnosis integrates new neuroimaging, 

cerebrospinal fluid (CSF) and blood biomarkers, and recognizes earlier stages of AD 

covering the full range of the clinical continuum of AD from its earliest known pre-clinical 

stages to mild cognitive impairment (MCI) and AD dementia, as well as recognizes that 

AD-like pathology can be present without symptoms and atypical presentations may 

also occur (Korczyn, 2011). 

 

1.1.2.1. Clinical presentation and diagnosis 

 

These recent guidelines put forth by the NIA further strengthened the criteria for 

diagnosis of the pre-dementia phase of AD, referred to as MCI due to AD (Albert et al., 

2011). The concept of MCI due to AD describes a decline in cognition that is not normal 

for age and whose primary underlying pathology is AD. Clinically, this must be 

evidenced by a change in cognition of concern in comparison to the individual’s 

previous level and with lower (than would be expected for the patient’s age and 

educational background) performance in at least one cognitive domain (most commonly 

episodic memory). A decline in cognitive performance should also be clear over time 

due to the progressive nature of AD (Albert et al., 2011). The main difference between 

MCI due to AD and AD is the preservation of the patient’s ability to function 

independently.  
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In the updated NIA criteria, AD is diagnosed as either probable or possible AD. For a 

diagnosis of probable AD, the onset must be progressive with a clear worsening of 

cognition and deficits in learning and recall for an amnesic presentation. Non-amnesic 

presentations include language, visuospatial and executive dysfunctions. Exclusion 

criteria include substantial concomitant cerebrovascular disease, or prominent features 

of other dementias. Increased level of certainty for a probable AD dementia diagnosis is 

achieved by identification of causative mutations in APP, PSEN1 or PSEN2 genes 

(McKhann et al., 2011). A diagnosis of possible AD can be given when there is a 

sudden onset of symptoms or a history of cognitive deficit is lacking or when there is 

evidence of a mixed presentation with concomitant cerebrovascular disease or features 

of other dementias (McKhann et al., 2011). This possible AD classification reflects the 

reality of heterogeneous AD presentations and acknowledges the possibility of mixed 

pathologies in individuals, as our knowledge of other dementias has evolved (such as 

Lewy body dementia, vascular dementia and age-related TDP-43 encephalopathy) 

(McKhann et al., 2011). Indeed, individuals may meet clinical criteria for other non-AD 

dementia types and be positive for AD biomarkers or neuropathology. Conversely, 

individuals may meet clinical criteria while being negative for biomarkers or 

neuropathological criteria specific to AD (McKhann et al., 2011). Moreover, the majority 

of late onset AD cases have been shown to have coexisting non-AD pathology in 

increasing frequency with age (DeTure and Dickson, 2019).These advances in the 

clinical diagnosis of AD have also been accompanied by an increased understanding of 

its concurrent brain pathology. However, many of the early changes occurring in AD still 

need to be further elucidated.  

 

1.1.2.2. AD pathology  

 

Since their discoveries over 100 years ago, amyloid plaques and neurofibrillary tangles 

are still considered hallmarks of AD and are at the heart of neuropathological AD 

diagnosis (DeTure and Dickson, 2019). However, it is now becoming increasingly clear 

that many other pathological features besides plaques and tangles are part of AD 
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pathology, including the presence of activated glial cells and disturbance in 

cerebrovascular function and structure (DeTure and Dickson, 2019). These features 

reflect a dysregulation of the brain’s homeostasis and inflammatory pathways that 

accompany, and may influence, plaque and tangle pathology. While contributions of 

inflammatory aspects to AD pathology are under intense investigation, the role of 

homeostatic changes, particularly in relation to lipid transport and processing, remain to 

be thoroughly investigated.  

In AD, amyloid-β (Aβ) plaques are characterized by the extracellular accumulation of 

insoluble Aβ derived from proteolytic cleavage of the amyloid precursor protein (APP) 

by enzymes including presenilin 1 and 2 (PSEN1/2). While APP itself is thought to play 

a role in the regulation of synaptic activity, several Aβ species may be produced from its 

cleavage, the most widely studied being Aβ1-42, Aβ1-40 and Aβ1-38. These can form 

both soluble oligomers that have been found to be highly cytotoxic as well as insoluble 

fibrils that can be found in Aβ plaques (Serrano-Pozo et al., 2011). Two types of 

plaques are most commonly distinguished: the diffuse plaques (DPs) and dense-cored 

plaques, based on their β-pleated sheet content. The dense-cored plaques stain 

positive for β-pleated sheets and are more common in AD patients whereas the DPs are 

more often found in elderly cognitively healthy individuals. Dense-cored plaques are 

associated with more detrimental effects on the surrounding neuropil as well as 

recruitment and activation of glial cells. They are constituted of filaments extending 

outwards intermingling with neuronal and glial processes to form neuritic plaques (NPs). 

These NPs frequently contain abundant abnormal mitochondria, suggesting that these 

could be involved in AD plaque pathology. However, interestingly, amyloid pathology 

does not correlate well with disease severity or duration (Serrano-Pozo et al., 2011). As 

NPs are more sensitive and specific to AD they are used as part of the Consortium to 

Establish a Registry for Alzheimer Disease (CERAD) criteria to diagnose AD, using a 

semiquantitative score of NP density in the typically most affected regions (frontal, 

temporal and parietal) and the patient’s age at death, since plaque density naturally 

increases with age even in cognitively healthy individuals. Another feature of AD is 

neurofibrillary tangles (NFTs) which are intraneuronal hyperphosphorylated misfolded 

tau protein aggregates. Tau is a microtubule associated protein which normally 
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facilitates axonal transport. Mature tangles displace neuronal organelles eventually 

leading to neuronal death (DeTure and Dickson, 2019). These NFTs follow a 

stereotypical spatiotemporal progression in AD that correlates with cognitive decline and 

is used to stage pathological progression of AD according to Braak stages (Braak and 

Braak, 1991; Serrano-Pozo et al., 2011). A diagnosis of definite AD dementia can only 

be reached if, upon neuropathological examination, presence of AD pathology is found 

after the patient met clinical criteria for probable or possible AD dementia (McKhann et 

al., 2011). The previously mentioned CERAD criteria are integrated together with clinical 

information to reach a final diagnosis. However, CERAD criteria are still insufficient to 

diagnose AD as although they are sensitive, they lack specificity given that they do not 

consider NFTs. By contrast using Braak staging alone is a more specific but less 

sensitive approach. Therefore, both are combined to obtain an increased level of 

diagnostic certainty under the NIA-Reagan criteria. Interestingly, pathological data 

indicate that 45% of cognitively healthy elderly individuals would meet the NIA-Reagan 

criteria for AD dementia had they had clinical symptoms of dementia (Serrano-Pozo et 

al., 2011). This suggests that plaques and tangles alone are not enough to lead to a 

clinical presentation and that our knowledge of AD pathology and accompanying 

changes is still limited.  

In addition to these canonical markers of AD pathology, it is increasingly recognized that 

other pathological aspects may play important roles in AD. This is corroborated by an 

analysis of cases with both clinical and pathological data from the Rush Memory and 

Ageing Project where individuals with mixed pathologies were found to be almost three 

times more likely to have had dementia symptoms compared to those with only one 

pathological diagnosis (Schneider et al., 2007).  

Amongst these related pathologies are cerebrovascular abnormalities. Mounting 

evidence suggests that disturbances in the cerebrovasculature play a role in AD as 

multiple AD risk factors (e.g. hypertension, diabetes and APOE) can induce 

cerebrovascular damage (Nelson et al., 2016). These vascular risk factors are thought 

to lead to damage in the cerebrovasculature which could lead to brain hypoperfusion 

and disturbed transport of molecules to and from the brain, ultimately contributing to 
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cognitive decline (Badji and Westman, 2020; Love and Miners, 2016). Amongst these 

cerebrovascular abnormalities is cerebral amyloid angiopathy (CAA), the accumulation 

of Aβ deposits within cerebrovascular vessels, which is found in approximately 80% of 

AD patients. Having CAA also seems to influence the age of onset for AD (leading to 

earlier onset) and is thought to reflect impaired Aβ clearance (DeTure and Dickson, 

2019). Additionally, small vessel occlusive disease often accompanies AD; as such it is 

not uncommon to find cortical microinfarcts in the brains of AD patients (Serrano-Pozo 

et al., 2011).  

Activated glial cells are also gaining recognition as an important feature of AD 

pathology. Indeed, activated microglia and reactive astrocytes often accompany dense-

core plaques in AD (DeTure and Dickson, 2019). Microglial cells in the brain normally 

serve to monitor pathogen exposure and remove apoptotic cells and also play an 

important role in synaptic monitoring and turnover (Onuska, 2020). In AD, activated 

microglia are thought to take on a neurotoxic phenotype as the disease progresses 

(Onuska, 2020). Astrocytes normally maintain homeostasis around synapses and play a 

unique role providing trophic support to neurons by bridging neurons to the blood 

supply. Reactive astrocytes in AD are thought to be neurotoxic and interestingly their 

levels have been found to correlate with tau burden (DeTure and Dickson, 2019). 

Astrocytic dysfunction in AD can lead to disturbances in metabolic homeostasis such as 

abnormalities in lipid metabolism that have been suggested by neuropathological 

findings in AD (Alzheimer, 1991). 

The first mention of lipids in AD neuropathology occurred over a hundred years ago 

when Alois Alzheimer described the brain pathology of Auguste Deter, and along with 

plaques and tangles he also described lipid granule accumulation within glia. However, 

it seems that these later were lost from the neuropathological picture (Stelzmann, 

Schnitzlein and Murtagh, 1995; Foley, 2010). In 1911, Alois Alzheimer again made a 

pathological description of another case highlighting cells containing “an abundance of 

lipoid products” (p.83, Alzheimer, 1991), and this time he also stated that there were 

lipoid granules present within plaque cores that appeared less stable during processing 

than other cellular lipoid substances. He further described lipoid-containing granular 
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cells present within the plaques’ halos as well as glial cells projecting into the halo that 

swelled into nodules containing lipid granules. Although these were not found in all 

plaques, these lipid pigmented cells could be found in areas of neurodegeneration 

before plaques appeared, seemed to be related to NFTs and could be found in cells 

throughout the entire diseased brain. Interestingly, Benseny-Cases and colleagues 

recently showed that plaques from AD patients contain higher levels of peroxidized 

lipids in their surroundings compared to plaques from a non-demented control which 

contained peroxidized lipid levels similar to that of control brains without plaques 

(Benseny-Cases et al., 2014).  

Lastly, negative lesions are also characteristic of AD progression with loss of neurons 

and related structures (i.e., the neuropil). Synaptic loss has actually been suggested to 

occur before neuronal loss in AD. This progressive neurodegeneration is consistently 

found in AD and can be staged according to NIA-Reagan diagnostic criteria (Braak et 

al., 1997). Interestingly, this process correlates with both NFT formation and AD severity 

(Serrano-Pozo et al., 2011). Further, a symmetric pattern of medial temporal lobe 

atrophy upon gross visual examination at autopsy is considered strongly suggestive of 

AD in patients that suffered dementia as well as an enlargement of the lateral ventricles. 

These patterns of brain atrophy are also detectable ante-mortem via magnetic 

resonance imaging (MRI) early on in AD (Serrano-Pozo et al., 2011).  

Although they are pathological hallmarks of AD, it is still controversial whether plaques 

and tangles are drivers of neuronal death; indeed, plaques have even been suggested 

to represent a protective response in AD reflecting the sequestration of potentially 

harmful debris, since they can be found in the brains of elderly cognitively healthy 

individuals (Serrano-Pozo et al., 2011). Alois Alzheimer himself, in his second paper 

describing plaques and tangles, goes so far as to conclude “that the plaques are not the 

cause of senile dementia but only an accompanying feature of senile involution of the 

central nervous system.” (p.91, Alzheimer, 1991). Recent evidence suggests that other 

cells such as microglia and astroglia play a role in AD pathology that remains to be fully 

characterized over the continuum of the disease. As mentioned above, elderly 

individuals with AD lesions can be asymptomatic even with brains heavily laden with 
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amyloid and tau pathologies. A key difference, however, is that they do not exhibit 

neurodegeneration even in the regions most affected (such as the hippocampus) unlike 

their AD counterparts. They also exhibit lower inflammatory markers than pathologically 

matched AD cases. This resilience to symptoms is further characterized by 

hypertrophied nucleolar, nuclear and cell body portions of neurons suggesting that 

perhaps these individuals are capable of compensatory metabolic activity to defend 

against AD pathology (Serrano-Pozo et al., 2011) which would inculpate metabolic 

homeostasis in AD onset.  

Recent advances in imaging and improvements in the sensitivity of methods for the 

detection of AD biomarkers have allowed us to better connect AD pathology with its 

clinical presentation. 

 

1.1.2.3 AD biomarkers 

 

Indeed, biomarkers and neuroimaging criteria have  now been added to the previously 

mentioned diagnostic criteria and have been shown to follow a stereotypical temporal 

progression with symptoms (Figure 1). In AD, low CSF Aβ42 is the first detectable 

biomarker followed by elevated levels of brain amyloid through positive emission 

tomography (PET) imaging (15 years before symptomatic onset), and then elevated 

CSF tau (both total and phosphorylated at residue 181). Lastly, decreased 

18fluorodeoxyglucose on PET in the tempo-parietal cortex and atrophy on MRI in the 

temporal lobe regions and medial parietal cortex are observed. These abnormalities are 

detectable in cognitively healthy individuals and worsen as the disease progresses 

(Kang et al., 2015; Masters et al., 2015; McKhann et al., 2011). 
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Figure 1. Biomarker staging of AD in relation to diagnosis. 

As part of the Alzheimer’s Disease Neuroimaging Initiative (ADNI), recent studies have 

both demonstrated the complexity and heterogeneity of late onset AD presentations and 

support a multifactorial model of AD progression rather than a simple linear cascade of 

events. The ADNI study is an ongoing multicenter longitudinal study which started in 

2004 with the aim of using clinical, imaging, genetic and biochemical biomarkers to 

detect and follow AD progression. To date more than two thousand papers have been 

published as part of the ADNI project providing insight into the disease timeline and its 

underlying factors (Veitch et al., 2019). A recent review article on some of the published 

research using the ADNI cohort has highlighted that cerebrovascular dysregulation in 

the entorhinal cortex and hippocampus seemed to precede amyloid and tau pathology 

and that the initial advancement of amyloid pathology occurred in areas of higher 

glucose metabolism followed by a spread along connected areas. Therefore, this 
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suggests that impairments in transport of metabolites to and from the brain could occur 

first through cerebrovascular dysfunction followed by amyloid pathology in the most 

vulnerable regions that have high energy needs and are also well connected, in turn 

facilitating the spread of AD pathology. This could later lead to metabolic failure in the 

brain regions most affected by AD pathology in the form of glucose hypometabolism 

and lipid accumulation (Veitch et al., 2019).  

There is also evidence that this loss in metabolic homeostasis is influenced by other 

factors such as APOE and sex. In ADNI studies, hippocampal volume and APOE ε4 

carrier status predicted progression from MCI to AD in females but not in males, which 

may indicate a more rapid transition from MCI to AD in female ε4s compared to male 

ε4s. Additionally, amyloid and tau pathology were associated with greater hippocampal 

atrophy only in females. Another study showed that females were more likely to convert 

from MCI to AD compared to males, and in yet another study resilience factors also 

appeared to differ by sex with seemingly different metabolic coping strategies in males 

and females (Veitch et al., 2019).  

Given the complexity of AD, it is clear that investigations for additional biomarkers 

encompassing other aspects of AD pathology are needed in order to obtain a 

comprehensive view of different APOE genotype-mediated dysfunctions in males and 

females over the disease course.  

 

1.1.3. APOE and AD 

 

1.1.3.1. APOE as a risk factor of AD 

 

The most prevalent form of AD is the late onset form which accounts for 99% of cases. 

The APOE ε4 allele is a major risk factor for late onset AD and contributes to about 50% 

of late onset AD cases. Three major APOE alleles exist: the ε2, ε3 and ε4 alleles 

(Masters et al., 2015). The ε2 allele is the rarest (with 7% prevalence in Americans of 

European descent) and considered to be protective against AD but increases the risk of 
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intracranial hemorrhage; the most common is the ε3 allele (78% prevalence) which is 

considered to confer neutral risk relative to the other alleles, and finally the ε4 which 

confers an increased risk of AD (15% prevalence). It is now well established that there 

is a dose response between these three alleles and AD risk which is as follows (from 

lowest to greatest risk): ε2/ε2 < ε2/ε3 < ε3/ε3 < ε2/ε4 < ε3/ε4 < ε4/ε4 (Reiman et al., 

2020). Interestingly, this dose response is not only associated with AD risk but also with 

earlier age of onset as well as greater plaque and tangle burden (with ε4 carriers again 

being at higher risk) (Nagy et al., 1995; Reiman et al., 2020) despite the fact that APOE 

does not change disease duration (Wattmo et al., 2014). It has been further shown in a 

meta-analysis that females between the ages of 65 and 75 carrying the ε4 allele are at 

an even greater risk of developing AD compared to male carriers, and in women the ε2 

allele was more protective than in males (Neu et al., 2017). In a mouse transgenic 

model, female mice carrying the ε4 allele also had increased behavioral impairments in 

spatial learning and exploratory activity compared to their male counterparts (Raber et 

al., 1998). This suggests that age along with sex can modulate APOE risk in AD.  

 

1.1.3.2. APOE isoform functional differences 

 

Functionally the APOE gene encodes the protein ApoE which associates with 

lipoprotein particles that play a major role in lipid binding and transport between tissues 

as well as within the brain for energy, steroid synthesis, and the regulation of innate 

immunity. The ApoE protein binds both lipid-rich very low-density lipoproteins (VLDLs) 

and protein-rich high-density lipoproteins (HDLs). On VLDL particles, ApoE promotes 

fatty acid absorption into tissues through its interaction with low density lipoprotein 

receptors (LDLRs). Once VLDLs become lipid poor and ApoE is exchanged to the 

surface of HDL particles. The APOE alleles ε2, ε3 and ε4 have different binding affinity 

to lipoprotein particles and also to cell surface receptors. Indeed, the ApoE4 isoform has 

a stronger binding affinity for VLDLs than ApoE3 and ApoE2 isoforms who both favor 

HDL particles. This leads to a higher density of ApoE4 on VLDL particles and greater 

binding affinity of these particles to LDLRs. While on a per particle basis ApoE4 and 
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ApoE3 have similar binding affinity to LDLRs, ApoE2 exhibits lower binding affinity. Due 

to its higher affinity with VLDL particles and LDLRs there is also an increased 

sequestration of VLDL on the hepatic surface in ε4s which leads to increased ApoE4 

internalization and degradation and lower levels of blood ApoE4 compared to ApoE3 

and ApoE2 with the following gradient: ApoE4<ApoE3<ApoE2 (Ong et al., 2014); 

ApoE4 is also lower in brain tissue following the same gradient (Sullivan et al., 2011). 

Conversely ApoE4 has been shown to inhibit lipoprotein lipase (LPL), a cell surface 

enzyme responsible for the release of free fatty acids from triglycerides (Lane and 

Farlow, 2005; Yassine and Finch, 2020). These lower levels of circulating ApoE4 as 

well as its inhibition of LPL could therefore lead to a deficient delivery of lipids to the 

brain in ε4 carriers. The ApoE4 isoform also differs from the others in that it is less 

thermally and chemically stable while ApoE2 is most stable (Morrow et al., 2002). The 

folding intermediates of the denatured state of ApoE4 make it more likely to bind large 

lipid particles and brain Aβ, in addition to favoring their self-aggregation (Hatters et al., 

2006; Ma et al., 1994; Strittmatter et al., 1993; Wisniewski et al., 1994). Physiologically 

this can happen at the low pH of endosomes which can lead to ApoE4 forming 

complexes with other recycling surface proteins such as LDL Receptor Related Protein 

1 (LRP1), ATP binding cassette 1 (ABCA1), Apolipoprotein E receptor 2 (ApoER2) and 

the insulin receptor (IR); this in turn reduces their cell surface levels, which can impair 

endocytic processes, ApoE lipidation and decrease glucose uptake (Chen et al., 2010; 

Zhao et al., 2017; Yassine and Finch, 2020).  

Further, multiple in vitro and in vivo studies have demonstrated that the ApoE4 isoform 

can influence and worsen amyloid and tau pathology as well as worsen age related 

neurodegeneration (loss of synapses and dendrites) compared to other isoforms (Bales 

et al., 1999; Buttini et al., 1999; Irizarry et al., 2000; Y. Lin et al., 2018; Shi et al., 2017; 

Verghese et al., 2013; Ye et al., 2005). This is consistent with findings in humans that ε4 

carriers have worse amyloid pathology (Nagy et al., 1995). The ε4 allele has also been 

shown to influence other aspects of AD pathology such as brain glucose 

hypometabolism. In cognitively healthy middle-aged ε4 homozygotes, lower glycolytic 

rates compared to non-ε4s are observed in the same regions as those affected by AD. 

In AD lower cerebral glucose metabolic rate is progressive, highly predictive of 
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dementia onset and correlated with severity (Reiman et al., 2004, 2005; Reiman et al., 

1996; Silverman et al., 2001). This indicates that in ε4 carriers, glucose hypometabolism 

may occur earlier than in other genotypes and before amyloid and tau pathology. 

Although, glucose metabolism is one of the better studied brain bioenergetics pathways, 

our understanding of the use of alternative fuels in ageing and in AD is evolving.  

 

1.1.4. Brain bioenergetics 

 

1.1.4.1. Glucose, ketones and lipids 

 

Brain bioenergetics deals with the biochemistry of energy processing pathways in the 

brain, namely its production, transfer and utilization. The brain constitutes 20% of the 

body’s energy requirement (which is 10 times more than its equivalent % body weight). 

Neurons are its largest consumer accounting for 80 to 85% of adenosine 5′-triphosphate 

(ATP) use, the main currency of energy metabolism. Under normal conditions glucose is 

thought to contribute to 95% of ATP production within the brain (Cunnane et al., 2020; 

Panov et al., 2014).  

Glucose is taken up from the circulation by transporters (e.g. GLUT-1) located on 

capillary endothelial cells and astrocytic end-feet in contact with capillaries before being 

transferred to neurons (Panov et al., 2014). In neurons, glucose is then processed to 

pyruvate by pyruvate dehydrogenase (PDH). Pyruvate enters the tricarboxylic acid 

(TCA) cycle providing carbon (as CO2) and hydrogens (through NADH and FADH2), 

CO2 is then eliminated through the circulation and hydrogens are shuttled to the 

electron transport chain (ETC) yielding 32-36 ATP, in a process known as oxidative 

phosphorylation (oxphos). Under certain conditions pyruvate can be converted back to 

lactate by lactate dehydrogenase (LDH) instead of entering the TCA cycle, yielding 2 

ATP. This process is known as anaerobic glycolysis when it occurs without oxygen or 

aerobic glycolysis when (as is the case in astrocytes) oxygen is present. It is currently 

thought that astrocytes perform aerobic glycolysis to provide neurons with lactate for 
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energy, although how important this process is in neuronal oxidative glycolysis is 

controversial given that neurons are also able to take up glucose directly and lactate 

production is limited in astrocytes being inhibited by a negative feedback loop (low pH 

upon lactate accumulation) (Genc et al., 2011; Guzmán and Blázquez, 2001; Magistretti 

and Allaman, 2018; Pellerin and Magistretti, 1994). Astrocytes are also able to store 

glycogen whereas neurons do not (Lee et al., 2021), making astrocytes essential to 

neurons in providing necessary glucose and/or lactate (Figure 2A).    

During energetic challenge the brain’s glucose store and supply are not sufficient and 

alternative fuels need to be used. Ketone bodies (such as acetoacetate and β-

hydroxybutyrate, β-HB) produced by the liver and gut, as well as lactate, are the two 

main alternative energy sources used by neurons during starvation. Ketone bodies can 

be synthesized from acetyl-CoA, the end product of both FAO as well as oxidative 

glycolysis, however fatty acids (FAs) are the preferred substrates for ketogenesis in 

both the liver and astrocytes. It has also been shown that after an overnight fast ketones 

in plasma provided 3-5% of brain energy and are elevated by up to 50% in plasma after 

several days of fasting (Cunnane et al., 2020; Le Foll and Levin, 2016). Further, 

astrocytes perform ketogenesis when plasma FAs become elevated, after a meal 

containing fats for example. Therefore, even when energy levels are sufficient 

astrocytes can produce ketones from FAs in response to their elevation in plasma (Le 

Foll and Levin, 2016). This process may become more important in ageing individuals 

with decreased brain glucose use where the use of ketones could become an 

alternative energy source for the brain. Moreover, oxidation of octanoate (C8:0) has 

also been shown to contribute to 20% of brain oxidation in rats (Ebert et al., 2003) 

suggesting that brain FAO is a much more important metabolic pathway than previously 

thought. This would also explain how astrocytes can provide neurons with glucose and 

lactate as well as maintain synaptic homeostasis while still sustaining their own high 

energy needs. Indeed, the oxidation of palmitate (C16:0) for example yields over three 

times more ATP than that of glucose, however at a greater cost of O2 molecules per 

ATP produced (Giugliano and Marfella, 1998) (Figure 2B).  
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Figur e 2. Schem atic ill ustration of neur on- astr ocyte bioener getic cr osstalk.  

Therefore, efficient lipid transport to and within the brain is an important upstream 

process of brain bioenergetics that has been shown to be modulated by APOE 

genotype, sex and age.  

 

1.1.4.2. APOE and brain bioenergetics 

 

The ApoE protein plays a central role in brain lipid homeostasis being highly expressed 

in the brain, only second to the liver. In the brain cholesterol and phospholipids are 

transported within HDL-like lipoproteins (which unlike the periphery do not contain 
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triglycerides) (Mahley, 2016). Further, ApoE is mainly produced by astrocytes but can 

also be produced (to a lesser extent) by microglia and stressed neurons (Mahley, 2016).  

As it is difficult to study tissue dependent changes in humans, most of the mechanistic 

data on the effect of ApoE isoforms on bioenergetics has been obtained from mouse 

studies, specifically in the APOE targeted replacement (APOE-TR) model, a mouse 

knock-in model where mouse APOE has been replaced with human APOE (Sullivan et 

al., 1997). In this model 3-4 months old male APOE4-TR mice have lower plasma, brain 

and CSF ApoE levels than other isoforms in the following order: ApoE4-TR < ApoE3-TR 

< ApoE2-TR, similarly to what is observed in human carriers of these different isoforms 

(Sullivan et al., 2011). Additionally, APOE2-TR mice have enhanced longevity and lower 

body weight compared to APOE4-TR mice, while APOE3-TR mice are mid-range, this is 

also observed in human populations carrying these isoforms (Belloy et al., 2019; 

Shinohara et al., 2020; Yassine and Finch, 2020). Aged APOE4-TR mice also 

experience seizures while aged-matched APOE3-TR and APOE2-TR mice do not 

(Hunter et al., 2012).  

Young APOE4-TR female mice (2 to 3 months old) also show high aerobic glycolysis 

compared to APOE3-TRs on both normal chow and a high carbohydrate diet (HCD), 

(Farmer et al., 2021) showing that APOE4-TR mice fail to increase energy expenditure 

through oxphos both at baseline and after a HCD. A study investigating glucose 

metabolism by gene and mRNA expression also found that 6 month old APOE4-TR 

mice exhibit the most deficient profile for brain glucose uptake and metabolism while 

APOE2-TR mice exhibit the strongest profile (Keeney et al., 2015).  A clinical study 

yielded similar results, after a glucose challenge in young individuals, female ε4 carriers 

had decreased energy expenditure compared to non-ε4 carriers (Farmer et al., 2021). 

Attempts to target the ketogenic pathway in human ε4 carriers with supplementation of 

medium chain triglycerides (β-HB precursors) or β-HB in AD patients were also 

unsuccessful showing that although plasma β-HB was elevated in both ε4s and non-

ε4s, only non-ε4s exhibited cognitive improvements whilst ε4s showed a slight 

worsening (Henderson et al., 2009; Reger et al., 2004). Further, studies have shown 

that APOE4-TR mice show signs of both peripheral and central insulin resistance after 
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exposure to a HFD and experience less weight gain, increased insulin resistance and 

steatosis as well as elevated markers of FAO as compared to APOE3-TRs (Arbones-

Mainar et al., 2016; Ong et al., 2014; Zhao et al., 2017).  

These metabolic disturbances in ε4 carriers may play a role in AD pathogenesis and 

progression. 

1.1.5. APOE and metabolic syndrome 

 

Several feature of metabolic syndrome have been linked to AD and APOE including 

mid-life obesity and insulin resistance (Masters et al., 2015; Zhao et al., 2017). 

Metabolic syndrome is characterized by the increase in markers of insulin resistance 

such as high blood triglycerides, HDL cholesterol levels, glucose, blood pressure as well 

as the accumulation of visceral fat. Individuals who have metabolic syndrome are at 

increased risk of both type 2 diabetes and cardiovascular disease (Lemieux and 

Després, 2020) 

In ε4 carriers the trapping of both LRP1 and IR by ApoE4 can lead to a reduced glucose 

utilization and an increased reliance on FAO, which has been suggested to happen in 

multiple studies in vitro (Zhao et al., 2017), in vivo (Ong et al., 2014; Zhao et al., 2017) 

as well as clinically in aged ε4 carriers (Claxton et al., 2013, 2015; Jagust and Landau, 

2012; Reger et al., 2006; Reger et al., 2008; Steen et al., 2005).  

