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ABSTRACT 

Background: Alzheimer’s disease (AD) is a multi-factorial degenerative disease of 

the brain thought to be caused by misfolding of the amyloid beta (Aβ) and tau 

proteins. Aggregation and misfolding of Aβ and tau proteins are believed to arise 

from post-translational modification processes like phosphorylation, truncation, 

racemization, isomerization and pyroglutamylation. Defective degradation and 

clearance of misfolded Aβ as well as inflammation per se are crucial players in the 

pathology of AD. Blood-brain barrier (BBB) dysfunction causes Aβ accumulation in 

the brain and this occurs early in the pathophysiology of AD. More recently, a 

plethora of evidence emerged that links metabolic dysfunctions such as obesity, Type 

2 Diabetes (T2D), and dyslipidemia with the pathophysiology of AD. We 

hypothesized that adding another risk factor, T2D, in addition to pyroglutamylation 

(hQC) of Aβ might induce a more severe AD pathology and that astaxanthin (ASX) 

supplementation might confer neuroprotective effects and help to ameliorate the 

pathophysiological manifestations associated with AD. 

Questions addressed: To test our hypothesis in vitro, we investigated the Aβ 

clearance ability of ASX in the presence of exogenous Aβ using primary porcine 

brain capillary endothelial cells (pBCECs) and its anti-inflammatory potentials in LPS 

stimulated- organotypic hippocampal slice culture (OHSC). For further validation in 

vivo, we used male and female transgenic AD mice, APPxhQC, expressing human 

APP751 with the Swedish and the London mutation and human glutaminyl cyclase 

(hQC) enzyme and their non-transgenic (NTG) littermate. Mice in the control groups 

were fed 10% kJ fat, 7% sucrose. T2D model groups were fed High-fat Diet (HFD) 

containing 95% (60KJ% Fat) + 5 % Maltodextrin Placebo diet with 3 doses of 

40mg/kg streptozocin injection while the intervention groups were given HFD 

containing 95% (60KJ% Fat) + 5% NOVASTA alongside 3 doses of 40mg/kg 

streptozocin injection for 13 weeks starting from 11-12 months of age. We 

investigated the effect of T2D mimicking diet on glycemic indices, Aβ metabolism, 

cognitive function and nutrient-sensing pathways (autophagy, insulin, MAPKinase 

and mTORC1 signalling). Genes involved in lipid biogenesis and markers of nutrient-

sensing pathways were evaluated at protein and mRNA levels. Expressions of lipid 

and liver function parameters were assessed using ELISA-based assays. Deposition 

of soluble and insoluble Aβ isoforms in brains were determined using ELISA, MSD-
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based assays and histological staining. Hippocampal-dependent cognitive 

impairment was assessed using the Morris Water Maze (MWM). 

Results:  ASX enhances clearance of misfolded proteins, promotes autophagy, and 

alters the Aβ processing pathway in vitro. T2D mimicking diet caused a progressive 

shift from soluble to insoluble Aβ pools in APPxhQC male mice. The increased 

deposition of soluble and insoluble pGlu-3 Aβ42 was more pronounced in APPxhQC 

female mice. T2D mimicking diet impaired memory function in APPxhQC T2D model 

female and NTG male mice. The T2D phenotype was more pronounced in T2D 

model NTG female mice. ASX supplementation reduced Aβ deposition and might be 

a hQC inhibitor. ASX supplementation ameliorated T2D-induced memory dysfunction 

in male T2D model NTG mice possibly by enhancing NTG Aβ clearance and 

degradation via autophagy and improving nutrient signalling (autophagy, insulin and 

inflammatory signaling pathways) in both brain and liver. 

Conclusion: We demonstrated ASX's potential in addressing AD-related blood-brain 

barrier challenges and inflammation in vitro. Furthermore, we showed that T2D poses 

an additional risk to AD pathophysiology and could lead to cognitive impairment 

induced by metabolic dysfunction. In addition, T2D influences Aβ metabolism and 

cognitive impairment with sex and genotype playing different roles. ASX might inhibit 

hQC but supplementation alone is not effective in presence of comorbidities and in 

late-stage AD. 
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KURZFASSUNG 

Hintergrund: Die Alzheimer-Krankheit (AD) ist eine multifaktorielle degenerative 

Erkrankung des Gehirns, die vermutlich durch die Fehlfaltung der Amyloid-Beta- (Aβ) 

und Tau-Proteine verursacht wird. Es wird angenommen, dass die Aggregation und 

Fehlfaltung der Aβ und Tau-Proteine durch posttranslationale Modifikationsprozesse 

wie Phosphorylierung, Trunkierung, Racemisierung, Isomerisierung und 

Pyroglutamylierung entstehen. Defekte Degradation und Clearance von 

fehlgefaltetem Aβ sowie Entzündungen an sich sind entscheidende Faktoren in der 

Pathologie von Alzheimer. Eine Störung der Blut-Hirn-Schranke (BHS) ist ursächlich 

für die Anhäufung von Aβ im Gehirn und tritt schon früh in der Pathophysiologie von 

Alzheimer auf. In jüngster Zeit ist eine Fülle von Beweisen aufgetaucht, die 

Stoffwechselstörungen wie Adipositas, Typ-2-Diabetes (T2D) und Dyslipidämie mit 

der Pathophysiologie von Alzheimer in Verbindung bringen. Wir stellten die 

Hypothese auf, dass die Hinzufügung eines weiteren Risikofaktors (T2D) neben der 

Pyroglutamylierung (hQC) von Amyloid-Beta eine schwerwiegendere Alzheimer-

Pathologie verursachen könnte und dass eine Astaxanthin (ASX)-Supplementierung 

neuroprotektive Wirkungen haben und dazu beitragen könnte, die mit Alzheimer 

verbundenen pathophysiologischen Manifestationen zu verbessern. 

Angesprochene Fragen: Um unsere Hypothese in vitro zu testen, untersuchten wir 

die Aβ-Clearance-Fähigkeit von ASX in Gegenwart von exogenem Aβ unter 

Verwendung von primären Schweine-Hirnkapillarendothelzellen (pBCECs) und seine 

entzündungshemmenden Potenziale in LPS-stimulierten organotypischen 

Hippocampus-Scheibenkulturen (OHSC). Zur weiteren Validierung in vivo 

verwendeten wir männliche und weibliche transgene AD-Mäuse, APPxhQC, die 

menschliches APP751 mit der schwedischen und der Londoner Mutation und 

menschliches Glutaminylcyclase (hQC)-Enzym exprimieren, sowie ihre nicht-

transgenen (NTG) Wurfgeschwister. Die Mäuse in den Kontrollgruppen wurden mit 

10% kJ Fett und 7% Saccharose gefüttert. Die Diabetikergruppen erhielten eine 

fettreiche Diät (HFD) mit 95 % (60 KJ% Fett) + 5 % Maltodextrin-Placebo-Diät mit 3 

Dosen 40 mg/kg Streptozocin-Injektion, während die Interventionsgruppen 13 

Wochen lang HFD mit 95 % (60 KJ% Fett) + 5 % NOVASTA zusammen mit 3 Dosen 

40 mg/kg Streptozocin-Injektion erhielten, beginnend im Alter von 11-12 Monaten. 

Wir untersuchten die Auswirkungen von T2D auf die glykämischen Indizes, den Aβ-
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Stoffwechsel, die kognitive Funktion und die Nährstoffsensorik (Autophagie, Insulin, 

MAPKinase und mTORC1-Signalisierung). Gene, die an der Lipidbiogenese beteiligt 

sind und Marker der Nährstoffsensorwege, wurden auf Protein- und mRNA-Ebene 

analysiert. Die Ausprägung von Lipid- und Leberfunktionsparametern wurde mit 

ELISA-basierten Assays bewertet. Die Ablagerung von löslichen und unlöslichen 

Amyloid-beta-Isoformen im Gehirn wurde mit ELISA, MSD-basierten Assays und 

histologischen Färbungen bestimmt. Die vom Hippocampus abhängige kognitive 

Beeinträchtigung wurde anhand des Morris-Wasserlabyrinths (MWM) bewertet. 

Ergebnisse:  ASX erhöht die Clearance von fehlgefaltetem Protein, fördert die 

Autophagie und verändert den Aβ-Verarbeitungsweg in vitro. T2D führte zu einer 

progressiven Verschiebung von löslichen zu unlöslichen Aβ-Pools in männlichen 

APPxhQC-Mäusen. Die erhöhte Ablagerung von löslichem und unlöslichem pGlu-3 

Aβ42 war bei weiblichen APPxhQC-Mäusen stärker ausgeprägt. T2D beeinträchtigte 

die Gedächtnisfunktion in APPxhQC diabetischen weiblichen und männlichen NTG-

Mäusen. Der T2D-Phänotyp war bei diabetischen weiblichen NTG-Mäusen stärker 

ausgeprägt. ASX-Supplementierung reduzierte die Aβ-Ablagerung und könnte ein 

hQC-Inhibitor sein. ASX-Supplementierung verbesserte T2D-induzierte 

Gedächtnisstörungen in männlichen diabetischen NTG-Mäusen möglicherweise 

durch die Verbesserung der NTG-Aβ-Clearance und Abbau über Autophagie und 

Verbesserung der Nährstoff-Signalwege (Autophagie, Insulin und entzündliche 

Signalwege) in Gehirn und Leber. 

Schlussfolgerung: Wir haben das Potenzial von ASX bei der Bewältigung der mit 

der Alzheimer-Krankheit verbundenen Probleme der Blut-Hirn-Schranke und der 

Entzündung in vitro nachgewiesen. Darüber hinaus zeigten wir, dass T2D ein 

zusätzliches Risiko für die AD-Pathophysiologie darstellt und zu kognitiven 

Beeinträchtigungen durch metabolische Dysfunktion führen könnte. Darüber hinaus 

beeinflusst T2D den Aβ-Stoffwechsel und die kognitiven Fähigkeiten, wobei 

Geschlecht und Genotyp eine unterschiedliche Rolle spielen. ASX könnte hQC 

hemmen, aber eine Supplementierung allein ist bei Vorhandensein von 

Komorbiditäten und bei AD im Spätstadium nicht wirksam. 
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1.0   INTRODUCTION 

1.1 Alzheimer’s disease (AD) 

Alzheimer’s disease (AD) is a multi-factorial degenerative disease of the brain that is 

strongly characterized by pathophysiological manifestations such as dysfunction of 

the neurovascular units-leaky blood brain barrier (BBB) (Zlokovic,2005; 2010; de la 

Torre, 2010; Marchesi, 2011), loss of memory function (Cummings, 2004), 

aggregation of Aβ (Querfurth and LaFerla, 2010) and tau-related lesions in neurons 

termed neurofibrillary tangles (Ballatore et al., 2007; Ittner and Gotz, 2011), synaptic 

degeneration (Terry et al.,1991; Selkoe, 2002), neuroinflammation (McGeer, 2001; 

2002a; 2002b; McGeer and Rogers, 1992), and neuronal cell death (Niikura et 

al.,2006). The hallmarks of neurodegeneration include oxidative stress, neuro-

immune alterations, proteasome impairment, mitochondrial dysfunction and 

accumulation of abnormal protein aggregates as well as metabolic alterations (Yang 

et al., 2013; Bloomingdale et al., 2022). 

1.2 Brain changes accompanying AD 

Changes to the brain often associated with AD include the accumulation of the 

abnormal and phosphorylated tau proteins, as well as the degeneration of neurons. 

In AD, the neurons that are first damaged are those in the brain parts responsible for 

memory, language and thinking. The brain changes that result in these damages are 

thought to begin about 20 years prior to the manifestation of noticeable symptoms 

(Villemagne et al., 2013; Reiman et al., 2012; Jack et al., 2009; Bateman et al., 2012; 

Gordon et al., 2018; Braak et al., 2011; Quiroz et al., 2020; Barthelemy et al., 2020). 

 AD is a progressive disease that worsens with time. The disease time course and 

progression differ between individuals. As time progresses, more neurons are 

damaged and additional brain parts are affected. Studies have shown that people 

age 65 and older have a disease course of 4-8 years after the first diagnosis, 

although some live as long as 20 years after their first diagnosis (Tom et al., 2015; 

Ganguli et al., 2005; Waring et al., 2005; Brookmeyer et al., 2002; Larson et al., 

2004, Helzner et al., 2008; Xie et al., 2008; Brodaty et al., 2012; Todd et al., 2013). 

The aggregation of Aβ into plaques outside the neurons and tau into tangles inside 

neurons are two of the numerous changes associated with AD. The changes are 
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followed destruction of neurons that leads to neurodegeneration. Neurodegeneration 

(N) alongside Aβ (A) and tau (T) accumulation is referred to as the AT(N) framework 

for AD (Alzheimer’s Dement, 2023). Aggregation of Aβ and tau have been suggested 

to damage neurons by interfering with neuron-to-neuron communication at synapses. 

Inside the neurons, tau tangles block the transportation of nutrients and other 

molecules essential for the normal function and survival of neurons (Alzheimer’s 

Dement, 2019). 

A healthy brain consists of billions of neurons, each with long branching extensions. 

These extensions are called synapses and allows for information flow by tiny bursts 

of chemicals that are released by one neuron and taken up by another neuron. The 

human brain contains trillions of synapses that allows signals to travel rapidly through 

the brain, creating the cellular basis of memories, thoughts, sensations, emotions, 

movements and skills (Alzheimer’s Dement, 2023). Loss of synapses is another brain 

change associated with AD. Synaptic loss is an early event in AD, and it has been 

reported to precede neuronal death (Selkoe, 2002). In experimental models of AD, 

synaptic impairments were found to appear before the onset of memory deficit (Terry 

et al.,1991). Results from experimental animal models showed that the synapse is a 

target of both misfolded Aβ and tau (Spires-Jones and Hyman, 2014). Loss of 

neurons is the basic and fundamental feature in the pathophysiology of AD even 

preceding the manifestation of neuropathological hallmarks of the disease (Coleman 

and Flood, 1987; Hof et al., 1990; Gomez-Isla et al., 1996). Especially in the CA1 

region of the hippocampus and entorhinal cortex, loss of neurons had been reported 

to correspond to the severity of memory deficits (Giannakopoulos et al., 2003; Simic 

et al., 1997; West et al., 1994). 

1.3 Symptoms of AD 

Some of the symptoms reported in people living with AD include; Memory loss that 

disrupts daily life, challenges in planning or solving problems, difficulty in completing 

familiar tasks, confusion with time or place. People suffering from AD do have trouble 

understanding visual images and spatial relationships. Also, they are prone to 

misplacing things. Likelihood of experiencing changes in judgment or decision-

making and mood changes are other symptoms associated with AD. Difficulty 

walking, speaking and swallowing have also been reported to be common at the late 
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stage of the disease. Comprehensive symptoms associated with AD are listed in 

Table 1 (Alzheimer’s Dement, 2023). 

Table 1: Signs of Alzheimer’s dementia compared with typical age-related 

changes 

 

 

1.4 Predisposing Risk factors for AD 

Even though, age is the greatest pre-disposing risk factor to AD (van der Flier and 

Scheltens, 2005), nonetheless, certain genetic and life style factors have been 

reported to increase the risk of developing AD. These risks are divided into genetic 

risk factors and modifiable life style factors. The genetic risk factors include variations 

in genes such as APOE, PSEN1, PSEN2, SORL1, APP, TREM and many other 

genes (Gao et al., 2019; Cacace et al., 2016; Calero et al., 2015; Alzgene 2010; 

Corbo and Scacchi 1999; Cho et al., 2020; Farrer et al., 1997; Karch and Goate 

2015; Rogaeva et al., 2007; Campion et al., 2019; Cuccaro et al., 2016; Reitz et al., 
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2011; Korvatska et al., 2015: Ma et al., 2016; Nguyen et al., 2020; Guerreiro et al., 

2013; Jonsson et al., 2013; Allcock et al., 2003; Wang et al., 2015; Ulrich et al., 2014; 

Meilandt et al., 2020; Jay et al., 2015; Ulland et al.,  2017) (Figure 1). 