In a study examining over 12,000 people aged 45 to 64, APOE genotype was found to 

be strongly associated with body mass index (BMI) with ε2 carriers having a higher BMI 

than ε4 carriers, while ε3s were midrange (Volcik et al., 2006). Further, although mid-life 

obesity is associated with a greater risk of AD, a study showed that late life obesity was 

linked to slower cognitive decline in ε4 carriers (Rajan et al., 2014). Another longitudinal 

study found that women carrying the ε4 allele who lost weight in older age were 

significantly more likely to develop dementia (Kristoffer et al., 2015). This suggests that 

late life weight loss may be detrimental to the brain in ε4 carriers, possibly as ε4s could 

come to rely more on FAO as they age and therefore having higher adiposity could 

provide them with more FAs to supply the brain. However, this late life weight loss could 
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also simply be symptomatic of a greater reliance of the brain on FAO in ε4 carriers that 

are on the course of developing dementia. 

Impaired brain insulin signaling has also been linked to AD pathogenesis, levels of 

insulin, its receptor and signaling have all been shown to be lower in AD brains (Zhao et 

al., 2017). Interestingly, several clinical studies have demonstrated that an acute dose 

of intranasal insulin was only beneficial to MCI/AD non-ε4 carriers and could even be 

detrimental in ε4s (Reger et al., 2006; Reger et al., 2008) Conversely, long lasting 

insulin only had beneficial effects in ε4 MCI/AD patients (Claxton et al., 2015). This 

could be because ε4 carriers have lower glycolytic capacity and therefore a bolus dose 

of insulin is ineffective since they have lower uptake and oxidation capacity for glucose 

due to an increased reliance on FAO. Giving them a high dose would therefore increase 

aerobic glycolysis leading to worsening with increased lactate production, while a slow 

long-lasting glucose release would be more manageable and beneficial in ε4s. In 

another study female non-ε4 MCI/AD showed no improvement after high doses of 

insulin while non-ε4 MCI/AD males improved (Claxton et al., 2013) suggesting an 

impaired ability to utilize glucose as an energy source could be further mediated by sex. 

Another study found that obese males in their 50s carrying the ε4 allele also had more 

severe insulin resistance than obese men of other genotypes, while this association was 

not seen in females (Elosua et al., 2003). Similarly several clinical trials using various 

peroxisome proliferator-activated receptor gamma (PPAR-γ) agonists and enhancers 

only showed improvement in cognition and amyloid pathology in non-ε4 carriers and no 

improvements or even worsening of cognition in ε4 carriers (Burns et al., 2019; 

Cummings et al., 2016; Risner et al., 2006). However, after a high fat meal challenge, 

beneficial effects were observed on memory in both normal and cognitively impaired ε4 

carriers in their 70s, while in non-ε4s this intervention was only beneficial in cognitively 

impaired participants but had negative effects on the cognitively healthy (Hanson et al., 

2015).  

Altogether, these studies suggest a higher dependency of ε4s on dietary fat for energy 

use in the brain regardless of cognitive status while non-ε4s may increasingly use FAO 

as they become cognitively impaired. However, the connection between these 
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differences in brain bioenergetics with age, sex, APOE, and at different stages of AD 

pathology are still unclear and warrant further investigation as they could provide key 

insights into APOE-mediated AD risk. The L-carnitine pathway is central to FAO, and its 

metabolites have been used for several decades as biomarkers of FAO disorders (Giak 

Sim et al., 2002), making them promising biomarkers of FAO dysregulation in AD.   

 

1.1.6. The L-carnitine system 

 

1.1.6.1. Background 

 

L-carnitine (β-hydroxy-γ-N-Trimethylaminobutyric acid) was simultaneously discovered 

in two laboratories over 100 years ago as a major constituent of muscle tissue 

(Gulewitsch and Krimberg, 1905; Kutscher, 1906). Its important role in FAO was 

demonstrated 50 years later in an effort led by Gottfried Fraenkel, who along with 

colleagues, showed in a series of experiments that the mealworm Tenebrio molitor 

required L-carnitine for growth and survival (due to its inability for endogenous 

synthesis). Indeed, without L-carnitine supplementation upon starvation Tenebrio 

molitor would die without losing fat content (unlike supplemented groups). This was the 

first hint that L-carnitine was required for FAO. It was only shortly after that Fritz 

uncovered the cardinal roles of L-carnitine in FAO that is the transport of long chain fatty 

acids (LCFAs) into mitochondria (Fraenkel and Friedman, 1957; Fritz and Yue, 1963; 

Wolf, 2006). 

L-carnitine is found in all mammalian species and is the principal component of the 

“carnitine pool” which includes free L-carnitine and its short-, medium-, long-, and very 

long-chain esters called acylcarnitines (SCA, MCA, LCA and VLCA, respectively). 

Acylcarnitines play a crucial role in fatty acid oxidative pathways, as well as in the 

maintenance of intracellular free coenzyme A (CoA) pools, detoxification of CoA 

intermediates and transport of acyl- groups within the body (Evans and Fornasini, 

2003).  
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L-carnitine plasma and tissue levels are tightly regulated mainly by renal 

reabsorption/excretion and endogenous synthesis (Evans and Fornasini, 2003). As 

meat has the highest L-carnitine content (Rebouche and Engel, 1984) it can be 

expected that individuals following a vegetarian diet would gain much less L-carnitine 

from their diet, however it seems that they are largely able to compensate through an 

increase in renal reabsorption (Lombard et al., 1989). Indeed, in their seminal 1989 

work Lombard et al. showed that there was only a 13% difference in plasma L-carnitine 

between adult males following an omnivorous diet and those following a strict 

vegetarian diet and that this was because vegetarians exhibited a decrease in L-

carnitine renal excretion (Lombard et al., 1989) which has since been consistently 

observed (Djekic et al., 2020; Koeth et al., 2013). This renal control works both ways as 

when the L-carnitine precursor γ-butyrobetaine (GBB) is supplemented in infants urinary 

excretion of L-carnitine is increased by 30-fold (Rebouche, 1992). Endogenous 

synthesis can also serve as an additional  regulatory pathway. L-carnitine can be 

synthesized from the amino acids L-lysine and L-methionine to form trimethyl-L-lysine 

(TML), the first of four steps in its synthesis (Figure 3). This mainly happens in the liver, 

kidney and brain (Flanagan et al., 2010).  
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Figur e 3. L-car nitine bi osynthesis  pathway.  

However, the extent to which L-carnitine is provided endogenously in humans largely 

depends on diet. In omnivores it is estimated that only ~31% of L-carnitine is obtained 

through endogenous synthesis while in strict vegetarians it is over 90%. Conversely, 

studies in rats have shown that when L-carnitine precursors (TML and GBB) are 

reduced in the diet rats are capable of increasing their endogenous synthesis rate by 

100-fold (Rebouche, 1992). These studies have nicely demonstrated how through both 

regulation of renal absorption/excretion and endogenous synthesis plasma L-carnitine 

concentrations are maintained within an optimal range. In healthy individuals that 

reference range varies between females and males. Indeed, in females, plasma L-

carnitine as well as total carnitines are significantly lower compared to males with L-

carnitine levels, ranging 35-40 μM in females and 41-47μM in males for L-carnitine, 
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while total carnitines levels range between 45-47 μM for females and 52-54 μM for 

males. In the same study no age effect was observed in individuals aged 18 to 50 

(Reuter et al., 2008). However, another recent semi-quantitative study found that in 

plasma in healthy individuals aged 20-70 both long- and very long-chain acylcarnitines 

(LCAs and VLCAs) increased while most odd chain acylcarnitines (OCAs) decreased 

with age. Sex interactions were also observed with higher increases in acylcarnitines in 

ageing females (Jarrell et al., 2020). This suggests dysregulated FAO with age and 

female sex.  

Although plasma and brain acylcarnitines do not directly correlate, during conditions of 

impaired glucose metabolism it has been proposed that plasma acylcarnitines could be 

provided to the brain as fuel. Further, L-carnitine and acetylcarnitine (C2:0-CAR) 

transporters are located on both sides of the blood brain barrier (BBB) suggesting that 

exchange can happen between the brain and periphery (Jones et al., 2010). In ageing 

there is a gradual decline in energy utilization by the brain, such as a decrease in brain 

glucose utilization (Camandola and Mattson, 2017). This may therefore become a more 

important pathway. However, since plasma acylcarnitines can be contributed to by 

various tissues to better understand their relationship to the brain, more studies 

correlating brain and plasma levels are needed. 

In the body carnitine transport is largely mediated through the ubiquitously expressed 

Organic Cation/Carnitine Novel Transporter 2 (OCTN2) as well as Amino Acid 

Transporter B0+ (ATB0,+), an additional low affinity transporter highly expressed at the 

BBB. The importance of OCTN2 as a transporter for L-carnitine has been demonstrated 

by L-carnitine primary deficiencies caused by mutations in OCTN2 which can greatly 

impair L-carnitine transport into tissues and renal reabsorption leading to hypoketotic 

hypoglycemic encephalopathy, and sometimes skeletal myopathy and cardiomyopathy 

with decreased levels of L-carnitine tissue levels (Evans and Fornasini, 2003; Flanagan 

et al., 2010).  

As previously mentioned, the main function of L-carnitine is to act as the gatekeeper of 

the mitochondrial β-oxidation of FAs (Figure 4). After being delivered to cells by 

lipoproteins (or albumin) and taken up by fatty acid transporters, LCFAs can be 
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activated with a CoA group on the cytosolic side of plasma membranes or on the outer 

mitochondrial membrane to form CoA esters. These are then converted to carnitine 

esters by Carnitine palmitoyltransferase 1 (CPT1), yielding an acylcarnitine and a free 

CoA. The acylcarnitines can then cross the inner mitochondrial membrane through a 

Carnitine acylcarnitine Translocase (CACT) in exchange for L-carnitine. Once inside the 

mitochondrion matrix, acylcarnitines are converted back to acyl-CoAs by Carnitine 

palmitoyltransferase 2 (CPT2). In the brain, the mitochondrial forms of these CACT and 

CPT1/2 are primarily found in astrocytes and not in neurons, oligodendrocytes or 

microglia (Rose et al., 2020). This L-carnitine shuttle system serves to sequestrate free 

CoA and L-carnitine into subcellular pools (Ramsay and Zammit, 2004). Conversely, 

both short- and medium-chain FAs (SCFAs and MCFAs up to octanoate, C8:0) are able 

to freely enter the mitochondrion where they are activated by mitochondrial short- and 

medium-chain acyl-CoA synthetases before oxidation (Westin et al., 2008). Of note, 

LCFAs are the most abundant FAs and therefore normally account for the bulk of FAO. 

Therefore, the bulk of FAO is dependent on the L-carnitine shuttle system.   
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Figur e 4. Schem atic ill ustration of mi tochondrial acylcarni tine m etabolism.  

In mammals very long chain fatty acids (VLCFA) undergo chain shortening through 

peroxisomal β-oxidation before being transported to the mitochondria (Ramsay and 

Zammit, 2004) (Figure 5). This has been shown through the study of human patients 

with defects in peroxisomal enzymes that lead to the accumulation of VLCFAs 

(Wanders et al., 2016). However, it is unclear why very long-chain acylcarnitines 

(VLCA) are produced as VLCFAs are imported into the peroxisome as CoA esters or 
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free FAs (Wanders et al., 2016). However, their function is probably to prevent intra-

cellular accumulation of very long chain CoAs. This is suggested by the observation that 

the plasma VLCA C26:0-CAR is increased in X-linked adrenoleukodystrophy, a 

peroxisomal disorder impairing VLCFA degradation (Van De Beek et al., 2016). 

Interestingly, it has also been demonstrated that decanoylcarnitine (C10:0-CAR) is not 

formed in the absence of peroxisomes and may therefore mainly be a product of 

peroxisomal β-oxidation. Indeed, peroxisomes have been suggested to oxidize not only 

VLCAs and LCFAs (C13-21) but also the MCFA C12:0 when mitochondrial FAO is 

impaired (Violante et al., 2013). It is also interesting to note that although chemically 

mitochondrial and peroxisomal β-oxidation follow identical processes of 

dehydrogenation → hydration → 2nd dehydrogenation  → thiolytic cleavage, different 

enzymes encoded by distinct genes govern these reactions in the two organelles 

(Wanders et al., 2016).  
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Figur e 5. Schem atic ill ustration of peroxisom al acylcar nitine m etabolism.  

As most of these processes are bidirectional, acyl-CoAs can be trans-esterified back to 

acylcarnitines and exported out of the mitochondrion as acylcarnitines. This process is 

best demonstrated by disorders arising from mutations in FAO enzymes impairing their 

activity which results in the accumulation of acyl-CoAs due to their inefficient β-oxidation 

and subsequent export out of the mitochondrion as acylcarnitines. Depending on the 

enzyme impaired, different patterns of blood acylcarnitines can be observed. This 



40 
 

mechanism of reverse transport allows CoAs to be freed in the case that acyl-CoA 

esters are produced at a higher rate than they can be oxidized (Rebouche, 1992) and is 

very important since free CoA plays essential roles in both TCA and aerobic energy 

generation processes (Ramsay and Zammit, 2004). This means that increases in 

plasma acylcarnitines are usually reflective of excess intracellular acyl groups.  

 

1.1.6.2 The L-carnitine system in health and disease 

 

As previously mentioned during fed states in healthy individuals there is a push towards 

fatty acid synthesis (from glycolytic end products) and storage of lipids, while during 

short bouts of fasting glucose is normally used and released by the liver, and during 

prolonged fasting the liver in addition to releasing glucose enters a “ketotic” state 

promoting ketogenesis from FAO end products (Rui, 2014). However, the picture 

becomes much more complicated when one begins to consider how diet, sex, age, 

disease status as well as genes (such as APOE) may influence energy metabolism, not 

to mention different tissue and cell type requirements.  

With regards to the L-carnitine pool during starvation and on a HFD, increased 

acylcarnitine levels can be detected in the liver and kidneys while a HCD causes lower 

acetylcarnitine (C2:0-CAR) levels in rat liver (Pearson and Tubbs, 1967). In humans, 

fasting decreases L-carnitine plasma levels and renal excretion, while plasma 

acylcarnitines are increased (Hoppel and Genuth, 1980) due to an increased FAO flux 

to produce acetyl-CoA for ketogenesis. In disease states such as diabetes higher 

urinary excretion of LCAs are observed as well as increased plasma MCAs, indicating 

an impairment of LCA β-oxidation (Jones et al., 2010; Ramsay and Zammit, 2004). In 

diabetic ketosis and ketoacidosis there is a simultaneous decrease in plasma L-

carnitine and an increase in acylcarnitine levels. These changes can be normalized by 

insulin treatment (Genuth and Hoppel, 1979). Interestingly, in healthy fasted individuals 

β-HB is correlated with plasma SCAs but in diabetic ketosis it is correlated with LCAs 

(Genuth and Hoppel, 1979; Hoppel and Genuth, 1980). Additionally, increased TCA 

cycle activity and higher LCAs and MCAs have been observed in AD in both plasma 
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and CSF (de Leeuw et al., 2017; Van Der Velpen et al., 2019) indicating that brain FAO 

is dysregulated in AD. 

A recent study has also shown that TMAO (which can come from the gut metabolism of 

dietary L-carnitine) is elevated in the CSF of both MCI and AD patients compared to 

cognitively unimpaired controls even after adjustments for comorbidities, cardiovascular 

disease, medication and renal function (Vogt et al., 2018). Further, higher plasma 

TMAO levels are strongly associated with type 2 diabetes in a dose dependent manner 

(Schugar et al., 2017). In another cohort, flavin monooxygenase 3 (FMO3) mRNA 

(encoding a TMAO producing enzyme) in adipose tissue was positively associated with 

BMI and negatively correlated with insulin sensitivity in multiple human cohorts 

(Schugar et al., 2017). Yet another study has shown FMO3 to be the target of insulin 

and that FMO3 is normally suppressed by insulin and therefore its activity is increased 

in mice and humans with insulin resistance (Miao et al., 2015). They also found that 

knocking down FMO3 in genetically modified insulin resistant mice suppressed FoxO1 

(a transcription factor involved in both glucose and fatty acid metabolism) and prevented 

hyperglycemia.  

Overall recent research has provided strong evidence that the ε4 allele may mediate AD 

risk through impairments in brain glucose and ketone use and that these bioenergetic 

impairments could play an important role in AD onset since metabolic syndrome has 

been identified as a risk factor of AD. It is now clear that AD is a heterogenous 

multifactorial disease and that some dysfunctional pathways in AD, such as disturbed 

brain lipid bioenergetics, remain underexplored especially as they relate to APOE, a 

major risk factor of AD. As such the L-carnitine system may prove useful in identifying 

lipid bioenergetic dysfunction over the continuum of AD. 
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1.1.7. Hypothesis and objectives  

 

It is therefore hypothesized that alternate brain fuels such as fatty acids are increasingly 

used to supplement energy needs during the ageing process and that the APOE4 

genotype impairs this process which contributes to AD pathogenesis. For the purposes 

of the current project, we focused on the L-carnitine system by measuring L-carnitine 

itself, L-carnitine metabolites (GBB and TMAO) and acylcarnitines as this system plays 

a critical role in the transport of lipids into mitochondria for FAO (Figure 6).  

 

 

Figur e 6.  Sche matic illus trati on o f APOE- a nd AD- relat ed brain  bio ene rgetics  deficit s with agein g. 
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This thesis can be divided into three major parts divided into chapters and 

corresponding objectives: 

 

1) The first objective was to evaluate how the above-mentioned biomarkers of FAO 

evolved over the course of AD in individuals with different APOE genotypes and 

whether these biomarkers were associated with AD pathology. This was carried out by 

measuring L-carnitine, its metabolites and acylcarnitines in plasma and brain tissue 

samples collected from human cohorts from MCI to AD and examining their correlations 

with amyloid, tau and cerebrovascular pathology.  

 

2) The second objective was to determine the independent effect of APOE genotypes 

on FAO with age as well as the combined effect of APOE genotype and AD pathology. 

To achieve this, L-carnitine metabolites and acylcarnitines in plasma and the brain were 

measured in two different mouse models at multiple timepoints. 

 

3) The third and last objective was to determine whether APOE had an impact on the 

uptake of L-carnitine, its metabolites and FAs in the periphery and the brain. The first 

investigation focused on the cerebrovasculature and determined the ex vivo 

cerebrovascular uptake of L-carnitine metabolites and FAs. To achieve this, the 

cerebrovasculature isolated from mice expressing different ApoE isoforms were treated 

with a mix of physiologically relevant levels of L-carnitine, TMAO, acylcarnitines and 

FAs. The second investigation consisted of an examination of the fate of peripherally 

administered L-carnitine and determined its distribution in the blood, brain and the liver 

as well as conversion to metabolites and acylcarnitines in these tissues.    

 

These studies will help characterize both AD and APOE-related changes in FAO with 

age both in the periphery and the brain. They will also shed light on the correlation of 
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these peripheral and brain changes and on the effects of APOE on L-carnitine 

metabolism early on in life and over the course of AD. 
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2. Investigation of peripheral and brain acylcarnitine profiles over the course 

of AD with different APOE genotypes 

 

2.1. Introduction 

 

Brain bioenergetic disturbances such as glucose hypometabolism are key features of 

AD that have been shown to occur decades before symptomatic onset and are strongly 

associated with disease severity and duration (Silverman et al., 2001). Additionally, 

metabolic syndrome and the APOE4 variant are both risk factors of AD that can affect 

brain bioenergetics (Reiman et al., 2020; Masters et al., 2015; Zhao et al., 2017). The 

ε4 allele of the APOE gene being the strongest genetic risk factor of late onset AD 

specifically implicates disturbed lipid homeostasis in AD pathogenesis since APOE 

plays a major role in both brain and peripheral lipid transport (Yassine and Finch, 2020).  

Patients with AD carrying the ε4 allele also have an earlier disease onset, faster 

progression and more severe pathology (Reiman et al., 2020). These effects of the ε4 

allele can also be modulated by sex, with females ε4 carriers being at a higher risk of 

developing AD than male carriers (Neu et al., 2017). Clinical studies have shown that ε4 

carriers have more severe brain bioenergetic impairments in the form of decreased 

brain glucose metabolism (Reiman et al., 2004; Reiman et al., 1996). Even amongst 

cognitively normal elderly individuals, ε4 carriers display lower glucose metabolism 

which corresponds with higher amyloid burden (Bozoki et al., 2016). At the molecular 

level, ApoE4 expressing astrocytes display lower glucose uptake, produce more lactate 

due to higher aerobic glycolysis and have lower oxygen consumption as well as a 

blunted FAO capacity (Williams et al., 2020; Farmer et al., 2021; Qi et al., 2021). 

Further, ApoE4 expressing astrocytes also have a reduced capacity for uptake of 

neuronal FAs; this with age can result in the cytotoxic accumulation of FAs and 

oxidative stress in neurons (Benseny-Cases et al., 2014; Fernandez et al., 2019; Qi et 

al., 2021; Sienski et al., 2021). These aspects of impaired brain bioenergetic processes 

are further supported by a study in healthy young female ε4 carriers who displayed 

elevated plasma lactate and impaired oxygen utilization (Farmer et al., 2021). Another 
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study has demonstrated that ApoE4 expressing neurons and astrocytes had 

impairments in lipid droplet formation in neurons and FA transport from neuron to 

astrocytes as well as FA degradation in astrocytes compared to the ApoE3 isoform (Qi 

et al., 2021). Therefore, ε4 carriers may have higher rates of lipid synthesis and droplet 

accumulation despite having an increased reliance on FAO with ageing due to less 

efficient glucose use and therefore less versatility in fuel use than other genotypes 

(Keeney et al., 2015; Williams et al., 2020; Zhao et al., 2017).  

Hence, markers of FAO will likely provide important information about the shift in 

bioenergetics with ageing and its impairment in ε4s.  

Acylcarnitines along with L-carnitine and its metabolites (the GBB precursor and TMAO 

liver product of L-carnitine) are used clinically as part of the diagnostic work-up of FAO 

disorders as they can inform current FAO status (Rinaldo et al., 2008). Indeed, the L-

carnitine transport system regulates mitochondrial FAO by controlling the entrance of 

LCFAs into the mitochondria which first need to be esterified to L-carnitine. This process 

is rate-limiting for mitochondrial use of LCFAs as fuels since LCFAs are the most 

abundant FAs and mitochondria are normally the main site of FAO, being more efficient 

than peroxisomes since they can fully oxidize FAs and provide hydrogens to the ETC in 

the form of FADH2 and NADH (while peroxisomal FAO produces H2O2 in addition to 

NADH and do not fully oxidize FAs) (Wanders and Waterham, 2006). Further, L-

carnitine is also involved in the export of FAs from the peroxisome as MCAs and from 

the mitochondria as short-, medium- or long-chain acylcarnitines when there are acyl-

CoA build-ups (Westin et al., 2008). This normally provides an efficient way to remove 

potentially cytotoxic intra-cellular acyl groups while maintaining the free CoA pool 

(Ramsay and Zammit, 2004). Therefore, measuring L-carnitine and acylcarnitines can 

provide useful insight into these processes. However, relatively few studies have 

examined these FAO biomarkers in different APOE genotypes especially in pre-clinical 

AD both peripherally and in the brain in relation to both clinical diagnosis and pathology. 

This is needed to identify whether 1) APOE influences acylcarnitine levels in AD with 

disease progression and 2) plasma and brain acylcarnitine biomarkers correlate with 
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key pathologies in AD, including amyloid plaques and tangles as well as 

cerebrovascular pathology.   

The aim of this study was to investigate plasma and brain L-carnitine, L-carnitine 

metabolites and acylcarnitine profiles over the continuum of AD pathology to establish a 

timeline of changes in these molecules and examine the influence of APOE on their 

levels in healthy controls, MCI, and AD patients. These were assessed through a 

targeted LC-MS/MS assay. This included even and odd chain species, saturated and 

unsaturated species and hydroxylated (-OH) species. This assay was used to profile 3 

different AD cohorts. Two of these cohorts (ADAPT and RNC) were combined to allow 

for the investigation of blood acylcarnitine profiles over the AD continuum with APOE 

genotype. The third cohort (ROS) was used to examine plasma and brain L-carnitine 

and acylcarnitines in relation to clinical diagnoses of MCI and AD as well as brain 

pathology.   

 

2.2. Methods 

 

Pre-clinical MCI/AD (ADAPT subsample 1)  

Our first cohort of pre-clinical MCI/AD  comes from a subset of samples (n= 160) from 

one of the participating sites of the Alzheimer’s Disease Anti-inflammatory Prevention 

Trial (ADAPT). The ADAPT trial was a randomized multicenter double-blinded and 

placebo-controlled phase 4 trial with 3 intervention arms (1 placebo and 2 treatment 

groups) aimed at investigating the utility of preventing or delaying AD using either of the 

non-steroidal anti-inflammatory drugs celecoxib (Celebrex®, Pfizer) or naproxen sodium 

(Aleve®, Bayer) (ADAPT Research group, 2009). This cohort was enriched for individuals 

at risk of developing AD by enrolling participants who were 70 years or older with a family 

history of AD-like dementia. Exclusion criteria included cognitive impairment or dementia 

(at the time of enrollment), clinically significant hypertension, anemia, liver disease, 

kidney disease and plasma creatinine ≥ 1.5 mg.dL-1, current alcohol dependence or 

abuse, use of anticoagulants or use of 4 doses/week (14 days before study start) of 
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histamine H2 antagonists, non-aspirin NSAIDs, aspirin (>81mg/day), or corticosteroids 

(see ADAPT Research group, 2009 for full list of inclusion/exclusion criteria). Participants 

were followed for up to five years, during which a subset converted to either MCI or AD. 

No effect of either treatments was observed on the prevention of dementia (Lyketsos et 

al., 2007), therefore all intervention arms were used for this study. A separate consent 

form was obtained from individuals who participated in this sub-study. For this study 

serum samples from year 1 of the cohort (up to 2 years before symptoms appeared in 

participants who went on to develop MCI or AD) were used for lipidomic analysis. Serum 

samples from this study all came from the same participating site and therefore were all 

processed in the same way. Briefly, non-fasting blood draws were obtained by trained 

phlebotomists. Venous blood was collected in serum separator tubes and a whole blood 

aliquot was taken for APOE genotyping, while the rest of the sample was processed then 

further aliquoted and stored at −80 °C. Whole blood aliquots were used for APOE 

genotyping in our laboratory, purifying the DNA from whole blood using the Gentra 

Puregene Blood Kit (Gentra Systems) and then using the Amplification Refractory 

Mutation System as described by Wenham et al., 1991. A consensus team provided a 

diagnosis of probable AD in accordance with the NINCDS-ADRDA (G. M. McKhann et 

al., 2011). For MCI diagnosis participants needed to have an impairment in at least one 

cognitive domain including memory, executive function, attention, language and 

visuospatial skill while having preserved independent living activities consistent with the 

Petersen criteria (Petersen et al., 1997). Efforts were made to rule out other causes of 

cognitive impairment such as vascular, traumatic and other medical causes of cognitive 

decline as per Albert et al., (2011). For 3 samples APOE genotype was unknown, these 

were still used for analyses of other factors (e.g. sex). Due to the low prevalence of certain 

APOE allelic combinations in the general population, participants were grouped into ε4- 

and ε4+ groups where the ε4- group comprised of participants who did not have any ε4 

alleles while the ε4+ group consisted of participants who had at least one ε4 allele. 

Numbers per group: ε4- Controls n = 99, ε4+ Controls n = 43, ε4- Pre-clinical MCI/AD n 

= 9, ε4+ Pre-clinical MCI/AD n = 9. For the combined cohort participants who converted 

to either MCI or AD within 2 years after initial sampling were combined into a pre-clinical 

MCI/AD + MCI group. 
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MCI and AD (ADAPT subsample 2)   

Another subset of samples from the ADAPT cohort described above was used. This 

second subset of ADAPT samples (n= 158) is constituted of plasma from participants 

from multiple participating research centers. As mentioned above as part of enrollment in 

ADAPT, participants attended annual visits during which a cognitive assessment battery 

was conducted by a psychometrician or psychologist. Based on the results patients were 

either recommended or not for dementia evaluation. In this study the controls consist of 

participants who did not trigger the dementia evaluation at any timepoint. Plasma samples 

were collected in ethylenediaminetetraacetic acid (EDTA)-containing vacutainers and 

processed before being aliquoted and stored at -80⁰C until sample analysis. These were 

APOE genotyped in our laboratory as previously described. For the same reason noted 

above participants were grouped into ε4- and ε4+ carrier groups. Numbers per group: ε4- 

Controls n = 70, ε4+ Controls n = 65, ε4- AD n = 16, ε4+ AD n = 7. Patients diagnosed 

with MCI were added to the pre-clinical MCI/AD + MCI group in the combined cohort, 

while patients diagnosed with AD were included in the AD group. 