 

 

Figure 1:  Genetic and lifestyle factors responsible for both early onset and late 

onset of AD (Adapted from Pradhan et al., 2022 with permission) 

Livingston and colleagues in their 2020 landmark Lancet Report (Livingston et al., 

2020) suggested that 40 percent of all cases of AD and other related dementias can 

be prevented or delayed if 12 lifestyle related risk factors are modified. These life 

style factors include; less education, hypertension, hearing impairment, smoking, 

obesity, depression, physical inactivity, diabetes, low numbers of social contacts, 

excessive alcohol consumption, traumatic brain injury, and air pollution (Figure 2). 

Several epidemiological and longitudinal studies have implicated T2D (Moran et al., 

2019; Crane et al., 2013; Biessels et al., 2006; Luchsinger et al., 2007; Knopman and 

Roberts, 2010), obesity (Whitmer et al., 2008; Tsai et al., 2019), hypertension 

(Ladecola and Davisson, 2008; Kruyer et al., 2015; Kennelly and Collins, 2012; de 
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Heus et al., 2019), cerebrovascular diseases (Liu et al., 2015; Kling et al., 2013; Raz 

et al., 2016), stress, (Machado et al., 2014) and other risk factors for developing AD. 

 

Figure 2: Population attributable fraction of potentially modifiable risk factors 

for dementia (Adapted with permission from Livingston et al., 2020) 

1.5 AD Classification 

AD, a degenerative disease of the brain is usually classified into familial cases with 

Mendelian inheritance (Familial AD, FAD) and sporadic cases with no familial 

aggregation. Familial cases are predominantly early-onset (younger than 65 years, 

early- onset familial AD; EOFAD), but also late onset cases (LOFAD) have been 

described. More than 90% of AD patients appear to be sporadic and usually with a 

late onset age (older than 65 years, LOAD), while early-onset AD (EOAD) accounts 

for approximately 1% to 5% of all cases and age at onset ranges from 30 years to 65 
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years (Dubois et al., 2015). The sporadic form of the disease is complex and thought 

to be a result of interactions between genetics and life style factors. The familial form 

is due to mutations in three major genes (amyloid precursor protein (APP) gene, 

presenilin1 (PSEN1) gene and presenilin 2 (PSEN2) gene) (Piaceri et al., 2013, 

Lanoiselée et al., 2017) (Figure 3). Presenilin form part of the γ-secretase complex 

that is required for the production of Aβ from APP (Bekris et al., 2020). Apolipoprotein 

E (APOE) genotype is the major genetic risk factor for AD (Di Battista et al., 2016). 

APOE exists in three major polymorphic forms (ε2, ε3 and ε4). The ε4 allele 

increases risk and the ε2 allele is protective (Liu et al., 2013). One copy of ε4 allele 

increases the risk by about 3-fold, two copies by nearly 15-fold) (Saddiki et al., 2020). 

 

 

Figure 3: AD classification (Adapted from Pradeepkiran et al., 2023 with 

permission) 

1.6 Progression of AD 

The AD continuum refers to the progression of the disease from brain changes that 

are not noticeable to those that causes memory impairment and subsequently 

physical disability (Alzheimer’s Dement, 2023). The three broad phases in the 

progression of AD are: preclinical AD, mild cognitive impairment (MCI) due to AD and 

dementia due to AD, also called Alzheimer’s dementia (Sperling et al., 2011; Albert et 
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al., 2011; McKhann et al., 2011; Jack et al., 2011). The Alzheimer’s dementia phase 

is further broken down into mild, moderate and severe dementia (Figure 4). While it 

has been reported that the progression of AD starts with the pre-clinical phase with 

no obvious symptoms and ends with severe Alzheimer’s related dementia with 

severe symptoms, how long it takes an individual to progress from one phase to 

another differs and is influenced by factors such as age, genetics, biological sex and 

other life style related factors (Vermunt et al., 2019). 

 

 

Figure 4: AD continuum. Although these arrows are of equal size, the 

components of the AD continuum are not equal in duration (Adapted with 

permission from Alzheimer’s Dement, 2023). 

1.7 Epidemiology of AD and related Dementia 

AD is a multi-factorial degenerative disease of the brain with an estimated prevalence 

of 1 in 9 age 65 and older and a global population burden projected to triple by 2050 

(Rajan et al., 2021; Alzheimer’s Dement, 2022; GBD 2019 Dementia Forecasting 

Collaborators, 2022). AD is the most common cause of dementia, and it accounts for 

an estimated 60% to 80% of all dementia cases (Alzheimer’s Dement, 2021). As at 

2023, An estimated 6.7 million Americans age 65 and older are thought to be living 

with Alzheimer’s dementia (Figure 5) with this number is projected to grow to 13.8 

million by 2060 if there are no medical breakthroughs to prevent, slow or cure AD.  
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Figure 5: Number and ages of people 65 or older with Alzheimer’s dementia, 
2023. Percentages do not total 100 due to rounding. Created from data from 

(Rajan et al., 2021). 

In 2020 and 2021, AD was the seventh-leading cause of death. It was reported that 

between 2000 and 2019, death from stroke and other chronic diseases was on the 

decline whereas death from AD increased more than 145% (Figure 6). In the US, the 

percentage of people with Alzheimer’s dementia increases with age: 5.0% of people 

age 65 to 74, 13.1% of people age 75 to 84, and 33.3% of people age 85 and older 

have Alzheimer’s dementia (Rajan et al., 2021). Estimates show that about 110 of 

100,000 people ages 30-64 years, or about 200,000 Americans in total, have 

younger-onset dementia (Hendriks et al., 2021).  
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Figure 6: Percentage changes in selected causes of death (all ages) between 

2000 and 2019. (Adapted with permission from Alzheimer’s Dement, 2023).  

In 2023, roughly 4.7 million Americans age 65 and older are classified as having 

dementia due to AD (Manly et al., 2022). Using the best data available, 5 to 7 million 

Americans age 65 and older are estimated to have MCI due to AD. Combined with 

the roughly 4.7 million Americans age 65 and older with dementia due to AD based 

on Alzheimer’s brain changes, approximately 10-12 million older Americans will likely 

be living with AD. 

1.8 Sex and Gender Differences in AD 

Higher prevalence of AD in women is well reported. In fact, almost two-thirds of 

patients with AD are reported to be women (Burke et al., 2019; Dumitrescu et al., 

2019; Ferretti et al., 2018; Gur et al., 2019; Koran et al., 2017; Laws et al., 2018; 

Mosconi et al., 2017; Tensil et al., 2018; Toro et al., 2019; Liesinger et al., 2018; 

Barnes et al., 2019; Tremblay et al., 2023). The Framingham Heart Study reported 

that the estimated lifetime risk for AD at age 45 was about one in five (20%) for 

women and one in 10 (10%) for men, and the risks for both sexes were slightly higher 

at age 65 (Alzheimer’s Dement, 2021; Chene et al., 2020). In addition, the Cache 
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County Memory study also reported a higher incidence among women, suggesting 

longevity as a reason for this prevalence (Matyi et al., 2017; Miech et al., 2002; Zandi 

et al., 2002). Many factors such as lower education in women than men (Fitzpatrick 

et al., 2004; Kukull et al., 2002; Stern, 2012; Sando et al., 2008), survival bias 

(Chene et al., 2015; Plassman et al., 2007; Hebert et al., 2001), lower income and 

being primarily the care giver in their families (Ferretti et al., 2018) could be 

responsible for the reported high prevalence in women. 

In addition to these factors, it is also likely that biological mechanisms might be 

involved. Some of the proposed biological mechanisms thought to be responsible for 

this sex differences include; sexual dimorphism in Central Nervous System (CNS) 

structures, changes in sex hormone signaling, risk genes and sex interactions, 

immune responses, and vascular diseases (Zhu et al., 2021). Sexual dimorphism is 

reported to be due to 1) deviations in brain structure, 2) depression, sleep disorders, 

and psychosocial stress responses, 3) pregnancy, menopause, and sex hormones, 

4) genetic background (e.g., APOE), 5) inflammation, gliosis, and immune module 

(e.g., TREM2), 6) vascular risk factors, and 7) sex differences at single cell level 

(Ferretti et al., 2018; Toro et al., 2019; Fisher et al., 2018; Mathys et al., 2019). Men 

have been reported to usually have a larger brain volume which makes them less 

sensitive to pathological agents for AD and suffer less or slower structural loss as 

compared to women (Mielke et al., 2014). Data from quantitative proteomics revealed 

significant changes in the white matter and mitochondrial proteomes, redox proteins, 

ATP synthase and cytochrome oxidase in women, suggesting that women are more 

susceptible to more rapid neurodegeneration than men once the process starts 

(Gallart-Palau et al., 2016). Supporting this study is a report that women had higher 

CSF total tau and Aβ42 levels, more rapid cognitive decline and hippocampal 

atrophy, indicative of worse pathologic changes than men (Koran et al., 2017).  

Women are found to have more sleep disturbance especially during menopause 

(Toro et al., 2019). In addition, studies have reported the vulnerability of women to 

stress-related disorders showing elevated levels of cortisol in women with mild-to-

moderate AD. They were also found to be associated and increased AD pathologies 

including elevated amyloidosis and tauopathy (Behan et al., 1995; DeSouza, 1995). 

At single cell level, a comprehensive study on single-cell transcriptomics of AD 

reported robust sex differences in the association of AD pathology. In this study, AD 
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pathology-associated cell subpopulations were found to be enriched with female cells 

and in females, marker genes showed higher expression (Mathys et al., 2019). In the 

same study, transcriptional responses between sexes were qualitatively distinct, 

particularly in oligodendrocytes and neurons (Mathys et al., 2019).  In males, 

increased AD pathology was found to correlate with a global transcriptional activation 

in oligodendrocytes while in females, increased pathology correlated with a global 

gene downregulation in both excitatory neurons and inhibitory neurons (Mathys et al., 

2019). Additional studies suggest that that developmental effects of sex hormones 

responsible for sexual differentiation of the brain may lead to a female brain that is 

more vulnerable to AD pathogenesis (Rosario et al., 2011; Poling and Kauffman, 

2013; Li and Singh, 2014; Pike, 2017). 

Immune responses to stimulations involving different pathways and immune cells are 

reported to be stronger in women than men, correlating with higher degree of 

susceptibility to infections in male but higher prevalence of autoimmune disorders in 

females (Tronson and Collette, 2017). Sex differences in dysregulated glia-cell 

mediated immune responses have also been reported in AD (Dzamba et al., 2016). 

There is growing evidence linking vascular dysfunction with AD. Coronary artery 

disease (CAD) linked to cognitive decline with brain microvascular lesions are more 

prevalent in men than women in all ages (Kivipelto et al., 2001). Vascular risk factors 

such as hypertensive pregnancy disorders, including preeclampsia, eclampsia, and 

chronic gestational hypertension unique to women have been linked to brain lesions 

and cognitive impairment (Mielke et al., 2016; Postma et al., 2014). In a study of 668 

individuals aged 60–90 years, small vessel disease (SVD) was associated with 

marked progression of subcortical white matter lesions and incident lacunar infarcts 

in women and females were linked with SVD progression (van Dijk et al., 2008). In 

another study involving 817 neurologically healthy men and women over 50 years of 

age, HDL-C and apoA-1 were reported to be inversely associated with the severity of 

white matter lesions in women but not in men (Yin et al., 2018). 

 

1.9 Inflammation and AD 

Inflammation is part of the clinical manifestations of AD and a possible role in the 

pathogenesis of AD is well documented (McGeer and McGeer, 2001; 2002a; 2002b; 
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McGeer and Rogers, 1992). Griffin and others reported the importance of IL-1 

signaling in AD (McGeer et al., 1987; Griffin et al., 1989; Rogers et al., 1996). The 

presence of toxic Aß and tau proteins activates the microglia, the brain’s resident 

macrophage and main immune cells. Microglia attempt to clear toxic proteins as well 

as debris from dead or dying cells (Wang and Xie, 2022). The inflammatory response 

is one of the important pathways involved in the cellular response to stress. It has 

been reported that inflammation can play either beneficial or detrimental roles in 

response to endogenous or exogenous stressors (Qian et al., 2017). Recent reports 

point to neuroinflammation as an active participant in the pathophysiology of AD 

rather than a mere bystander activated by emerging senile plaques and neurofibrillar 

tangles (Zhang et al., 2013). Furthermore, inflammatory response in AD brains is 

reported to be sustained over time (Akiyama et al., 2000; Azizi et al., 2015; Chen and 

Mobley, 2019) extending beyond a mere reaction to neuronal loss (Heneka et al., 

2015). In addition, microglia, astrocytes, oligodendrocytes, mast cells, cytokines and 

chemokines, as well as complement (Meraz-Ríos et al., 2013) are involved, all 

playing an integral role in the onset and progression of the disease (Heneka et al., 

2015; Businaro et al., 2018; Skaper et al., 2018). Proinflammatory cytokines are 

increased in the serum and brain of postmortem AD patients (Wang et al., 2015; 

Stamouli and Politis; 2016). Proinflammatory cytokines such as IL-6, TNF- and IL-1 

secreted by the M1 microglia phenotype induce inflammation (Zhang et al., 2016), 

while the M2 microglia phenotype IL-4, Arg1, IL- 10 and neurotrophic substances 

release factors that have an anti-inflammatory effect (Turtzo et al., 2014). 

Microglia activation in the CNS could be classical (M1) or alternative (M2). Classical 

(M1) activation is widely known to be induced by interferon- γ (IFN- γ) and 

lipopolysaccharide (LPS) resulting in the production of inflammatory cytokines and 

chemokines, like tumor necrosis factor alpha (TNF-a), interleukin (IL)-6, IL-1b, IL-12, 

and CC chemokine ligand (CCL) 2 (Colonna and Butovsky, 2017). Alternative (M2) 

activation is widely reported to be induced  by anti-inflammatory cytokines such as IL-

4 and IL-13, resulting in the production of microglia produce anti-inflammatory 

cytokines [IL-10, transforming growth factor (TGF)-β)], growth factors [insulin-like 

growth factor-1 (IGF-1), fibroblast growth factor (FGF), colony stimulating factor 

(CSF)-1] and neurotrophic growth factors [nerve derived growth factor (NGF), BDNF, 

neurotrophins and glial cell-derived neurotrophic factor (GDNF)]. Furthermore, M1 

microglia They also release pro-survival factor progranulin and induces mannose 
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receptor (CD206), found in inflammatory zone 1 (FIZZ1), chitinase-3-like-3 (Chil3, 

Ym1 in rodents), arginase 1 (Arg1) (Colonna and Butovsky, 2017). M1 microglia 

induce inflammation and neurotoxicity, while M2 microglia induce anti-inflammatory 

and healing (Colonna and Butovsky, 2017). 

Beyond the M1 and M2 microglia classification, Keren-Shaul and colleagues (2017) 

reported a novel sub-population of microglia associated with neurodegenerative 

diseases which they termed disease-associated microglia (DAM). Karen-shaul et al. 

(2017) suggested that microglia could transit from homeostatic microglia to DAM, 

usually found to localized around Aβ plaques as AD progresses. Expressions of 

genes found in human genome-wide association studies (GWASs) previously linked 

to Alzheimer’s disease (AD) and other neurodegenerative diseases Like TREM2 are 

associated with DAM (Keren-Shaul et al., 2017; Lambert et al., 2013; Yeh et al., 

2017). Detection of DAM was reported primarily in CNS regions vulnerable to AD. 

More specifically, in 5XFAD and APP/PS1 models of AD, co-localization of DAM with 

Aβ plaques was observed in cortex and not cerebellum, a brain region not associated 

with Aβ plaques (Keren-Shaul et al., 2017; Mrdjen et al., 2018). Furthermore, 

markers of a DAM signature were also observed in human AD postmortem brains 

(Friedman et al., 2018; Keren-Shaul et al., 2017). 