 

MCI and AD (RNC)   

The Roskamp Neurology Clinic (RNC) cohort (n= 54) is constituted of community dwelling 

individuals who were recruited from the RNC and agreed to blood donation.  In this cohort 

participants were assigned diagnoses of probable AD or MCI, according to the NINCDS-

ADRDA criteria (McKhann et al., 2011). Healthy controls were individuals from the 

community who denied any history of a cognitive disorder, diagnosis, or memory 

concerns. Non-fasting blood draws were conducted by trained phlebotomists. Plasma 

samples were collected as previously described and stored at -80⁰C until the samples 

were analyzed. These were APOE genotyped in our laboratory as described previously. 

Numbers per group: ε4- Controls n = 14, ε4+ Controls n = 4, ε4- MCI n = 7, ε4+ MCI n = 

10, ε4- AD n = 6, ε4+ AD n = 13. Patients diagnosed with MCI were added to the pre-



50 
 

clinical MCI/AD + MCI group in the combined cohort, while patients diagnosed with AD 

were included in the AD group. 

 

MCI and AD (ROS)  

Matched brain and plasma samples were obtained from the Religious Order Study (ROS) 

(n = 79), an ongoing longitudinal clinico-pathological study of ageing and AD which started 

in 1994 (D. A. Bennett et al., 2012, 2018). This study enrolls Catholic nun, priest and 

brother participants who agreed to annual clinical evaluation and brain donation. The 

main aim of this study is to provide brain tissue from a well characterized cohort of men 

and women with and without dementia. In this cohort a self-report of medical history was 

obtained by trained clinicians and clinical diagnosis of AD was made using NINCDS-

ADRDA criteria (Albert et al., 2011; G. McKhann et al., 1984; G. M. McKhann et al., 2011). 

Brain autopsies were performed on both hemispheres, first by macroscopic then 

microscopic evaluation of the following regions: midfrontal, superior temporal, inferior 

parietal and entorhinal cortex, hippocampus, basal ganglia, thalamus and substantia 

nigra, where neuritic plaques, diffuse plaques and neurofibrillary tangles were visualized 

(D. A. Bennett et al., 2006). Based on these evaluations, a neuro-pathological diagnosis 

was reached by a board-certified neuropathologist without access to clinical information 

based on CERAD (Moms et al., 1989) and a second diagnosis based on the NIA-Reagan 

criteria (Braak et al., 1997). Braak stage was also assessed (Braak & Braak, 1991). 

Additionally, macroscopic and microscopic infarcts were recorded. Plasma was analyzed 

as well as inferior orbital cortex brain tissue. Due to the low number of ε4 homozygotes 

these were paired with ε3/ε4 individuals. The brain samples were homogenized by 

transferring the brain tissue into a 2mL glass vessel (Cole Parmer) and chopping up the 

tissue using a spatula before adding 500μL of lysis buffer mix containing 10mL 

Mammalian Protein Extraction Reagent (M-PER, Thermo Fisher), 100μL Protease & 

Phosphatase inhibitor (Thermo Scientific) and 100μL 0.5M EDTA (Thermo Scientific). 

After which the tissue was homogenized using a Teflon plunger (Cole Parmer) in the 

same number of strokes per sample. The homogenates were then aliquoted out and 

stored at -80⁰C. The glass vessel, plunger and spatula were thoroughly cleaned between 
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each sample. Numbers per group: ε2/ε3 Controls n = 10, ε3/ε3 Controls n = 12, 

ε3/ε4+ε4/ε4 Controls n = 11, ε3/ε3 MCI n = 12, ε2/ε3 AD n = 10, ε3/ε3 AD n = 12, 

ε3/ε4+ε4/ε4 AD n = 12. 

Protein assay 

The Thermo Scientific™ Pierce™ bicinchoninic acid (BCA) Protein Assay Kit was used 

to quantify proteins in the ROS brain tissue homogenates. Following the manufacturer’s 

instructions as per Doc. Part No. 2161296 Pub. No. MAN0011430 Rev. B.0. Bovine 

serum albumin (BSA) standards were prepared with a working range of 20–2,000 μg.mL-

1 and brain homogenates diluted 50x for optimal reading. The standard microplate 

procedure was then followed using 25μL volumes of diluted samples. Samples were 

analyzed in duplicates in a randomized manner on 96 well plates. The cut-off coefficient 

of variance (CV) was 15%. 

Acylcarnitine assay 

Blood acylcarnitines were analyzed using LC-MS/MS in the three different cohorts that 

included participants at different stages of AD. 

Acylcarnitines were extracted from 50µl of plasma (or 50µl brain homogenate) and spiked 

with 5µl of acylcarnitine internal standard (IS) mix containing 12μM TMAO-d9 (Cambridge 

Isotope Laboratories, Inc., CIL), NSK-B (CIL) and NSK-B-G1 (CIL). Protein precipitation 

was then performed by adding 10 volumes of 25% methanol (MeOH) in acetonitrile (ACN) 

to the samples and vortex mixing for approximately 1 min before centrifuging samples at 

10,000 relative centrifugal force (RCF) for 20 mins at 4°C. Then 80% of the supernatant 

was taken and dried down before reconstitution in 100µl of mobile phase A (90:5:5 ACN: 

H2O:100mM ammonium formate (AmFm) in H2O) and vortexed for approximately 10 

seconds. Samples were then transferred to 0.2µM centrifugal filters and centrifuged again 

at 10,000 RCF for 5 mins at 4°C to remove any remaining proteins before being 

transferred to glass auto-sampler vials ready for injection.  

A Shimadzu Prominence UFLC Series Liquid Chromatograph interfaced to a Thermo 

Scientific Q Exactive mass spectrometer with an electro spray ionization source was used 

for LC-MS/MS. Samples were separated using a Kinetex 2.6μm HILIC 100Å, 100x2.1mm 
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LC column (Phenomenex), with a constant flow rate of 250µl.min-1 following a flow 

gradient of 20% Mobile Phase B (50:45:5, ACN:H2O:100mM AmFm in H2O) for 10 

seconds after the initial start of the experiment (t0 +10s), then 22% at t0 + 5 mins, 40% at 

t0 + 10mins, 60% at t0 +13 mins, 80% at t0 +15 mins, 99% t0+ 15 mins 1s, 99% t0+ 20 mins, 

20% t0 + 20 mins 1s. The flow was stopped at t0 + 25 mins. All samples were kept at 5°C 

in the auto-sampler tray for the duration of the analysis. Data was acquired in positive 

mode using parallel reaction monitoring with an inclusion list of acylcarnitines of interest:   

Name Formula 
Parent 

[m/z] 

Daughter 

[m/z] 
Type Normalizing IS 

d9 TMAO C3D9NO 85.1327 66.116 IS N/A 

d9 L-carnitine C7H6D9NO3 171.166 85.029 IS N/A 

d3 C2:0 C9H14D3NO4 207.142 85.029 IS N/A 

d3 C3:0-CAR C10H16D3NO4 221.158 85.029 IS N/A 

d3 C4:0-CAR C11H18D3NO4 235.174 85.029 IS N/A 

d9 C5:0-CAR C12H14D9NO4 255.227 85.029 IS N/A 

d3 C5:0-OH-CAR C12D3H20NO5 265.1843 85.029 IS N/A 

d3 C5:0-DC-CAR C12D3H18NO6 279.1635 85.029 IS N/A 

d3 C8:0-CAR C15H26D3NO4 291.236 85.029 IS N/A 

d9 C12:0-CAR C19D9H28NO4 353.3366 85.029 IS N/A 

d9 C14:0-CAR C21H32D9NO4 381.368 85.029 IS N/A 

d3 C16:0-CAR C23H42D3NO4 403.362 85.029 IS N/A 

d3 C16:0-OH-CAR C23D3H42NO5 419.3564 85.029 IS N/A 

d3 C18:0-CAR C25D3H46NO4 431.3928 85.029 IS N/A 

TMAO C3H9NO 76.076 58.066 Target d9 TMAO 

GBB C7H16NO2 146.118 87.045 Target d9 L-carnitine 

L-carnitine C7H15NO3 162.113 85.029 Target d9 L-carnitine 

C2:0-CAR C9H17NO4 204.123 85.029 Target d3 C2:0-CAR 

C3:0-CAR C10H19NO4 218.139 85.029 Target d3 C3:0-CAR 

C4:0-CAR C11H21NO4 232.154 85.029 Target d3 C4:0-CAR 

C5:0-CAR C12H23NO4 246.171 85.029 Target d9 C5:0-CAR 

C5-OH-CAR C12H23NO5 262.165 85.029 Target d3 C5:0-OH-CAR 

C5-DC-CAR C12H21NO6 276.145 85.029 Target d3 C5:0-DC-CAR 

C5:1-CAR C12H21NO4 244.154 85.029 Target d9 C5:0-CAR 

C6:0-CAR C13H25NO4 260.186 85.029 Target d3 C8:0-CAR 
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C8:0-CAR C15H29NO4 288.217 85.029 Target d3 C8:0-CAR 

C8:1-CAR C15H27NO4 286.202 85.029 Target d3 C8:0-CAR 

C10:0-CAR C17H33NO4 316.249 85.029 Target d3 C8:0-CAR 

C10:0-OH-CAR C17H33NO5 332.243 85.029 Target d3 C16:0-OH-CAR 

C10:1-CAR C17H31NO4 314.2326 85.029 Target d3 C8:0-CAR 

C12:0-CAR C19H37NO4 344.2795 85.029 Target d9 C12:0-CAR 

C14:0-CAR C21H41NO4 372.311 85.029 Target d9 C14:0-CAR 

C14:1-CAR C21H39NO4 370.2952 85.029 Target d9 C14:0-CAR 

C14:2-CAR C21H37NO4 368.28 85.029 Target d9 C14:0-CAR 

C15:0-CAR C22H43NO4 386.3265 85.029 Target d9 C14:0-CAR 

C16:0-CAR C23H45NO4 400.342 85.029 Target d3 C16:0-CAR 

C16-OH-CAR C23H45NO5 416.337 85.029 Target d3 C16:0-OH-CAR 

C16:1-CAR C23H43NO4 398.327 85.029 Target d3 C16:0-CAR 

C18:0-CAR C25H49NO4 428.374 85.029 Target d3 C18:0-CAR 

C18:1-CAR C25H47NO4 426.358 85.029 Target d3 C18:0-CAR 

C18:2-CAR C25H45NO4 424.343 85.029 Target d3 C18:0-CAR 

C18:2-OH-CAR C25H45NO5 440.337 85.029 Target d3 C16:0-OH-CAR 

C18:3-CAR C25H43NO4 422.327 85.029 Target d3 C18:0-CAR 

C20:0-CAR C27H53NO4 456.405 85.029 Target d3 C18:0-CAR 

C20:1-CAR C27H51NO4 454.39 85.029 Target d3 C18:0-CAR 

C20:3-CAR C27H47NO4 450.358 85.029 Target d3 C18:0-CAR 

C20:4-CAR C27H45NO4 448.342 85.029 Target d3 C18:0-CAR 

C22:0-CAR C29H57NO4 484.437 85.029 Target d3 C18:0-CAR 

C24:0-CAR C31H61NO4 512.468 85.029 Target d3 C18:0-CAR 

C26:0-CAR C33H65NO4 540.499 85.029 Target d3 C18:0-CAR 

Abbreviations; IS: Internal Standard, Cx:y-CAR: acylcarnitines, Cx:y-OH-CAR: 

hydroxylacylcarnitines, Cx:y-DC-CAR: dicarboxylacylcarnitines.  

 

Data processing and statistical analysis 

Peak areas were obtained from TracefinderTM with a target compound lists of 

acylcarnitines of interests at a window of 5 parts per million accuracy. Concentrations 

were calculated based on relative spiked internal standard amount, with data normalized 

across runs using the quality control sample that was run along with each batch. Each 
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sample was injected in triplicate, and all triplicate runs with a CV above 20% were 

excluded from further analysis.  

After concentration calculation and data cleanup, the data was uploaded to SPSS for 

statistical analysis. Normal distribution of the data was assessed by examining mean 

skewness and kurtosis for each group with values -2≤ or ≥2 considered reflective of non-

normal distribution. Non-normally distributed data was transformed using the natural log 

(ln) function and tested for normality again. Data that could not be normalized using ln 

were analyzed using non-parametric tests. For normally distributed data a mixed linear 

model (MLM) was used. Individual IDs were chosen as subject variable. Sex, diagnosis 

and genotype were chosen as factors and age as a covariate (post-mortem interval, PMI 

was an additional covariate for the ROS cohort) and participant IDs as random effects. 

When comparing more than 2 groups if the F tests of fixed effects was statistically 

significant (p<0.05) a pair-wise comparison with least significant difference (LSD) was 

performed for the significant factor (threshold p<0.05). For non-normally distributed data 

independent-samples non-parametric tests were used (either Mann-Whitney U test for 2 

group analysis or the Kruskal-Wallis 1-way ANOVA for more than 2 groups). To minimize 

the risk of false positives with multiple comparisons a Benjamini–Hochberg (B–H) 

correction was performed, with a false discovery rate Q set to 0.1. Briefly, p-values were 

sorted in ascending order and ranked. Then each individual p-value’s B–H critical value 

was calculated using the formula 
𝑖

𝑚
× 𝑄 , with i the rank, m the total number of tests 

performed and Q the false discovery rate. The largest p-value than its critical p-value as 

well as all other p-values ranked above it were retained as significant (as per Simes, 

1986). For the analysis combining the two ADAPT subsamples and the RNC, each 

species was divided by the total of all species within each cohort to normalize data across 

cohorts before data analysis. For pathology and acylcarnitine correlation analyses 

Kendall’s tau-b was used with a two-tailed significance threshold p<0.05.  

Graphs were built using GraphPad Prism 9 and metaboanalyst and diagram figures with 

BioRender (https://biorender.com/). 

 

https://biorender.com/
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2.3. Results 

 

Diagnosis and APOE association with blood acylcarnitine levels. 

Cohort characteristics are presented in tables 1-3. Briefly, the ADAPT cohort was 

constituted of at-risk (with a family history of AD) cognitively healthy individuals at 

enrollment followed for up to five years, some of whom developed amnestic MCI or AD 

by the end of the study. The RNC cohort includes community dwelling individuals 

attending the local neurology clinic diagnosed with either amnestic MCI, AD or 

considered cognitively normal. Sample collection in both cohorts occurred close to 

diagnosis. There were no significant differences in demographics (sex, race, and age) in 

these cohorts between different groups by diagnosis and ε4 carrier status.  

 

ADAPT subsample 1 (n= 160) 

  
 

Control Pre-clinical MCI/AD 

APOE ε4   - + - + 

Numbers   n= 99 n= 43 n= 9 n= 9 

Age, average ± SD 
 

77±4 76±4 79±4 78±4 

Sex, n Male 52 20 4 7 

  Female 47 23 5 2 

Race, n Black 0 1 0 0 

  Hispanic/Latino 1 0 0 0 

 
White 98 41 9 9 

 
Other 0 1 0 0 

APOE, n ε2/ε2 1 0 0 0 
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  ε2/ε3 16 0 2 0 

  ε2/ε4 0 6 0 0 

  ε3/ε3 82 0 7 0 

  ε3/ε4 0 36 0 8 

  ε4/ε4 0 1 0 1 

MMSE, average ± SD Year 1 29±2 29±1 29±1 28±2 

Table 1. Basic demographics of the ADAPT subsample 1. The bolded average MMSE 

indicate a significant difference compared to ε4+ Controls (MLM, with LSD post-hoc 

p=0.006 and B-H correction for multiple comparison). Abbreviations: MMSE: Mini-mental 

state exam.Figure 7. Basic demographics of the ADAPT subsample 1. 

 

ADAPT subsample 2 (n= 158) 

  
 

Control AD 

APOE ε4   - + - + 

Numbers   n= 70 n= 65 n= 16 n= 7 

Age, average ± SD 
 

77±4 76±4 78±4 78±4 

Sex, n Male 31 41 8 3 

  Female 39 24 8 4 

Race, n Black 1 0 0 0 

  Asian/Pacific 

Islander 
2 0 0 0 

 
White 67 65 16 7 
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APOE, n ε2/ε2 0 0 0 0 

  ε2/ε3 7 0 3 0 

  ε2/ε4 0 1 0 0 

  ε3/ε3 63 0 13 0 

  ε3/ε4 0 59 0 6 

  ε4/ε4 0 5 0 1 

MMSE, average ± SD  29±1 29±2 28±2 27±2 

Table 2. Basic demographics of the ADAPT subsample 2. Abbreviations: MMSE: Mini-

mental state exam.  

Figur e 8.  Basic d emo gra phics of th e ADAPT su bsam ple 2.  

RNC (n=54) 

  
 

Control MCI AD 

APOE ε4   - + - + - + 

Numbers   n= 14 n= 4 n= 7 n= 10 n= 6 n= 13 

Age, average ± SD 
 

77±4 70±4 77±5 75±4 77±3 76±4 

Sex, n Male 6 2 4 6 5 5 

  Female 8 2 3 4 1 8 

Race, n Black 0 0 0 1 1 0 

 
White 14 4 7 9 5 13 

APOE, n ε2/ε2 1 0 0 0 0 0 

  ε2/ε3 1 0 0 0 1 0 

  ε2/ε4 0 0 0 2 0 1 
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  ε3/ε3 12 0 7 0 5 0 

  ε3/ε4 0 4 0 5 0 10 

  ε4/ε4 0 0 0 3 0 2 

MMSE, average ± SD  29±1 29±1 28±2 27±2 19±10 18±7 

Table 3. Basic demographics of the RNC. Abbreviations: MMSE: Mini-mental state 

exam. 

Figure 9. Basic demographics of the RNC. 

The cohorts were normalized and pooled to assess the impact of APOE on blood 

acylcarnitines across disease span. Changes in blood acylcarnitines were most 

pronounced in the ε4+ AD group where multiple LCAs and VLCAs were significantly 

decreased compared to ε4- controls. Further, TMAO was significantly increased, and L-

carnitine was decreased in ε4+ and ε4-AD as well as in ε4+ pre-clinical and MCI 

individuals. Additionally, GBB was also significantly decreased only in ε4+ AD. Both 

GBB and L-carnitine were significantly increased in ε4+ controls compared to ε4- 

controls. Lastly the ε4+ pre-clinical and MCI group was clustered with the AD groups 

whereas the ε4- pre-clinical and MCI group was clustered with the control groups with 

no significant changes compared to controls (Figure 7A, B). Sex effects were observed 

in plasma with lower GBB, OCAs (C3:0-CAR and C5:0-CAR) and VLCA blood levels in 

females compared to males while C2:0-CAR and the MCA C8:0-CAR were significantly 

increased in females (Figure 7B).  
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Figure 10. Examination of plasma acylcarnitines over the continuum of AD with E4 carrier status. 
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Diagnosis and APOE association with brain acylcarnitine levels. 

We next investigated how diagnosis and APOE genotype were associated with brain 

acylcarnitines. For this a subsample of the ROS cohort was used for which matched 

plasma and brain samples were available from deceased individuals with a clinical 

diagnosis of MCI or AD. This cohort was also enriched for the rarer ε2 allele in control 

and AD groups allowing for the investigation of diagnosis by ε2 and ε4 carrier status in 

control and AD individuals (note: the MCI group was only constituted of ε3/ε3 

individuals). No significant differences in demographics were found between groups by 

diagnosis and ε2-, ε4- carrier status (Table 4).  

ROS (n=79) 

  
 

Control MCI AD 

APOE genotype   
ε2/ε3 ε3/ε3 

ε3/ε4+ 

ε4/ε4 
ε3/ε3 ε2/ε3 ε3/ε3 

ε3/ε4+ 

ε4/ε4 

Numbers   n= 10 n= 12 n= 11 n= 12 n= 10 n= 12 n= 12 

Age, average ± SD 
 

89±6 87±6 87±5 88±6 93±7 92±6 92±7 

Sex, n Male 3 6 5 4 2 7 4 

  Female 7 6 6 8 8 5 8 

Race, n Black 0 0 1 0 0 0 0 

 
White 10 12 10 11 10 12 12 

 
Other 0 0 0 1 0 0 0 

Years of education, 

average ± SD 

 

18±3 21±4 19±3 18±2 17±2 17±4 17±5 

PMI, average ± SD  9±4 11±7 9±4 8±4 6±1 11±6 8±5 

CERAD score (NPs), % (n) No AD 70 (7) 58 (7) 46 (5) 25 (3) 30 (3) 17 (2) 0 (0) 

 Possible AD 10 (1) 8 (1) 18 (2) 33 (4) 20 (2) 0 (0) 0 (0) 
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 Probable AD 20 (2) 25 (3) 27 (3) 25 (3) 40 (4) 50 (6) 17 (2) 

 Definite AD 0 (0) 8 (1) 9 (1) 17 (2) 10 (1) 33 (4) 83 (10) 

Braak stage (NFTs), % (n) I 30 (3) 0 (0) 0 (0) 0 (0) 0 (0) 8 (1) 0 (0) 

 II 10 (1) 17 (2) 27 (3) 25 (3) 10 (1) 17 (2) 0 (0) 

 III 10 (1) 33 (4) 27 (3) 33 (4) 50 (5) 0 (0) 0 (0) 

 IV 50 (5) 42 (5) 46 (5) 33 (4) 40 (4) 25 (3) 0 (0) 

 V 0 (0) 8 (1) 0 (0) 8 (1) 0 (0) 50 (6) 92 (11) 

 VI 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 8 (1) 

NIA-Reagan diagnosis, % (n) Low 80 (8) 83 (10) 64 (7) 67 (8) 50 (5) 33 (4) 0 (0) 

 Intermediate 20 (2) 8 (1) 36 (4) 25 (3) 50 (5) 50 (6) 17 (2) 

 High 0 (0) 8 (1) 0 (0) 8 (1) 0 (0) 17 (2) 83 (10) 

Lewy body pathology, % (n) Not present 90 (9) 
100 

(12) 
91 (10) 75 (9) 50 (5) 58 (7) 58 (7) 

 
Nigral-

predominant 
0 (0) 0 (0) 0 (0) 8 (1) 10 (1) 0 (0) 0 (0) 

 Limbic type 0 (0) 0 (0) 0 (0) 8 (1) 20 (2) 8 (1) 25 (3) 

 
Neocortical 

type 
10 (1) 0 (0) 0 (0) 0 (0) 20 (2) 25 (3) 17 (2) 

 Unknown 0 (0) 0 (0) 9 (1) 8 (1) 0 (0) 8 (1) 0 (0) 

Hippocampal sclerosis, % (n) Not present 
100 

(10) 

100 

(12) 
91 (10) 

100 

(12) 
80 (8) 83 (10) 75 (9) 

 
Present (CA1 

affected) 
0 (0) 0 (0) 9 (1) 0 (0) 20 (2) 17 (2) 25 (3) 

TDP-43 pathology, % (n) None 60 (6) 83 (10) 73 (8) 67 (8) 40 (4) 17 (2) 17 (2) 

 Amygdala 10 (1) 17 (2) 9 (1) 25 (3) 20 (2) 25 (3) 25 (3) 
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Amygdala and 

limbic 
10 (1) 0 (0) 9 (1) 8 (1) 20 (2) 8 (1) 25 (3) 

 

Amygdala, 

limbic and 

neocortical 

20 (2) 0 (0) 9 (1) 0 (0) 20 (2) 50 (6) 33 (4) 

Arteriolosclerosis, % (n) None 30 (3) 25 (3) 55 (6) 58 (7) 30 (3) 17 (2) 50 (6) 

 Mild 50 (5) 58 (7) 27 (3) 25 (3) 10 (1) 50 (6) 25 (3) 

 Moderate 20 (2) 17 (2) 18 (2) 17 (2) 50 (5) 17 (2) 17 (2) 

 Severe 0 (0) 0 (0) 0 (0) 0 (0) 10 (1) 17 (2) 8 (1) 

Cerebral atherosclerosis, % 

(n) 
None/possible 40 (4) 33 (4) 46 (5) 25 (3) 0 (0) 33 (4) 17 (2) 

 Mild 40 (4) 58 (7) 36 (4) 42 (5) 40 (4) 50 (6) 58 (7) 

 Moderate 20 (2) 8 (1) 18 (2) 33 (4) 40 (4) 17 (2) 25 (3) 

 Severe 0 (0) 0 (0) 0 (0) 0 (0) 20 (2) 0 (0) 0 (0) 

Cerebral amyloid 

angiopathy, % (n) 
None 40 (4) 42 (5) 18 (2) 50 (6) 20 (2) 33 (4) 0 (0) 

 Mild 10 (1) 42 (5) 55 (6) 17 (2) 60 (6) 17 (2) 33 (4) 

 Moderate 40 (4) 17 (2) 18 (2) 8 (1) 30 (3) 8 (1) 67 (8) 

 Severe 10 (1) 0 (0) 9 (1) 25 (3) 0 (0) 8 (1) 17 (2) 

Cerebral infarcts - Gross 

Chronic Any Location, % (n) 
None 90 (9) 75 (9) 9 (9) 75 (9) 60 (6) 75 (9) 58 (7) 

 One or more 10 (1) 25 (3) 18 (2) 25 (3) 40 (4) 25 (3) 42 (5) 

Cerebral infarcts - Micro 

Chronic Any Location, % (n) 
None 90 (9) 58 (7) 55 (6) 75 (9) 50 (5) 58 (7) 67 (8) 

 One or more 10 (1) 42 (5) 46 (5) 25 (3) 50 (5) 42 (5) 33 (4) 

Table 4. Basic demographics and brain pathology of the ROS. Abbreviations: PMI: 

post-mortem interval, NPs: neuritic plaques, NFTs: neurofibrillary tangles.  
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Figure 11. Basic demographics and brain pathology of the ROS. 

In plasma the ε4 carrier control and ε2 carrier AD groups had similar profiles showing 

increases in SCAs as well as significant elevation in C5:0-CAR compared to ε3/ε3 

controls. Further, a trend could be seen for a decrease in LCAs in ε4 carrier groups (in 

both controls and AD) as well as in the ε3/ε3 AD group, which clustered together with ε4 

carriers. Interestingly, ε2/ε3 controls had an apparent increase in MCAs. No significant 

effects of diagnosis and APOE genotype were found on L-carnitine, GBB and TMAO 

metabolites. As was observed in the combined cohorts’ analyses, females had 

significantly lower plasma GBB, OCAs (C3:0-CAR, C5:0-CAR and C5:1-CAR) as well 

as C26:0-CAR (Figure. 8A and Supplementary Figure 1SA).  

In brain tissue (from the inferior orbital cortex) several LCAs were significantly 

decreased in the ε3/ε3 MCI group (C16:1-CAR, C18:1-CAR, C18:2-CAR, C18:3-CAR, 

C20:0-CAR, C20:1-CAR) as well as the VLCA C22:0-CAR compared to ε3/ε3 controls 

(Figure 8B and Supplementary Figure 1SB). The ε2 carrier AD group and the ε3/ε3 

AD group clustered together with a trend for lower levels of OCAs and L-carnitine levels. 

Lastly, SCAs appeared higher in ε2- and ε4- carrier controls compared to other groups. 

Several acylcarnitines were also significantly decreased with a longer PMI 

(Supplementary Figure 1SB). However, PMI was not significantly different between 

diagnostic groups with or without APOE genotype sub-stratification; therefore, this was 

not a concern in our analyses. Of note, in brain tissue unlike plasma no sex effects were 

observed on GBB or C26:0-CAR.  
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Figur e 1 2. Exa minati on of  plas ma and brai n acylc arniti nes o ver the c ontin uu m of AD wit h diff ere nt APOE genotypes. 
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Association of peripheral and brain acylcarnitine levels with brain pathology and 

APOE genotype. 

 

Since different profiles with clinical diagnosis and APOE genotype could be seen, 

correlations between plasma and brain acylcarnitines with brain pathology were 

examined next to better understand how these relate to each other. Both TMAO and L-

carnitine levels were correlated between plasma and brain along with the SCAs C2:0-

CAR and C4:0-CAR (Figure 9A). In plasma, several LCAs belonging to esters of ω-

3/ω-6 FAs were negatively correlated with tau pathology in multiple brain areas 

including the calcarine, anterior cingulate, entorhinal, and mid-frontal cortices. The 

VLCA C26:0-CAR was also negatively correlated with tau pathology in the anterior 

cingulate, entorhinal, and mid-frontal cortices. Interestingly, C26:0-CAR was further 

negatively correlated with DPs in the mid-temporal cortex (Supplementary Figure 

2SA). In brain tissue, a greater number of acylcarnitines were significantly correlated 

with amyloid and tau pathology. Specifically, several SCAs were negatively correlated 

with both amyloid and tau, with the C3:0-CAR SCA having the highest number of 

correlations with pathology (Figure 9B). Additionally, the C6:0-CAR MCA and several 

LCAs were also negatively correlated with amyloid and tau pathologies in the brain, 

while the VLCA C22:0-CAR was negatively correlated with overall tau pathology but not 

amyloid. Most correlations with tau were in the entorhinal cortex region 

(Supplementary Figure 2SB). Lastly, no overall correlations were found between 

plasma or brain acylcarnitines and cerebrovascular pathologies (i.e. cerebral amyloid 

angiopathy CAA, arteriolosclerosis or cerebral atherosclerosis). Plasma C3:0-CAR was 

also positively correlated with TDP-43 pathology (Kendall’s tau-b 0.212, two-tailed p= 

0.014), and plasma C26:0-CAR was negatively correlated with Lewy body dementia 

(LBD) pathology (Kendall’s tau-b -0.207, two-tailed p= 0.024).  
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Figur e 1 3. Inv estig ation of p erip her al an d b rain acylca rnitine s ass ociatio n with path ology.  