 

1.10 AD Hypothesis 

Although the exact pathogenesis of AD is still unknown, three main hypotheses, namely the 

cholinergic hypothesis, the Aβ cascade hypothesis and the tau protein hypothesis, have 

been proposed. The cholinergic hypothesis states that a possible cause of AD is a loss 

of central cholinergic neurons, ensuing deficiency of acetylcholine, a neurotransmitter 

involved in memory and learning (Francis et al., 1999). The tau hypothesis proposes 

that AD may result from abnormal aggregation (excessive amount or abnormal 

phosphorylation) of tau proteins, leading to the formation of tangles within nerve cells 

in the brain (Mudher and Lovestone, 2002; Iqbal and Grundke-Iqbal, 2008). The 

amyloid cascade hypothesis proposes that AD may be caused by accumulation of 

abnormally folded β-amyloid proteins generated by the proteolytic cleavage of APP 

(Hardy and Selkoe, 2002). Apart from these three hypotheses, the alternative two-hit 

vascular hypothesis proposes that cardiovascular risk factors such as hypertension, 

atherosclerosis, diabetes, obesity and other microvascular pathologies lead to 
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reduced cerebral blood flow, BBB dysfunction, hypoxia, impaired Aβ clearance, 

increased oxidative stress/inflammation and, ultimately, neurodegeneration and 

dementia (Zhu et al., 2021). This hypothesis suggest that Aβ accumulation is as a 

result of insult caused by vascular damage (Zlokovic 2005, 2010; de la Torre, 2010; 

Marchesi, 2011; Rius-Pérez et al., 2018). Supporting the two-hit vascular hypothesis 

is a study that showed that the dysfunctional BBB is an early event in aging brains of 

people with mild cognitive impairment and early clinical stages of AD (Montagne et 

al., 2015). Vascular abnormality is proposed to act in synergy with brain Aβ levels 

through a positive feedback loop where vascular risk factors promote Aβ 

accumulation in the brain, and Aβ accumulation in turn aggravates vascular 

dysfunction. Emerging data suggest a link between vascular impairment, neuronal 

insults and inflammation in AD in which cerebral vasculature-involved inflammation 

occurs before Aβ deposition and in turn promotes the inflammatory responses (Zhu 

et al., 2021).  

1.11 Aβ Cascade Hypothesis and APP processing 

The Aβ, a 4 kDa fragment of the amyloid precursor protein (APP), is a larger 

precursor molecule produced by brain neurons, vascular and blood cells (including 

platelets), and, to a lesser extent, astrocytes. According to the Aβ cascade 

hypothesis, Aβ is formed by two subsequent amyloidogenic proteolytic cleavages of 

amyloid precursor protein (APP) by β-secretase (β-APP-cleaving enzyme-1 

(BACE1)) at the ectodomain and γ-secretase at intra-membranous sites generate Aβ 

(Blennow et al., 2006; Rajendran et al., 2006). Aβ generation is initiated by 

proteolysis of amyloid precursor protein (APP) by the γ-secretase enzyme BACE1 

(Cole and Vassar, 2008). Formation of Aβ could be intracellular through the 

proteolytic cleavage of amyloid precursor protein (APP) localized in the plasma 

membrane, in endoplasmic reticulum (ER), trans-golgi network, endosomal, 

lysosomal and mitochondrial membranes (Glenner and Wong, 1984). APP 

expression has been shown to reflect the level of Aβ production (Xue et al., 2022). 

Factors such as APP expression (Aβ production) and oligomerization, Aβ clearance 

and transport across BBB, and Aβ degradation determines the concentration of Aβ in 

the brain. These factors are responsible for 90% of sporadic AD cases and the 

remaining 10% are attributed to genetic mutation in the APP or presenilin genes 

(Sherrington et al., 1996). 

https://perspectivesinmedicine.cshlp.org/content/2/10/a011452.full#ref-167
https://perspectivesinmedicine.cshlp.org/content/2/10/a011452.full#ref-169
https://perspectivesinmedicine.cshlp.org/content/2/10/a011452.full#ref-31
https://perspectivesinmedicine.cshlp.org/content/2/10/a011452.full#ref-85
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Aβ40 peptides make up about 90% of the Aβ fragments generated, and a minor 

fraction of Aβ42 that are more fibrillogenic and prone to oligomerization, while Aβ43 

peptides are found in amyloid plaques (Sisodia et al., 2002). Under physiological 

condition, Aβ40 peptides are the predominant Aβ species and Aβ42   peptides are toxic 

and have been reported to have faster rate of aggregation.  

Experimental patho-mechanistic and proof-of-concept studies suggest that an 

imbalance between Aβ neuronal production and extracellular clearance of Aβ is 

associated with protein misfolding, aggregation, and incipient extracellular 

accumulation in plaques (Hardy and Selkoe, 2002; Jack et al., 2018; Selkoe and 

Hardy, 2016). This imbalance has been found to be due to genetic-driven 

dysregulation of the amyloidogenic pathway showing downstream overproduction of 

Aβ in early-onset AD (EOAD). In late-onset AD (LOAD), the imbalance is as a result 

of impaired proteostasis quality control mechanisms, from the synthesis of Aβ to its 

degradation, leading to insufficient Aβ clearance (Mawuenyega et al., 2010; Hampel 

et al., 2021). 

Most pathogenic mutations in the APP gene cluster around the proteolytic sites of the 

β- and γ-secretases resulting in an increase of the substrate affinity with an 

accompanying increase in pool of total Aβ or a shift in Aβ peptides ratios. The latter 

favors a relative increase of Aβ42 levels over the levels of Aβ1-40 and shorter species 

(Wisniewski et al., 1985.; St George-Hyslop et al., 1987; Cruts et al., 2012; Hooli et 

al., 2012) and this imbalance has been implicated in protein self- aggregation 

(Hartley et al., 2015; Cai et al., 1993) 

APP is processed through two major pathways; the amyloidogenic and non- 

amyloidogenic vis-a-vis the activities of three main proteases- α-, β- and γ-secretases 

(Figure 7). The amyloidogenic pathway promotes the production of Aβ through 

sequential cleavage by β- and γ-secretases while in the non- amyloidogenic pathway, 

Aβ is cleaved in the middle generating either soluble APPα directly by α-secretase or 

shorter Aβ species such as Aβ15 and Aβ16 by the sequential cleavage by β-secretase 

and α-secretase (Hampel et al., 2021). By-products generated from these two 

pathways have differing intrinsic functional properties, putative physiological roles, 

and pathophysiological implications (Hardy and Selkoe, 2002; Jack et al., 2018; 

Selkoe and Hardy, 2016). In addition to the activities of these secretases (α-, β- and 

γ-secretases), trafficking of APP due to secretory pathway is also one of the 
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important factors in APP metabolism. Mature APP in the endoplasmic reticulum and 

Golgi apparatus are translocated to the cell surface or may enter the lysosomal 

pathway and undergo proteolytic degradation (Nixon, 2017). The amyloidogenic 

peptides are either rerouted to lysosomal compartments for degradation, or secreted 

into the extracellular space for removal (Gali et al., 2019).  

 

Figure 7: APP Processing Pathway. (Adapted from Schreiner et al., 2021 with 

permission) 

 

1.12 Type 2 Diabetes in AD: more than just a risk factor 

Type 2 Diabetes (T2D) is a complex metabolic disorder characterized by chronic 

hyperglycemia, insulin resistance, defective insulin secretion, loss of β cell function 

and mass, and accumulation of amyloid in the islets of Langerhans (Stumvoll et al., 

2005, Mukherjee et al., 2017). Although the disease is thought to be due to 

insufficient insulin production by β cells resulting in insulin resistance, not all people 

with insulin resistance develop T2D (Polonsky, 2000) as impairment of insulin 

secretion due to pancreatic β cell dysfunction is required (Kahn, 2003). T2D is a 

global epidemic with the diabetic population projected to reach 552 million in 2030 

(International Diabetic Federation, 2011). By 2050, about 1.2 billion of the world’s 

population are predicted to suffer from diabetes (GBD 2021 Diabetes Collaborators, 

2023). About 11.3% of the US population, 37.3 million people, have diabetes. An 
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estimated 96 million American adults are pre-diabetic (CDC Report, 2022). T2D is 

reportedly the most common form of diabetes, accounting for 90-95% of all diabetic 

cases (O’Brien et al., 2003; Goyal et al., 2023). 

The risk of developing AD has been found to be 65% higher among diabetic patients 

than non-diabetic controls (Barbagallo and Dominguez, 2014). In AD patients, the 

rate of diabetes was found to be around 35% in a study from one large community. 

About 46 % of people with a diagnosis of AD were glucose intolerant, a well-known 

precursor for diabetes (Barbagallo and Dominguez, 2014). In fact, diabetic patients 

have a twice higher risk of developing AD (Ott et al., 1999; Leibson et al., 1997; 

Grodstein et al., 2001; Peila et al., 2002; Arvanitakis et al., 2004; Xu et al., 2004). In 

addition, the percentage of T2D patients among people living with AD was 

significantly higher compared to age-matched non-AD controls (Ott et al., 1999; 

Kuusisto et al., 1997). From epidemiological evidence, T2D has been reported to 

nearly double the risk of AD development (Biessels et al., 2006; Kopf and Frolich, 

2009).  

Amyloidosis, a group of conditions of diverse etiologies characterized by the 

accumulation of insoluble fibrillar proteins in various organs has been shown to be a 

key pathological feature of both AD and T2D (Milklossy and McGeer, 2016). 

Deposition of local amyloid mainly composed of amylin are present in over 95% T2D 

patients (Lopes et al., 2004; Cooper et al., 1987a, 1987b; Westermark et al, 1987). 

Along with Insulin, amylin is produced by β-cells in the Langerhans islets of the 

pancreas (Miklossy et al., 2010). The extent of amylin depositions has been reported 

to correlate with clinical severity of diabetes, with the impairment in insulin secretion 

and glucose metabolism, and with the severity of beta-cell loss (Cooper et al., 1987a; 

Westermark et al, 1987; Hull et al., 2004). 

In addition, insulin and Aβ have a common sequence recognition motif (Miragliotta et 

al., 1994) and Aβ directly inhibits the binding and action of insulin, thereby impairing 

the autophosphorylation of the insulin receptor (Miragliotta et al., 1994). In addition, 

Aβ and insulin are substrates for the insulin degrading enzyme (IDE). Moreover, 

high-affinity interaction between Aβ and pro-amylin have been reported to result in 

cross-suppression of cytotoxic self-assembly of both peptides, further alluding to a 

molecular association between AD and T2D (Klegeris and McGeer, 2007). 

Furthermore, Aβ oligomers are reported to induce phosphorylation of tau and 
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inactivation of insulin receptor substrate via c- Jun N-terminal kinase signaling (Ma et 

al., 2009) and insulin dysfunction in vivo can lead to tau phosphorylation (Brauner et 

al., 1994). 

Anti-inflammatory effect of insulin at low dose have been reported and conversely 

high level of insulin during chronic state of hyperinsulinemia is known to exacerbate 

inflammatory responses and increase oxidative stress (Fishel et al., 2005). A state of 

hyperinsulinemia leads to increased expressions of pro-inflammatory cytokines like 

TNF-α, IL-1β and IL-6 (Craft and Watson, 2004). Chronic imbalance between pro and 

anti-inflammatory action of insulin could potentially be the link between T2D and AD 

(Plata-Salamán and ffrench-Mullen, 1994).  

Previous studies have implicated oxidative stress in many neurogenerative diseases 

including AD and has been suggested as one of the potential links between T2D and 

AD (Di Domenico et al., 2010; Butterfield et al., 2001). Onset of diabetic 

complications like dysregulated insulin signaling and neuropathy has close link with 

increased oxidative stress arising from inability to remove reactive oxygen species 

(ROS) implicating oxidative stress in impaired insulin signaling in AD brains (Rain 

and Jain, 2011). 

Cognitive deficiencies including impaired verbal memory, diminished mental speed 

and mental flexibility are some of the manifestations in T2D patients (Brands et al., 

2005; Cukierman et al., 2005). Chronic hyperglycemia, a key pathology of T2D, has 

been reported to be inversely correlated with cognitive function (Perlmuter et al., 

1984; Jagusch et al., 1992). In addition, AD is associated with hyperglycemia 

(Janson et al., 2004; Carantoni et al., 2000; Razay, 2007), indicating that 

hyperglycemia may play a role in AD pathogenesis. Formation of neuritic plaques 

and neurofibrillary tangles, core features of AD, were found to be increased in 

diabetic mice induced by streptozocin injection (Jolivalt et al., 2010; Ke et al., 2009). 

Similarly, Aβ deposition was reported in not only in brain but also in kidney and 

pancreas of transgenic mice expressing the carboxyl-terminus of the beta APP gene 

(Fukuchi et al., 2004). Formation of Aβ plaques was detected in pancreas of 

transgenic NORBA mice over-expressing human APP (Nicolau et al., 2002). 

Surprisingly, aggregated Aβ and hyperphosphorylated tau were reported in brains of 

rat models of spontaneous diabetes, particularly of type 2 diabetes (Li et al., 2007). 

Reduced expression of insulin, insulin-like growth factor 1 and insulin receptor and 
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increased expression of tau protein and glycogen-synthase kinase-3β have been 

reported in post-mortem brain of patients with AD compared to controls implicating a 

defective metabolism in the AD patient’s brain (Siino et al., 2021). Together, these 

data strongly suggest a molecular link between T2D and AD, further explained in 

Figure 8. 

 

 

Figure 8: Potential links between diabetes mellitus and AD (Adapted from Ahn 

et al., 2019). 

1.13 Insulin Resistance and AD 

The insulin pathway is one of the evolutionary conserved aging controlling pathways 

(Lopez-Otin et al., 2013). In addition, insulin resistance, a component of nutrient 

sensing pathways, is dysregulated in aging and considered to be one of the 

hallmarks of aging (Lopez-Otin et al., 2013). Insulin in the CNS is associated with 

many physiological functions including; CNS specific molecular signaling functions 

such as neuronal glucose transporter translocation (Grillo et al., 2009), brain calcium 

signaling (Thibault et al., 2013), ATP-sensitive potassium channels (Spanswick et al., 

2003), tau phosphorylation (Gratuze et al., 2017), Aβ clearance (Vandal et al., 2005). 

In addition, CNS insulin can affect peripheral processes including blood flow (Cabou 

et al., 2007), reproduction (Bruning et al., 2000), and peripheral gluconeogenesis 

(Ruud et al., 2017), affecting blood glucose levels, thereby regulating metabolism 

and cognitive functions (Banks et al., 2012). In addition, brain processes such as 

reward (Figlewicz, 2003), learning, and memory (Zhao and Alkon, 2001) are also 

reported to be regulated by CNS insulin. Hippocampus and frontal cortex, brain 
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regions associated with memory and cognition, are known to have high levels of 

insulin receptors (Ghasemi et al., 2013; Porte et al., 1998)  

Insulin resistance is a state of impaired or insufficient response to insulin. In insulin 

sensitive tissues like skeletal muscle, liver and adipose tissue glucose metabolism 

regulated by insulin is required to maintain a state of euglycemia. This requires 

higher insulin levels to maintain the euglycemia state (Rhea et al., 2022). Resistance 

to insulin can be found in conditions where the blood glucose is normal 

(hyperinsulinemic euglycemia) as wells as those with increased glucose levels 

(hyperinsulinemic hyperglycemia) (Rhea et al., 2022). Insulin resistance is associated 

with many chronic diseases like T2D, obesity and AD (Rhea et al., 2022).  

Peripheral insulin resistance is linked with hyperglycemia, hyperinsulinemia, and 

increased lipolysis leading to an increase in serum free fatty acids (FFAs). These 

alterations in serum factors affect the transport and, ultimately, CNS signaling of 

critical metabolic hormones (Banks, 2019). In addition, inflammation (caused by 

elevated cytokine levels) and increased oxidative stress are known to play role in 

initiating insulin resistance that impacts BBB function whose impairment is an early 

event in the pathogenesis of AD (Banks and Rhea, 2021; Erickson and Banks, 2018). 