In plasma and brain, there was a strong effect of APOE genotype on the correlation 

between acylcarnitines and pathology with both more numerous and significant 

correlations. In ε2 carriers plasma TMAO was negatively correlated with amyloid 

including NPs in all brain areas measured (inferior parietal, entorhinal, mid- frontal and 

temporal cortices as well as hippocampus) and DPs. The LCA C20:1-CAR was also 
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positively correlated with amyloid (including DPs and NPs). A few LCAs showed both 

negative and positive correlations with tau across different brain areas. In ε3 

homozygotes, plasma acylcarnitines were much less correlated with amyloid pathology 

with negative correlations between C3:0-CAR and amyloid in four different brain areas 

(but not DPs and NPs), while C18:2-CAR and C20:4-CAR were both negatively 

correlated with tau. Lastly, in ε4 carriers the greatest number of correlations were seen 

with negative correlations between C5:0-CAR, its FAO intermediates C5:0-OH and 

C5:1-CAR, amyloid (including NPs) as well as tau. Additionally, VLCAs (C24:0-CAR and 

C26:0-CAR) were also negatively correlated with DPs and NFTs (Figure 10A).  

The APOE genotype also appeared to influence correlations between plasma 

acylcarnitines and cerebrovascular pathology. Indeed, while no overall correlations were 

found between plasma acylcarnitines and cerebrovascular pathology, multiple 

correlations were found when taking APOE genotype into account. In ε2 carriers several 

MCAs and LCAs were positively correlated with CAA, and there were negative 

correlations between the MCAs C8:0-CAR and C10:1-CAR, the LCA C14:0-CAR and 

arteriolosclerosis. In ε3 homozygotes, VLCAs were negatively correlated with CAA, 

cerebral atherosclerosis, and arteriolosclerosis. In ε4 carriers, TMAO was negatively 

correlated with CAA, while C20:3-CAR was positively correlated with cerebral 

atherosclerosis. In ε4s, C5:0-OH-CAR was also negatively correlated with 

arteriolosclerosis while the MCAs C6:0-CAR, C8:0-CAR as well as C14:1-CAR were 

positively correlated with arteriolosclerosis (Figure 10B). 
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Figur e 1 4. Exa minati on of  plas ma acylcar nitines  associ ation s with brai n pat holo gy in diffe rent  APOE gen otypes .  

Many brain acylcarnitines were also correlated with brain pathology in an APOE 

dependent manner. In ε2 carriers, amyloid, including both DPs and NPs, were 

negatively correlated with OCAs (C5:0-CAR, C5:1-CAR and C5:0-OH-CAR). The LCAs 

C14:0-CAR, C14:1-CAR, C16:0-CAR, C18:0-CAR and C20:0-CAR were also all 

negatively correlated with amyloid, while several SCAs and most LCAs including those 
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of the ω-3/ω-6 pathway were all negatively correlated with tau pathology. In ε3 

homozygotes, GBB, SCAs and the LCAs C20:1-CAR, C20:3-CAR and C20:4-CAR were 

negatively correlated with amyloid while TMAO was negatively correlated with tau. In ε4 

carriers, relatively few correlations were seen with amyloid pathology compared to other 

genotypes. The OCAs C5:0-CAR and C5:0-OH-CAR as well as C20:4-CAR were 

negatively correlated with amyloid pathology. There were also a few correlations with 

tau, with C22:0-CAR being negatively correlated in two brain regions (Figure 11A). 

Compared to plasma there were fewer brain acylcarnitines correlated with 

cerebrovascular pathology. In ε2 carriers GBB, C5:0-CAR and C5:0-OH-CAR were 

negatively correlated with CAA while in ε3/ε3s C20:4-CAR was positively correlated with 

cerebral atherosclerosis. There were no correlations between cerebrovascular 

pathology and brain acylcarnitines in ε4 carriers (Figure 11B). 
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Figur e 1 5. Exa minati on of  br ain ac ylcar nitines associ ations  with b rain  pat holo gy in di ffer ent APOE g eno types.  

Associations of cognitive diagnosis, APOE, sex and age with pathology. 

There were significant differences between APOE genotypes in tau and amyloid 

pathology. Specifically, Braak stage (NFTs) and NPs were affected in a stepwise 

manner, from lowest to highest pathological burden:  ε2/ε3 < ε3/ε3 < ε3/ε4+ε4/ε4 

(Supplementary Figure 3SA and B). However, there was no significant effect of APOE 
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genotype on DPs. Additionally, ε4 carriers also had significantly more CAA than ε3/ε3 

but not than ε2/ε3 genotypes (Supplementary Figure 3SC). There were no effects of 

APOE genotype on other dementia pathologies or cerebrovascular pathologies. When 

examining the association of clinical diagnosis with non-AD brain pathology, individuals 

with a cognitive diagnosis of MCI or AD were more likely to have mixed pathologies 

including LBD, hippocampal sclerosis, and TDP-43. Further, when examining the effect 

of sex on brain pathology no differences were found between males and females for 

amyloid, tau, LBD pathology or hippocampal sclerosis. However, there were significant 

differences in TDP-43 pathology and micro chronic cerebral infarcts (both more likely in 

males) (Supplementary Figure 4SA). As TDP-43 pathology is known to be more likely 

in older age, we examined age differences between males and females, however no 

significant differences in age were found between male and female groups. Lastly, age 

was positively correlated with amyloid in mid-frontal and mid-temporal cortices as well 

as with overall tau pathology (Supplementary Figure 4SB). 

 

2.4 . Discussion 

 

These studies of plasma L-carnitine, GBB, TMAO and acylcarnitines over the continuum 

of AD revealed decreased acylcarnitine profiles influenced by ε4 carrier status with 

additional effects of sex. These peripheral changes indicated dysfunction of L-carnitine 

metabolism and altered acylcarnitine profiles early on in the course of AD, and in the 

brain lower acylcarnitines in MCI cases. Further, examination of correlations between 

acylcarnitines and brain pathology showed that multiple brain acylcarnitines were 

predominantly negatively associated with both tau and amyloid pathology while plasma 

acylcarnitines were positively correlated with cerebrovascular pathology. These 

correlations were further mediated by APOE genotypes. The overall analysis of the two 

clinical cohorts showed that plasma L-carnitine/acylcarnitine profiles in the ε4- pre-

clinical group were similar to controls while profiles of the ε4+ pre-clinical group were 

similar to AD groups. This suggested that peripheral L-carnitine/acylcarnitine profiles 

were altered earlier on in the disease process among ε4s with pre-clinical AD as 
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compared to non-ε4s. Since a prior study has shown that ε4 carriers with MCI have a 

steeper decline in cognitive function compared to non- ε4s this correlative decline in 

plasma and brain acylcarnitine may provide an indication of evolving cognitive decline in 

AD among ε4-carriers (Cho et al., 2020).  

With respect to the examination of peripheral L-carnitine and its metabolites, studies 

undertaken in the overall clinical cohorts show that TMAO was increased whereas L-

carnitine itself and GBB were lower pre-clinically in ε4s but not in non-ε4 compared to 

controls. This inverse association continued to persist with the progression of AD. While 

the exact mechanism of this remains to be investigated, collectively these findings 

suggest an increased gut degradation of trimethylamines (such as GBB and L-carnitine) 

followed by their subsequent liver conversion to TMAO with increasing disease severity. 

Decreased plasma L-carnitine has previously been shown to predict cognitive decline in 

healthy middle-aged individuals (Hajjar et al., 2020). Although TMAO has not been 

measured in the blood over the continuum of AD along with APOE genotype, studies 

have suggested that TMAO can cause brain ageing and neurodegeneration, increase 

inflammation, potentiate amyloid and tau aggregation and contribute to mitochondrial 

dysfunction (Arrona Cardoza et al., 2021; Buawangpong et al., 2021). The TMAO 

metabolite has also been associated with the development of insulin resistance, which 

is a risk factor of AD (Arrona Cardoza et al., 2021). Although some studies have also 

demonstrated potential beneficial effects of TMAO such as promoting BBB integrity, 

collectively TMAO seems to be associated with detrimental effects (Buawangpong et 

al., 2021; Hoyles et al., 2021). Peripheral GBB levels have also not been examined in 

AD, and less is known about its potential bioactive role. Peripheral levels of GBB, L-

carnitine and TMAO are largely influenced by their gut and liver metabolism as well as 

additional factors such as diet and sex (Barrea et al., 2019; Reuter et al., 2008; Yang et 

al., 2019). Additionally, since the brain is capable of synthesizing L-carnitine, GBB and 

TMAO, the impact of changes in their peripheral levels in AD is uncertain (Arrona 

Cardoza et al., 2021; Jones et al., 2010). In this study, there were no significant 

correlations between peripheral and brain GBB levels. However, there were significant 

positive correlations between plasma and brain L-carnitine as well as plasma/brain 

TMAO suggesting that there is a significant exchange of these metabolites between the 
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brain and periphery. Of note, there were no significant changes in plasma TMAO, GBB 

and L-carnitine in MCI and AD cases from the ROS cohort. This could be because the 

ROS cohort was approximately 10 years older than the combined cohorts in whom 

individuals were in their late 70s. Lastly, the ROS cohort is constituted of priest, brother, 

and nun participants whereas the combined cohorts were constituted of community-

dwelling individuals; therefore, lifestyle differences between these cohorts may have 

also been responsible for these differences.  

Changes in acylcarnitine levels are known to be reflective of ongoing FAO and are 

routinely used as part of the diagnosis workup of FAO (and organic acid) metabolic 

disorders (Rinaldo et al., 2008). Further, OCAs such as C5:0-CAR can come from 

amino acid catabolism while even chain SCAs come from the FAO of even chain FAs 

(Figure 12). In this study the OCA C5:0-CAR was significantly elevated in the blood of 

cognitively healthy ε4+ controls in both pooled and ROS cohorts. Others have found 

serum levels of C5:0-CAR to be significantly lower in ε4 carriers with AD compared to ε4 

carriers with MCI (Lin et al., 2019) and conversely increased levels of plasma C5:0-CAR 

in older adults with superior memory performance compared to controls (Mapstone et 

al., 2017). Although, here, C5:0-CAR was also significantly increased in ε2 carriers with 

AD indicating that dysregulation of amino acid catabolism could represent a feature of 

early AD and ageing. Additionally, the SCAs C3:0-CAR and C4:0-CAR were decreased 

in ε4+ pre-clinical AD and MCI as well as ε4- AD but not in ε4+ AD in pooled cohorts. 

The SCA C3:0-CAR has previously been found decreased in the plasma of individuals 

who converted to MCI/AD within a few years and remained depleted in established 

MCI/AD with no effect of APOE observed (Mapstone et al., 2014). Changes in SCAs in 

the periphery may be related to brain changes since SCAs can be more easily 

transported to and from the brain (Inano et al., 2003). In support of this, there were 

significant positive correlations between peripheral and brain C2:0-CAR and C4:0-CAR 

SCAs. In the ε4+ AD group, most peripheral LCAs were decreased in combined cohorts 

with a trend in the ROS cohort. Decreases in plasma MCAs and LCAs have previously 

been described in AD (Ciavardelli et al., 2016). However, in this study no correlations 

were found between brain and peripheral MCA and LCA levels. Therefore, decreases in 

peripheral LCAs in AD may not be directly related to the brain. However, peripheral 
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bioenergetics can impact the brain as demonstrated by the association between 

metabolic syndrome and AD (Masters et al., 2015). Therefore, more studies are needed 

to elucidate the relations between brain and peripheral acylcarnitines which may be 

more feasible using in vivo models. In the ROS cohort ε2 carriers also had a trend 

towards increased plasma MCAs. Peripheral medium chain fatty acids (MCFAs) and 

MCAs from the liver could be efficient ketone precursors since they can directly enter 

the mitochondria without using the L-carnitine shuttle system and readily yield acetyl-

CoA for ketone synthesis (Le Foll and Levin, 2016; Simcox et al., 2018). However, 

MCAs can also represent FAs being exported out of the peroxisome as the peroxisome 

oxidizes VLCFAs to medium chains and exports them out as MCAs. Although, these 

MCAs would normally go on to be fully oxidized by the mitochondrion, mitochondrial 

impairment may result in their increased efflux to the blood (Islinger et al., 2018). The 

VLCA C26:0-CAR was also decreased peripherally in ε4 carriers with pre-clinical AD as 

well as MCI and AD in combined cohorts (but not in ROS). It is unclear how or why 

VLCAs are formed, although, it is possible that VLCAs can be formed to prevent the 

intra-cellular accumulation of very long chain CoAs in the case that they are produced 

faster than they can be degraded by the peroxisome. This is supported by the finding 

that plasma C26:0-CAR is increased in X-linked adrenoleukodystrophy, a peroxisomal 

disorder impairing VLCFA degradation (Van De Beek et al., 2016). Further, VLCFAs 

have been shown to be increased in AD brains, indicating defects in VLCFA metabolism 

in AD (Su et al., 2019). Therefore, changes in VLCA levels could be indicative of 

peroxisomal dysfunction in AD.  
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Figur e 1 6. B-oxi datio n of  eve n- a nd odd - chai n fat ty aci ds. 

In the inferior orbital cortex, the MCI group (made up of ε3 homozygotes) had a marked 

decrease in acylcarnitines compared to the control and AD groups and a significant 

decrease in multiple LCAs. The ε2/ε3 and ε3/ε3 AD groups had trends for decreased 

brain OCAs suggesting aberrant amino acid metabolism in carriers of these isoforms 

late in the disease process. Brain acylcarnitines were not significantly different between 
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ε4 AD and ε4 control carriers. However, decreases in LCAs in the plasma of ε4 

individuals with AD in this cohort suggest that acylcarnitines flux might be altered even if 

no changes in brain levels are observed. Relatively few studies have examined L-

carnitine, its metabolites GBB and TMAO as well as acylcarnitines in AD with APOE 

genotype in the brain. A study examining plasma and CSF L-carnitine and acylcarnitine 

found no difference in CSF between AD and controls (Carlos Rubio et al., 1998). 

However, total esterified L-carnitine levels were measured, and therefore any species or 

chain length specific effects may have been obfuscated and further APOE genotype 

was not examined. Another study found lower L-carnitine CSF levels in non-ε4s with 

mild AD (Lodeiro et al., 2014). In yet another study L-carnitine and total acylcarnitines 

declined with age in the superior frontal gyrus of individuals with AD but not in controls 

(Makar et al., 1995) indicating a possible age/disease interaction on these lipid profiles 

in AD. Decreased brain C3:0-CAR has also been previously described in the brain in 

AD in at least two different studies (Huo et al., 2020; Varma et al., 2018). A limitation 

here is that the brain homogenate is a combination of multiple cell types; therefore, 

specific contributions of these cell types cannot be clarified.  

The inferior orbital cortex is one of the first areas affected by amyloid and tau 

pathologies (Masters et al., 2015). In this study several associations were found 

between brain pathology and both peripheral and brain L-carnitine metabolites including 

acylcarnitines of the inferior orbital cortex. In the ROS cohort ε4s had significantly worse 

AD pathology than ε2/ε3 and ε3/ε3 individuals in accordance with the literature 

(Therriault et al., 2020). In plasma several L-carnitine esters of fatty acids belonging to 

the ω-3/ω-6 pathway (C18:2-CAR, C18:3-CAR, and C20:4-CAR) were negatively 

correlated with tau pathology. In plasma this relationship appeared stronger in ε3 

homozygotes indicating that this pathway could be more impaired in ε3s. Unfortunately, 

we were not able to distinguish isomeric species since corresponding standard and IS 

were not available. Although, some isomers have been shown to be much more 

abundant than others (Figure 13) factors such as diet and ω-3 supplementation can 

affect the levels of these FAs which could impact their acylcarnitine forms (Abdullah et 

al., 2017; Yassine and Finch, 2020). Corresponding FAs can be precursors to anti- or 

pro-inflammatory mediators. Specifically, higher levels of ω-6 FAs have been 
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associated with increases in tau phosphorylation and aggregation (Desale and 

Chinnathambi, 2020). Few studies have investigated correlations between 

acylcarnitines and AD pathology although one found serum LCAs to be positively 

associated with Aβ1-42 only in cognitively healthy individuals and serum MCAs and LCAs 

to be also positively correlated with total tau (Toledo et al., 2017). In the clinical study 

presented in this chapter a few plasma LCAs were also positively correlated with 

amyloid and tau pathology but only in ε2 and ε4 carriers.  

 

Figur e 1 7. B-oxi datio n of  uns atur ate d fatt y acids  with 3c do uble bon ds a nd co rr espo nding  om ega -3/ -6 FAs of acylcar nitines  me asu red i n th e acylca rniti ne ass ay.  

As expected, overall brain acylcarnitines were better correlated with brain pathology 

with multiple acylcarnitines of all chain lengths negatively correlated with both amyloid 
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and tau pathologies across multiple brain regions. However, these associations were 

modulated by APOE genotype. Indeed, ε2 carriers had the highest number of negative 

correlations between all chain length acylcarnitines in the brain and both amyloid and 

tau pathologies. While in ε3s, brain SCAs and acylcarnitines of the ω-3/ω-6 pathway 

were more negatively associated with amyloid and tau pathology, suggesting aberrant 

metabolism of these inflammatory precursors may be associated with pathology in ε3s. 

Lastly, ε4s had the lowest number of associations between brain acylcarnitines and 

pathology. Interestingly, in ε4s in the brain (and in plasma) VLCAs were found 

negatively correlated with tau pathology. Furthermore, in the combined cohorts’ plasma 

VLCAs were consistently decreased in ε4 carriers with pre-clinical, MCI and AD but not 

in non-ε4s. This suggests that dysregulation of VLCFA (peroxisomal) metabolism may 

be linked to AD pathology in ε4s. When examining correlations between brain and 

peripheral acylcarnitines with cerebrovascular pathology, plasma acylcarnitines were 

positively associated with CAA. Specifically, several mono-unsaturated acylcarnitines 

(intermediates of the FAO process or desaturase products) as well as MCA and SCA 

species (downstream products of LCFA oxidation) (Figure 12) were increased in CAA. 

While the meaning of these correlations between acylcarnitines and amyloid and tau 

pathologies in different APOE genotypes is unclear, acylcarnitines were most correlated 

with brain pathology in the following order: ε2>ε3>ε4; most of these correlations were 

negative. Further studies investigating brain FAO in different ApoE isoforms with 

pathology are needed to elucidate the mechanisms behind these correlations. 

Sex effects were also observed in plasma across all cohorts, specifically a significant 

decrease in GBB, C3:0-CAR and C26:0-CAR in females compared to males, while no 

effect of sex was observed in the brain. Lower plasma levels of L-carnitine and 

acylcarnitines have previously been described in females (Reuter et al., 2008). In young 

individuals no sex differences in FAO are observed between men and women, however 

with age there is a decrease in resting energy expenditure in both sexes and specifically 

a decrease in resting fat oxidation in males but not in females (Horber et al., 1997; 

Santosa and Jensen, 2015). The specific mechanisms behind these sex differences 
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remain to be elucidated but suggest that in old age females may have a higher reliance 

on FAO than males.  

Some of the considerations and limitations of the studies presented here are that 

although these results are consistent with multiple studies which have shown reduced 

levels of blood acylcarnitines along the continuum of pre-clinical AD, MCI and AD 

(Ciavardelli et al., 2016; Cristofano et al., 2016; Mapstone et al., 2014), several other 

studies have instead found increases in plasma acylcarnitines in MCI and AD (Toledo et 

al., 2017; Van Der Velpen et al., 2019) while others have found ambivalent results 

depending on acylcarnitine species or the stage of AD (González-Domínguez et al., 

2014; Lin et al., 2019; Mapstone et al., 2017). Various effects of sex, age and APOE 

genotype have also previously been described on plasma acylcarnitines (Arnold et al., 

2020; Lim et al., 2020). It is clear that plasma acylcarnitines levels can be confounded 

by many factors. Plasma acylcarnitines also come from multi-organ contributions 

including the heart, muscle and liver tissues and are known to fluctuate depending on 

fasted or fed states as well as being affected by metabolic disorders such as diabetes 

(Genuth and Hoppel, 1979; Schooneman et al., 2014). Another limitation is the cross-

sectional design of these studies; as changes in acylcarnitine levels reflect current 

metabolic states, these cannot be expected to remain static and as such these 

fluctuating levels may further obfuscate data interpretation. The heterogeneity of the 

results described in the literature is therefore not surprising. Additionally, in this study 

although significant positive correlations were found between plasma and brain TMAO, 

L-carnitine, C2:0-CAR and C4:0-CAR there were no linear correlations between plasma 

and brain levels of other acylcarnitines, complicating the biological interpretation of 

these results. Nevertheless, acylcarnitine plasma levels have been associated with AD 

in multiple studies suggesting a dysregulation of FAO in AD warranting further 

investigation. This also highlights the importance of examining CSF or brain tissue 

alongside plasma in AD. For these reasons animal models are useful as they limit 

confounding factors found in human populations and allow for the easier concurrent 

examination of multiple tissues. Animal models can also be used to examine the early 

changes in the L-carnitine system associated with sex and APOE genotype and how 

these evolve with age and AD pathology.  
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In summary, studies of acylcarnitines in these clinical cohorts suggest that decreases in 

brain and plasma acylcarnitines are associated with disease progression and amyloid 

and tau pathology. Increases in plasma, but not brain, acylcarnitines are also related to 

cerebrovascular pathology. There is also a dose-response between APOE genotype 

and brain acylcarnitine correlations with pathology, with more correlations in ε2>ε3>ε4 

(Figure 14). In order to understand the potential role of ApoE in lipid bioenergetics 

dysfunction, and how this may affect AD risk, it is important to firstly establish how early 

these changes occur in different APOE genotypes and whether APOE affects 

acylcarnitines profiles independently of AD pathology. Further, as acylcarnitines are 

correlated with pathology, the interactive effect of APOE and AD pathology on 

acylcarnitine profiles over time needs to be examined. 

 

Summary of findings 

• In blood, in 70-year-old individuals decreases in L-carnitine, GBB, acylcarnitines 

and increases in TMAO were associated with AD clinical diagnosis, with greater 

changes in ε4 carriers. 

• In plasma, in 80-year-old individuals decreases in acylcarnitines were associated 

with clinical diagnosis in ε3/ε3 and ε4 carriers but not ε2 carriers. In control ε2 

carriers trends for increases in MCAs were observed. 

• In brain tissue, decreases in acylcarnitines were observed in the ε3/ε3 MCI 

group. 

• In plasma, negative correlations were observed between OCAs and AD 

pathology in ε4 carriers, and positive correlations with LCA-MCAs and CAA were 

observed in ε2 carriers. 

• In brain tissue, negative correlations were found between acylcarnitines and AD 

pathology, with the highest number of correlations in ε2 carriers followed by ε3/ε3 

and ε4 carriers. 

• Females had decreased levels of plasma GBB and VLCAs compared to males. 
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Figur e 1 8. Sum ma ry of  res ults.  
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2.5 . Supplementary data 

 

Figure 19. Examination of plasma and brain acylcarnitines over the continuum of AD with APOE genotype. 
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Figure 20. Examination of associations between brain pathology and acylcarnitines. 
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Figure 21. Comparison of brain pathology in different APOE genotypes. 
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Figure 22. Investigation of sex and age effects on pathology. 
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3. Characterization of early changes in acylcarnitine profiles with age, APOE 

and amyloid pathology in mice models.  

 

3.1. Introduction 

 

Carriers of the ε4 alleles have been shown to not only have an increased risk of 

developing AD but also exhibit worse pathology (Nagy et al., 1995; Reiman et al., 

2020). In cognitively healthy ε4 compared to non-ε4s brain glucose hypometabolism is 

observed in brain regions that are affected by AD, and changes in the cerebral glucose 

metabolic rate have been shown to predict dementia and correlate with severity 

(Reiman et al., 2004, 2005; Reiman et al., 1996; Silverman et al., 2001). Therefore, it is 

possible that changes in FAO may also be observable early in the disease process 

among ε4 carriers. In the previous chapter, peripheral changes were observed in both 

L-carnitine and its metabolites (GBB and TMAO) as well as acylcarnitines which are 

indicators of FAO. Those changes were detectable in patients with pre-clinical MCI/AD 

and modulated by ε4 carrier status over the course of AD progression. Among ε4 

carriers, alterations in acylcarnitine profiles were detected earlier in the disease process 

than in non-carriers. Further, sex also had an effect on peripheral acylcarnitine profiles 

in all cohorts examined. Several brain changes in acylcarnitines were also seen; these 

were predominantly present earlier on in the disease process (at the MCI stage). While 

plasma and brain SCAs were found to be correlated, MCAs and LCAs were not 

correlated between the brain and periphery. Lastly, correlations were observed between 

brain AD pathologies and both brain and plasma acylcarnitines. These correlations also 

appeared to be modulated by APOE with brain acylcarnitines being most correlated with 

pathology in the following order: ε2>ε3>ε4. Brain acylcarnitines were most correlated 

with amyloid and tau pathology while plasma acylcarnitines were most correlated with 

cerebrovascular pathology.  

Data previously presented in chapter 2 highlight several areas in need of further 

investigation. In the previous chapter APOE genotype and AD stage both affected 

peripheral and brain acylcarnitine profiles and influenced the association between these 
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lipids and brain pathology. However, it is unclear whether these effects are APOE 

driven or just a consequence of AD pathology (which tends to be more severe in ε4 

carriers). It is known that APOE exerts both amyloid-dependent and independent effects 

in the ageing brain as the ε4 allele is not only a risk factor of AD but also increases the 

risk of LBD, frontotemporal lobar dementia, coronary artery disease and myocardial 

infarction (Belloy et al., 2019). Therefore, the effect of APOE on brain and peripheral 

acylcarnitine profiles in the absence of AD pathology over time requires further 

investigation. Secondly, as AD is pathologically characterized first by abnormal amyloid 

metabolism there is a need to understand what the collective impact of APOE genotype 

and amyloid pathology on the brain and peripheral L-carnitine and acylcarnitine profiles 

is in the absence of other pathologies. Animal models are advantageous to conduct 

these studies as they are less heterogenous than human populations where many 

variables can obfuscate metabolomics data (Toledo et al., 2017). 

In this chapter the aims of the studies were to characterize age, sex and genotype 

dependent changes in acylcarnitines in the APOE-TR mouse model up to midlife to 

capture early changes in lipid bioenergetics modulated by different APOE genotypes. 

The APOE-TR is a mouse model where mouse APOE has been replaced by human 

APOE allowing for the investigation of APOE-related changes (Sullivan et al., 1997). 

The second aim was to investigate how amyloid pathology influenced acylcarnitines 

levels in different APOE genotypes in the EFAD model. The EFAD mouse model is 

generated by crossing the 5xFAD model (possessing mutations causing amyloid 

deposition) and the APOE-TR model. In this model amyloid pathology appears at 4 

months and is more severe in E4FAD mice (possessing APOE4) compared to E3FAD 

mice (possessing APOE3) (Tai et al., 2017).  
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3.2. Methods 

 

Animal models 

For these studies APOE-TR and EFAD mice were used. The APOE-TR model is a mouse 

knock-in model where exons 2-4 (comprising the APOE allele of the mouse APOE gene) 

are replaced with human APOE in 129 x C57BL/6 mice back-crossed to C57BL/6 mice 

(Sullivan et al., 1997). The E3FAD and E4FAD mice are a cross between 5xFAD mice 

possessing APP and PSEN1 human transgenes and APOE3- and APOE4-TR mice, 

respectively. The 5xFAD mice contain three AD mutations in the APP gene 

(K670N/M671L, I716V and V717I) and two in the PSEN1 gene (M146L and L286V). Brain 

pathology, CSF biochemical changes and behavioral deficits are first observed between 

4 and 8 months (16-32 weeks) in EFAD mice, with worse outcomes in the E4FAD relative 

to E3FAD mice (Tai et al., 2017; Youmans et al., 2012).   

For these experiments mice were housed in groups of up to four under standard 

laboratory conditions at 23 ± 1°C, 50 ± 5% humidity, and a 12-hour light/dark cycle with 

access to food and water ad libitum. All procedures were carried out under Institutional 

Animal Care and Use Committee approval and in accordance with the National Institutes 

of Health Guide for the Care and Use of Laboratory Animals. Mice were humanely 

euthanized by cardiac puncture after being anesthetized in an anesthetic chamber with 

3% isoflurane at a 2.5 L.min-1 O2 flow rate. Blood was drawn by cardiac puncture in 

anesthetized mice and collected in a 1.7mL Eppendorf tube containing 5μL EDTA (BD 

medical) before being spun in a microcentrifuge at 9.8 revolutions per minute (RPM) for 

5 mins at room temperature. The plasma supernatant was transferred to a 1.7mL 

Eppendorf tube before being placed in liquid nitrogen. Additionally, for the timepoint study 

the liver was dissected out and transferred to a 1.7mL Eppendorf tube before being 

immediately placed in liquid nitrogen. Each liver was then homogenized in a 10mL glass 

vessel (Cole Parmer) with 2mL of lysis buffer with a Teflon plunger (Cole Parmer) in the 

same number of strokes for each liver. The lysis buffer was prepared by mixing 10mL of 

M-PER (ThermoFisher) with 100µL of Protease & Phosphatase inhibitor mix 

(ThermoScientific) and 100µL 0.5M EDTA (ThermoScientific). The liver homogenates 
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were then transferred to dry ice and stored at -80⁰C. The glass vessel and plunger were 

thoroughly cleaned with soap and water between each homogenization. The whole brain 

(without cerebellum and olfactory bulbs) was collected and gently rolled on a Kimwipe to 

remove meningeal vessels on the brain surface. The brain was then immediately 

transferred to dry-ice and kept at -80°C until the day of processing (described below).  

For the timepoint study 50 APOE-TR mice were euthanized at 3 different timepoint (10, 

25 and 50 weeks) for three homozygous genotypes: APOE2-TR (ε2/ε2), APOE3-TR 

(ε3/ε3) and APOE4-TR (ε4/ε4) (Table 5).  

  

APOE-TR mice (timepoint study) 

n=50 

Timepoint  10 weeks 25 weeks 50 weeks 

APOE 

genotype 
 ε2/ε2 ε3/ε3 ε4/ε4 ε2/ε2 ε3/ε3 ε4/ε4 ε2/ε2 ε3/ε3 ε4/ε4 

Numbers  n=6 n=6 n=6 n=5 n=5 n=6 n=6 n=6 n=4 

Age in weeks 

(average ± SD) 
 10±0 10±0 10±0 25±0 25±0 25±0 49±2 50±0 50±0 

Sex (n) Male 3 3 3 2 3 3 3 3 3 

 Female 3 3 3 3 2 3 3 3 1 

Table 5. APOE-TR mice (timepoint study) summary characteristics. Figure 23. APOE-R 

mice (timepoint study) summary characteristics and numbers per group. 

For the young and aged EFAD mice study, 19 EFAD mice were euthanized at 2 

different timepoint (10 and 74 weeks) for 2 homozygous genotypes: E3FAD (ε3/ε3) and 

E4FAD (ε4/ε4) (Tables 6 and 7). Plasma and whole brain homogenate were obtained 

as previously described. Due to limited tissue volumes for brain homogenates one 

young male E3FAD sample is constituted of two pooled samples, and one aged male 

E3FAD sample is also constituted of two pooled samples. 
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    Young and aged EFAD (plasma) 

n=19 

APOE   ε3/ε3 ε4/ε4 

Age groups 

 

Young Aged Young Aged 

Numbers   n=4 n=5 n=5 n=5 

Age in weeks (average ± SD) 

 

11±1 74±2 10±0 74±1 

Sex (n) Male 3 3 3 3 

  Female 1 2 2 2 

Table 6. Young and aged EFAD mice (plasma) summary characteristics. Figure 24. Young and aged EFAD mice (pl asma) summ ary char acteristics  and num bers  

per group. 

 

    Young and aged EFAD (brain) 

n=11 

APOE   ε3/ε3 ε4/ε4 

Age groups 

 

Young Aged Young Aged 

Numbers   n=3 n=3 n=2 n=3 

Age in weeks (average ± SD) 

 

11±1 74±2 10±0 74±1 

Sex (n) Male 2 2 2 2 

  Female 1 1 0 1 

Table 7. Young and aged EFAD mice (brain) summary characteristics. Figure 25.  Youn g an d a ged E FAD mice  (b rain ) su mma ry ch ara cteris tics an d n umb ers per gro up.  
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Brain processing 

For this protocol all procedures were performed on ice. The brain was first chopped up 

with the aid of a spatula and homogenized in a 10mL glass vessel (Cole Parmer) with 

3mL Hank’s balanced salt solution (HBSS, Millipore Sigma) and a Teflon plunger (Cole 

Parmer). Each homogenization was done in the same number of strokes (6-8). The 

homogenate was transferred to a 15mL Falcon tube and 2mL HBSS added before 

vortexing. Then 125µL of the homogenate was collected with 125µL of lysis buffer into a 

1.7mL Eppendorf tube and put on dry ice until transfer to a -80°C freezer. This was the 

whole brain homogenate fraction. Then 5mL of 40% dextran solution was added to the 

rest of the homogenate in a 15mL Falcon tube and vortexed mixed well before being 

centrifuged at 6000 RCF and 4°C for 15 mins using a fixed angle rotor. The 40% 

dextran solution was also prepared by weighing 8g of dextran (Millipore Sigma) and 

adding 20mL of HBSS, vortexing well and incubating at 37°C until completely dissolved 

(30 to 60 mins).  The cerebrovascular fraction was collected by removing the 

parenchymal layer floating at the top of the Falcon tube and pouring the contents in a 

different 15mL Falcon tube. The remaining capillary pellet was washed lightly with 

phosphate buffered saline (PBS, Thermo Fisher Scientific), and all liquid was removed 

from the walls with the aid of the scraper and Kimwipes. The capillary pellet was 

subsequently collected with 125µL of lysis buffer and transferred to a 1.7mL Eppendorf 

tube to which 125µL more of lysis buffer was added and put on dry ice until transfer to a 

-80°C freezer. Lastly, the parenchymal fraction was collected by pouring 50% its 

contents (5mL) into a third 15mL Falcon tube and adding HBSS in a 1:1 volume to each 

tube to dilute the supernatant to 50%. Both Falcon tubes were then centrifuged at 6000 

RCF and 4°C for 10 mins using a fixed angle rotor. The resulting parenchymal pellets 

from both tubes were combined into a 15mL Falcon tube after the supernatant was 

poured out and 15 mL HBSS was added to the pellets to wash off any remaining 

dextran. The tube was centrifuged at 6000 RCF and 4°C for 5 mins using a fixed angle 

rotor. The supernatant was then removed, and the parenchymal pellets were collected 

with 250µL of lysis buffer into a 1.7mL Eppendorf tube before being put on dry ice until 

transfer to a -80°C freezer. 
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Protein assay 

The Thermo Scientific™ Pierce™ BCA Protein Assay Kit was used to quantify proteins in 

the tissue homogenates analyzed. Manufacturer’s instructions were followed as per Doc. 

Part No. 2161296 Pub. No. MAN0011430 Rev. B.0. The BSA standards were prepared 

with a working range of 20–2,000 μg.mL-1. The brain homogenate samples were diluted 

5x, the liver homogenates and parenchymal fractions 50x and the cerebrovasculature 10x 

for optimal readings. The standard microplate procedure was then followed using 25μL 

volumes of diluted samples. Samples were run in duplicates on 96 well plates in a 

randomized manner. The cut-off CV was 15%. 

Acylcarnitine assay 

Acylcarnitines were extracted from either 10µL liver, 50µL of plasma, parenchyma, 

cerebrovasculature or 100µL of brain homogenate and spiked with 5µL of acylcarnitine 

IS mix containing 12μM TMAO-d9 (CIL), NSK-B (CIL) and NSK-B-G1 (CIL). Protein 

precipitation was then performed by adding 10 volumes of 25% MeOH in ACN to the 

samples and vortex mixing for approximately 1 min before centrifuging samples at 10,000 

RCF for 20 mins at 4°C. Then 80% of the supernatant was taken and dried down before 

reconstitution in 100µL of mobile phase A (90:5:5 ACN: H2O:100mM AmFm in H2O) and 

vortexed for approximately 10 seconds. Samples were then transferred to 0.2µM 

centrifugal filters and centrifuged again at 10,000 RCF for 5 mins at 4°C to remove any 

remaining proteins before being transferred to glass auto-sampler vials ready for injection.  

A Shimadzu Prominence UFLC Series Liquid Chromatograph interfaced to a Thermo 

Scientific Q Exactive mass spectrometer with an electro spray ionization source was used 

for LC-MS/MS. Samples were separated using a Kinetex 2.6μm HILIC 100Å, 100x2.1mm 

LC column (Phenomenex), with a constant flow rate of 250µl.min-1 following a flow 

gradient: 20% Mobile Phase B (50:45:5, ACN:H2O:100mM AmFm in H2O) for 10 seconds 

after the initial start of the experiment (t0 +10s), then 22% at t0 + 5 mins, 40% at t0 + 

10mins, 60% at t0 +13 mins, 80% at t0 +15 mins, 99% t0+ 15 mins 1s, 99% t0+ 20 mins, 

20% t0 + 20 mins 1s. The flow was stopped at t0 + 25 mins. All samples were kept at 5°C 

in the auto-sampler tray for the duration of the analysis. Data was acquired in positive 

mode using parallel reaction monitoring with an inclusion list of acylcarnitines of interest:   
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Name Formula 
Parent 

[m/z] 

Daughter 

[m/z] 
Type Normalizing IS 

d9 TMAO C3D9NO 85.1327 66.116 IS N/A 

d9 L-carnitine C7H6D9NO3 171.166 85.029 IS N/A 

d3 C2:0 C9H14D3NO4 207.142 85.029 IS N/A 

d3 C3:0-CAR C10H16D3NO4 221.158 85.029 IS N/A 

d3 C4:0-CAR C11H18D3NO4 235.174 85.029 IS N/A 

d9 C5:0-CAR C12H14D9NO4 255.227 85.029 IS N/A 

d3 C5:0-OH-CAR C12D3H20NO5 265.1843 85.029 IS N/A 

d3 C5:0-DC-CAR C12D3H18NO6 279.1635 85.029 IS N/A 

d3 C8:0-CAR C15H26D3NO4 291.236 85.029 IS N/A 

d9 C12:0-CAR C19D9H28NO4 353.3366 85.029 IS N/A 

d9 C14:0-CAR C21H32D9NO4 381.368 85.029 IS N/A 

d3 C16:0-CAR C23H42D3NO4 403.362 85.029 IS N/A 

d3 C16:0-OH-CAR C23D3H42NO5 419.3564 85.029 IS N/A 

d3 C18:0-CAR C25D3H46NO4 431.3928 85.029 IS N/A 

TMAO C3H9NO 76.076 58.066 Target d9 TMAO 

GBB C7H16NO2 146.118 87.045 Target d9 L-carnitine 

L-carnitine C7H15NO3 162.113 85.029 Target d9 L-carnitine 

C2:0-CAR C9H17NO4 204.123 85.029 Target d3 C2:0-CAR 

C3:0-CAR C10H19NO4 218.139 85.029 Target d3 C3:0-CAR 

C4:0-CAR C11H21NO4 232.154 85.029 Target d3 C4:0-CAR 

C5:0-CAR C12H23NO4 246.171 85.029 Target d9 C5:0-CAR 

C5-OH-CAR C12H23NO5 262.165 85.029 Target d3 C5:0-OH-CAR 

C5-DC-CAR C12H21NO6 276.145 85.029 Target d3 C5:0-DC-CAR 

C5:1-CAR C12H21NO4 244.154 85.029 Target d9 C5:0-CAR 

C6:0-CAR C13H25NO4 260.186 85.029 Target d3 C8:0-CAR 

C8:0-CAR C15H29NO4 288.217 85.029 Target d3 C8:0-CAR 

C8:1-CAR C15H27NO4 286.202 85.029 Target d3 C8:0-CAR 

C10:0-CAR C17H33NO4 316.249 85.029 Target d3 C8:0-CAR 

C10:0-OH-CAR C17H33NO5 332.243 85.029 Target d3 C16:0-OH-CAR 

C10:1-CAR C17H31NO4 314.2326 85.029 Target d3 C8:0-CAR 

C12:0-CAR C19H37NO4 344.2795 85.029 Target d9 C12:0-CAR 

C14:0-CAR C21H41NO4 372.311 85.029 Target d9 C14:0-CAR 
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C14:1-CAR C21H39NO4 370.2952 85.029 Target d9 C14:0-CAR 

C14:2-CAR C21H37NO4 368.28 85.029 Target d9 C14:0-CAR 

C15:0-CAR C22H43NO4 386.3265 85.029 Target d9 C14:0-CAR 

C16:0-CAR C23H45NO4 400.342 85.029 Target d3 C16:0-CAR 

C16-OH-CAR C23H45NO5 416.337 85.029 Target d3 C16:0-OH-CAR 

C16:1-CAR C23H43NO4 398.327 85.029 Target d3 C16:0-CAR 

C18:0-CAR C25H49NO4 428.374 85.029 Target d3 C18:0-CAR 

C18:1-CAR C25H47NO4 426.358 85.029 Target d3 C18:0-CAR 

C18:2-CAR C25H45NO4 424.343 85.029 Target d3 C18:0-CAR 

C18:2-OH-CAR C25H45NO5 440.337 85.029 Target d3 C16:0-OH-CAR 

C18:3-CAR C25H43NO4 422.327 85.029 Target d3 C18:0-CAR 

C20:0-CAR C27H53NO4 456.405 85.029 Target d3 C18:0-CAR 

C20:1-CAR C27H51NO4 454.39 85.029 Target d3 C18:0-CAR 

C20:3-CAR C27H47NO4 450.358 85.029 Target d3 C18:0-CAR 

C20:4-CAR C27H45NO4 448.342 85.029 Target d3 C18:0-CAR 

C22:0-CAR C29H57NO4 484.437 85.029 Target d3 C18:0-CAR 

C24:0-CAR C31H61NO4 512.468 85.029 Target d3 C18:0-CAR 

C26:0-CAR C33H65NO4 540.499 85.029 Target d3 C18:0-CAR 

Abbreviations; IS: Internal Standard, Cx:y-CAR: acylcarnitines, Cx:y-OH-CAR: 

hydroxylacylcarnitines, Cx:y-DC-CAR: dicarboxylacylcarnitines.  

Data processing and statistical analysis 

Peak areas were obtained from TracefinderTM with a target compound list of acylcarnitines 

of interests at a window of 5 parts per million accuracy. Concentrations were calculated 

based on relative spiked IS amount, with data normalized across runs using the quality 

control sample that was run along with each batch. Each sample was injected in triplicate, 

and all triplicate runs with a CV above 20% were excluded from further analysis.  

After concentration calculation and data cleanup, data was uploaded to SPSS for 

statistical analysis. Normal distribution of the data was assessed by examining mean 

skewness and kurtosis for each group with values -2≤ or ≥2 considered reflective of non-

normal distribution. Non-normally distributed data was transformed using the ln and 

tested for normality again. Data that could not be normalized using the ln were analyzed 

using non-parametric tests. For normally distributed data a MLM was used. Mice IDs were 

chosen as subject variable. Sex and genotype were chosen as factors, age as a covariate 
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and IDs as random effects. Both main effects and interactions (between 2 variables) were 

analyzed. When comparing more than 2 groups, if the F tests of fixed effects was 

statistically significant (p<0.05) a pair-wise comparison with LSD was performed for the 

significant factor (threshold p<0.05). For multiple comparisons with more than 3 

comparisons, a B-H correction was performed to minimize false positives as per Simes  

(1986). For non-normally distributed data independent-samples nonparametric tests were 

used (either Mann-Whitney U test for 2 group analysis or the Kruskal-Wallis 1-way 

ANOVA for more than 2 groups). For correlation analyses Kendall’s tau-b was used. For 

SCAs calculation, acylcarnitines of chain lengths C2-C5 were summed, for medium chain 

MCAs chain lengths C6-C12 were summed, for LCAs chain lengths C13-C21 were 

summed and for VLCAs chain lengths ≥C22 were summed. For total, all chain lengths 

were summed. These composite variables excluded hydroxyl- and dicarboxyl- species. 

Graphs were built using GraphPad Prism 9 and metaboanalyst and diagram figures with 

BioRender (https://biorender.com/). 

 

3.3. Results 

 

The effects of APOE and age on peripheral and brain acylcarnitine profiles were firstly 

investigated in male and female mice possessing human APOE. For this the APOE-TR 

model was used with 3 different timepoints up to mid-life in mice (10, 25 and 50 weeks) 

(Figure 15). In both the cerebrovasculature and parenchyma there was a predominant 

effect of age on L-carnitine and its metabolites which was further modulated by APOE 

genotype. Peripherally in plasma APOE genotype, age and sex all affected L-carnitine 

and its metabolites. In liver unlike in the brain there was a strong effect of sex which 

was modulated by APOE (Supplementary Figure 5S).  

https://biorender.com/
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Figur e 2 6. APOE-TR  time point  stu dy wor kflow o vervi ew.  

Investigation of age and APOE on brain L-carnitine/acylcarnitine profiles. 

In the cerebrovasculature two major clusters were delineated based on acylcarnitine 

profiles. The first was a cluster with 10 week ε2, ε3, ε4 as well as 25 week ε2 mice. A 
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further subcluster was formed between 10 week ε2 and ε3 mice followed by 10 week ε4 

mice and finally 25 week ε2 mice which was the most distant sub-cluster (1, Figure 

16A).  The second cluster was constituted of 50 week ε4, 25 week ε3 mice and a 

subcluster of three groups: 25 week ε4 and 50 week ε2 and ε3 mice (2, Figure 16A). 

There was an increase in acylcarnitines with age, with several LCAs as well as the MCA 

C12:0-CAR significantly elevated at 25 and 50 weeks in ε2 and ε3 mice, while in ε4 

mice LCAs and C12:0-CAR were only significantly elevated in the 25 week old group 

(Supplementary Figure 6S). In the cerebrovasculature there were no main effects of 

sex. However, total acylcarnitine levels were increased with age (Figure 16B). 

Additionally, total acylcarnitine levels were more significantly elevated in females than 

males with age (Figure 16B). Only APOE2-TR and APOE3-TR mice had a consistent 

increase in total acylcarnitines from 10 to 50 week, whereas in APOE4-TR total 

acylcarnitines increased slightly at 25 weeks but tapered off by 50 weeks (Figure 16B). 

Of note, there were no effects of genotype, age, or sex on L-carnitine, GBB and TMAO 

levels in the cerebrovasculature (Supplementary Figure 6S).  
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Figure 27. Investigation of cerebrovascular L-carnitine and metabolites with APOE and age. 
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In the parenchymal fraction two major clusters could be delineated based on 

acylcarnitine profiles (1 and 2, Figure 17A). The first cluster was constituted of 2 

subclusters with 10 week ε2 and ε3 mice as well as 25 week ε2 mice (1a, Figure 17A); 

the second subcluster was constituted of 10 week ε4, 25 week ε3 as well as 25 week ε4 

mice (1b, Figure 17A). The second major cluster was constituted of all 50 week old 

groups (2, Figure 17A). In that second major cluster 50 week ε2 and ε3 mice were 

more closely related than 50 week ε4 mice (Figure 17A). Both L-carnitine and total 

acylcarnitines were significantly increased with age (Figure 17B). L-carnitine and GBB 

were decreased in 25 week ε2 and ε3 mice as well as in 10 week old ε4 mice. There 

was no significant effect of sex in the parenchyma (Supplementary Figure 7SA). In ε2 

mice, both L-carnitine and total acylcarnitines were significantly elevated with age but 

not GBB. In ε3 mice, GBB, L-carnitine and total acylcarnitines were all significantly 

elevated at 50 week compared to 10 week. In ε4 mice, only L-carnitine was significantly 

elevated with age (at both 25 and 50 week compared to 10 week) but not GBB and total 

acylcarnitines (Figure 17B). Additionally, total acylcarnitines were increased in male ε4 

compared to other genotypes but not in female ε4 mice (Supplementary Figures 7SB 

and C). Lastly, TMAO measured in whole brain homogenate was significantly elevated 

in ε3 mice compared to other genotypes with no effects of age or sex (Supplementary 

Figure 7SD). 
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Figure 28. Investigation of parenchymal L-carnitine metabolites with APOE and age. 



101 
 

Investigation of age and APOE on peripheral L-carnitine and acylcarnitines. 

 

In plasma two main clusters could be seen (1, 2, Figure 18A). In the first cluster a 

subcluster (1a, Figure 18A) was constituted of 10 week old ε3 and ε4 mice. Another 

sub-cluster (1b, Figure 18A) was constituted of 25 and 50 week old ε2 mice, while the 

next closest cluster was 10 week ε2 mice. In the second main cluster (2, Figure 18A) 

25 and 50 weeks ε4 mice formed a subcluster followed by 50 week old ε3 and finally 25 

week old ε3 mice which was the most distant group (Figure 18A). In ε2 mice, MCAs 

were decreased with age but most LCAs remained elevated, and several LCAs were 

significantly higher in 10 week old ε2 compared to 10 week old ε3 mice (Figure 18A). In 

plasma, mice of the ε2 genotype had significantly higher LCA levels than ε3 and ε4 

genotypes. The MCA C12:0-CAR was also significantly lower in 25 and 50 week old ε2 

mice compared to 10 week old ε3 mice (Supplementary Figure 8SA). In ε3 mice most 

acylcarnitines became increasingly lower with age (Figure 18A). The MCA C12:0-CAR 

and several LCAs were significantly decreased in 50 week ε3 mice compared to 10 

week ε3 (Supplementary Figure 8SA). In ε4 mice most acylcarnitines were also 

decreased with age, including the MCA C12:0-CAR which was significantly decreased 

at both 25 and 50 weeks in ε4 compared to 10 week ε3 mice (Supplementary Figure 

8SA). In plasma SCAs were increased in ε4 mice compared to other genotypes while 

LCAs were significantly higher in ε2 mice compared to other genotypes 

(Supplementary Figure 8SD and E). There were also multiple effects of sex on plasma 

L-carnitine metabolites and acylcarnitine levels. Specifically, TMAO was significantly 

increased in females compared to males. Females also had higher levels of C12:0-

CAR, C14:0-CAR and C14:1-CAR as well as C15:0-CAR and the ω-6 acylcarnitines 

C20:3-CAR and C20:4-CAR (Supplementary Figure 8SA). In females there was also a 

significant decrease in total acylcarnitines with age but not in males (Figures 18B and 

C). Lastly, TMAO was significantly increased in male ε3 mice compared to other 

genotypes (Supplementary Figure 8SB and C). 
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Figure 29. Investigation of plasma L-carnitine metabolites with APOE and age. 
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In liver tissue, two major clusters could be delineated based on acylcarnitine profiles. In 

the first cluster 50 week ε4 and 25 week ε2 mice formed a subcluster followed by 10 

and 25 week ε3 mice (1, Figure 19). In the second cluster there were two subclusters: 

the first subcluster 10 and 25 weeks ε4 mice followed by 10 week ε2 mice (2a, Figure 

19). The second subcluster was constituted of 50 week ε2 and ε3 mice (2b, Figure 19). 

General trends could be seen for an increase in total liver acylcarnitines with age in ε2 

and ε3 but not in ε4 mice (Figure 19). Further, most acylcarnitines were significantly 

increased in females compared to males (Supplementary Figure 9SA). Liver TMAO, 

L-carnitine and GBB were also all significantly increased in females compared to males 

(Supplementary Figure 9SA). Lastly, TMAO was higher in APOE3-TR males 

compared to other genotypes with a trend for the same genotype effect in females 

(Supplementary Figure 9SB and C).  

 

Figure 30. Investigation of liver L-carnitine metabolites with APOE and age. 
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Correlations between peripheral and brain L-carnitine and acylcarnitines. 

 

The parenchyma and cerebrovasculature subfractions were highly correlated with each 

other with a total of 16 correlated species. Correlations between the cerebrovascular 

and parenchymal L-carnitine metabolites and acylcarnitines were positive and spanned 

all chain lengths that could be measured in both tissues as well as L-carnitine and GBB. 

The second largest number of correlations were found between the cerebrovasculature 

and plasma with negative correlations in C3:0-CAR, C12:0-CAR, C14:0-CAR, C14:1-

CAR and C16:0-CAR. There were also a few positive correlations between plasma and 

liver for TMAO, GBB and C20:4-CAR levels. TMAO levels were also positively 

correlated between brain, plasma and liver. Lastly, there were also correlations between 

the plasma and parenchyma. Specifically, there was a positive correlation with C4:0-

CAR and negative correlation with C12:0-CAR (Figure 20A). When examining 

correlations between tissues by APOE genotype in ε4 mice, TMAO was only (positively) 

correlated between plasma and liver whereas in other genotypes TMAO remained 

positively correlated between plasma, liver and brain. The majority of acylcarnitines 

stayed positively correlated between the cerebrovasculature and parenchyma across 

genotypes. Although, the MCA C12:0-CAR as well as several LCAs were negatively 

correlated between the plasma and cerebrovasculature in ε3 mice but not in other 

genotypes. In ε4 mice instead the SCAs C2:0-CAR and C3:0-CAR were negatively 

correlated between the plasma and cerebrovasculature (Figure 20B).  
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Figure 31. Examination of associations between tissue acylcarnitines. 

Investigation of the effect of amyloid pathology and APOE genotype on peripheral 

and brain L-carnitine and acylcarnitines. 

Plasma and brain L-carnitine and acylcarnitines were investigated in 10 to 74 week old 

E3FAD and E4FAD mice to examine the impact of amyloid pathology, APOE and age 

on peripheral and brain lipid bioenergetics (Figure 21).  

 

Figure 32. Young and aged EFAD study workflow overview. 

In plasma, both young and aged E3FAD mice were closely clustered together as well as 

young E4FAD mice (1, Figure 22A). While aged E4FAD mice formed a separate cluster 

(2, Figure 22A). Total acylcarnitines were significantly increased in aged E4FAD 

compared to young and aged E3FAD mice (Figure 22B). Moreover, genotype had a 

stronger independent effect on L-carnitine and total acylcarnitines than did age (L-

carnitine: age main effect p=0.027, genotype main effect p=0.009; total acylcarnitines: 

age main effect p=0.074, genotype main effect p=0.004). Total acylcarnitines were also 

significantly increased in female E4FAD mice but not in male E4FAD mice compared to 

male and female E3FAD (Figure 22C). Female EFAD mice exhibited significantly 

higher plasma TMAO levels than males, as well as higher levels of C18:3-CAR and 
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C20:4-CAR (Supplementary Figure 10SA). In plasma, TMAO also increased with age 

in male EFAD mice (Supplementary Figure 10SC and D), while plasma levels of the 

VLCA C24:0-CAR were significantly decreased in aged EFAD (Supplementary Figure 

10SB).  
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Figure 33. Investigation of plasma L-carnitine metabolites with APOE and age in an amyloidosis model. 



109 
 

In the brain, young and aged E3FAD mice formed a subcluster while aged E4FAD mice 

were most distantly related to other groups (Figure 23A). Several LCAs were 

significantly elevated in aged E4FAD (C14:0-CAR, C16:0-CAR, and C16:1-CAR) 

compared to young E3FAD mice (Supplementary Figure 11SA). There was also a 

trend for an increase across all LCAs in aged E4FADs while SCAs were decreased. In 

both aged E3FAD and E4FAD mice L-carnitine, GBB and TMAO all appeared 

decreased and several ω-3/ω-6 acylcarnitines were increased (C18:3-CAR, C20:3, 

C20:4-CAR). In aged E3FAD mice several SCAs were also increased compared to 

young E3FAD mice (Figure 23A). While in the brain no sex effects were observed, 

there was an age effect on L-carnitine and its precursor GBB as well as TMAO which 

were all decreased with age (Supplementary Figures 11SA, B, C and D). Additionally, 

LCAs were increased in aged EFAD brain (Supplementary Figure 11SE). There was 

also a genotype effect on LCAs and SCAs with an increase in LCAs and a decrease in 

SCAs in E4FAD compared to E3FAD mice (Figure 23B). Lastly, there were no 

significant correlations between brain and plasma acylcarnitines in EFAD mice, even 

with genotype stratification.  
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Figure 34. Investigation of brain L-carnitine metabolites with APOE and age in an amyloidosis model. 
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3.4. Discussion 

 

These studies of L-carnitine metabolites and acylcarnitine profiles with APOE in mice 

ageing up to mid-life, and in aged mice with brain amyloidosis, have shown that these 

profiles are altered in both the brain and periphery by ageing with different APOE 

genotypes and with amyloid pathology. In the parenchyma and the cerebrovasculature, 

young APOE4-TR mice exhibit profiles similar to that of older ε2 and ε3 mice. In these 

mice total acylcarnitines are increased with age in both the parenchyma and 

cerebrovasculature with no chain length specific effect. This was modulated by APOE 

genotype in the brain with ε4 mice failing to significantly increase total brain 

acylcarnitines with age. Conversely in aged E4FAD acylcarnitine profiles were 

significantly altered in a chain length specific manner with genotype and age with 

increased LCAs compared to younger mice and mice of the ε3 genotype in both plasma 

and brain.  

In both the cerebrovasculature and parenchyma 25-week ε4 mice had similar L-

carnitine metabolite profiles to 50-week-old ε3 and ε2 mice, suggesting that as they age 

ε4 mice have acylcarnitine brain profiles similar to that of older mice of other genotypes. 