Insulin resistance in the CNS is entirely different from peripheral insulin resistance. 

The receptors of the CNS have been found not to participate in classic negative 

feedback between glucose and insulin levels. Hence, a deficient insulin activity in the 

CNS may likely have no effect on blood insulin levels. Cerebral insulin resistance has 

been reported in individuals with peripheral insulin resistance, in aged individuals, in 

those with AD (Talbot et al., 2012) and in people that are insulin resistant both in the 

periphery and CNS. A state of being insulin resistant in both periphery and CNS 

constitute about 35% of people diagnosed with AD (Janson et al., 2004).  

In 2012, Talbot and others showed that insulin resistance in the periphery does not 

automatically confer CNS insulin resistance. They reported that insulin receptor 

resistance was present in majority of patients diagnosed of AD even in the absence 

of a diabetic state. In addition, they showed an impaired response to insulin in post-

mortem brain regions including the cerebellar cortex and hippocampal formation 

compared to controls who did not have evidence of insulin resistance at peripheral 

tissues. Talbot and colleagues proposed that insulin resistance in the CNS occurs 

before cognitive decline and that the degree of resistance is in proportional to the 

extent of cognitive decline. This landmark study suggested that insulin resistance in 
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the CNS is independent of peripheral insulin resistance (Talbot et al., 2012). Both 

peripheral and cerebral insulin resistance can impair cognitive functions and 

contribute to dementia, however, likely, via different pathways. 

There is a close association between insulin resistance, aging and AD irrespective of 

whether in the CNS, in the periphery or in both. Impaired insulin action in the CNS 

has been reported and a chronic state of hyperinsulinemia in the periphery was found 

to reduce transport of insulin into the brain (Freiherr et al., 2013; Banks et al., 1997). 

Studies involving human participants and experimental animals have shown a link 

between peripheral insulin resistance and cognitive impairment and increased risk for 

development of AD (Cholerton et al., 2011; de la Monte, 2014; Blazquez et al., 2014). 

Post-mortem evaluations of diseased brains also showed decreased expressions of 

key insulin signaling proteins in the brains of AD patients (Rivera et al., 2005; Liu et 

al., 2011; Steen et al., 2005; Rickle et al., 2004). 

1.14 Protein Post-Translational Modifications in AD and T2D 

Folded or nascent proteins are known to be stable under physiological conditions. 

The series of enzyme specific catalytic modification of the side chain or backbone of 

a protein is termed Post Translational Modification (PTM) (Walsh et al., 2005). These 

modifications include glycosylation, acetylation, acylation, ADP ribosylation, 

methylation, nitration, truncation, amidation, 𝛾-carboxylation, 𝛽-hydroxylation, 

disulfide bond formation, phosphorylation, sumoylation, ubiquitination, proteolytic 

processing, and sulfation and do exert great influence on normal cell physiology and 

pathogenic processes (Kuriakose et al., 2016). PTMs are prevalent in most proteins 

involved in T2D and AD (Chatterjee and Thakur, 2018).  

Altered methylation of genes like peroxisome proliferator-activated receptor-gamma 

gene (PPARG), potassium voltage-gated channel subfamily Q member 1 (KCNQ1), 

transcription factor 7-like 2 (TCF7L2) and insulin receptor substrate-1 (IRS1), are 

crucial for the activities of insulin in the liver, skeletal muscle and adipose tissues 

(Barres et al., 2009; Nilsson et al., 2014; 2015; Nitert et al., 2012; Ribel-Madsen et 

al., 2012; Kirchner et al., 2016; Abderrahmani et al., 2018; Baumeie et al., 2017; You 

et al., 2017). Under hyperglycemic conditions, hormones have been shown to be 

affected by protein glycation as protein glycation levels are increased in the diabetic 

state (Hunter et al., 2003). A continuous state of hyperglycemia and elevated 

advanced glycation end-products (AGEs) has been associated with oxidative stress, 
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resulting in increased reactive oxygen species (ROS) (Miranda-Diaz et al., 2016). 

This heightened oxidative state in turn accelerates the generation of AGEs and the 

reaction between AGES and the receptor for AGEs (RAGE) reported to be elevated 

in AD (Coughlan et al., 2009; Vitek et al., 1994; Fang et al., 2018; Chen et al., 2021).  

In addition, glycosylation and phosphorylation of serum proteins in diabetic patients 

have been reported to be altered by enzymes regulating PTM (McMillan, 1972; 

Loukovaara et al., 2005; Itoh et al., 2007). Phosphorylation is known to play an 

important role in glucose stimulated insulin secretion in islets of Langerhans and 

serves as important mediator in insulin stimulated signaling networks (Chatterjee and 

Thakur, 2018). Evaluation of pancreatic islets of diabetic patients showed 

downregulation of genes like PPARGC1A, INS and PDX1 necessary for insulin 

secretion resulting from elevated methylation (Yang et al., 2011; 2012; Ling et al., 

2008;). Nakae and colleagues reported that the acetylation of FOXO1, a gene that 

controls PDX1, significantly impacts beta cell development and glucose homeostasis 

(Nakae et al., 2002). In addition, deacetylation of histone 3 lysine 9 (H3K9) was 

implicated in the downregulation of the IRS2 protein leading to the development of 

insulin resistance (Dalfra et al., 2020). 

1.15 Pyroglutamate modified Aβ 

The proteolytic processing of the Aβ protein precursor (APP) by β- and γ-secretases 

results in the generation of Aβ peptides (Haass, 2004). Aβ associated plaques in 

brains of human AD patients have been reported to contain a diverse mixture of Aβ 

peptides (Walker et al., 2008). In addition to Aβ40 and Aβ42, which are the main Aβ 

species, other variants produced by PTM such as truncation, racemization, 

isomerization, phosphorylation, metal induced oxidation and pyroglutamination have 

been demonstrated (Ku et al., 2001; Saido et al., 1996; Tekirian et al., 1998; 

Miravalle et al., 2005; Hartig et al., 2010; Mori et al., 1994; Tomiyama et al., 1994; 

Murakami et al., 2008; Shimizu et al., 2000; Saido et al., 2005; Kuo et al., 1997; 

Dong et al., 2003; Kumar et al., 2011; Milton, 2005; 2001). These PTM processes 

have the potential to promote oligomer and aggregate formation, enhance 

cytotoxicity and the modified Aβ variants could serve as seeding species for Aβ 

aggregate formation in vivo (Kumar et al., 2011; Millucci et al., 2010; Schilling et al., 

2008; Schlenzig et al., 2009; Fabian et al., 1994; Saito et al., 2003; Schilling et al., 

2006). Moreover, modified Aβ variants are reported to be present at the early stages 
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of AD (Hartig et al., 2010; Kumar et al., 2011; Sergeant et al., 2003; Schilling et al., 

2008). N-terminal truncation and subsequent cyclization of N-terminal glutamate 

(Glu) to pyroglutamate (pGlu) in Aβ peptides leads to the formation of pGlu-Aβ 

peptides (Saido et al., 1995; 1996; Russo et al., 2000; Sevalle et al., 2009) which 

constitute the bulk of Aβ deposits in sporadic and familial AD (Saido et al., 1995, 

Miravalle et al., 2005; Piccini et al., 2005; Portelius et al., 2010), are present in senile 

plaques and vascular amyloid deposits (Tekirian et al., 1998; Miravalle et al., 2005; 

Guntert et al., 2006; Miller et al., 1993; Sergeant et al., 2003) and have been 

reported to be involved in the pathogenesis of the disease.  

Pyroglutamination of Aβ peptides enhances Aβ aggregation, confers resistance to 

degradation by most aminopeptidases as well as Aβ-degrading endopeptidases 

(Figure 9). Strong neurotoxic effects of the pGlu modification on primary neurons, 

neuronal cell lines, and neurons of APP transgenic animals in vivo have been 

reported (He and Barrow, 1999; Russo et al., 2002; Schilling et al., 2006; Schlenzig 

et al., 2009; D’Arrigo et al., 2009; McColl et al., 2009; Saido, 1998; Acero et al., 2009; 

Wirths et al., 2009).  

 

 

Figure 9:  Properties of pyroglutamate Aβ.  

The first N-terminal two amino acids, aspartate and alanine, are cleaved off by 

aminopeptidase A (APA), meprin-β or dipeptidyl peptidase 4 (DPP4)., exposing 
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glutamate at position 3 of the N terminus of Aβ. Subsequently, glutamate is post-

translationally modified to N-terminal pyroglutamate (pE) by dehydration catalyzed by 

QC activity. The novel peptide has altered biochemical properties with severe 

pathological consequences. The enhanced toxicity is likely due to the higher 

aggregation propensity and the longer bioavailability of the Aβ-pE3 oligomers 

(Adapted from Jawhar et al., 2011; Bayer, 2022 with permission). 

Pyroglutamination of Aβ peptides is known to be catalyzed by glutaminyl cyclase 

(QC) in vitro (Schilling et al., 2004) and in vivo (Cynis H et al., 2006; 2008; Schilling 

et al., 2008a, 2008b) (Figure 9). In transgenic mouse models, presence of pGlu-Aβ 

peptides led to protein aggregation and deposition, neurodegeneration, gliosis, and 

impairment of learning and memory. Genetic ablation or pharmacological inhibition of 

QC in mouse and fruit fly models of AD resulted in reduced pGlu Aβ peptide 

generation and improved performance in cognitive tasks (Schilling et al., 2008a; 

Alexandru et al., 2011; Jawhar et al., 2011). 

 

1.16 Aβ Clearance and Degradation Mechanisms 

Aβ clearance from the brain is achieved through various mechanisms including 

blood-brain clearance, interstitial fluid bulk-flow clearance, the perivascular and 

paravascular system, autophagic lysosomal degradation, and many more (Marchi et 

al. 2016). Inadequate clearance of protein aggregates that deposit in the brain of 

proteinopathies, including AD, as well as defects in clearance systems for 

aggregated and misfolded protein are associated with disease pathogenesis (Dakkak 

et al., 2022).  

1.16.1 Blood brain barrier (BBB)  

The blood-brain barrier (BBB) is a dynamic semi-permeable physiological membrane 

that restricts entrance of foreign substances from the blood into the CNS (Jackson et 

al., 2022). Basically, the BBB is composed of endothelial cells, astrocytes, pericyctes 

and junctional complexes including the tight and adherens junctions (Knopp et al., 

2022; Csaszar et al., 2022; Dorrier et al., 2022; Halder et al., 2022). The BBB is in 

constant communication with the astrocytes (Heithoff et al., 2021; Siddharthan et al., 

2007), pericytes (Daneman et al., 2010; Armulik et al., 2010), neurons (Schiera et al., 

2003; Maoz et al., 2018), perivascular macrophages (Yang et al., 2019), microglia 
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(Haruwaka et al., 2019) and immune cells (Engelhardt et al., 2017) (Figure 10). The 

BBB protects the brain in order to maintain normal neuronal function (Patabendige 

and Janigro, 2023). The BBB helps to protect the brain from damage by keeping a 

constant “chemical” composition of brain interstitial fluid necessary for optimal brain 

function (Zlokovic, 2008; Barisano et al., 2022; Liu et al., 2022). Disruption of the 

BBB makes the brain vulnerable to damage. The BBB displays a net negative 

surface change thereby restricting the entrance of negatively charged compounds, 

leukocyte adhesion molecules and even some immune cells into the brain (Rossler et 

al., 1992; Santa-Maria et al., 2021; Zhao et al., 2023). In addition, the BBB has 

designated transporters, receptors and enzymes that regulate the influx of nutrients, 

efflux of waste products, potentially neurotoxic and vasculotoxic macromolecules 

from the brain (Zlokovic, 2008; Chu et al., 2008; Patabendige and Janigro, 2023). 

The BBB has high trans-endothelial electrical resistance that selectively restricts the 

number of transcellular vesicles that can pass through the vessel wall (Tietz and 

Engelhardt, 2015; Wilhelm et al., 2011) 

Endothelial cells are the core anatomical structure of the BBB and they line the 

cerebral blood vessels and at the same time interact with different cells in the CNS 

(Daneman et al., 2015; Zhang et al., 2016). The intracellular tight junctions are an 

essential part of the BBB and are made up of transmembrane proteins like claudin-5, 

occludin and cytoplasmic plaque proteins like zonula occludens (Keep et al., 2023). 

Both the tight junctions and adherens junctions hold the endothelial cells together, 

forming luminal and abluminal compartments (Betz et al., 1980). The junctions 

control the movement of molecules through paracellular pathway via size and charge 

selectivity (Patabendige and Janigro, 2023), and allow the passive diffusion of lipid 

soluble drugs and substrates with molecular weight between 400-600 Da (Wu et al., 

2023). 

A functional BBB is crucial for the regulation of CNS homeostasis, protection of brain 

from changes in the levels of plasma neurotransmitters and for the delivery of energy 

metabolites and essential nutrients needed for normal neuronal and synaptic 

functions (Zlokovic, 2008; Patabendige and Janigro, 2023). Defective transport 

across the BBB is an important mediator of Aβ accumulation in the brain and a 

contributing factor in the pathogenesis of AD (Shackleton et al., 2016). 
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Figure 10:  Structure of the blood–brain barrier (BBB) (Adapted with 

permission from Patabendige and Janigro, 2023) 

 

1.16.2 Transport and Cellular Uptake of Aβ at the BBB 

In the brain endothelium, the LRP1 and the Receptor for Advanced Glycation End 

products (RAGE) facilitate efflux and influx of Aβ from the brain to the periphery and 

vice versa. Once Aβ is produced and secreted into the extracellular space in the 

brain, LRP1 is involved in cellular uptake of Aβ in neurons, microglia, astrocytes, 

vascular smooth muscle cells, pericytes, endothelial cells, and the choroid plexus. 

Internalized Aβ might be degraded in lysosomes or accumulate in the cells causing 

cellular toxicity depending on the context (Shinohara et al., 2017). A portion of Aβ 

may be transported through LRP1 at the BBB or pulled out by sink activity of soluble 

LRP1 into the blood. LRP1 in the liver might also help to clear Aβ from the blood, 

possibly leading to the elimination of Aβ from the brain. ApoE, which is mainly 

produced and secreted from astrocytes in the brain, is lipidated by ABCA1 to supply 

cholesterol/lipids to neurons and other cells through LRP1. ApoE isoforms likely 

affect LRP1-mediated Aβ metabolism by directly interacting with Aβ or competing 

with Aβ for receptor binding (Shinohara et al., 2017). Playing opposing roles, the 

LRP1 mediates the outflow of Aβ from the brain to the periphery, whereas RAGE 

promotes Aβ influx back into the CNS (Deane et al., 2004; Pflanzner et al., 2010; 
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Sagare et al., 2012; Zenaro et al., 2017). Several clinical studies reported a 

correlation between reduced LRP1 and elevated RAGE levels in AD pathology, 

promoting the accumulation of Aβ peptides in the brain parenchyma (Donahue et al., 

2006; Zlokovic, 2008; Deane et al., 2012; Zenaro et al., 2017). In addition, 5xFAD 

mice that lack LRP1 receptor showed down-regulated plasma levels of Aβ1-42 and 

increased levels of brain soluble Aβ (Storck et al., 2016). Data from rodents, non-

human primates models of AD and people suffering from AD showed that endothelial 

expression of LRP1 reduces with aging (Kang et al., 2000; Shibata et al., 2000; 

Bading et al., 2002; Deane et al., 2004; Donahue et al., 2006; Bell and Zlokovic, 

2009). Reduced expression of LRP1 at the BBB has been associated with 

cerebrovascular and focal parenchymal Aβ accumulations (Zlokovic et al., 2010). 