Further, with age in the cerebrovasculature and parenchyma, total acylcarnitines were 

elevated in ε2 and ε3 mice from 10 to 50 weeks but not in ε4 mice where this increase 

was only seen from 10 to 25 weeks. Sex also modulated parenchymal acylcarnitine 

profiles in APOE-TR mice with elevated total acylcarnitines in male APOE4-TR but not 

in females compared to other genotypes. A general age effect was also observed on L-

carnitine in the parenchyma with elevated levels with age in all genotypes. However, in 

ε4 mice cerebrovascular and parenchymal acylcarnitines did not increase with age 

unlike in ε2 and ε3 mice. As the ε4 genotype is associated with adverse outcomes in 

ageing this could represent a failure to adapt to ageing related bioenergetic changes 

relative to other genotypes. Studies in the APOE-TR model have suggested deficient 

oxidative glycolysis but increased FAO in APOE4-TR mice (Arbones-Mainar et al., 

2016; Keeney et al., 2015; Ong et al., 2014; Zhao et al., 2017). These studies support 

dysregulated energy metabolism in APOE4-TR mice with perhaps an earlier energy 
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shift to FAO in ε4 that tapers off with age. Male ε4 mice (but not females) appeared to 

have higher baseline total acylcarnitine levels in the parenchyma. As elevated total 

acylcarnitines seem to be associated with healthy brain ageing (in ε2 and ε3 mice) this 

could be beneficial in male ε4 carriers, whom clinically have been shown to be less 

likely to develop AD than female ε4 carriers (Neu et al., 2017). There is also evidence 

that ApoE4 can have adverse consequences on the vasculature independently of 

amyloid as the ε4 allele increases the risk of coronary artery disease and myocardial 

infarctions (Belloy et al., 2019). Relatively few studies have investigated the effect of 

ApoE on cerebrovascular bioenergetics, although ApoE4 has been shown to disrupt 

BBB integrity and reduce its glucose uptake (Brandon et al., 2018). A recent study in ε4 

carriers with and without AD found disturbed mitochondrial function regardless of 

disease phenotype in the cerebrovasculature of ε4s compared to other alleles (Ojo et 

al., 2021). Cunnane et al. have also pointed out that endothelial cells of the 

cerebrovasculature contain five times the density of mitochondria of skeletal muscle 

cells and transport ten times their weight in glucose each minute across the BBB along 

with accomplishing other energetically costly cellular processes, and as such are highly 

bioenergetically active cells (Cunnane et al., 2011). Therefore, ε4 related bioenergetic 

dysfunction, such as impairments in FAO, of the cerebrovasculature could have 

detrimental impacts on its transport functions. This is supported by evidence that in 

cerebrovascular endothelial cells FAO but not glycolysis is necessary to the function of 

the potassium ion pump (Goldstein, 1979). More research is needed in that area 

especially since cerebrovascular dysfunction has been suggested to be disturbed early 

on in AD, particularly among 4 carriers (Tai et al., 2016; Veitch et al., 2019). The 

positive correlation between parenchymal and cerebrovascular acylcarnitine levels 

suggests bilateral exchange of these metabolites between brain and cerebrovascular 

cells. However, it is unclear how ApoE4 affects the transport of L-carnitine related 

metabolites to and from cerebrovascular cells as well as the cerebrovascular FAO 

process itself. In the parenchyma, there was also a continued increase of C12:0-CAR 

with age in all three genotypes but a decrease of C12:0-CAR among only ε4 mice in the 

cerebrovasculature. Furthermore, there was a negative correlation between plasma and 

brain (cerebrovascular/parenchymal) C12:0-CAR suggesting that there may be 
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preferred transport from one side to the other (while the correlation was positive 

between the cerebrovasculature and parenchyma). Compared to other genotypes, 

lower levels of C12:0-CAR in ε4 mice with age in the cerebrovasculature but its 

elevation in the parenchyma there could reflect impaired transport of this MCA which 

needs to be further investigated. As mentioned in the previous chapter, MCAs could be 

used as a source of ketones similarly to MCFAs. This process may become increasingly 

important with ageing when glucose use in the brain is decreased (Cunnane et al., 

2011; H. Yang et al., 2019). However, to date the potential uptake of MCAs at the BBB 

has not been investigated.  

In plasma, acylcarnitine profiles of ε2 mice of all ages were clustering with that of 10-

week-old ε3 and ε4 mice suggesting that ε2 mice retain a L-carnitine metabolite profile 

similar to that of younger mice of other genotypes even as they age. Plasma 

acylcarnitines were decreased with age in ε3 and ε4 mice. However, in ε2 mice, several 

plasma LCAs remained elevated with age. In plasma, multiple sex effects were also 

observed; TMAO and the MCA C12:0-CAR as well as C14:0-CAR, C14:1-CAR, C15:0-

CAR and ω-6 acylcarnitines C20:3-CAR and C20:4-CAR were all elevated in females 

compared to males. However, despite overall higher levels of total plasma 

acylcarnitines in females compared to males, in ageing females there was a significant 

decrease in total acylcarnitines which was not seen in ageing males, indicating that 

ageing may impact female peripheral lipid bioenergetics more than males. Accordingly, 

a clinical study has shown that female ε4 carriers who experienced late life weight loss 

were at an increased risk of developing dementia (Kristoffer et al., 2015). In liver tissue 

sex effects were predominant with increased levels of L-carnitine, TMAO, GBB and 

most acylcarnitines in females compared to males, indicating sex effects on L-carnitine 

metabolism. Levels of TMAO, GBB and C20:4-CAR were also significantly correlated 

between plasma and liver. Lastly, there was a genotype effect on TMAO which was 

elevated in brain, plasma, and liver TMAO in APOE3-TR mice compared to other 

genotypes; this effect also seemed stronger in males. The TMAO metabolite has been 

suggested to detrimentally affect the vasculature and was found elevated in plasma in 

cardiovascular disease and in the CSF in AD (Buawangpong et al., 2021; Vogt et al., 

2018). In this study higher TMAO levels were seen in APOE3-TR mice compared to 
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other genotypes. No other studies have previously examined TMAO levels with regards 

to different APOE genotypes. Therefore, further studies are needed to determine 

whether this genotype difference is due to changes in levels of its gut derived precursor 

or liver production. With regards to the connection between peripheral and brain 

bioenergetics, several MCAs and LCAs were negatively correlated between the 

cerebrovasculature and plasma suggesting biased transport (increased transport from 

one side to the other) rather than a reciprocal exchange. Further, APOE genotype 

affected L-carnitine, its metabolites (TMAO and GBB) and acylcarnitine correlations 

between tissues suggesting that ApoE could impact between-tissue transport of L-

carnitine metabolites and acylcarnitines.  

When examining the combined effects of APOE genotype and amyloid pathology with 

age on L-carnitine metabolites in the brain E4FAD, most brain SCAs were decreased 

and LCAs increased in aged E4FAD mice compared to other groups. An accumulation 

of LCAs and a reduction in SCAs end products could be indicative of defective FAO. 

Indeed, in inborn errors of metabolism affecting the first step of mitochondrial β-

oxidation accumulation several LCAs can be seen (Remec et al., 2021), while aged 

mice had decreased L-carnitine, GBB and TMAO and increased ω-3/ω-6 inflammatory 

acylcarnitines C18:3-CAR, C20:3-CAR and C20:4-CAR in the brain compared to 

younger mice, indicating disturbances in both L-carnitine and inflammatory ω-3/ω-6 FA 

metabolic pathways with ageing. Increased arachidonic acid (C20:4) to DHA (C22:6) 

ratio has previously been described in APOE4-TR and E4FAD mice compared to other 

genotypes and in ε4 carriers who converted to MCI/AD within 3 years (Abdullah et al., 

2017). However, it is unclear how the acylcarnitine forms of these ω-3/ω-6 FAs relate to 

inflammatory pathways. 

In plasma, both aged and female E4FAD mice had significantly higher total acylcarnitine 

levels compared to other groups. Although relatively few studies have examined 

bioenergetics in EFAD mice a study using a HFD/HCD in female EFAD mice found that 

E3FAD mice experienced increases in amyloid pathology but not E4FAD mice 

compared to mice on control diets (Christensen and Pike, 2019), indicating that in 

E4FAD mice increasing energy substrates such as glucose and FAs may be beneficial. 
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An effect of sex on plasma TMAO was observed in EFAD mice (as in APOE-TR mice) 

where females had higher levels of TMAO and the ω3/ω6 acylcarnitines C18:3-CAR 

and C20:4-CAR. Additionally, plasma TMAO was increased by age while the VLCA 

C24:0-CAR was decreased with age.  

In human plasma, studies previously presented elevated LCAs in ε4 carriers were 

positively correlated with amyloid pathology. In the present study aged E4FAD mice 

(who exhibit more severe amyloid pathology) had increased plasma LCA levels, 

suggesting that in both humans and EFAD mice increases in peripheral LCAs is 

associated with amyloid pathology in ε4s. In the brain in chapter 2 clinical studies SCAs 

were negatively correlated with brain pathology. Although in EFAD mice brain levels of 

the SCA C5:0-CAR were decreased with age, brain SCAs were otherwise increased in 

aged E3FAD mice compared to aged E4FAD mice which have worse pathology. This 

suggest that in older ages as in humans SCAs levels may be negatively correlated with 

amyloid pathology. However, unlike in mice, where aged E4FAD had increases in total 

acylcarnitines, in both plasma and brain in clinical studies there was a trend in plasma 

for a decrease in acylcarnitines early on in the disease process with ε4 status and no 

difference in total acylcarnitines with older age in more advanced cases compared to 

controls (ROS cohort). In that respect, the APOE-TR model better replicated profiles 

seen in humans, with a failure to increase acylcarnitine levels with ageing in ε4 mice 

compared to other genotypes both in the periphery and in the brain. However, in this 

study L-carnitine metabolite profiles were only assessed up to mid-life in APOE-TR mice 

whereas in human studies individuals were on average 70-80 years old which would 

correspond to an older age. A recent metabolomics study in the APP/PS1 mouse model 

of amyloidosis showed that changes in both the plasma and brain metabolome were 

transient, while present up to 12 months at 18 months the metabolome of APP/PS1 

mice was similar to that of control wild types (Pan et al., 2016). As previously 

mentioned, metabolomics studies in AD have found heterogenous acylcarnitine profiles 

in MCI and AD which are sometimes increased and sometimes decreased. It is likely 

that overall changes in acylcarnitines are transient and affected by disease course as 

well as factors such as APOE genotype, age and sex in both humans and mice. 

Therefore, a fine tuning of our understanding of the factors affecting L-carnitine 
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metabolite networks is needed to interpret these profiles. A caveat of comparing the 

human data to the mouse data presented here is that our human cohorts have both 

amyloid and tau pathology as well as other mixed pathologies while the EFAD model 

only presents with amyloid pathology. It is therefore uncertain whether EFAD mice are 

adequate to model acylcarnitine pathways over the course of AD.  

Several clinical studies have suggested an increased reliance of ε4 carriers on FAO 

with age (Yassine and Finch, 2020), and previous work in the APOE-TR model has 

shown an increased global reliance on FAO for energy production in ε4 mice compared 

to ε3 (Arbones-Mainar et al., 2016). Studies undertaken here in the APOE-TR model 

indicate an independent effect of APOE genotype on L-carnitine metabolite profiles in 

ageing mice. Both human and mice studies presented so far further suggest a 

dysregulation of L-carnitine metabolite profiles with APOE genotype in the 

cerebrovasculature that could impact cerebrovascular FAO and transport. Further, in 

humans ε4 controls had altered levels of L-carnitine, GBB and TMAO compared to non-

ε4 controls suggesting that L-carnitine metabolism may be disturbed in ε4 carriers, and 

in mice both peripherally and in the brain TMAO was affected by APOE genotype. 

These studies suggest an effect of ApoE on L-carnitine metabolism and possibly 

subsequent formation of acylcarnitines. 

 

Summary of findings 

• In APOE2-TR and APOE3-TR mice, in both the cerebrovasculature and the 

parenchyma acylcarnitines were significantly increased with age, but not in 

APOE4-TR mice. 

• In APOE2-TR mice there was a trend for an increase in the MCA C12:0-CAR in 

both the cerebrovasculature and the parenchyma (while in APOE4-TR mice 

C12:0-CAR did not increase in the cerebrovasculature with age). 

• In EFAD mice, in contrast with clinical findings, in plasma and brain LCAs were 

increased by both age and ε4 genotype. 
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3.5. Supplementary data 

 

 

Figure 35. Global effects of APOE, age and sex in different tissues. 
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Figure 36. Impact of APOE genotype and age on cerebrovascular L-carnitine metabolites. 
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Figure 37. Impact of APOE genotype and age on parenchymal L-carnitine metabolites. 
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Figure 38. Impact of APOE genotype and age on plasma L-carnitine metabolites. 
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Figure 39. Impact of APOE genotype and age on liver L-carnitine metabolites. 
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Figure 40. Impact of APOE genotype, amyloid pathology, age and sex on plasma L-carnitine metabolites. 
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Figure 41. Impact of APOE genotype, amyloid pathology, age and sex on brain L-carnitine metabolites. 



124 
 

4. Determination of APOE-dependent differences in the 

cerebrovascular uptake of FAO related compounds and investigation 

of L-carnitine metabolism after an L-carnitine oral challenge 

 

4.1. Introduction  

 

The studies undertaken here as well as work by others has suggested that there are 

APOE-dependent cerebrovascular dysfunctions in AD. Indeed, previous results in 

chapter 2 indicated that cerebrovascular FAO was affected by ageing and APOE 

genotype. Specifically, acylcarnitines were elevated in the cerebrovasculature in ε2 and 

ε3 mice with age but not in ε4 mice. Evidence also suggests that the ε4 allele can have 

adverse effects on vascular tissue due to the higher risk of cardiovascular disease in ε4 

carriers (Belloy et al., 2019). With regards to the brain specifically, the ε4 allele is 

associated with reduced brain glucose uptake suggesting that APOE may influence 

cerebrovascular uptake of nutrients (Brandon et al., 2018). Cerebrovascular 

bioenergetics have also recently been suggested to be altered with APOE with 

disturbed mitochondrial function in ε4 cerebrovasculature even in the absence of 

cognitive deficits (Ojo et al., 2021). Furthermore, FAO has been suggested to be an 

essential process in maintaining the transport function of the cerebrovasculature 

(Goldstein, 1979). However, whether cerebrovascular FAO is altered by APOE 

genotype in the absence of pathology has not been studied (Ciavardelli et al., 2016).  

Further, both work undertaken in chapter 3 and studies by others also suggest that the 

transport of key FAs and acylcarnitines could be impaired in ε4s. Firstly, the studies 

presented herein suggested that MCA metabolism is affected by APOE in both mice 

and humans. In clinical cohort studies, there was a trend for an increase in MCAs in 

aged controls in both plasma and brain; further, in ε2 carriers MCAs seemed to stay 

elevated with AD. The potential effect of different APOE genotypes on the 

cerebrovascular uptake of MCAs has however not been studied. Several studies have 

also pointed out abnormalities in ω-3/ω-6 fatty acid levels in brain and plasma as well 
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as differential cerebrovascular uptake of these lipids with different APOE genotypes. For 

instance, Yassine and colleagues have shown increased DHA brain uptake in young ε4 

carriers (Yassine et al., 2017). Among cognitively healthy ε4 carriers over 50 years old 

DHA oxidation is also higher than in non-carriers (Chouinard-Watkins et al., 2013). 

Ageing and AD have also been shown to decrease plasma DHA levels, but findings 

have been inconsistent and more research is needed (Cunnane et al., 2013). Therefore, 

the cerebrovascular uptake of these compounds with APOE genotype warrants further 

investigation. 

Additionally, previous findings in chapters 2 and 3 suggested that peripheral L-carnitine 

metabolism may be disrupted in AD in an APOE-dependent manner. In the previous 

studies, in clinical cohorts, plasma TMAO was increased with GBB, and L-carnitine 

decreased pre-clinically in ε4 carriers but not in non-ε4s, suggesting that disturbances in 

L-carnitine metabolism may play a role in AD development in an APOE-dependent 

manner. There were also significant correlations between peripheral and brain L-

carnitine as well as TMAO levels indicating that changes seen peripherally reflect brain 

changes. Trimethylamine-n-oxide is itself derived from trimethylamine (TMA), a gut 

metabolite that can come from a variety of compounds containing a trimethylamino 

moiety (Simó and García-Cañas, 2020). In the gut, L-carnitine can be metabolized to 

GBB or crotonobetaine before further being converted to TMA by gut bacteria (Koeth et 

al., 2014). The best sources of TMA are TMAO, choline and L-carnitine (Fennema et al., 

2016). In the liver there are three TMAO producing flavin monooxygenase enzymes: 

FMO1, FMO2 and FMO3. The FMO3 contributes to ≥90% of hepatic TMA→TMAO 

conversion (Bennett et al., 2013). There are known APOE-dependent differences in the 

gut microbiota in both humans and APOE-TR mice (Tran et al., 2019). These 

differences in gut microbiome could impact L-carnitine metabolism. Gut dysbiosis has 

also been described in AD with an effect of the ε4 allele (Hou et al., 2021). However, the 

effect of APOE genotype on L-carnitine metabolism and whether alteration in L-carnitine 

metabolism can influence acylcarnitine levels have not been examined yet. 

Several questions arise from previous data presented and the literature. Specifically, 

are there APOE-driven baseline differences prior to old age: 1) in the cerebrovascular 
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uptake of FAO related metabolites and cerebrovascular FAO itself, 2) in L-carnitine 

metabolism and FAO with ingestion of L-carnitine?  

To investigate whether there are APOE genotype differences in the cerebrovascular 

uptake of compounds related to L-carnitine metabolism and in FAO, the 

cerebrovasculature from APOE-TR mice was isolated and treated with physiologically 

relevant concentrations of compounds including TMAO and L-carnitine (whose levels 

have been found altered in AD), the MCAs C6:0-CAR and C12:0-CAR (as potential 

ketone precursors), the FAs C16:0 (the most abundant FA) as well as DHA (whose 

uptake has been found altered in ε4s clinically). These compounds were administered 

together as their cerebrovascular uptake would normally happen when they are all 

concurrently present and to minimize the number of animals used for this study. Further, 

the FA C16:0 used was fully labelled in order to be able to determine whether there 

were APOE genotype differences in its cerebrovascular FAO.  

Next, to study the role of L-carnitine metabolism several compounds containing a 

trimethylamino moiety were measured (i.e. TMA itself, TMAO, GBB, L-carnitine, choline, 

betaine, crotonobetaine) as well as TML (one of the first metabolites in the biosynthesis 

of L-carnitine) in APOE-TR mice treated orally with L-carnitine for a week. Acylcarnitines 

were also measured to determine whether L-carnitine challenge led to differences in 

peripheral and brain FAO in different APOE genotypes.  

 

4.2. Methods 

 

Animals 

For these studies APOE-TR mice were housed in groups of up to four under standard 

laboratory conditions at 23 ± 1°C, 50 ± 5% humidity and a 12-hour light/dark cycle with 

access to food and water ad libitum. All procedures were carried out under Institutional 

Animal Care and Use Committee approval and in accordance with the National Institutes 

of Health Guide for the Care and Use of Laboratory Animals. Mice were humanely 
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euthanized by cardiac puncture after being anesthetized in an anesthetic chamber with 

3% isoflurane at a 1.5 L.min-1 O2 flow rate. Blood was collected as previously described. 

Cerebrovascular uptake 

Twenty-two APOE-TR mice were euthanized at 26 weeks for 3 homozygous genotype 

groups (Table 8) and cerebrovascular fractions isolated and treated as described below. 

 

 APOE-TR  

n=22 

APOE genotype   ε2/ε2 ε3/ε3 ε4/ε4 

Numbers   n=6 n=8 n=8 

Age in weeks (average ± SD)  26±0 26±0 26±0 

Weight  in grams  

(average ± SD) 
 30±6 32±7 30±6 

Sex (n) Male 2 4 4 

  Female 4 4 4 

Figur e 42. APOE-TR mice fr om cerebrovascul ar uptake study summ ary char acteristics.  

Table 8. APOE-TR mice (cerebrovascular uptake study) summary characteristics. 

L-Carnitine challenge 

Seven weeks before the start of the study 48 mice were housed in groups of four 

according to sex, genotype and treatment group (Table 9); bedding was exchanged 

between all cages twice a week for the first two weeks in order to equalize the 

microbiome between cages. Then bedding was exchanged only between mice of the 

same genotype twice a week for the remaining five weeks before the beginning of 

treatment. Mice were orally gavaged every day for 7 days with either PBS vehicle 

(Thermo Fisher Scientific) or L-carnitine (Sigma Aldrich) at a dose of 125 mg.kg-1. 
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During gavage mice were under light anesthesia (3% isoflurane at a 1.5 L.min-1 O2 flow 

rate for approximately 1 min) to mitigate the effect of stress due to repeated gavage. 

Each day mice were kept on a heated blanket after gavage and observed for at least 10 

mins. Additionally, after being returned to their racks mice were checked for signs of 

pain and distress and their weight monitored daily. Mice were euthanized approximately 

24 hours after the administration of the last dose. 

APOE-TR 

n=47 

Treatment  Vehicle Treated Vehicle Treated Vehicle Treated 

APOE genotype   ε2/ε2 ε2/ε2 ε3/ε3 ε3/ε3 ε4/ε4 ε4/ε4 

Numbers   n=8 n=8 n=8 n=7 n=8 n=8 

Age in weeks (average ± 

SD) 
 57±1 57±1 53±1 53±1 49±4 49±4 

Weight  in grams  

(average ± SD) 
 40±7 36±9 39±6 39±6 31±6 29±5 

Sex (n) Male 4 4 4 3 4 4 

  Female 4 4 4 4 4 4 

Figur e 4 3. APOE-TR  mice  fro m L -ca rnitine  chall enge  stu dy su mma ry ch ara cteris tics.  

Table 9. APOE-TR mice (L-carnitine challenge study) summary characteristics. 

 

Cerebrovasculature isolation  

For the cerebrovascular uptake assay, a variation of the brain fraction protocol 

previously described was used. Only fresh brains were used on the day of fraction. The 

whole brain (without cerebellum and olfactory bulbs) was collected and gently rolled on 

a Kimwipe to remove meningeal vessels on the brain surface and immediately put on 
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ice and fractioned as described previously. Only the collection of the vascular fraction 

differed. The capillary pellet was collected in 500µL of PBS (Thermo Fisher Scientific) 

and 200µL aliquoted into two tubes (each). These were centrifuged in a microcentrifuge 

at 6000 RCF for 2 mins; the PBS was then removed. The capillary pellets were then 

resuspended in their respective vehicle and treatment solutions and incubated at 37°C 

for 20 mins. After incubation the samples were centrifuged in a microcentrifuge at 6000 

RCF for 2 mins and the treatment solutions removed. The pellets were then washed 

twice with PBS by adding 100µL of PBS and centrifuging as before, each time removing 

the PBS. Finally, the pellets were each resuspended in 125µL of lysis buffer (made as 

previously described in chapter 3). Additionally, for this study the final parenchymal 

fraction was collected in 500µL of lysis buffer instead of 250µL.  

Preparation of treatment and vehicle solutions for cerebrovascular uptake 

Solutions were made fresh from the same stocks on the day of each treatment. A 0.01M 

stock solution of TMAO (Fisher Scientific) was prepared in MeOH. For L-Carnitine 

(Ambeed) a 0.02M stock was prepared in MeOH. For C6:0-CAR (Cayman Chemicals) 

and C12:0-CAR (Cayman Chemicals) 20µM stock solutions were prepared in MeOH. 

Then 100µL of each TMAO, L-carnitine, C6:0-CAR and C12:0-CAR were combined in a 

glass vial and 600µL of MeOH were added. This acylcarnitine mix solution was stored at 

-80°C until the day of the experiment. Both UC13-Palmitic acid (UC13-C16:0, Larodan) 

and DHA (Cayman Chemicals) were conjugated with albumin to a final concentration of 

2mM and 40µM, respectively. This was done by preparing a 1.3mM solution of fatty acid 

free BSA (Goldbio). Briefly, 5.31g of BSA were dissolved into 60mL of 150mM NaCl in a 

37°C bain-marie. Once completely dissolved 30mL were transferred to a glass vessel 

and 30mL of 150mM NaCl was added. This vehicle BSA solution was then sterile 

filtered and aliquoted out into 5mL in glass scintillation vials and stored at -20°C to be 

used as vehicle on the day of the experiment. Then UC13-C16:0 and DHA were added 

to 30mL of 150mM NaCl for a final concentration of 4mM and 80µM, respectively, and 

heated to 70°C while stirring until the FAs were dissolved. Finally, 30mL of the FA 

solution were added to the remaining 30mL of BSA solution (for a concentration of 2mM 

UC13-C16:0 and 40µM DHA) and kept at 37°C while stirring for 1 hour. This FA and 
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BSA conjugate (FA:BSA) solution was then sterile filtered and aliquoted into 5mL 

aliquots in glass scintillation vials and stored at -20°C until the day of the experiment. 

On the day of each uptake experiment, 10µL of the acylcarnitine mix solution were dried 

down under vacuum and resuspended in 1000µL of PBS in a glass vial. Meanwhile an 

aliquot of the FA:BSA solution was thawed in a 37°C bath and 1000µL added to the 

1000µL acylcarnitine mix to make the final treatment solution with a final concentration 

of 5µM TMAO, 10µM L-carnitine, 10nM C6:0-CAR, 10nM C12:0-CAR, 1mM UC13-

C16:0 and 20µM DHA. For the vehicle solution 10 µL of MeOH were dried down under 

vacuum as before and 1000µL of PBS added before 1000µL of a thawed aliquot of BSA 

vehicle solution was added. 

Acylcarnitine, UC13-PA and DHA were measured in the BSA vehicle solution to check 

their background level. As expected, since this was a fatty acid free BSA solution most 

were not detected at all, and the few that were represented ≤1% of the signal detected 

in the cerebrovasculature for those same analytes.  

Cytotoxicity assay 

The CyQUANT™ LDH Cytotoxicity Assay (Invitrogen™) was used. For this assay the 

cerebrovasculature was extracted and treated as above. The only difference was in the 

capillary fraction collection. Namely, after being collected in 500μL of PBS the capillary 

fraction was split into three aliquots: 160μL used for the maximum LDH release, 160μL 

for the vehicle treatment induced LDH release (spontaneous LDH release) and 160μL 

for the treatment induced LDH release. For the maximum LDH release 160μL of the 

capillary solution was centrifuged at 6000 RCF for 2 mins before removing the 

supernatant and resuspending the resulting pellet in 160μL PBS with 16μL of 10x lysis 

buffer. The capillary cells and lysis buffer were incubated at 37⁰C for 45 mins as per the 

manufacturer’s instruction after which the cells were spun down again at 6000 RCF for 

2 mins and the supernatant collected and put on ice until measurement. The vehicle 

and treated fractions tubes (160μL each) were centrifuged at 6000 RCF for 2 mins and 

the supernatant removed. For the vehicle tube the pellet was resuspended in the 

vehicle solution while in the treated tube the pellet was resuspended in the treatment 

solution. Both tubes were incubated at 37⁰C for 20 mins after which they were 
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centrifuged at 600 RCF for 2 mins and the supernatants put on ice until measurement. 

When all samples were ready 50μL of each sample (max LDH release, spontaneous 

LDH, treated LDH) was plated in duplicate into a 96 well plate along with a positive 

control. A 15% CV cut-off was used. Then 50μL of the reaction mixture was added to 

each well. The plate was incubated away from light for 30 mins after which 50μL of the 

Stop solution was added. Absorbance values were measured at 490nm and 680nm on 

a microplate reader.  

The LDH activity was determined by subtracting the background absorbance (680nm) 

from the 490nm absorbance. The % Cytotoxicity was then calculated using the following 

formula: % 𝐶𝑦𝑡𝑜𝑡𝑜𝑥𝑖𝑐𝑖𝑡𝑦 = [
𝐶𝑜𝑚𝑝𝑜𝑢𝑛𝑑 𝑡𝑟𝑒𝑎𝑡𝑒𝑑 𝐿𝐷𝐻 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦−𝑆𝑝𝑜𝑛𝑡𝑎𝑛𝑒𝑜𝑢𝑠 𝐿𝐷𝐻 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦

𝑀𝑎𝑥𝑖𝑚𝑢𝑚 𝐿𝐷𝐻 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦−𝑆𝑝𝑜𝑛𝑡𝑎𝑛𝑒𝑜𝑢𝑠 𝐿𝐷𝐻 𝑎𝑐𝑖𝑡𝑖𝑣𝑖𝑡𝑦
] × 100.  

AST ELISA 

A mouse Aspartate Aminotransferase (AST) SimpleStep ELISA kit (abcam, ab263882) 

was used to measure AST in mouse plasma. The plasma samples were diluted 100x 

and the assay conducted as per the manufacturer’s instruction. Samples were run in 

duplicate in a randomized manner on 96 well plates with a 15% CV cut-off. The plates 

were read at 450 nm and concentrations obtained in pg.mL-1 from a standard curve 

using a 4-parameter curve fit with blank control subtracted absorbance values. The 

dynamic range of the assay was 125-8000 pg.ml-1. 

Protein assay 

The Thermo Scientific™ Pierce™ BCA Protein Assay Kit was used (Thermo Fisher 

Scientific) to quantify proteins in the cell/tissue samples analyzed. The manufacturer’s 

instructions were followed (as per Doc. Part No. 2161296 Pub. No. MAN0011430 Rev. 

B.0). Bovine serum albumin standards were prepared with a working range of 20–2,000 

μg.mL-1. The cerebrovascular samples were diluted 10x, liver 75x and brain homogenate 

50x for an optimal reading. The standard microplate procedure was then followed using 

25μL volumes of diluted samples. Samples were run in duplicates in a randomized 

manner on 96 well plates. The cut-off CV was 15%. 

Acylcarnitine assay 
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Acylcarnitines were extracted from either 50µL of plasma, 60µL cerebrovasculature or 

100µL brain homogenate and spiked with 5µL of acylcarnitine IS mix containing 12μM 

TMAO-d9 (CIL) NSK-B (CIL) and NSK-B-G1 (CIL). Protein precipitation was performed 

by adding 10 volumes of 25% MeOH in ACN to the samples and vortex mixing for 

approximately 1 minute before centrifuging samples at 10,000 RCF for 20 mins at 4°C. 

Then, 80% of the supernatant was taken and dried down before reconstitution in 100µL 

of mobile phase A (90:5:5 ACN: H2O:100mM AmFm in H2O) and vortexed for 

approximately 10 seconds. Samples were then transferred to 0.2 µM centrifugal filters 

and centrifuged again at 10,000 RCF for 5 mins at 4°C to remove any remaining proteins 

before being transferred to glass auto-sampler vials ready for injection.  

A Shimadzu Prominence UFLC Series Liquid Chromatograph interfaced to a Thermo 

Scientific Q Exactive mass spectrometer with an electro spray ionization source was used 

for LC-MS/MS analysis. Samples were separated using a Kinetex 2.6μm HILIC 100Å, 

100x2.1mm LC column (Phenomenex), with a constant flow rate of 250µl.min-1 following 

flow gradient; 20% Mobile Phase B (50:45:5, ACN:H2O:100mM AmFm in H2O) for 10s 

after the initial start of the experiment (t0 +10s), then 22% at t0 + 5 mins, 40% at t0 + 10 

mins, 60% at t0 +13 mins, 80% at t0 +15 mins, 99% t0+ 15 mins 1s, 99% t0+ 20 mins, 20% 

t0 + 20 mins 1s. The flow was stopped at t0 + 25 mins. All samples were kept at 4°C in the 

auto-sampler tray for the duration of the analysis. Data was acquired in positive mode 

using parallel reaction monitoring with an inclusion list of acylcarnitines of interest: 

Name Formula 
Parent 

[m/z] 

Daughter 

[m/z] 
Type Normalizing IS 

d9 TMAO C3D9NO 85.1327 66.116 IS N/A 

d9 L-carnitine C7H6D9NO3 171.166 85.029 IS N/A 

d3 C2:0 C9H14D3NO4 207.142 85.029 IS N/A 

d3 C3:0-CAR C10H16D3NO4 221.158 85.029 IS N/A 

d3 C4:0-CAR C11H18D3NO4 235.174 85.029 IS N/A 

d9 C5:0-CAR C12H14D9NO4 255.227 85.029 IS N/A 

d3 C5:0-OH-CAR C12D3H20NO5 265.1843 85.029 IS N/A 

d3 C5:0-DC-CAR C12D3H18NO6 279.1635 85.029 IS N/A 

d3 C8:0-CAR C15H26D3NO4 291.236 85.029 IS N/A 

d9 C12:0-CAR C19D9H28NO4 353.3366 85.029 IS N/A 
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d9 C14:0-CAR C21H32D9NO4 381.368 85.029 IS N/A 

d3 C16:0-CAR C23H42D3NO4 403.362 85.029 IS N/A 

d3 C16:0-OH-CAR C23D3H42NO5 419.3564 85.029 IS N/A 

d3 C18:0-CAR C25D3H46NO4 431.3928 85.029 IS N/A 

TMAO C3H9NO 76.076 58.066 Target d9 TMAO 

GBB C7H16NO2 146.118 87.045 Target d9 L-carnitine 

L-carnitine C7H15NO3 162.113 85.029 Target d9 L-carnitine 

C2:0-CAR C9H17NO4 204.123 85.029 Target d3 C2:0-CAR 

C3:0-CAR C10H19NO4 218.139 85.029 Target d3 C3:0-CAR 

C4:0-CAR C11H21NO4 232.154 85.029 Target d3 C4:0-CAR 

C5:0-CAR C12H23NO4 246.171 85.029 Target d9 C5:0-CAR 

C5-OH-CAR C12H23NO5 262.165 85.029 Target d3 C5:0-OH-CAR 

C5-DC-CAR C12H21NO6 276.145 85.029 Target d3 C5:0-DC-CAR 

C5:1-CAR C12H21NO4 244.154 85.029 Target d9 C5:0-CAR 

C6:0-CAR C13H25NO4 260.186 85.029 Target d3 C8:0-CAR 

C8:0-CAR C15H29NO4 288.217 85.029 Target d3 C8:0-CAR 

C8:1-CAR C15H27NO4 286.202 85.029 Target d3 C8:0-CAR 

C10:0-CAR C17H33NO4 316.249 85.029 Target d3 C8:0-CAR 

C10:0-OH-CAR C17H33NO5 332.243 85.029 Target d3 C16:0-OH-CAR 

C10:1-CAR C17H31NO4 314.2326 85.029 Target d3 C8:0-CAR 

C12:0-CAR C19H37NO4 344.2795 85.029 Target d9 C12:0-CAR 

C14:0-CAR C21H41NO4 372.311 85.029 Target d9 C14:0-CAR 

C14:1-CAR C21H39NO4 370.2952 85.029 Target d9 C14:0-CAR 

C14:2-CAR C21H37NO4 368.28 85.029 Target d9 C14:0-CAR 

C15:0-CAR C22H43NO4 386.3265 85.029 Target d9 C14:0-CAR 

C16:0-CAR C23H45NO4 400.342 85.029 Target d3 C16:0-CAR 

C16-OH-CAR C23H45NO5 416.337 85.029 Target d3 C16:0-OH-CAR 

C16:1-CAR C23H43NO4 398.327 85.029 Target d3 C16:0-CAR 

C18:0-CAR C25H49NO4 428.374 85.029 Target d3 C18:0-CAR 

C18:1-CAR C25H47NO4 426.358 85.029 Target d3 C18:0-CAR 

C18:2-CAR C25H45NO4 424.343 85.029 Target d3 C18:0-CAR 

C18:2-OH-CAR C25H45NO5 440.337 85.029 Target d3 C16:0-OH-CAR 

C18:3-CAR C25H43NO4 422.327 85.029 Target d3 C18:0-CAR 

C20:0-CAR C27H53NO4 456.405 85.029 Target d3 C18:0-CAR 

C20:1-CAR C27H51NO4 454.39 85.029 Target d3 C18:0-CAR 

C20:3-CAR C27H47NO4 450.358 85.029 Target d3 C18:0-CAR 
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C20:4-CAR C27H45NO4 448.342 85.029 Target d3 C18:0-CAR 

C22:0-CAR C29H57NO4 484.437 85.029 Target d3 C18:0-CAR 

C24:0-CAR C31H61NO4 512.468 85.029 Target d3 C18:0-CAR 

C26:0-CAR C33H65NO4 540.499 85.029 Target d3 C18:0-CAR 

Abbreviations; IS: Internal Standard, Cx:y-CAR: acylcarnitines, Cx:y-OH-CAR: 

hydroxylacylcarnitines, Cx:y-DC-CAR: dicarboxylacylcarnitines. 

 

TMA assay 

Trimethylamine-containing compounds were extracted from 50μL of plasma or liver or 

from 100μL of brain homogenate by adding 10 volumes of ACN and spiking the samples 

with 5μL of IS mix containing 12μM d9-TMAO (CIL), 649nM d9-TMA (CDN Isotopes), 

6μM d3-L-carnitine (CIL), 329nM d9-crotonobetaine (donated by Dr Stanley Hazen) and 

5μM d9-TML (Santa Cruz Biotechnology) in MeOH. Samples were vortexed and left on 

ice for 30 mins before being centrifuged at 10,500 revolutions per minute (RPM) at 4⁰C 

for 5 mins. Then 80% of the supernatant was transferred to a new tube and 2μL of 

concentrated ammonia solution added, followed by 100µL of 4 mg.mL-1 ethyl 

bromoacetate (Oakwood chemicals) in ACN and samples vortex mixed. The samples 

were left to react for 10 mins before the solution was quenched with 10μL of formic acid. 

The samples were then vortexed and dried down using a nitrogen evaporator. After this 

250µL MeOH were added, and the samples were vortexed and centrifuged at 10,500 

RPM at 4⁰C for 5 mins. Then 80% of the supernatant was transferred to 0.2μM centrifugal 

filter tubes and samples were centrifuged again at 10,500 RPM at 4⁰C for 5 mins. Samples 

were dried down again in a nitrogen evaporator and reconstituted in 100µL 80% of 

ACN+2% formic acid. Finally, the extracts were vortexed and transferred to glass auto-

sampler vials for further analysis.  

An LTQ Orbitrap MS interfaced to an Agilent 1200 LC was used for LC-MS/MS analysis. 

Samples were separated using a Raptor HILIC-Si 2.1x100mm, 2.7μm LC column 

(Restek) with a constant flow rate of 400µL.min-1 following flow gradient; starting at 5% 

Mobile Phase B (H2O+5mM AmFm+0.5% formic acid) then going up to 40% in 5 mins, 

which was followed by re-equilibration at 5% B for 4 mins 30s. Mobile phase A was 
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90%ACN+5mM AmFm+0.5% formic acid. All samples were kept at 5°C in the auto-

sampler tray for the duration of the analysis. Data was acquired in positive mode using 

full scan with a mass range of m/z 75-200 and resolution of 30,000. For increased 

sensitivity, data was also acquired using positive mode with single ion monitoring for TML 

and d9-TML, m/z 189 ± 4 and 198.22 ± 4, respectively, at a resolution of 7,500. Using this 

assay the following targets were measured: 

Name Formula 
Precursor 

[m/z] 
Type Normalizing IS 

d9-TMAO C3H1NOD9 85.132 IS N/A 

d9-TMA derivative C7H7NO2D9 155.174 IS N/A 

d3-L-carnitine C7H13NO3D3 165.131 IS N/A 

d9-TML C9H12N2O2D9 198.216 IS N/A 

d9-crotonobetaine C7H14D9NO2 153.158 IS N/A 

TMAO C3H9NO 76.075 Target d9-TMAO 

TMA derivative C7H16NO2 146.117 Target d9-TMA derivative 

Crotonobetaine C7H13NO2 144.101 Target d9-crotonobetaine 

GBB C7H15NO2 146.117 Target d3-L-carnitine 

Betaine C5H12NO2 118.086 Target d9-crotonobetaine 

Choline C5H14NO 104.106 Target d3-L-carnitine 

L-carnitine C7H16NO3 162.112 Target d3-L-carnitine 

TML C9H20N2O2 189.159 Target d9-TML 

Abbreviation; IS: Internal Standard. 

 

PA-DHA assay 

The fatty acids UC13-C16:0 and DHA were extracted from 40μL of cerebrovasculature 

by adding 10 volumes of isopropanol (IPA) and spiking samples with 5μL of 12μM d2-

C16:0 (Cayman Chemicals) and 0.67μM d5-DHA (Cayman Chemicals). Samples were 

vortexed and centrifuged at 10,000 RPM at 4⁰C for 5 mins. Then 80% of the supernatant 

was transferred to a different tube and dried down using a nitrogen evaporator. Samples 
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were then reconstituted in 45uL 50% ACN and transferred to glass autosampler vials for 

injection.  

An LTQ Orbitrap MS interfaced to an Agilent 1200 LC was used for LC-MS analysis. 

Samples were separated using a Kinetex® 2.6 µm XB-C18 100 Å, 100 x 2.1 mm LC 

Column (Phenomenex) with a constant flow rate of 250µL.min-1 following a flow gradient 

starting at 70% Mobile Phase B (ACN + 0.5% Acetic acid, AA) then going up to 99% for 

5 mins before re-equilibration at 70% for 5 mins. Mobile phase A was H2O + 0.5% AA. All 

samples were kept at 5°C in in the auto-sampler tray for the duration of the analysis. For 

DHA and d5-DHA data were acquired in negative mode using full scan with a mass range 

of m/z 326-335 at a resolution of 30,000. The UC13-C16:0 and d2-C16:0 data were also 

acquired in negative mode using full scan with a mass range of m/z 256-273 at resolution 

of 30,000. Using this assay the following targets were measured: 

Name Formula [m/z] Type Normalizing IS 

d2-C16:0 C16D2H30O2 257.245 IS N/A 

d5-DHA C22D5H27O2 332.264 IS N/A 

UC13-C16:0 13C16H32O2 271.286 Target d2-C16:0 

DHA C22H32O2 327.232 Target d5-DHA 

Abbreviation; IS: Internal Standard. 

 

Data processing and statistical analysis 

Peak areas were obtained from TracefinderTM with a target compound list of analytes of 

interests at a window of 5 parts per million accuracy. Concentrations were calculated 

based on relative spiked IS amount and data normalized across runs using the quality 

control sample run along each batch. Each sample was injected in triplicate. All triplicate 

runs with a relative standard deviation above 20% were excluded from further analysis. 

After concentration calculation and data cleanup, data was uploaded to SPSS for 

statistical analysis. Normal distribution of the data was assessed by examining mean 

skewness and kurtosis for each group being analyzed with values -2≤ or ≥2 considered 

reflective of non-normal distribution. Non-normally distributed data was transformed using 
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the ln and tested for normality again. Data that could not be normalized using ln were 

analyzed using non-parametric tests. For normally distributed data a MLM was used. 

Individual IDs were chosen as subject variable (and treatment as repeated variable for 

the cerebrovascular uptake study). Further, sex and genotype were chosen as factors 

and weight as a covariate and IDs as random effects. When comparing more than 2 

groups if the F tests of fixed effects was statistically significant (p<0.05), a pair-wise 

comparison with LSD was performed for the significant factor (threshold p<0.05), followed 

by a B-H correction for multiple comparison as previously described. For non-normally 

distributed data independent-samples non-parametric tests were used for the L-carnitine 

challenge study (either Mann-Whitney U test for 2 group analysis or the Kruskal-Wallis 1-

way ANOVA for more than 2 groups) and non-parametric related samples analysis for the 

cerebrovascular uptake study. For correlation analyses Kendall’s tau-b was used. For 

SCAs calculation, acylcarnitines of chain lengths C2-C5 were summed, for medium chain 

MCAs chain lengths C6-C12 were summed, for LCAs chain lengths C13-C21 were 

summed and for VLCAs chain lengths ≥C22 were summed. For total, all chain lengths 

were summed. These composite variables excluded hydroxyl- and dicarboxyl- species. 

Graphs were built using GraphPad Prism 9 and metaboanalyst and diagram figures with 

BioRender (https://biorender.com/). 

 

4.3. Results 

 

Cerebrovascular uptake of L-carnitine metabolites and fatty acids. 

Cerebrovascular fractions from APOE-TR mice were treated with a solution containing 

5µM TMAO, 10µM L-carnitine, 10nM C6:0-CAR, 10nM C12:0-CAR, 1mM UC13-C16:0 

and 20µM DHA (Figure 24). The concentrations were chosen as physiologically 

relevant concentrations found in human plasma. No significant cytotoxicity was detected 

in the compound treated compared to vehicle treated cerebrovasculature 

(Supplementary Figure 12SA and B). Since sex only significantly affected levels of 

one acylcarnitine species (C20:4-CAR which was significantly increased in females 
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compared to males, p=0.048) male and female groups were analyzed together. Further, 

all mice were the same age (26 weeks), therefore age was not used as a covariate in 

these analyses.  

 

Figur e 4 4. APOE-TR  cer ebr ovasc ular s tudy ove rview. 

The successful uptake of the compounds used for treatment was firstly investigated. 

There were significant increases in L-carnitine and UC13-C16:0 as well as trends for 

TMAO and the MCA C12:0-CAR in treated fractions compared to vehicles indicating 

their uptake into cerebrovascular vessels (Figure 25A, B, D and E). No significant 

changes were detected in C6:0-CAR and DHA in treated compared to vehicle treated 

fractions (Figure 25C and F).  
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Figure 45. Investigation of the cerebrovascular uptake of treatment compounds. 
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Investigation of the impact of APOE on the cerebrovascular uptake of L-carnitine, 

its metabolites and fatty acids. 

Next, APOE genotype effects on the uptake of the compound used for treatment were 

assessed. There were no effects of genotype and treatment on L-carnitine, the MCAs 

C6:0-CAR and C12:0-CAR, UC13-C16:0 and DHA (Figure 26A-F). However, there 

were significant differences in TMAO levels by genotype; TMAO was higher in APOE3-

TR cerebrovasculature than in that of other genotypes and lower in APOE2-TR mice 

(Supplementary Figure 13SA and B). 
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Figur e 4 6. Inv estig ation of t he e ffect of APOE ge noty pe o n th e ce reb rovasc ular  upt ake of tr eat ment  co mpou nds. 
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Investigation of the effects of treatment on cerebrovascular FAO in different 

APOE genotypes.  

Next acylcarnitine levels were investigated before and after treatment in each genotype 

to determine whether cerebrovascular FAO was altered by treatment and if this was 

modulated by APOE genotype. When examining overall levels of acylcarnitines 

between genotypes in vehicle and treated cerebrovascular fractions two main clusters 

could be delineated (1, 2 Figure 27A). Vehicle treated ε2 and ε3 formed one cluster (1, 

Figure 27A), while the second cluster was subdivided into two subclusters: first treated 

ε2 and ε3 mice (2a, Figure 27A) followed by vehicle and treated ε4 mice (2b, Figure 

27A). Treatment effects were observed across all genotypes including significant 

increases in L-carnitine as well as C15:0-CAR (Figures 27A and B). There was also a 

trend for C3:0-CAR being elevated by treatment which was significant in ε2 and ε4 mice 

but not ε3 mice (Figure 27A and B). Other trends included higher cerebrovascular 

levels of LCAs in ε4 mice compared to other genotypes and lower C5:0-OH-CAR in ε2 

mice (Figure 27A).  
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Figur e 47. Investi gati on of cerebrovascul ar L-carni tine m etabolites with APOE and treatm ent. 
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The UC13-C16:0 used to treat the cells was converted to UC13-C16:0-CAR and fully 

oxidized to UC13-C2:0-CAR in all genotypes (Figure 28A and B). Interestingly, C15:0-

CAR was also greatly increased in all genotypes after treatment (Figure 28C) while its 

downstream metabolites C5:0-CAR and C3:0-CAR were only significantly increased in 

APOE2-TR but not in APOE3-TR and APOE4-TR cerebrovasculature compared to their 

respective vehicles (Figure 28D and E).  
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Figure 48. Investigation of the impact of treatment on cerebrovascular fatty acid oxidation with APOE genotype. 
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The C20:3-CAR and C20:4-CAR acylcarnitines were significantly increased in ε4 

cerebrovasculature compared to other genotypes (Supplementary Figure 13SC and 

D).  

L-carnitine challenge study.  

Mice were gavaged once daily with L-carnitine for seven days to examine the effect of 

APOE genotype on L-carnitine metabolism and its effect on acylcarnitine formation 

(Figure 29). No behavioral differences or signs of adverse effects were observed 

between vehicle and L-carnitine challenged groups. Additionally, liver AST levels also 

did not significantly differ between groups (Supplementary Figure 14SA). The APOE4-

TR group had significantly lower weight than other genotypes regardless of vehicle or L-

carnitine challenge (Supplementary Figure 14SB). Of note, although the APOE4-TR 

group was younger on average, the age covariate had no significant effect on weight.  

 

Figure 49. L-carnitine challenge study overview. 
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Investigation of the impact of APOE on L-carnitine metabolism. 

In plasma, L-carnitine challenge led to a significant increase in GBB but not in other 

trimethylamine-containing compounds measured (Figure 30A-F). Moreover, APOE4-TR 

mice who received the L-carnitine challenge had significantly lower plasma GBB 

compared to other challenged groups (post-hoc pairwise comparison with ε2 p=0.0001 

and with ε3 p=0.039). Sex effects were also observed on plasma levels of these 

metabolites with higher levels of betaine and TMAO and lower levels of TMA in females 

compared to males (Supplementary Figure 15SA, B and C). Of note, the analytes 

TML and crotonobetaine were not detected with this assay in plasma. 
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Figur e 50. Investi gati on of plasm a L-carniti ne metabolites  after an oral L-car niti ne challenge i n different APOE genotypes.  

In the liver, L-carnitine challenge increased both GBB and crotonobetaine (Figure 31C 

and G); although the multiple comparisons were not significant there was also an 

overall challenge effect on liver L-carnitine which was significantly increased in L-
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carnitine challenged mice compared to vehicle (Supplementary Figure 16SA). While 

there were no significant effects of challenge on choline, betaine, TMAO and TMA liver 

levels (Figure 31B, D, E and F) there was a trend for increases in TMAO in female ε2 

mice after L-carnitine challenge (Figure 31E). There were also significant effects of sex 

on betaine, L-carnitine, GBB and TMAO which were all significantly elevated in females 

compared to males (Supplementary Figure 16SC, E, F and G), while choline and TMA 

were decreased in females compared to males (Supplementary Figure 16SD and H). 

Lastly, there was a significant effect of APOE genotype on TMA which was higher in 

APOE3-TR mice compared to ε2 and ε4 mice (Supplementary Figure 16SB). Of note, 

TML was not detected with this assay in the liver. 
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Figure 51. Investigation of liver L-carnitine metabolites after an oral L-carnitine challenge in different APOE genotypes. 
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In the brain, L-carnitine challenge significantly increased GBB levels (except in the male 

ε3 group) (Figure 32C). Further, although multiple comparisons were not significant in 

most groups there was a main effect of the L-carnitine challenge on both L-carnitine and 

crotonobetaine levels, which were significantly increased in the challenge group 

compared to the vehicles (Supplementary Figure 17SA and B). There were no 

significant effects of treatment on betaine, choline, TMAO, TMA and TML brain levels 

(Figure 32B, D, E, F and H). There was an effect of sex on brain TMAO, betaine and 

TMA with increased TMAO and betaine and decreased TMA in females compared to 

males (Supplementary Figure 17SD, E and F). Lastly, brain L-carnitine was 

significantly higher in ε4 mice compared to other genotypes (Supplementary Figure 

17SC).  
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Figur e 5 2. Inv estig ation of b rain  L-c arniti ne meta bolites  aft er a n o ral L -car nitine  challe nge  in dif fer ent APOE g enoty pes.  
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When examining between tissue correlations of these analytes TMAO, TMA and GBB 

were all positively correlated between plasma, liver, and brain. Interestingly, TMA was 

more strongly positively correlated between brain and plasma (Kendall’s tau-b = 0.782, 

two-tailed significance = 9.3E-15) than plasma and liver (Kendall’s tau-b=0.489, two-

tailed significance = 1.2E-06), while GBB was more highly positively correlated between 

plasma and liver (Kendall’s tau-b=0.663, two-tailed significance = 4.9E-11) than 

between brain and plasma (Kendall’s tau-b=0.386, two-tailed significance = 0.0001). L-

carnitine was only positively correlated between brain and plasma, while betaine was 

positively correlated between brain and plasma as well as liver and plasma but not 

between liver and brain. Lastly, choline and crotonobetaine were positively correlated 

between brain and liver only (Figure 33). 
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Figure 53. Investigation of associations between peripheral and brain L-carnitine metabolites. 

Investigation of the impact of L-carnitine challenge on FAO in different APOE 

genotypes. 

Since multiple sex effects were observed in L-carnitine metabolites, male and female 

groups were analyzed separately for the effect of L-carnitine challenge on plasma and 

brain acylcarnitine profiles (Supplementary Figure 18S). Briefly, in both plasma and 

brain TMAO, several OCAs and C5:0-DC-CAR were increased in females compared to 

males (Supplementary Figure 18SA and B). Further, in plasma several MCAs and 

LCAs were decreased in females compared to males (Supplementary Figure 18SA). 

Additionally, in the brain, the LCAs C14:2-CAR and C20:1-CAR were decreased in 

females compared to males (Supplementary Figure 18SB).  
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In male plasma, ε2 vehicle and ε2 L-carnitine challenged groups formed a cluster (1, 

Figure 34A). The male ε4 L-carnitine challenged group was not part of any clusters 

having the most dissimilar acylcarnitine profile in plasma (2, Figure 34A). In plasma, in 

ε4 L-carnitine challenged males, acylcarnitines appeared decreased compared to other 

groups (Figure 34A). As previously mentioned in plasma GBB was increased across L-

carnitine challenged groups (Figure 34B). In ε2 male mice, regardless of L-carnitine 

challenge, several plasma acylcarnitines (C2:0-CAR, C16:0-CAR and C20:0-CAR) were 

significantly elevated compared to the ε3 vehicle group (Figure 34B). Additionally, 

C2:0-CAR was also increased in the ε3 challenge group compared to ε3 vehicles 

(Figure 34B).  
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Figure 54. Investigation of plasma L-carnitine metabolites in males in L-carnitine challenged groups with APOE genotype. 
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In female plasma, acylcarnitine profiles were clustered by genotype regardless of 

challenge status (1, 2, 3, Figure 35A). The plasma metabolite GBB was again elevated 

in ε2 and ε3 female L-carnitine challenged groups (but not in ε4) compared to the ε3 

vehicle group and C5:0-OH-CAR was decreased in all challenged groups (Figure 35B). 

There was a trend for lower acylcarnitines in the ε4 groups (Figure 35A). The plasma 

LCAs C18:0-CAR and C20:0-CAR were also significantly elevated in the ε2 female 

groups compared to vehicle ε3 female mice (Figure 35B). In plasma, the MCA C8:0-

CAR was also decreased in ε2 and ε4 challenged mice compared to ε3 vehicles (Figure 

35B). Lastly, plasma C5:0-CAR was decreased in ε2 and ε4 vehicle as well as ε4 

challenged mice compared to ε3 vehicles (Figure 35B). 
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Figure 55. Investigation of plasma L-carnitine metabolites in females in L-carnitine challenged groups with APOE genotype. 
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In males, in brain tissue L-carnitine metabolite profiles were most similar between 

vehicle groups regardless of genotype (1, Figure 36A), while L-carnitine challenged 

groups formed a separate cluster (2, Figure 36A). Within the second cluster L-carnitine 

challenged male ε4 mice appeared to have higher increases in brain acylcarnitines than 

challenged ε2 and ε3 mice (2a, b Figure 36A). Accordingly, more acylcarnitines as well 

as L-carnitine itself were significantly increased in challenged male ε4 mice compared to 

ε3 vehicle mice (Figure 36B). In males, brain C2:0-CAR as well as C16:0-OH-CAR 

were significantly increased by the challenge (Figure 36B). In ε2 mice regardless of 

challenge the MCA C12:0-CAR was significantly elevated in the brain; this MCA was 

also elevated in the ε4 challenged group (Figure 36B).  
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Figur e 56. Investi gati on of brai n L-car nitine m etabolites i n m ales  in L-carniti ne challenged groups with APOE genotype. 
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In female brain tissue, two major clusters in L-carnitine metabolite profiles could be 

delineated. The first cluster was constituted of vehicle groups as well as L-carnitine 

challenged ε2 mice (2, Figure 37A) and the second of L-carnitine challenged ε3 and ε4 

groups (1, Figure 37A). In ε3 and ε4 (but not in ε2) challenged groups acylcarnitines 

appeared to be increased compared to vehicle groups (Figure 37A).The metabolite 

GBB was again significantly increased by L-carnitine challenge in all genotypes (Figure 

37B.). Further, brain L-carnitine, C2:0-CAR and C3:0-CAR were increased in ε3 and ε4 

challenged groups but not in the ε2 group compared to ε3 vehicles (Figure 37B).  
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Figure 57. Investigation of brain L-carnitine metabolites in females in L-carnitine challenged groups with APOE genotype. 
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Since overall trends in plasma and brain acylcarnitines could be seen in different 

genotypes both before and after challenge, changes in total acylcarnitine levels were 

further examined in plasma and brain. There were no sex effects on total acylcarnitine 

levels in plasma or brain so male and female groups were analyzed together. In plasma, 

there was a significant effect of genotype on total acylcarnitines which were increased in 

ε2 mice compared to ε4 mice (Figure 38A). In brain there was no significant effect of 

genotype on total acylcarnitine levels but there was a trend for higher total 

acylcarnitines in ε4 mice compared to other genotypes (Figure 38B). When examining 

the effect of L-carnitine challenge on acylcarnitines in different APOE genotypes, in 

plasma, the challenge only significantly increased total acylcarnitine levels in ε3 mice 

(Figure 38C). In the brain, L-carnitine challenge increased total acylcarnitines in both ε3 

and ε4 mice but not in ε2 mice (Figure 38D). 
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Figure 58. Examination of the impact of L-carnitine challenge and APOE genotype on plasma and brain total acylcarnitines. 

Lastly, L-carnitine, TMAO, GBB and C15:0-CAR were all significantly positively 

correlated between plasma and brain (Supplementary Figure 19S).  
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4.4. Discussion 

 

The cerebrovascular uptake studies were designed to determine if APOE genotype 

affected the uptake of L-carnitine metabolites and lipids within the cerebrovasculature of 

young mice. There were no differences between APOE genotype in the uptake of L-

carnitine metabolites and LCFAs. However, there were genotype differences in 

acylcarnitine profiles in response to the administration of these compounds. Further, 

APOE genotype by itself affected cerebrovascular L-carnitine metabolite levels. The 

second study investigated APOE genotype-driven differences in L-carnitine metabolism 

after an oral L-carnitine challenge. Although there were no genotype differences in L-

carnitine metabolism there were differences in both peripheral and brain acylcarnitine 

profiles in response to the challenge.  