LRP1 can also undergo proteolysis and soluble LRP1 is released into the 

extracellular space under inflammatory conditions. This proteolysis is mediated by a 

disintegrin and metalloproteinase (ADAM) 10 and 17 activation (García-Fernández et 

al., 2021). When LRP1 is shed, its circulating form (i.e., soluble LRP1, sLRP1) is 

released into the blood providing a key endogenous peripheral “sink” activity for Aβ, 

as shown in a mouse model of AD (Sagare et al., 2012). In healthy humans and 

mice, sLRP1 binds 70% of circulating Aβ, thereby restricting Aβ’s free access to the 

brain (Sagare et al. 2007, 2012). In addition, the clearance function of LRP1 in 

different cells of the brain seems crucial as multiple cell-specific knockout mouse 

models have shown that LRP1 ablation leads to an accumulation of Aβ in the brain 

(Van et al., 2019). In the brain endothelium, LRP1 and RAGE facilitate efflux and 

influx of Aβ from the brain to the periphery and vice versa. Inhibition of LRP1 

expression has been shown to cause vascular endothelial damage, significantly 

reducing Aβ clearance, and increasing the Aβ burden in brain tissue (Jaeger et al., 

2009). Gali et al. reported a reduction in cerebral and cerebrovascular LRP1 levels in 

brains of 9-month-old 3XTg-AD mice (Gali et al., 2019). 

1.17 ABC Transporter Proteins  

ATP-binding cassette (ABC) transporters are a superfamily of transporters, which 

constitutes an extensive range of proteins capable of transporting molecular entities 

across biological membranes. The involvement of transporters like ABCB1 (P-

glycoprotein), ABCG2 (BCRP), ABCC1 (MRP1), ABCA1, ABCA7, ABCG1, and 

ABCG4 in the transport of an extensive variety of biological substrates have been 
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described (De Boer et al.,2003; Loscher and Potschka, 2005). This transport is 

usually against a concentration gradient by adenosine triphosphate (ATP) hydrolysis 

limiting substrate retention and influx within the cells (De Boer et al.,2003; Loscher 

and Potschka, 2005). In humans, ABC transporters are expressed in BBB, 

parenchymal cells in brain, and blood-CSF barrier (Pereira et al., 2018). In addition to 

the physiological role of protecting the BBB, ABC transporters are also involved in the 

regulation of neuronal Aβ peptides levels. Changes in their expression could increase 

the risk of AD (Rapposelli et al., 2009; Nicolazzo and Mehta, 2010; Abuznait et al., 

2011). Altered expression of ABC transporters at the BBB can impair its ability to 

effectively clear neuronal Aβ peptides. This leads to aggregation of Aβ peptides on 

the blood vessels of the brain, known as cerebral amyloid angiopathy (CAA), the 

primary cause of vascular dementia in older population (Abuznait and Kaddoum, 

2012). 

 The ABC transporters are involved in detoxifying activities in the brain as they have 

been shown to facilitate the extraction of interstitial fluid (ISF) and cerebrospinal fluid 

(CSF) metabolites into the peripheral blood and complement the selective inhibition 

of toxic substrates into the CNS by the tight junctions of the BBB (Zlokovic, 2008; 

Qosa et al., 2015; Saunders et al., 2016). In addition, the expression of ABC 

transporters in glial and neuronal cells enhances waste regulation and restricted 

passage of xenobiotics in the CNS (ElAli and Hermann, 2011).  

Impaired functions of ABCA and ABCG families of transporters have been implicated 

in degenerative diseases of the brain as balanced concentration of cholesterol is 

importance for the maintenance of the CNS (Pereira et al., 2018). Changes in the 

expression of ABC transporters significantly impact the production and deposition of 

Aβ plaques thereby enhancing the development of toxic Aβ aggregates and 

oligomers (Bell and Zlokovic, 2009). These transporters can exhibit either protective 

or predisposing functions, related to the trafficking of cholesterol within the cells 

thereby impacting the pathology of AD (Abuznait and Kaddoumi, 2012; Wolf et al., 

2012). Targeting the activities of these transporters could be a therapeutic concept 

for AD. Using a mouse model of AD, Fitz et al. reported that treatment with LXR 

agonists increased ApoE and ABCA1 levels, which correlated with cognitive 

improvements and reduced Aβ deposition (Fitz et al., 2010). 
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1.18 Autophagy and protein Clearance in AD 

Amyloidogenic Aβ peptides are known to aggregate and oligomerize, leading to 

misfolded protein-induced stress in the endoplasmic reticulum (Fonseca et al., 2013). 

The two key processes of autophagy and proteasomal degradation are essential for 

regulating the degradation of cellular proteins and maintaining proteostasis (Boland 

et al., 2018; Evrard et al., 2018). Both processes can degrade fully folded as well as 

misfolded and aggregated proteins to reduce protein stress. Autophagy is the 

transport of cytoplasmic constituents into lysosomes (Mizushima, 2007). Autophagy 

is a well-known surveillance system that contributes to proteostasis and lysosomal 

degradation (Bourdenx et al., 2021). Loss of proteostasis increases with age as well 

as in neurodegenerative diseases such as AD (Ashkavand et al., 2020). Furthermore, 

defective autophagy has been proposed to be actively involved in the accumulation 

of protein aggregates in the elderly as well as in brain degenerative processes 

(Metaxakis et al., 2018). Autophagy is sub-divided into 3 groups namely: macro-

autophagy (MA), micro-autophagy (MI), and chaperone-mediated autophagy (CMA) 

(Li et al., 2011). 

Macro-autophagy is characterized by membrane elongation, which results in the 

formation of a double-membraned structure called an autophagosome that contains 

sequestered cytoplasmic material and eventually fuses with lysosomes to have its 

contents degraded (Nakatogawa, 2020). Macro-autophagy is further classified into 

selective and non-selective types, with the former specifically recognizing cargo 

proteins via various macro-autophagy adaptors/receptors. Macro-autophagy is 

strongly induced by starvation or stress (Yamamoto and Matsui, 2023). 

Micro-autophagy involves inward membrane deformation of the lysosomal 

membranes (or endosomal membranes in endosomal micro-autophagy (Mejlvang et 

al., 2018)) to generate intraluminal vesicles containing cytosolic materials that are 

eventually broken down in the lysosomes (Schuck, 2020; Wang et al., 2023). In 

endosomal micro-autophagy, a portion of endosomal intra-luminal vesicles is thought 

to be released to the extracellular space as exosomes. 

Macro-autophagy involves membrane elongation and micro-autophagy involves 

membrane internalization, and both pathways undergo selective or non-selective 

processes that transport cytoplasmic components into lysosomes to be degraded 
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(Figure 11). CMA, however, involves selective incorporation of cytosolic materials 

into lysosomes without membrane deformation (Yamamoto and Matsui, 2023). 

During macro-autophagy, autophagosomes deliver cytoplasmic constituents to 

endosomes or lysosomes, whereas during micro-autophagy lytic organelles take up 

cytoplasm directly (Schuck, 2020). Cargo recognition mechanisms are at least 

partially shared between macro-autophagy and micro-autophagy (Yamamoto and 

Matsui, 2023). 

In chaperone-mediated autophagy (CMA), membrane deformation is not involved 

(Kaushik and Cuervo, 2018) but substrate targeting requires recognition of a 

pentapeptide motif (KFERQ- like) in the substrate protein by the cytosolic chaperone 

HSPA8/HSC70 (Bourdenx et al., 2021). When the substrate/chaperone complex 

binds at the lysosome surface to LAMP2A (lysosomal-associated membrane protein 

2A), this triggers the LAMP2A multimerization into a translocation complex after 

substrate unfolding, mediating its lysosomal internalization for degradation (Bourdenx 

et al., 2021; Hosaka et al., 2021). CMA activity is at least partly regulated by the 

amount of LAMP2A. It has been reported that CMA activity is also correlated with 

macro-autophagy activity, which reflects crosstalk between CMA and macro-

autophagy (Yamamoto and Matsui, 2023). 

Several genetic risk variants for LOAD have been linked with autophagy (Acker et al., 

2019). Reduced expression of autophagy genes for autophagosome formation, such 

as Beclin 1 was shown in the susceptible brain regions of LOAD with worsened 

cognitive functions and increased amyloid plaque load as resultant effects of the 

suppression of these genes in AD experimental models (Pickfold et al., 2008, 

Lachance et al., 2019). Expression level of Beclin 1, a key protein necessary to 

initiate autophagy is significantly downregulated in early stage of AD suggesting that 

reduced Beclin 1 level promotes neurodegeneration and accelerates the 

accumulation of Aβ (Pickford et al., 2008; Lee and Gao, 2015). de la Cueva et al. 

(2022) APP/PS1 mice using suggested that Aβ overload may increase autophagy in 

addition to increasing mitophagy by increasing the autophagy from early stages of 

the amyloidogenic process.  

Reports from both in vitro and in vitro suggested that large amount of BACE1 is 

recruited into autophagy vesicles and transported to the soma, thereby augmenting 

transport to the lysosomes for degradation (Feng et al., 2017). However, in diseased 
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condition like AD, dysfunctional autophagy mechanism causes an impaired 

retrograde transport, resulting in accumulation of BACE1 and as a consequence 

enhances the processing of APP by BACE1 in axons (Cacace et al., 2016). Function 

of intracellular organelles like lysosomes are interfered with as a result of large 

amount of Aβ deposition, thereby increasing the accumulation of Aβ and promoting 

the progression of AD (Sasahara et al., 2013).  

Furthermore, several studies reporting the accumulation of immature 

autophagosomes in dystrophic neurites in AD brains demonstrates dysfunctional 

autophagosome clearance in neurons (Nixon et al., 2005; Tammineni et al., 2017; 

Lee et al., 2022). Recently, Choi and colleagues (2023) demonstrated the protective 

role of microglial autophagy in regulating the homeostasis of amyloid plaques and 

preventing senescence; suggesting it as a potential therapeutic strategy in AD. 

 

 

 

Figure 11: An overview of Autophagy (Adapted with permission from Parzych and 

Klionsky, 2014) 

1.19 mTORC Signaling in AD 

The mammalian target of rapamycin (mTOR) is a conserved protein kinase that plays 

a key role in controlling a balance between protein synthesis and degradation (Oddo, 
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2012). Its interaction with other proteins results in the formation of two major 

complexes namely, the mTOR complex 1 (mTORC1), that controls protein 

homeostasis and its activities are inhibited when treated with rapamycin as well as 

the mTORC2, which controls cellular shape by modulating actin function and is 

insensitive to rapamycin (Loewith et al., 2002, Wullschleger et al., 2006). Several 

studies have shown an increase of mTOR signaling following Aβ administration 

(Vander Haar et al., 2007; Ito et al., 2006; 2007; Zhang et al., 2009). The link 

between Aβ accumulation and the upregulation of mTOR signaling is supported by a 

study showing exposed primary neurons to different concentrations of synthetic Aβ 

monomers and Aβ oligomers for 24 hours results in increased phosphorylation of 

mTOR proteins (Bhaskar et al.,2009). mTOR is activated by upstream components 

such as phosphoinositide 3-kinase (PI3-K)/protein kinase B (Akt), glycogen synthase 

kinase 3 (GSK3), AMP-activated protein kinase (AMPK), and insulin/insulin-like 

growth factor 1 (IGF-1).  GSK3 isoforms (GSK3α/β) are crucial factors in numerous 

metabolic processes including cell cycle regulation, glycogen metabolism, 

transcription, translation (Buller et al., 2008). Compelling evidence indicates that Aβ 

deposits hyperactivate mTOR which in turn hyper-phosphorylates tau, forming PHF’s 

(Paired helical filaments), and NFT’s (Neurofibrillary tangles). In addition, GSK3 

hyper-phosphorylates tau at serine and threonine residues (Cai et al., 2015) and 

GSK3 hyperactivation is considered a link between amyloid pathology and tau 

hyperphosphorylation. GSK3β but not GSK3α has been reported to co-localize with 

neurofibrillary tangles (NFTs). GSK3β was reported in neurons in the early stages of 

tangle formation, implicating kinase active GSK3β in the pathogenesis of NFTs 

(Yamaguchi et al. 1996; Pei et al., 1999). Phosphorylation of GSK3α/β at Ser21/Ser9 

residues within the N-terminal domain has been reported to inactivate this kinase. 

1.20 ASX as a therapeutic candidate for T2D and AD 

Current treatment strategies for AD such as acetylcholinesterase inhibitors (AChEI) 

(tacrine, galantamine, rivastigmine and donepezil) (Summers et al., 1981; 1986, 

Birks, 2006) and memantine, a low affinity NMDA receptor antagonist (McShare et 

al., 2006; Schmidt et al., 2015) focus on increasing cholinergic activity in the brain of 

AD patients to address the cholinergic deficit which, however, only brings about 

symptomatic relief without addressing the probable main and underlying causes of 

AD involving tau proteins and β-amyloid proteins. Furthermore, anti-tau antibodies 
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have failed in clinical trials (Mullard et al., 2021; Dam et al., 2021; Höglinger et al., 

2021; Shulman et al., 2021; Monteiro et al., 2021; Slomski, 2022), and two recently 

approved anti-amyloid monoclonal antibodies, Aducanumab and Lecanemab, are 

expensive and have considerable side effects (Mintun et al., 2021; Swanson et al., 

2021; Lacorte et al., 2022; Cummings, 2023).  lt is, therefore, important to look for 

other possible interventions to develop new experimental drugs and/or repurpose 

approved drugs that target tau proteins and amyloid proteins and that are relatively 

inexpensive and easily accessible. 

ASX is a lipid-soluble keto carotenoid synthesized by a number of microorganisms 

and various types of marine organisms (Choi, 2019). ASX is one of the most potent 

antioxidants found in nature (Ambati et al., 2014). ASX, a xanthophyll carotenoid can 

be obtained from Algae species like Chlorella zofingiensis, Chlorococcum, and 

Phaffia rhodozym, Hematococcus pluvialis (Ambatti et al., 2004). ASX can also be 

obtained in natural or supplemented form from aquatic foods like salmon, trout, krill, 

shrimp, crayfish, and crustaceans. Studies from our group and others have also 

reported the ability of ASX to cross the BBB thereby ameliorating BBB dysfunction 

(Zhang et al., 2014; Danesh-Fanaee et al., 2019).  

PPARα is a member of the nuclear receptor PPAR family (Yoo et al., 2021). Natural 

ligands like fatty acid and synthetic ligands such as hypolipidemic fibrates activate 

PPARα, resulting in a stimulation of tart gene transcription via formation of 

heterodimer complexes with retinoid x receptor (RXR) (Fruchart et al., 1999). ASX 

activates PPARα and antagonizes PPARγ, another member of the PPAR family (Jia 

et al., 2012; Choi et al., 2019). ASX was reported to increase the expression of 

peroxisome proliferator-activated receptor-alpha (PPARα), downregulate peroxisome 

proliferator-activated receptor-gamma (PPARγ), to stimulate the bile acid synthesis 

pathway and inhibit cholesterol biosynthesis (Jia et al., 2012). In addition, ASX 

exhibits potential pharmacological activities, like immunomodulation, antioxidant, anti-

apoptotic, anti-inflammatory, anti-cancerous and antidiabetic properties (Ambati et 

al., 2014; Zhang et al., 2014a; 2014b; Zhou et al., 2015). The neuroprotective effects 

of ASX have been corroborated previously in vitro (Lobos et al., 2016), in vivo (Che 

et al., 2018; Rahman et al., 2019; Danesh-Fanaee et al., 2019) and in clinical studies 

(Ito et al., 2018). Due to ASX’s high antioxidant and anti-inflammatory properties, 
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several studies suggest its potentials in ameliorating wide range of brain disorders 

like AD, Parkinson, depression, brain stroke and autism (Cunha et al., 2023). 

In a randomized double-blind placebo-controlled study by Katagiri et al., ASX 

supplementation was reported to improve cognition in healthy middle-aged and 

elderly subjects who complained of age-related forgetfulness (Katagiri et al., 2015). 