There were no APOE genotype differences in the cerebrovascular uptake of the 

compounds used for treatment (i.e. L-carnitine, TMAO, the MCAs C6:0-CAR and C12:0-

CAR as well as the LCFAs 13C16-C16:0 and DHA). However, most of these 

compounds were significantly increased in the cerebrovasculature after treatment 

compared to vehicle treated controls indicating their successful uptake. Further, 

differences in acylcarnitine profiles could be seen after treatment including the oxidation 

of fully labelled 13C16-C16:0, as its fully labelled acylcarnitine form (13C16:0-CAR) as 

well as its fully labelled FAO by-product 13C2-C2:0-CAR. The treatment also increased 

the oxidation of odd chain FAs with more significant increases in OCA end products 

(C5:0-CAR and C3:0-CAR) in ε2 mice than in other genotypes. It is unclear why OCAs 

were increased in treated cerebrovascular cells as an equivalent increase of even chain 

endogenous acylcarnitines was not seen. The increase in C15:0-CAR was especially 

high in all genotypes. This would be consistent with an increase in peroxisomal 

oxidation of odd chain FAs. Indeed, peroxisomes are the exclusive site of oxidation of 

branched chain fatty acids, such as phytanic acid, which produce branched odd chain 

FA intermediates such as C15:0 (Wanders et al., 2016). Further, it has been proposed 

that when the L-carnitine shuttle is impaired peroxisomal oxidation can become a 

compensatory mechanism and contribute to the production of acylcarnitines (Violante et 
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al., 2013). It is possible that in the treated cerebrovasculature high concentrations of the 

13C16-C16:0 FA overloaded the mitochondria and that peroxisomal oxidation was 

upregulated. Interestingly, the ε2 cerebrovasculature produced higher levels of C5:0-

CAR and C3:0-CAR products which suggest a more efficient oxidation of odd chain 

FAs. However, further studies are needed to elucidate the pathway behind this. These 

studies are the first to investigate FAO in the cerebrovasculature with APOE genotype. 

Cerebral micro-vessels have been shown to be able to use both glucose and fatty acids 

as energy sources, a process seemingly driven by nutrient availability (Hingorani and 

Brecher, 1987); however, inhibition of FAO in the cerebrovasculature even in the 

presence of glucose leads to defective potassium transport (Steinberg et al., 1977). This 

indicates that FAO may be essential in supporting cerebrovascular transport functions 

over other forms of energy production. Indeed, the cerebrovasculature is a very 

bioenergetically active tissue with capillary endothelial cells having been shown to 

possess five times more mitochondria than muscle cells (Oldendorf and Brown, 1975). 

Here, there was a trend for higher LCA levels in the cerebrovasculature of ε4 mice, 

suggesting increased FAO in ε4 cerebrovasculature compared to other genotypes. 

Further, studies investigating individual cells as well as larger vessels and micro-vessels 

will be useful in determining which cells of the cerebrovasculature are responsible for 

these changes and whether there are APOE-driven differences in FAO in both larger 

and smaller vessels. 

The studies presented here are also the first to examine the impact of APOE genotype 

on brain and peripheral TMAO levels. There were genotype differences in 

cerebrovascular TMAO levels which were higher in ε3 mice followed by ε4 and finally 

lowest in ε2 mice. In the previous study, in chapter 3, TMAO was also higher in ε3 mice 

in whole brain homogenate compared to other genotypes, while there were similar 

trends in the periphery. Peripheral TMAO was increased by age but not genotype in 

EFAD mice while it was decreased by age in the brain. However, this was not seen in 

the clinical studies. In humans these differences may be confounded the various diets 

present in the population as L-carnitine consumption is known to influence TMAO 

plasma levels (Koeth et al., 2019). The TMAO metabolite is associated with 

cardiovascular disease as well as aspects of metabolic syndrome (such as insulin 
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resistance and diabetes) and gut dysbiosis (Fennema et al., 2016). The ε4 allele itself is 

also associated with cardiovascular disease and metabolic syndrome (Belloy et al., 

2019); therefore it is unclear why TMAO was found increased in ε3 mice both 

peripherally and in the brain compared to ε4 mice. However, there has been conflicting 

evidence about the harmful role of TMAO with a study showing it improved BBB 

integrity for example (Hoyles et al., 2021) and another that it reduced mortality in a rat 

model of heart failure (Gawrys-Kopczynska et al., 2020). More research is therefore 

needed to determine the influence of APOE on TMAO levels in health and disease.  

Additionally, the ω-6 acylcarnitines C20:3-CAR and C20:4-CAR were higher in ε4 mice 

cerebrovasculature compared to other genotypes. In the previous chapter there was a 

significant increase in C20:4-CAR and a trend for C20:3-CAR in 50 week old ε4 mice 

parenchyma (and a similar trend in the cerebrovasculature) compared to other 

genotypes and younger mice, suggesting there may be higher oxidation of these in the 

brains of ε4 mice with age. In accordance with this, a study has suggested that in ε4 

mice poly-unsaturated fatty acids (PUFAs) are preferentially used as fuel on a HFD in 

the periphery (Conway et al., 2014). This has been attributed to higher overall FAO in ε4 

mice compared to other genotypes (Conway et al., 2014). Interestingly, in the studies 

presented here similar trends in the periphery were not observed indicating that this 

increased PUFA oxidation in ε4 may be occurring primarily in the brain at least in young 

adult and mid-life mice under a standard chow diet. Further, these increases in ω-6 

acylcarnitines were not observed in the human studies of individuals with clinical 

diagnoses of AD undertaken (chapter 2). However, in ε3/ε3 individuals, brain ω-6 

acylcarnitines were negatively correlated with amyloid pathology and in ε2 carriers with 

tau pathology. There has been varying results in human studies investigating ω-3/ω-6 

FA levels in AD; while some have shown lower brain DHA in AD for example others 

have found no differences (Abdullah et al., 2017; Cunnane et al., 2013). As mentioned, 

it has been suggested that ε4 carriers have an increased oxidation of PUFAs such as 

ω-3 FAs compared to other genotypes which may not be reflected in static DHA levels 

(a ω-3 FA). Another study found that young ε4 carriers in their 30s have an increased 

brain uptake of DHA (Tomaszewski et al., 2020; Yassine et al., 2017). This increase in 

DHA cerebrovascular uptake in ε4s was not seen in the present study. However, in the 
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cerebrovascular uptake study undertaken here there was no compartmentalization of 

the apical and basal sides of the cerebrovasculature. Therefore, it is possible that 

differences in DHA uptake (and that of other compounds) were not detected if these 

were taken up transiently and transported back out of the cerebrovascular cells. Further, 

in this study only one timepoint was examined due to sample volume limitations 

therefore only providing a snapshot of the uptake of these compounds. The 

acylcarnitine form of DHA could also not be measured in our assay so genotype 

differences in DHA oxidation could not be determined. 

There were no genotype differences in L-carnitine metabolism in mid-life APOE-TR 

mice orally challenged with L-carnitine. The L-carnitine challenge increased plasma, 

liver and brain levels of GBB as well as crotonobetaine in liver and brain in all 

genotypes. While in the brain but not the periphery L-carnitine levels were also 

significantly increased by the challenge. The metabolite GBB, and to a lesser extent 

crotonobetaine, have been previously shown to increase in plasma in mice after labelled 

L-carnitine was supplied and to come from the gut metabolism of L-carnitine (Koeth et 

al., 2014). Although plasma crotonobetaine levels have been associated with an 

increased risk of cardiovascular events as well as increased fasting insulin levels (Koeth 

et al., 2019; Lemaitre et al., 2021), its potential bioactive role beyond that of an 

osmoprotectant is unknown (Kappes and Bremer, 1998). Crotonobetaine has never 

been measured in the brain, but the present study suggests that it can enter the brain 

following L-carnitine ingestion. When examining acylcarnitine profiles after challenge, in 

plasma, in males and females acylcarnitine profiles formed clusters by genotypes 

regardless of vehicle or L-carnitine treatment. Conversely, in the brain, acylcarnitine 

profiles formed clusters according to vehicle or L-carnitine challenge groups with closer 

profiles between ε2 and ε3 mice compared to ε4 mice in males while in females ε3 and 

ε4 groups had more similar acylcarnitine profiles than ε2 mice. Overall, in plasma ε2 

mice had higher total acylcarnitine levels than ε4 mice while ε3 mice were mid-range. In 

brain a reverse trend was seen for higher total acylcarnitines in ε4 compared to ε2 and 

ε3 mice. Further, L-carnitine challenge increased total acylcarnitine levels in both 

plasma and brain in ε3 mice, while brain (but not plasma) total acylcarnitines were also 

significantly increased by challenge in ε4 mice. In ε2 mice the challenge did not lead to 
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differences in plasma or brain total acylcarnitine levels. This suggests genotype 

differences in peripheral and brain bioenergetics both at baseline and in response to an 

L-carnitine challenge. More studies using flux-omics would be useful to determine 

whether these increases in acylcarnitines represent increases in FAO flux, either for 

energy use and/or as a detoxification process. As different APOE genotypes have been 

shown to have different energy substrate preferences it is not surprising that L-carnitine 

supplementation affected levels of these FAO metabolites differently by genotype 

(Yassine and Finch, 2020). Additionally, in accordance with others both male and 

female APOE4-TR mice had lower body weights than ε2 and ε3 mice. This association 

between body weight and APOE has been observed in clinical studies and suggested to 

be due to the increased oxidation of FAs rather than increased storage into adipose 

tissue in ε4s compared to other genotypes (Yassine and Finch, 2020). There were also 

overall genotype differences in liver TMA which was higher in ε3 mice and brain L-

carnitine which was higher in ε4 mice compared to other genotypes. In the previous 

APOE-TR study, liver and plasma TMAO levels were higher in ε3 mice compared to 

other genotypes. These suggest altered TMA/TMAO metabolism in ε3 mice. Elevated 

brain L-carnitine was also seen in ε4 mice in the previous study. Interestingly, a study 

showed that L-carnitine was decreased only in the CSF of non-ε4s with mild AD but not 

in that of ε4 carriers (Lodeiro et al., 2014). While it is unclear why ε4s may have 

increased levels of brain L-carnitine this suggests that APOE is associated with altered 

brain L-carnitine metabolism.  

We also found sex differences with higher betaine and TMAO and lower TMA in 

females compared to males in plasma, brain, and liver. In liver, betaine, GBB and L-

carnitine were also higher and choline lower in females compared to males. These 

results are consistent with the previous study in chapter 3 in APOE-TR mice where 

females had increased TMAO in plasma compared to males. In mice plasma TMAO has 

been shown to be higher in female and TMA lower compared to males as FMO3 

expression is drastically downregulated by testosterone (and mildly upregulated by 

estrogen) (Bennett et al., 2013). This sexual dimorphism on FMO3 is not observed in 

humans although lower TMA levels in females have been observed (Bordoni et al., 

2020; Koukouritaki et al., 2002). Accordingly, no sex differences in plasma TMAO were 
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observed in the clinical cohorts presented here, further in contrast to mice studies 

plasma GBB was lower in females. In the present L-carnitine challenge study, several 

plasma odd chain SCAs were increased while MCAs and LCAs were decreased in 

females compared to males. This is in contrast with chapter 2 and 3 studies where 

opposite trends were seen for the short chain OCAs and MCAs. The stress of repeated 

gavage may have led to these discrepancies. Therefore, further investigation is needed 

to elucidate these sex effects and determine whether mice with a C57 background 

(such as the APOE-TR and EFAD models) are able to replicate these sex effects. 

In this study L-carnitine itself and metabolites (L-carnitine, TMAO, TMA and GBB) were 

positively correlated between the periphery and the brain, as was the case in the clinical 

studies in chapter 2, confirming that in both humans and mice there is a significant 

exchange of L-carnitine metabolites between the brain and periphery. 

Some of the limitations of these studies are that in the cerebrovascular uptake study 

cerebrovasculature was extracted from 26 weeks old mice which were young adults. It 

is possible that older ages are required for more severe APOE-related cerebrovascular 

impairments to occur, as age is an important factor in cerebrovascular dysfunction 

(Vasilevko et al., 2010). In the previous chapters it was also shown that both ageing in 

addition to APOE genotype altered L-carnitine metabolite levels. Further, AD 

cerebrovascular pathology and APOE genotype also led to altered levels of these L-

carnitine metabolites in different genotypes. These studies suggest that APOE alone 

without ageing or AD pathology is insufficient to lead to altered L-carnitine metabolism 

in the cerebrovasculature. More studies investigating L-carnitine metabolism with ApoE, 

age and pathology are therefore required. However, there seem to be baseline APOE-

related differences in cerebrovascular FAO. A limitation of the L-carnitine treatment 

study was that the L-carnitine administered was not labelled; therefore, its resulting 

uptake and metabolites could not be directly traced back to the administered compound. 

However, 3C13-L-carnitine has subsequently been successfully synthesized, and its 

use in future studies is planned. This study showed that high dietary L-carnitine even in 

the absence of a HFD can influence both peripheral and brain FAO and that APOE 

modulates these changes. Further studies to elucidate how flux within FAO pathways 
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are altered in different organelles and cell types in different APOE genotypes are 

needed to fully appreciate these changes. 

 

Summary of findings 

• There were no differences in the cerebrovascular uptake of L-carnitine, TMAO, 

the MCAs C6:0-CAR and C12:0-CAR as well as 13C16-C16:0 and DHA in 

different APOE genotypes in young mice.  

• Trends were observed for increases in total acylcarnitines in the 

cerebrovasculature of APOE4-TR mice following treatment but not in APOE2-TR 

and APOE3-TR. 

• No differences were observed between APOE genotypes in the peripheral 

metabolism of L-carnitine to TMA and TMAO following an L-carnitine oral 

challenge or in the plasma and brain levels of other TMA-containing compounds. 

• The challenge led to an increase in GBB in all tissues measured (brain, liver, and 

plasma), as well as an increase in crotonobetaine in the brain and liver. 

• Following L-carnitine challenge plasma and brain levels of acylcarnitines did not 

change in APOE2-TR mice but increased in APOE3-TR mice, while total 

acylcarnitines only increased in the brain in APOE4-TR mice but not in plasma.  
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4.5. Supplementary data 

 

 

Figur e 5 9. Assess men t of tre atm ent cyt otoxicit y in ce reb rov ascula r vess els.  
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Figure 60. Impact of APOE genotype on cerebrovascular L-carnitine metabolites. 
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Figure 61. Assessment of the L-carnitine challenge APOE-TR cohort characteristics. 



175 
 

 

Figur e 62. Investi gati on of sex effects on plasm a L-car nitine m etabolites. 



176 
 

 

Figure 63. Investigation of independent effects of L-carnitine challenge, APOE genotype and sex on liver L-carnitine metabolites. 
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Figur e 6 4. Inv estig ation of in dep end ent effects  of L-ca rnitin e ch alleng e, APOE ge noty pe a nd s ex on  br ain L -car nitine  me tab olites.  
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Figur e 6 5. Inv estig ation of in dep end ent effects  of s ex o n plas ma and brai n acylc arniti nes.  
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Figur e 6 6. Inv estig ation of as sociati ons b etwe en pl asm a an d br ain acylcar nitines . 
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5. Summary of results and conclusion 

 

Background  

The work undertaken in this thesis suggests that ε4 carriers have not only different 

baseline bioenergetics but also altered energy coping mechanisms with ageing. Further, 

this deficient use of alternative fuels with ageing is correlated with the severity of AD 

pathology. 

This is in line with research which has suggested bioenergetic dysfunction to play a role 

in AD, even at pre-clinical stages, which worsens with disease progression (Silverman 

et al., 2001). Specifically, the APOE ε4 allele which is the greatest genetic risk factor for 

late onset AD has been shown to alter baseline fuel use from glucose to FAs as well as 

lead to worse impairments in brain glucose uptake (Reiman et al., 2004; Reiman et al., 

1996). In AD, accumulation of lipid droplets in the brain has also been described 

(Alzheimer, 1991), suggesting that excess FAs may not be efficiently used and/or 

removed through processes such as FAO. Female sex has also been suggested to 

increase these ε4-related bioenergetics impairments as well as AD risk (Neu et al., 

2017; Farmer et al., 2021). Altogether, these provide strong evidence that bioenergetic 

dysfunction may be involved in AD development and progression and that APOE may 

be increasing AD risk at least partially through bioenergetic impairments. Indeed, the 

APOE ε4 allele could increase AD risk through an impairment of the bioenergetic 

compensation needed in ageing by reducing metabolic flexibility (i.e., the use of 

alternative fuels). Other factors such as female sex could also further impair ageing-

related bioenergetic compensation. Here, acylcarnitines were used as biomarkers of 

FAO as intra-cellular LCFA-CoAs have to be trans-esterified to acylcarnitines to enter 

the mitochondria before being converted back to acyl-CoAs for oxidation. Conversely, in 

the case of their mitochondrial build-up, excess fatty acyl-CoAs (from long to short 

chain) can be trans-esterified back to acylcarnitines and transported out of the 

mitochondrion and to the blood to be excreted or used by other tissues. This reverse 

transport functions as a way to prevent cytotoxic accumulation of CoA esters as well as 

free CoA molecules needed for other cellular processes (Ramsay and Zammit, 2004). 
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Therefore, acylcarnitines can be indicators of changes in FAO-related processes in 

ageing with APOE and AD. 

 

L-carnitine metabolites and long chain acylcarnitines 

A decrease in blood LCAs, L-carnitine and GBB, with a concurrent increase in TMAO, 

was observed in ageing healthy ε4 carriers as well as in both ε4 and non-ε4 AD cases. 

A decrease in acylcarnitines was also seen in the brain in MCI cases. Plasma and brain 

acylcarnitine profiles were more variable in older individuals. However, in these older 

individuals, in both plasma and brain, there were negative correlations between L-

carnitine, its metabolites (GBB and TMAO) as well as acylcarnitines and amyloid and 

tau pathologies. This indicates that a decrease in acylcarnitines is associated with 

increased AD pathological burden. These findings support the notion that decreases in 

acylcarnitines are detrimental in ageing and with AD. Decreases in acylcarnitines were 

most evident in younger individuals both pre-clinically and in younger individuals with 

MCI/AD. Further, most of the correlations between acylcarnitines and AD pathology 

were found in ε2- followed by ε3- and then ε4- carriers. This relationship also 

corresponded with AD pathological burden (with ε2s exhibiting the least pathology and 

ε4s the greatest). This suggest that decreases in acylcarnitines may be an early feature 

of AD pathology and that changes in acylcarnitine levels in early disease and with less 

severe pathology may be reflective of early compensatory bioenergetic processes. In 

the clinical studies undertaken here cerebrovascular pathology was itself positively 

correlated with plasma acylcarnitine levels, which may confound results in plasma 

especially in advanced ages where cerebrovascular pathology such as CAA becomes 

more severe (Yamada and Naiki, 2012). In subsequent studies undertaken in chapter 3 

a failure to increase acylcarnitines with age was observed in the cerebrovasculature and 

parenchyma in APOE4-TR mice compared to other genotypes. This could indicate 

earlier bioenergetics deficits in ε4s compared to other genotypes. In EFAD mice, aged 

E4FAD mice had increases in plasma and brain LCAs instead of the decreases that had 

previously been seen in clinical cohorts. As such, although this model may be useful to 

study other aspects of the disease, it may be missing components needed for the 
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bioenergetic deficits, seen in clinical populations, to appear. The EFAD model 

possesses five AD mutations increasing amyloid deposition and is therefore most 

representative of the amyloid-driven aspects of the disease. Lastly, studies in chapter 4 

suggest that the ApoE4 isoform alone, in the absence of ageing (and/or other 

stressors), was not enough to lead to impairments in (1) the cerebrovascular uptake of 

L-carnitine, related metabolites and LCFAs; and (2) L-carnitine metabolism after an L-

carnitine oral challenge, although in both studies acylcarnitine levels were differentially 

affected by APOE genotypes. This suggests that in the absence of old age and other 

stressors ApoE alters FAO pathways in response to the addition of lipids and/or L-

carnitine. Specifically, there were higher levels of plasma (but not brain) acylcarnitines 

in APOE2-TR mice both in vehicle and L-carnitine challenged groups suggesting an 

increased elimination of intracellular acyl- groups in ε2 mice. Studies measuring 

acylcarnitines urinary excretion would provide further insight into this. On the other 

hand, in ε4 mice there was an increase in brain (but not in plasma) acylcarnitines 

suggesting increased FAO flux in the brain. This may be because of the increased 

reliance of ε4 mice on FAO mid-life that has also been shown clinically and in vivo as 

well as in vitro (Ong et al., 2014; Zhao et al., 2017; Claxton et al., 2013, 2015; Jagust 

and Landau, 2012; Reger et al., 2006; Reger et al., 2008; Steen et al., 2005).  

 

Medium chain acylcarnitines 

There were also trends for higher plasma MCAs in ε2 carriers in the ROS cohort, and 

the MCA C12:0-CAR was significantly elevated with age in APOE2-TR mice in both the 

cerebrovasculature and the parenchyma (while in ε4 mice C12:0-CAR did not increase 

in the cerebrovasculature with age). It is possible that ε2s can cope with age-related 

deficiency better than other isoforms through a more efficient use of both glucose and 

alternative fuels such as ketones from MCAs (Wu et al., 2018). Peripheral MCFAs are 

known to be efficient ketone precursors and it has been proposed that MCAs could be 

used in a similar way by providing acetyl-CoA for ketone synthesis (Le Foll and Levin, 

2016; Simcox et al., 2018). This process of astrocytic FAO producing ketones has been 

proposed as a compensatory mechanism in the ageing brain (Yao et al., 2011). 
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Therefore, deficiencies in this alternative fuel use in ε4s could contribute to ageing-

related brain bioenergetics deficits.  

 

Odd chain acylcarnitines 

The C5:0-CAR species was decreased pre-clinically in ε4 carriers in plasma as well as 

with AD in both ε4s and non-ε4s compared to non-ε4 controls. Further, in all clinical 

cohorts studied plasma C5:0-CAR remained significantly elevated in ε4+ controls who 

did not develop AD compared to non-ε4 controls. Brain C5:0-CAR was also strongly 

negatively correlated with amyloid and tau pathology in ε2 carriers while C3:0-CAR was 

negatively associated with amyloid pathology in both plasma and brain in ε3 

homozygotes. As mentioned in previous chapters, these short chain OCAs can come 

from amino acid catabolism. Several metabolomics studies have shown decreased 

amino acid levels in MCI and AD in both blood and CSF (Griffin and Bradshaw, 2017). 

Some have therefore proposed that an increase in amino acid catabolism could 

compensate for decreased efficiency of glucose use with ageing and AD (Griffin and 

Bradshaw, 2017). This suggests that increases in amino acid catabolism with ageing is 

associated with resilience to symptoms in ε4 carriers (as ε4 controls retain higher levels 

of C5:0-CAR) and a decreased pathological burden in ε2s and ε3s.  

 

ω-3 and ω-6 acylcarnitines 

Several acylcarnitines containing ω-3 (C18:3-CAR) and ω-6 (C18:2-CAR, C20:3-CAR 

and C20:4-CAR) FAs were also found altered across studies. Specifically, in chapter 2, 

in plasma there was a trend for a decrease in ω-6 acylcarnitines (along with other 

LCAs) amongst ε4 carriers with early AD. There was also a negative correlation 

between plasma as well as brain ω-6 acylcarnitines and amyloid and tau pathologies. In 

chapter 3, in both the cerebrovasculature and parenchyma ω-6 acylcarnitines were 

increased with age in APOE4-TR mice. In plasma, both ω-3 and ω-6 acylcarnitines 

(along with other LCAs) were increased by APOE2-TR genotype. In EFAD mice age 

also led to an increase in brain ω-3/ω-6. It has been shown that in young ε4s there is an 
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increased brain uptake and oxidation of the ω-3 FA DHA (Chouinard-Watkins et al., 

2013; Yassine et al., 2017). Increases in both enzymatic and non-enzymatic oxidation of 

ω-3/ω-6 FAs in ε4s has also been shown (Saleh et al., 2021). Further, studies have 

suggested that certain oxylipins which are increased in ε4 carriers following DHA 

supplementation can activate PPARs which could lead to increased FAO (Saleh et al., 

2021). Collectively these studies suggests that during normal ageing up to mid-life the 

ε4 allele leads to an increased FAO of brain ω-3/ω-6 FAs (and hence increases in their 

equivalent acylcarnitines in mice), while in older ages brain FAO processes could fail in 

ε4 carriers and with AD pathology which would explain the negative associations 

between ω-3/ω-6 and AD pathology. However, how this may affect associated ω-3 and 

ω-6 inflammatory pathways is unclear.  

 

Very long chain acylcarnitines 

In chapter 2, plasma VLCAs were decreased by AD and ε4 carrier status as well as 

female sex. Further, both plasma and brain C22:0-CAR levels were negatively 

correlated with tau pathology in ε4 carriers, while in plasma VLCAs were negatively 

correlated with cerebrovascular pathology in ε3 homozygotes. Similarly in chapter 3, 

plasma C22:0-CAR was decreased in APOE3-TR and APOE4-TR mice compared to 

APOE2-TR mice at all ages and plasma C24:0-CAR was also decreased with age in 

EFAD mice. These suggest that decreases in plasma (and brain) VLCAs are associated 

with ageing (and female sex) as well as increased amyloid and tau pathology and ε4 

carrier status. As increases in plasma VLCAs are associated with their accumulation, 

decreases in their levels seen here could be due to their increased degradation through 

an increase in peroxisomal activity (Van De Beek et al., 2016). There is evidence that 

peroxisomal activity can be upregulated following mitochondrial dysfunction (Violante et 

al., 2013). Therefore, these studies suggest that, with and without AD, ε4s may be 

experiencing increased bioenergetics dysfunction compared to other genotypes which 

may be further mediated by sex.  
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Conclusions 

In conclusion, in old age ε4s exhibit a bioenergetic deficit profile with decreases in 

peripheral and brain acylcarnitine levels. This decrease in acylcarnitines is associated 

with greater amyloid and tau pathology. These support the idea that a general decrease 

in FAO flux with ageing is detrimental. In young to mid-life mice APOE genotype alone 

does not alter the cerebrovascular uptake of L-carnitine, TMAO, C6:0-CAR, C12:0-CAR, 

C16:0 and DHA or the metabolism of L-carnitine. However, in the cerebrovasculature 

supplementing mice with L-carnitine and FAs leads to greater acylcarnitine formation in 

APOE4-TR mice compared to ε2 mice. An oral gavage with L-carnitine also led to 

increases in brain acylcarnitines in APOE4-TR mice but not in ε2 mice. Altogether these 

studies indicate that the ε4 allele may lead to an increased reliance on FAO in the brain 

early on, and that this process may be impaired in ageing ε4s. Later in the disease 

process the negative association of OCAs with AD pathology in all genotypes suggests 

dysfunctions in amino acid metabolism may occur after LCFA FAO impairments. In 

healthy elderly ε2 carriers increases in plasma and brain MCAs suggest their potential 

successful use as an alternate fuel may be protective in ageing. Therefore, acylcarnitine 

levels may represent ageing-related compensatory bioenergetic mechanisms (Figure 

39). Further studies are needed to clarify changes in these bioenergetic fluxes in the 

aging brain with different APOE genotypes and disease progression. L-carnitine 

metabolism (to GBB and TMAO) also warrants further investigation, as trends for 

abnormal levels of these metabolites with ε4 carrier status and AD was seen in plasma 

and decreases in their plasma and brain levels were associated with increased AD 

pathology in all genotypes. Lastly, consistent sex effects were seen in blood in the two 

clinical cohorts with lower GBB as well as VLCAs in females compared to males. A 

recent metabolomics study has suggested that female ε4s have increased mitochondrial 

dysfunction compared to males (Arnold et al., 2020). These changes may therefore 

indicate higher bioenergetics deficits in females. Understanding these APOE-related 

bioenergetics changes with ageing and AD is key to developing adapted prevention 

strategies in carriers of different alleles as the maintenance of optimal brain 

bioenergetics with ageing could help prevent or slow the development of AD and 

possibly even other dementia.  
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Future directions 

In the work presented here it was suggested that decreases in acylcarnitines are 

reflective of decreases in FAO flux, but this can only be determined by flux-omics 

studies. Further, longitudinal assessment of FAO in AD and examination of specific cell 

types are also needed to fine tune our understanding of bioenergetics dysfunction over 

the continuum of AD at the molecular level. The relationship between peripheral and 

brain acylcarnitine metabolism also needs further elucidation. Longitudinal assessment 

studies of acylcarnitine levels in highly powered cohorts with harmonized sample 
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collection and processing protocols would be useful to attempt to reduce potential 

sources variation and further characterize these profiles to determine if they could be 

used as biomarkers in AD. Others have suggested that MCAs may be used as 

precursors to ketone bodies in the brain. However, since levels of MCAs are low, their 

relative contribution to energy generating pathways in the brain is uncertain and also 

needs to be further determined. Lastly, although no differences were seen in the 

cerebrovascular uptake of compounds and L-carnitine metabolism (after an oral 

challenge) using older mice as well as adding additional stressors such as HCD and/or 

HFD may be necessary to detect ApoE-mediated impairments in L-carnitine 

metabolism. Indeed, in human populations ApoE-mediated risk of AD is probably 

modulated by the cumulative association of many factors working synergistically. 

Overall, these studies provide the first comprehensive profiling of L-carnitine, its 

metabolites TMAO and GBB, as well as acylcarnitines (from short to very long chain 

species) with different APOE genotypes across multiple timepoints, in the brain and the 

periphery both in vivo and in clinical cohorts.  

 

 

 

 

 

 

 

 

 

 

Figur e 6 7. Sche matic  illustr ation of APOE r elate d br ain bi oen erg etics ch ang es with  agei ng in  rel ation to ac ylcar nitine l evels.  
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