Furthermore, Yook et al., reported that ASX supplementation improved adult 

hippocampal neurogenesis (ADH), plasticity and spatial memory in male C57BL/6J 

mice fed diet supplemented with ASX (Yook et al., 2015). ASX was also reported to 

protect against deleterious effects caused by high glucose exposure (Kim et al., 

2009). In addition, Xu and colleagues showed that ASX was able to enhance 

cognitive function and reduce cerebral inflammation in a diabetic rat model (Zu et al., 

2015).  

Recently, we reported the Aβ clearance ability of ASX in primary porcince brain 

capillary endothelial cells (pBCECs) and its anti-inflammatory potentials in LPS 

stimulated Organotypic hippocampal slice culture (OHSC) (Babalola et al., 2023). 
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2   STUDY RATIONALE AND HYPOTHESIS 

Aggregation and misfolding of Aβ and tau proteins are believed to arise from post-

translational modification processes like phosphorylation, truncation, racemization, 

isomerization and pyroglutamylation. Defective degradation and clearance of 

misfolded amyloid-β as well as inflammation per se are crucial players in the 

pathology of AD. A defective transport across the blood-brain barrier is causative for 

amyloid-β (Aβ) accumulation in the brain and has been reported to be an early event 

in the pathophysiology AD. Numerous studies link metabolic dysfunctions such as 

obesity, T2D, and dyslipidemia with the pathophysiology of AD. However, to date, no 

disease modifying therapeutic agents with clear clinical benefits exist. Tau targeting 

antibodies have failed in clinical trials and there are controversies regarding the 

already FDA approved anti-amyloid antibodies. Hence, there is an urgent need to 

look into other potential strategies to devise new experimental drugs and/or 

repurposing approved drugs targeting tau proteins and β-amyloid proteins that are 

relatively cheap and easily accessible. 

To this end, we hypothesized that adding another risk factor (T2D) beside 

pyroglutamylation (hQC) could lead to a more severe AD pathology and that ASX 

supplementation could ameliorate pathophysiological manifestations associated with 

AD. To test our hypothesis in vitro, we used a BBB model composed of primary 

porcine brain capillary endothelial cells (pBCEC) and Organotypic hippocampal slice 

culture (OHSC) containing neurons, astrocytes and microglia cells. For in vivo studies 

we worked with APPxhQC mice, a model for pGlu-Aβ and their non-transgenic (NTG) 

littermates.  

Hence, the dissertation is divided into two parts. 

Part One: In vitro studies 

Aim: To interrogate the Aβ clearance and anti-inflammation activities of ASX in vitro 

We evaluated: 

• the ability of ASX to lower APP levels and clear Aβ at the BBB even in the 

presence of exogenous Aβ in pBCEC via endothelial receptor mediated efflux 

(ABC Transporters and LRP1). 
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• the anti-inflammatory activity of ASX in LPS stimulated OHSC. 

Part 2: In vivo studies 

Aim 1: To understand the impact of T2D on AD pathology in APPxhQC mice 

expressing higher levels of pGlu-Aβ peptides and their non-transgenic littermates.  

We examined: 

• Impact of the presence or absence of hQC (pyroglutamylation)/APP and T2D 

mimicking diet on glycemic and lipid parameters. 

• Impact of the presence or absence of hQC (pyroglutamylation)/APP and T2D 

mimicking diet on Aβ metabolism. 

• Impact of the presence or absence of hQC (pyroglutamylation)/APP and T2D 

mimicking diet on cognitive function. 

• Impact of the presence or absence of hQC (pyroglutamylation)/APP and T2D 

mimicking diet on peripheral (liver) and cerebral (brain) nutrient sensing 

pathways. 

Aim 2: To investigate if ASX supplementation could ameliorate accompanying 

pathophysiological manifestations due to combined effects of the presence or 

absence of hQC (pyroglutamylation)/APP and T2D mimicking diet and the 

mechanism(s) involved. 

We evaluated: 

• Effect of ASX supplementation on glycemic and lipid parameters. 

• Effect of ASX supplementation on Aβ burden. 

• Effect of ASX supplementation on cognition. 

• Effect of ASX supplementation on nutrient sensing pathways. 
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3.0   MATERIALS AND METHODS 

3.1 Chemicals and reagents used for in vitro studies 

Chemicals bought are listed in Table 2 

Table 2: Cell culture reagents and chemicals  

Product Company 

75 cm2 cell culture flasks  Greiner Bio-One 

6-,12-well and 96-well plates Greiner Bio-One 

Fisherbrand™ Superfrost™ Plus Fischer Scientific 

Medium 199 (1x) Life technologies 

Minimum essential medium (MEM, 10x) Life technologies 

Dispase Life technologies 

Collagen G from bovine calf skin M&B Stricker 

Penicillin/streptomycin/gentamycin PAA Laboratories 

Trypsin-ethylene diamine tetra acetic 

acid (EDTA) 

PAA Laboratories 

Horse serum PAA Laboratories 

L-glutamine PAA Laboratories 

Collagenase/dispase Roche 

Percoll® pH 8.5- 9.5 Sigma- Aldrich 

Dextran VWR 

ASX Sigma- Aldrich 

 

3.1.1 Phosphate buffer saline (PBS) 

 40 g NaCl, 1.5 g KCl, 0.1 g KH2PO4, 0.457 g Na2HPO4 (2 H2O) and 10 g glucose 

were weighed and dissolved in five liters of double distilled water (d2 H20), filter 

sterilized and autoclaved. 

3.1.2 Collagenase/dispase solution  

100 mg collagenase/dispase was dissolved in 10 mL plating medium A, sterile filtered 

through a 0.2 µm pore size nylon wool filter, 350 µl aliquots were made and stored at 

– 20°C. 
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3.1.3 Dextran solution  

200 g dextran, 2.4 g NaHCO3 and 109.1 ml MEM (10x) were dissolved in 1.2 L of 

d2H2O, stirred overnight at 4°C to dissolve, d2H2O was added to adjust density to 

1.0612. The solution was autoclaved and stored in 500 ml glass bottles at 4°C. 

3.1.4 Percoll® biphase solution 

 • 1.03 g/ml density solution: 40 ml 1 X PBS, 9 ml Percoll® pH 8.5- 9.5 and 1 ml 

DMEM (1x) were mixed and stored in 50 ml falcon tubes at 4°C.  

• 1.07 g/ml density solution:  20 ml 1 X PBS, 27 ml Percoll® pH 8.5- 9.5 and 3 ml 

DMEM (1x) were mixed and were stored as 50 ml aliquots at 4°C. 

3.1.5 Collagen G solution for coating flasks and cell culture plates  

Mix 450 µl (for 60 µg/ml) or 900 µl (for 120 µg/ml) of Collagen G stock solution (4 

mg/ml) with 30 ml PBS (1x) freshly for every coating experiment. 

3.1.6 Preparation medium  

 M199 (1x) medium with 1% penicillin/ streptomycin, 1% gentamycin and 1 mM L-

glutamine. 

3.1.7 Plating medium A  

M199 (1x) medium with 10% horse serum, 1% penicillin/ streptomycin, 1% 

gentamycin and 1 mM L-glutamine. 

3.1.8 Plating medium B  

Same as medium A without 1% gentamycin.  

3.1.9 Serum free (SF) medium  

To 500 ml Medium M199 (1x), 1 % penicillin/ streptomycin and 1 mM L-glutamine 

were added and the resulting medium was stored at 4°C. 
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3.1.10 Preparation of slicing solution for organotypic hippocampal 

slice cultures (OHSC) 

One μl of Glucose (20 μM) was added to 50 ml Opti-MEM, solution was equilibrated 

at 4°C. 

3.1.11 Preparation of HBSS medium for organotypic hippocampal 

slice cultures (OHSC) 

Two hundred and fifty μl of Glucose (10 mM) was added to 25 ml CMF-HBSS, 

solution was equilibrated at 4°C. 

3.1.12 Preparation of culture medium for organotypic hippocampal 

slice cultures (OHSC) 

1250 μl of Glucose (25 mM), 0.5 % penicillin/ streptomycin, 25 % Horse serum, 25 % 

CMF-HBSS were added to 25 ml MEM/EBSS medium.  

3.1.13 Dexamethasone stock preparation 

0.4 mg of Dexamethasone purchased from Sigma Aldrich was dissolved in 0.102 ml 

DMSO (10 mM) as a stock solution and freshly. 

3.1.14 Lipopolysaccharide (LPS) stock preparation 

LPS purchased from Sigma Aldrich was prepared as 1000 µg/ml stock solution and 

stored at 4°C 

3.1.15 Amyloid-β peptide stock solution 

One mg recombinant human amyloid-beta peptide (Aβ1-40) vials were purchased 

from Rpeptide, USA, as hexafluoroisopropanol (HFIP) dissolved films. Each 1 mg vial 

was dissolved in 1 ml of 1% NH4OH, vortexed for 30 sec until the film was invisible. 

Twenty μl aliquots of 1 μg/μl Aβ40 stocks were made, stored at - 20°C and were used 

within 1 month. 

3.1.16 ASX stock solution 

2.7 mg of ASX purchased from Sigma Aldrich was dissolved in 4.54 ml DMSO (1 

mM) as a stock solution and stored in aliquots at -20oC.  
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3.1.17 Fenofibrate stock solution 

2.4 mg of Fenofibrate bought from Sigma Aldrich was dissolved in 6.65 ml DMSO (1 

mM) as a stock solution and stored in aliquots at -20oC.  

3.1.18 GW6417 stock solution 

1 mg of GW6417 purchased from Cayman chemicals was dissolved in 1 ml DMSO 

(6.1 mM) as a stock solution and stored in aliquots at -20oC.  

3.1.19 Bafilomycin A1 stock solution 

Bafilomycin A1 purchased from Sigma Aldrich was dissolved in DMSO as 10 µM 

stock solution and stored in aliquots at -20oC. 

3.2 Chemicals and solutions used for RNA isolation, cDNA 

synthesis and quantitative Real time PCR (RT-qPCR)  

All products and reagents used for RNA isolation and RT-qPCR are listed in Table 3. 

Pre-validated primers for RT-qPCR were purchased from Invitrogen by Thermo 

Fisher Scientific (Table 3) 

Table 3: Materials used for RNA isolation, cDNA synthesis, and RT-qPCR 

Product  Company 

SsoAdvanced™ Universal SYBR® 

Green Supermix 

Biorad 

Hard-Shell® Low-profile thin-wall 96-

well skirted PCR plates 

Biorad 

High-Capacity cDNA Reverse 

Transcription Kit 

Thermo Fisher Scientific 

Microseal ‘B’ Adhesive seals for PCR 

plates 

Biorad 

0.2 ml PCR tubes Biorad 

Icycler iQ™, Real-time PCR detection 

system 

Biorad 

OneTouch filter-tips, 10 µl Biozym 

Nuclease-free water Carl Roth 

TriReagent RT Molecular Research Center, Inc 

PCR thermal cycler XT 96 VWR 
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3.3 Isolation and culture of primary porcine brain capillary 

endothelial cells  

Primary porcine brain capillary endothelial cells (pBCEC) were isolated from 3 pooled 

hemispheres of freshly slaughtered pigs (~6 months old, male and female) according 

to the protocol previously described by Franke and colleagues with minor 

modifications (Chirackal et al., 2014; Franke et al., 2000). Porcine brains were 

obtained from the local slaughterhouse and meninges and blood vessels were 

removed. The gray and white matter of the brain cortex were then chopped using a 

cutter with rolling plates. To isolate the capillaries, dispase, a protease (70 mg/brain) 

was dissolved in 40 ml of Preparation Medium (Earle’s medium M199 1X, 1% P/S, 

1% gentamycin and 1 mM L-glutamine), chopped brains added and incubated for 1 h 

in the water bath at 37 °C with gentle stirring. After incubation, 150 ml dextran 

solution (200 g dextran, 2.4 g NaHCO3 and 109.1 ml MEM (10x) were dissolved in 

1.2 L of d2H2O, stirred overnight at 4°C to dissolve, density was adjusted to 1.0612 

g/l) was added, mixed, and the suspension was centrifuged (8,000 g, 10 min, 4°C). 

The pellet was resuspended in Medium A (Earle’s medium M199 1X, 1% P/S, 1% 

gentamycin, 1 mM L-glutamine and 10% porcine serum) and the capillaries were 

isolated by filtering the suspension through a nylon mesh. Then, capillaries were 

disrupted enzymatically by adding 350 μl collagenase/dispase (10 mg/ml). The 

suspension was carefully pipetted onto a percoll bi-phase gradient (15 ml of 1.07 g/ml 

percoll solution on the bottom, 20 ml of 1.03 g/ml percoll solution on top) and 

centrifuged (1,300 g, 10 min, RT) in a swinging bucket rotor. Endothelial cells were 

aspirated from the interphase and washed once with Medium A. Cells were plated 

onto collagen-coated 75 cm² cell culture flasks in Medium A and incubated at 37°C in 

humified air containing 5% CO2. After 24 h, pBCEC were washed twice with 1x PBS 

and cultured in Medium B (Earle’s medium M199 1X, 1% P/S, 1 mM L-glutamine and 

10% porcine serum) until reaching confluency. After 3 days, confluent pBCEC were 

trypsinized using 0.5% trypsin solution and split onto collagen-coated 6-well (60 

μg/ml collagen) or chamber slides (120 μg/ml collagen) and incubated for 3 days in 

Medium B. Media were changed to serum-free on the day of treatment and pBCEC 

were incubated with ASX (10 μM), GW6417 (1 μM) and fenofibrate (1 μM) for 16 

hour prior to Aβ40 (240 nM) for another 6 hour (Gali et al., 2019) or bafilomycin A1 

(100 nM) for 4 hour. Media were removed, cells were washed twice with cold 1x PBS 
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and lysed in either protein lysis buffer (50 μl/well) or Tri Reagent (500 µl/well) for 

protein and RNA isolation, respectively. 

3.4 Culture and treatment of organotypic hippocampal slice cultures (OHSC)  

Organotypic hippocampal slice cultures were performed according to the protocol 

previously described by Croft and others (Croft et al., 2019). P9/P10 mouse pups 

were decapitated, skin and skull gently removed, and brains immersed in slicing 

medium. Brains were hemisected and the hippocampus was isolated. The 

hippocampus was placed on the cutting disc of a McIlwain Tissue Chopper (Cavey 

Laboratory Engineering Co, Surrey, UK). Hippocampal slices of 300 µm thickness 

were chopped transversely. Nine slices per hippocampus were placed onto porous 

(0.4 µm), transparent membrane inserts (30 mm in diameter) and incubated for 1 h 

on ice in HBSS medium containing 10 mM glucose. Afterwards inserts were 

transferred to fresh 6-well plates containing 1.2 ml culture medium (50% MEM/EBSS, 

25% horse serum, 25%CMF-HBSS, 25 mM glucose, 0.5% pen/strep). Slices were 

maintained at 37°C and 5% CO2. The full medium was changed between days in 

vitro (DIV) 3 and 5. On DIV8, culture medium was replaced with serum-reduced 

treatment medium (MEM/EBSS, 5% horse serum, 25 mM glucose) and slices were 

maintained in this medium for the remaining treatment period. After changing to 

serum-reduced medium, ASX (50 μM) and the control compound dexamethasone 

(10 μM) were added 2 hours before LPS stimulation (10 ng/ml in medium). Cells 

treated with vehicle and cells treated with LPS alone served as controls. Twenty-four 

hours after LPS stimulation, cell supernatants were collected for cytokine 

measurements. Slices were lysed with 500 µl of TRIzol for RNA and protein isolation.  

3.5 RNA isolation from mouse tissue or endothelial cells 

Cell culture plates were transferred on ice to a fume hood, 500 μl Tri reagent was 

added to each well, and contents were scraped and transferred into 1.5 ml Eppendorf 

tubes. For liver sample, 1 ml tri reagent was added to liver tissues in each tube.  

Tissue samples with 1 ml of tri reagent were homogenized with Ultra-Turrax 

homogenizer prior to incubation. Tubes were incubated at room temperature (RT) for 

5 min to allow complete dissociation of nucleoprotein complexes. Fifty μl 4-

bromoanisole (BAN) phase separation reagent was added, tubes were vortexed for 

10 seconds and, were incubated for 20 min at RT. After incubation, tubes were 

centrifuged at 12,000 g at 4°C for 15 min. Following centrifugation, phase separation 
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is achieved, indicated by residual DNA, proteins and polysaccharide precipitate in the 

organic phase at the bottom of tube, while RNA residues stay as soluble supernatant. 

400 μl of supernatant was carefully pipetted in to a new tube without collecting the 

residuals at the interface. Equal amounts of isopropanol were added to each tube 

and RNA was precipitated for 10 min at RT. Next, tubes were centrifuged 12,000 g 

for 10 min to pellet the RNA precipitate. Washing was performed by adding 500 μl of 

75% ethanol (v/v) to each tube and centrifugation at 8,000 g for 5 min, washing step 

with 75% ethanol (v/v) was repeated once more to remove residual isopropanol 

contamination from RNA pellet. The RNA pellet was dissolved in 60 μl of RNAse-free 

water and incubated for 10 min at 55°C on a heat block with shaking to dissolve the 

pellet in water.  

RNA concentrations were measured at 260 nm using NanoDrop (Thermo scientific, 

Wilmington, USA). Two μl RNA solution was used to determine the concentration. 

Using the following equation RNA concentration was determined:    

  

c(ngRNA/μl) = λ 260nm x 40 

3.5.1 cDNA preparation  

Complementary DNA was prepared from RNA by reverse transcription. One μg RNA 

in 10 μl (adjusted with NF d2H2O) was reversely transcribed by using a High-

capacity cDNA Reverse Transcription kit (Applied Biosystems, Foster City, CA). 

Table 4: High-Capacity cDNA Reverse Transcription (master mix composition) 

Component  Volume (µl) /reaction 

10 x RT buffer 2.0 

25x dNTP-Mix (100mM) 0.80 

10x Random Primer 2.0 

Multiscribe reverse transcriptase 1 

NF H2O 4.20 

1 μg RNA/10 μl NF H2O 10 

Total volume per reaction 20 
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Table 5: Reverse transcription thermal cycling conditions 

Steps S1 S2 S3 S4 

Temperature 25°C 37°C 85°C 4°C 

Time 10 min 120 min 5 sec ∞ 

 

3.5.2 RT-qPCR  

For RT-qPCR analyses, cDNA (1000 ng/20 μl) was diluted 1:10 in NF d2H2O to 

achieve 5 ng/μl cDNA. Two μl of 5 ng/μl cDNA, 0.2 μl of forward and reverse primers 

(stock solution of 100 µM, diluted 1:10 with NF H2O), 2.6 μl of NF H2O and 5 μl 

SsoAdvanced™ Universal SYBR® Green Supermix were pipetted into a Hard-Shell 

96 well PCR plate. 

Table 6: Primers used for RT-qPCR 

Gene 

 

Specie 

 

Forward sequence  

 

Reverse sequence 

 gapdh Mus musculus 

 

GACTTCAACAGC

AACTCCCAC 

TCCACCACCCTGT

TGCTGTA neprilysin Mus musculus 

 

TCCTGACTATCA

TAGCGGTGAC 

GACGTTGCGTTTC

AACCAGC lrp1 

 

Mus musculus 

 

CCGCATCTTCTT

CAGTGACA 

ACAGAGCCCACA

TTTTCCAC abca1 

 

Mus musculus 

 

ATTGCCAGACGG

AGCCG 

TGCCAAAGGGTG

GCACA abcg1 

 

Mus musculus 

 

CAAGACCCTTTT

GAAAGGGATCTC 
 
GCCAGAATATTCATGA

C fgf21 

 

Mus musculus 

 

TCCAAATCCTGG

GTGTCA AA 

CAGCAGCAGTTC

TCTGAA GC pparα 

 

Mus musculus 

 

AGAGCCCCATCT

GTCCTCTC 

ACTGGTAGTCTG

CAAAACCAAA pparγ2 

 

Mus musculus 

 

GATGCACTGCCT

ATGAGCACTT  

GAATGGCATCTCT

GTGTCAACC pgc1α 

 

Mus musculus 

 

AGCCGTGACCA

CTGACAACGAG 

GCTCATGGTTCTG

AGTGCTAAG pgc1β 

 

Mus musculus 

 

GGACGCCAGTG

ACTTTGACT 

TTCATCCAGTTCT

GGGAAGG srebf1 

 

Mus Musculus 

 

GGAGCCATGGA

TTGCACATT 

GGCCCGGGAAGT

CACTGT srebf2 Mus musculus 

 

CCAAAGAAGGA

GAGAGGCGG 

CGCCAGACTTGT

GCATCTTG lxrα Mus musculus 

 

CTCAATGCCTGA

TGTTTCTCCT 

TCCAACCCTATCC

CTAAAGCAA cd 31 Sus scrofa 

domesticus 

CGAGGTCTGGG

AACAAAGGG 

AGCCTTCCGTTCT

AGAATATCTGTT zo-1 Sus scrofa 

domesticus 

ACCCACCAAACC

CACCAA 

CCATCTCTTGCTG

CCAAACTATC pdgfr-β 

 

Sus scrofa 

domesticus 

TGGACACCGGA

GAATACTTTTG 

ACTCGGCATGGA

ATTGTGGT gfap 

 

Sus scrofa 

domesticus 

ACATCGAGATCG

CCACCTAC 

ACATCACATCCTT

GTGCTCC 
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map2 

 

Sus scrofa 

domesticus 

TGCCGGAAGAG

TCAAAGATGA 

CTGATCAAACTCC

TTACTCAGTCCTG abca1 

 

Sus scrofa 

domesticus 

GCCATTCTCCGG

GCCAAC 

GGCTTCACGCCG

CTGAT abcg1 

 

Sus scrofa 

domesticus 

GTTCTCCACGTC

CAGCTCTC 

TCAGGGTTCTTG

GTCAGCTT lrp1 

 

Sus scrofa 

domesticus 

GCAGATGTATCA

ACATCAACTGG 

GGGTGCTAGAGC

AAGAGTGG tubulin 

 

Sus scrofa 

domesticus 

CCCTCAGCCTTC

TTCAACTG 

GGTTACCCAGAA

TGGCAGAA hprt 

 

Sus scrofa 

domesticus 

AGGACCTCTCGA

AGTGTTGG 

CAGATGGCCACA

GGACTAGA arginase 1 

 

Mus musculus 

 

TGCTCACACTGA

CATCAACAACAC

TCTACGTCTCGCA

AGCCAATGTAC  

Gene 

 

Specie 

 

Assay Name 

 

Cat No 

 

Lot 

 il-10 

 

Mus 

musculus 

Mm_Il10_1_SG 

 

QT00106169 

 

231424760 

 
il-6 

 

Mus 

musculus 

Mm_Il6_1_SG 

 

QT00098875 

 

231424816 

 
itgam 

 

Mus 

musculus 

Mm_Itgam_1_SG 

 

QT00156471 

 

341211764 

 
hprt 

 

Mus 

musculus 

Mm_Hprt_1_SG 

 

QT00166768 

 

231424759 

 
 

Table 7: Real-time PCR mix 

Constituent Volume 

SsoAdvanced™ Universal SYBR® 

Green Supermix 

5 µl 

cDNA 2 µl 

Forward primer (0.2 µM) 0.2 µl 

Reverse primer (0.2 µM) 0.2 µl 

Nuclease free water 2.6 µl 

Total volume 10 µl 

 

The 96-well plate was centrifuged for 1 min at 400 rpm to collect the mixture at 

bottom of the well and was loaded onto an Icycler iQ™, RT-qPCR Detection System 

(Biorad). 

Table 8: RT-qPCR program conditions 

Steps Temperature Time Cycles 
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Denaturation 95°C 5 min 1 

Amplification 95°C 

60°C 

10 sec 

30 sec 

40 

Melting Curve 95°C 

60°C 

10 sec 

20 sec 

1 

1 Cool down 40°C 

 

20 sec 1 

 

Tubulin, hypoxanthine guanine phosphoribosyl transferase (HPRT) and 

Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) were used as housekeeping 

gene for relative gene expressions. The 2-ΔΔCT method was used to calculate 

relative gene expression of desired gene, later normalized to the house-keeping 

genes 

3.6 Protein isolation from cell and tissues  

Proteins from pBCEC were isolated by lysing the samples in Protein lysis buffer 

(PLB) by sonicating the lysates in water bath with ice (3 min X 2 times), vortexing the 

tubes for 30 sec and by centrifuging (Microcentrifuge, Qualitron DW- 41) the lysates 

at 12,000 g for 10 min at 4°C. Supernatants containing proteins were collected in 

fresh tubes and pellets were discarded. For isolation of secreted proteins, pBCEC 

medium was collected and stored at -80°C. Proteins were precipitated by adding 

30% (v/v) trichloroacetic acid. After 1 hour incubation on ice, the suspension was 

centrifuged at 10,000 g for 10 min at 4°C. The pellet was washed twice with ice-

cooled acetone, centrifuged at 10,000 g for 10 min at 4°C, and dissolved in 1x 

sample buffer (Biorad) containing 1x reducing agent (Kober et al., 2017). Brain and 

liver tissues were weighted and lysed in 10 volumes of tissue homogenizing buffer 

(TBH) containing protease and phosphatase inhibitor using Ultra-Turrax T8 Tissue 

homogenizer (IKA Labor Technik).  

3.6.1 Determining protein concentration of cell or tissue lysates  

To identify the protein concentration of tissue samples or cell lysates, Bicinchoninic 

acid assay (BCA) was performed. Bovine serum albumin (BSA) standards were 

prepared in PLB buffer from a BSA stock solution (2 mg/ml). A serial dilution of BSA 

standard was made to achieve concentrations from 2 mg/ ml to 0.125 mg/ml to attain 

a standard curve. Four μl of standard and protein samples were pipetted in replicates 

into a microplate well. BCA reagent A and B were mixed in a ratio 1:50, vortexed and 
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100 μl of the mixture was dispensed in the wells containing standards, samples and 

PLB blank. Plates were incubated for 30 min at 37°C in a water bath. After 

incubation, absorbance was determined at 562 nm using a plate reader. Protein 

concentration of each sample was determined using the linear regression of the BSA 

standard curve. 

3.7 Western blotting (WB) 

Table 9: Buffers and reagents used for WB 

Product Company 

XT sample buffer (4x) Biorad 

XT sample reducing agent (20x) Biorad 

Blotting-grade blocker, non-fat dry milk  Carl Roth 

Clarity Western ECL-Substrate Biorad 

IKA® Model MS1 minishaker Carl Roth 

Microcentrifuge, Qualitron DW- 41 Carl Roth 

PhosSTOP™ Sigma Aldrich 

Trans-Blot Turbo RTA midi 0.2 µM 

Nitrocellulose transfer kit 

Biorad 

4–12% Criterion™ XT Bis-Tris Protein 

Gel, 18 well, 30 µl 

Biorad 

XT MES Running Buffer Biorad 

Pierce® BCA Protein Assay Kit Thermo Scientific 

BSA, 2 mg/ml Thermo Scientific 

ChemiDoc™ Imaging Systems Biorad 

Centrifuge Sigma 3K15 with angle 

rotor 12154-H 

Sigma 

Protease Inhibitor Cocktail tablets Sigma Aldrich 

Magnetic stirrer with heating, MR 

3001, Heidolph 

VWR 

Ultra-Turrax T8 Tissue homogenizer IKA Labor Technik 

Cell Proliferation Reagent WST-1 Roche 

Spectro Star Nano BMG LABTECH 
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Table 10: Wash buffer (TBS-T) (pH 8.5) 

Compound Volume 

Tris, (1 M; pH 7.5) 20 ml 

NaCl (5 M) 100 ml 

Tween 20 1 ml 

d2H2O Up to 1 L 

 

3.7.1 Tissue Homogenizing Buffer (THB)  

Forty-two-point eight g of Sucrose, 10 ml Tris (1 M, pH 7.4), 5 ml EDTA (100 mM), 

12.5 ml EGTA (40 mM) 1 tablet of protease inhibitor cocktail, 1 tablet of phosphatase 

inhibitor were dissolved in 300 ml d2H2O, the final volume was adjusted to 500 ml 

with d2H2O. 

3.7.2 Protein lysis buffer (PLB)  

Fifty mM Tris, pH 7.5, 10 mM EDTA, 1% Triton-X-100, 1 tablet of protease inhibitor 

cocktail, 1 tablet of phosphatase inhibitor were dissolved in 5 ml of d2H2O, the final 

volume was adjusted to 10 ml with d2H2O and 1 ml aliquots were stored at -20°C 

until use.  

3.7.3 Blocking buffer  

Blotting-grade blocker (non-fat dry milk) was dissolved in TBS-T to achieve 5% milk 

protein, herein referred to as blocking buffer. 

3.7.4 Sample preparation and SDS-polyacrylamide gel 

electrophoresis (PAGE)  

Equal concentrations of protein lysates were mixed with XT loading dye and reducing 

agent to achieve a 1X final concentration, samples were heated on a heat block at 

95°C for 5 min to denature the proteins. Sample tubes were spun-down on a tabletop 

centrifuge to collect the mixture. Samples (10 or 20 µg of protein) were loaded onto 

4–12% Criterion™ XT Bis-Tris Protein gels and electrophoresis were performed 

using MES running buffer, for 140V for 80 min to achieve separation of proteins. 
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3.7.5 Protein transfer from gel to membrane  

Semi dry electrophoretic transfer of proteins to nitrocellulose membranes was done in 

a Trans-blot turbo transfer system (Biorad). Prior to building the sandwich in the 

cassette, membrane and transfer stacks were soaked in transfer buffer for 5 min to 

remove any trapped air bubbles. The transfer sandwich was prepared starting with 

the wetted transfer stack, membrane, gel and finally wetted transfer stack. Semi dry 

transfer was performed at 2.5V, 1.0A for 30 min or 2.5V, 2.5A for 7 min. 

3.7.6 Ponceau S staining of proteins  

Half a g of Ponceau S was dissolved in 25 ml acetic acid and the volume adjusted 

with d2H2O to 1 L. To stain proteins immediately after the transfer, blots were 

incubated with 50 ml of fresh Ponceau S solution for 10 min at RT with gentle 

shaking. After 10 min incubation, blots were washed with tap water 3 times until the 

background was clear. Ponceau S images were taken using a ChemiDoc™ imaging 

system. Immediately, blots were washed with tap water 3 X 5 min with shaking at RT 

to destain Ponceau S. After destaining, blots were processed for blocking.  

3.7.7 Membrane blocking  

Membranes were blocked using blocking buffer (pH 8.5) for 1 hour with constant 

gentle shaking at RT. 

3.7.8 Primary antibody incubation 

Primary antibodies were prepared in 5% non-fat dry milk protein or BSA (for 

phosphorylated proteins) dissolved in TBS-T (pH 8.5) according to the 

manufacturers’ suggestions. Blots were incubated overnight at 4°C in a cold room 

with constant shaking.  

3.7.9 Washing the blots  

Washing was done using washing buffer (1x) (Table 10), 3 X 5 min at RT with 

constant shaking after every primary and secondary antibody incubations.  
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3.7.10 Secondary antibody incubation  

Rabbit, mouse, and goat HRP labeled secondary antibodies were used. Antibody 

incubations were performed in 5% non-fat dry milk protein in TBS-T (pH 8.5) for 60 

min at RT with constant shaking. 

3.7.11 Signal detection on Western blots and semi-quantitative 

analysis  

Signal detection was performed using Clarity Western ECL substrate (Bio-Rad, 

Germany). In brief, 8.5 X 13.5 cm blots were incubated with 1 ml ECL substrate 

mixture for 5 min at RT. Chemiluminescence was detected using a ChemiDoc™ 

imaging system. Signal quantification was performed by densitometry using 

ImageLab™ software, band intensities were normalized to corresponding band 

intensities of the housekeeping proteins GAPDH or Tubulin. 

Table 11: List of antibodies used for western blotting  

Antibody Dilution Company Protein 

Mouse anti-ABCA1 1:1000 Abcam ABCA1 

Rabbit-anti-LC3B 1:1000 Cell Signaling LC3B I/II 

Rabbit-anti-p62 1:1000 Cell Signaling p62 

Rabbit-anti-S6rp (5G10) 1:1000 Cell Signaling S6rp 

Rabbit-anti-p-S6rp 1:1000 Cell Signaling p-S6rp 

Rabbit-anti-p-mTOR 1:1000 Cell Signaling p-mTOR 

Mouse-anti-mTOR 1:1000 Cell Signaling mTOR 

Mouse-anti-Tubulin 1:1000 Cell Signaling Tubulin 

Goat anti-rabbit IgG- 1:10000 Cell Signaling  

Goat anti-mouse IgG- 1:5000 Cell Signaling  

Rabbit -anti-AKT (pan) 1:2000 Cell Signaling Total AKT 

Rabbit-anti-p-AKT 1:2000 Cell Signaling p-AKT 

Rabbit-anti- p44/42 1:2000 Cell Signaling ERK 

Rabbit-anti-p- 44/42 1:2000 Cell Signaling   p-ERK 

Rabbit-anti-p-65NFκB 1:2000 Cell Signaling p-65 NFκB 

Rabbit-anti-p38-MAPK 1:2000 Cell Signaling p-38 
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Rabbit-anti-p-p38 MAPK 1:2000 Cell Signaling p-p38 

Rabbit-anti-LRP1 1:1000 Abcam LRP1 

Rabbit-anti-IR-β (4B8) 1:1000 Cell Signaling IR-β 

Rabbit-anti-LAMP2A 1:1000 Abcam LAMP2A 

Rabbit-anti-Beclin1 1:1000 Cell Signaling Beclin1 

Rabbit-anti-ATG5 1:1000 Cell Signaling ATG5 

 

3.8 Immune-fluorescent staining (IF) for pBCECs 

For immunocytochemistry (Zandl-Lang et al., 2018), pBCEC were cultured on Lab-

Tek chamber slides (Thermo Fisher Scientific, NY, USA). Cells were fixed with 4% 

PFA and air dried. Cells were rinsed and blocked with donkey serum prior to primary 

antibodies incubation for 1 hour. Negative controls were incubated with the 

appropriate IgG fractions as isotope controls. After washing with TBST, secondary 

antibodies were applied. DAPI was used to visualize nuclei. Slides were rinsed with 

TBST before mounting with Vectashield mounting medium (Vector Lab, Inc., 

Burlingame, CA, USA). To acquire computerized images of sections and cells, a 

Leica DM4000 B microscope (Leica Cambridge Ltd.) equipped with Leica DFC 320 

Video camera (Leica Cambridge Ltd.) was used. All primary and secondary 

antibodies used are listed in Table 12. 

Table 12: List of Antibodies used for Immuno-fluorescent staining (IF) 

Antibody Concentration Company 

Mouse anti-human CD31 2.0 µg/ml Thermo Fisher, IL, USA 

Rabbit anti-human ZO-1 0.625 µg/ml Thermo Fisher, IL, USA 

Rabbit anti-human LRP1 2.0 µg/ml Santa Cruz Biotechnology 

LC3B (D11) Clone 2775S 0.4 µg/ml Cell Signaling Technology 

Mouse-anti-beta-amyloid 2.0 µg/ml BioLegend, San Diego, 

Donkey anti-rabbit IgG 3.50 µg/ml  Jackson Immuno Lab, Inc. 

Alexa Fluor 488 Donkey 3.75µg/ml Jackson Immuno Lab, Inc. 

DAPI (Nuclear stain) 5.0 µg/ml Thermo Fisher Scientific 
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3.9 Animals & housing 

All mice used in this study were bred in the animal facility of QPS Austria. Animal 

breeding and experiments were approved by the Austrian Federal Ministry of Science 

and Research, Vienna, Austria (approval number: ABT13-78Jo365-2022). Animals 

were housed in individual ventilated cages on standardized rodent bedding supplied 

by Rettenmaier & Söhne GmbH + Co KG (Vienna, Austria). The temperature was 

maintained between 20 to 24°C and the relative humidity was maintained between 45 

to 65 %. Animals were housed under a constant light-cycle (12-hour light/dark). Male 

and female APPxhQC and NTG mice from the same breeding were used in this 

study. APPxhQC mice, crossbreds of APPSL and hQC mice, were used. APPSL mice 

express human APP751 with the Swedish and the London mutation on a 

C57Bl/6RccHsd background. hQC mice on B6CBAF1/J background express human 

glutaminyl cyclase (hQC) enzyme. The crossbreeding results in an increased 

generation of N-terminal modified pGlu Aβ peptides (APPSL x hQC Transgenic 

Mouse Model - QPS Austria (qpsneuro.com, accessed on 27th June, 2023). 

3.9.1 Feeding and Experimental Timeline 

Mice in the control groups were fed Control diet (CD) containing 10% kJ fat, 7% 

sucrose. T2D model groups were fed High Fat Diet (HFD) containing 95% (60KJ% 

Fat) + 5 % maltodextrin placebo diet with 3 injections of 40mg/kg streptozocin while 

the intervention groups were given HFD containing 95% (60KJ% Fat) + 5% 

NOVASTA alongside 3 injections of 40mg/kg streptozocin for 13 weeks starting from 

11-12 months of age. HFD was used because it is a reliable mouse diet for induce 

visceral obesity, hyperglycemia and hyperinsulinemia. Body weights were recorded, 

and food was changed weekly. Twenty-two APPxhQC and 22 non transgenic mice 

aged 11 months raised in-house, were allocated to groups with n=6-8 animals each 

(see Table 15) and used for the study. After 3 weeks of feeding, the type 2 diabetes 

model and treatment groups were intraperitoneally treated with 40mg/kg Streptozocin 

once daily for 3 days while the control groups were injected with 50nM Sodium 

Citrate buffer (see Figure 11 – Experimental timeline). Intraperitoneal glucose 

tolerance test (ipGTT)/ Intraperitoneal insulin tolerance tests (ipITT) were conducted 

prior to feeding start and in treatment weeks 7, 9 and 12. Behavioral testings were 

carried out on mice at treatment week 13 of feeding. Plasma and tissue harvesting 

were done after treatment week 13.  

https://qpsneuro.com/in-vivo-services/animal-models/app-transgenic-mouse-models/appsl-x-hqc-transgenic-mouse-model/
https://qpsneuro.com/in-vivo-services/animal-models/app-transgenic-mouse-models/appsl-x-hqc-transgenic-mouse-model/
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Table 14: Composition of Control diet -10% kJ fat, 7% sucrose (Lard/Soy bean 

oil) (EF D12450J, Ssniff® diets 

Crude Nutrient % 

Crude Protein 

 

18.2 

Crude Fat  

 

 4.1 

Crude Fibre  

 

5.0 

Crude Ash 

 

5.3 

Starch  43.5 

 Sugar  

 

 6.8 

Additives Quantity 

Vitamin A 

 

15000 (IE/IU) 

Vitamin D3  

 

1500 (IE/IU) 

Vitamin E 

 

150 mg 

Vitamin C 

 

30 mg 

Copper  

 

12 mg 

 

Table 15: Composition of T2D mimicking diet – EF D12492 (95 %) + 5% 

Maltodextrin Placebo (EF D12492, Ssniff® diets) 

Crude Nutrient % 

Crude Protein 23.2 

Crude Fat   33.1 

Crude Fibre  5.7 

Crude Ash 5.2 

Starch 0.1 

Sugar   9.0 

Additives Quantity 

Vitamin A 14250 (IE/IU) 

Vitamin D3  1425 (IE/IU) 

Vitamin E 144 mg 

Vitamin C 29 mg 

Copper  13 mg 
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Table 16: Composition of T2D mimicking + ASX diet- EF D12492 (95 %) + 5% 

Novasta (4.5% ASX (EF D12492, Ssniff® diets) 

Crude Nutrient % 

Crude Protein 

 

23.2 

Crude Fat  

 

 33.1 

Crude Fibre  

 

5.7 

Crude Ash 

 

5.2 

Starch  0.1 

 
Sugar  

 

 9.0 

Additives Quantity 

 

Vitamin A 

 

14250 (IE/IU) 
 

Vitamin D3  

 

1425 (IE/IU) 
Vitamin E 

 

144 mg 

Vitamin C 

 

29 mg 

Copper  

 

13 mg 

 

3.9.2 Streptozocin Preparation 

4 mg of Streptozocin (Sigma Aldrich, Germany) was dissolved in 1ml 50mM Sodium 

citrate buffer (pH 4.5) to a final concentration of 4 mg/ml. 

3.9.3 Glucose solution preparation 

2 g of Glucose (Saccharose) was dissolved in 10 ml of distilled water to make a 20% 

glucose solution 
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3.9.4 Insulin stock preparation 

Insulin obtained from Actrapid (Novo Nordisk, Denmark) was diluted 1:400 in 0.9% 

NaCl (Stock: 100 U/ml insulin) to prepare a working concentration of 0.75U insulin /ml 

3.9.5 Intraperitoneal glucose tolerance test (ipGTT) 

Mice were fasted 5 hours before tail veins of all animals were punctured and basal 

blood glucose concentrations were measured. Subsequently, a single dose of a 20% 

glucose solution was applied intraperitoneally (2 g/kg bodyweight) before additional 

blood glucose concentration measurements after 15-, 30-, 60- and 120-min post 

injection using the glucose analyzer (e.g., Nova StatStrip Xpress®-i) (Method 

adapted from Rotermund et al. 2014). 

3.9.6 Intraperitoneal insulin tolerance test (ipITT) 

Mice were fasted for 5 hours before fasting blood glucose levels (“0”) were measured 

from tail vein blood. A single dose of dose of 0.75 U human insulin peptide per 

kilogram (kg) of body weight was injected intraperitoneally before additional blood 

glucose concentration measurements were taken after 15-, 30-min post injection 

using the glucose analyzer (Nova StatStrip Xpress®-i) (Method adapted from 

Rotermund et al. 2014). Mice were closely observed for 30 minutes and in case blood 

glucose dropped below 20 mg/dl, or animal appeared hypoglycemic (tremor, 

heightened anxiety or apathy, paresthesia, loss of consciousness and rarely 

convulsions), 300 μl of 20% glucose solution was administered. 

3. 9. 7 Behavioral testing 

3.9.7.1 Morris Water Maze 

Spatial learning capacities of all animals was tested in the Morris Water Maze 

(MWM). The MWM was performed using the following pattern: four trials on each of 

four consecutive days was performed. In all trials, the platform was in the northeast 

(NE) quadrant of the pool. Mice started from predefined positions (southeast (SE), 

southwest (SW), northwest (NW)). A single trial lasted for a maximum of 60 seconds. 

In case the mouse does not find the hidden, diaphanous platform within this time, the 

experimenter guided the mouse to the target. Mice were allowed to rest on the 

platform for 10-15 sec to orientate in the surrounding.  
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On day five mice were tested in the probe trial (PT). During the PT, the platform was 

removed from the pool and the number of crossings over the former target position 

as well as the abidance in the target quadrant was recorded.  

For the quantification of escape latency (the time [sec] to find the hidden platform), of 

pathway (the length of the trajectory [meters] to reach the target), of target zone 

crossings and of the abidance in the target quadrant in the PT, a computerized video 

tracking system (Noldus Ethovision XT 14) was used. 

The start positions in the different trials was, as follow: 

 

 

 

 

 

 

Figure 13: Diagram showing MWM trial quadrants 

 

Table 17: Table showing the trial quadrants 

 Trial 1 Trial 2 Trial 3 Trial 4 PT Plattform 

Day 1 SE SW NW SW - NE 

Day 2 NW SE SW NW - NE 

Day 3 SW NW SE NW - NE 

Day 4 SE SW NW SE - NE 

Day 5 - - - - SW (NE) 

 

3.10. Tissue Sampling 

After 13 weeks of feeding with HFD or CD and a week after MWM, animals were 

fasted for 5 hour and sacrificed.  From each animal blood (whole blood, plasma, 
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serum), brain, liver and spleen were sampled and further investigated. All mice were 

anesthetized by Pentobarbital injection (600 mg/kg). 

3.10.1 Blood sampling and serum/plasma preparation 

The thorax was opened, and blood was collected by heart puncture, 50 µl of whole 

blood was transferred into K2-EDTA tubes and the rest divided into two halves, and 

transferred into two vials using K2-EDTA for plasma and serum gel clotting activator 

micro tube (from SARSTEDT) for serum. 

1 vial - Serum: after incubation for at least 20-60 min at RT, serum was prepared 

from the blood samples by centrifugation for 5 min at 10000 x g and collecting the 

supernatant. Serum was transferred to Eppendorf LoBind tubes [1 aliquot → 50µl + 1 

aliquots of rest]. Serum was frozen at -80°C until biochemical analysis. 

1 vial - Plasma: was sampled into K2-EDTA (Potassium ethylenediaminetetraacetic 

acid) tubes. The tube inverted thoroughly to facilitate homogeneous distribution of the 

EDTA and prevent clotting. The blood samples were centrifuged (3000 x g, 10 min, 

room temperature). Plasma was transferred to pre-labeled Eppendorf LoBind tubes 

[1 aliquot of 50µl + 1 aliquots of rest]. Plasma samples were stored frozen at -80°C 

until biochemical analysis. 

Mice were transcardially perfused with 0.9% saline. For this purpose, a 23G needle 

connected to a bottle containing 0.9% saline was inserted into the left ventricle The 

right ventricle was opened with scissors. A constant pressure of 100 to 120 mm Hg 

was maintained on the perfusion solution by connecting the solution bottle to a 

manometer-controlled air compressor. Perfusion continued until all tissue (e.g., liver) 

has turned pale and no visible blood passes out of the right ventricle. 

Thereafter, the skulls were opened, and the brains were removed and hemisected. 

The left-brain hemispheres and Cerebella used biochemical evaluation were weighed 

and immediately frozen on dry ice and stored at -80°C.The right brain hemispheres 

were fixed by immersion in freshly prepared 4% PFA for two hours at room 

temperature. Thereafter, right hemispheres were transferred to 15% sucrose in PBS 

solution until sunk (at 4°C) to ensure cryoprotection. Afterwards fixed hemispheres 

were frozen in OCT medium in cryo molds in dry-ice cooled isopentane and stored at 

-80°C until used for histological analysis. 
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The whole liver was weighed, and the left liver lobes were fixed in freshly prepared 

4% PFA for two hours at room temperature. Thereafter, the left liver lobes were 

transferred to 15% sucrose in PBS solution until sunk (at 4°C) to ensure 

cryoprotection. Afterwards the left liver lobes were frozen in OCT medium in cryo 

molds in dry-ice cooled isopentane and stored at -80°C until used for histological 

analysis. The remains of the livers were frozen immediately on dry ice and stored at -

80°C.The spleens in cryo vials were weighed before being frozen immediately on dry 

ice and stored at -80°C. 

3.11 Measurement of Plasma Lipid and Serum liver function 

enzymes  

Determination of Cholesterol, Triglyceride, Aspartate Aminotransferase (AST) and 

Alanine Aminotransferase (ALT) concentrations were be performed using the CHOL2 

(item # 03039773190), TRIGL (item # 20767107322), ASTLP (item # 04467493190) 

and ALTLP (item # 04467388190) reagents (Roche, Germany). Absorbance was 

read at 700/505 nm for plasma cholesterol, triglycerides and 700/340 nm for serum 

AST and ALT using Roche Cobas 6000 Chemistry Analyzer (Roche Diagnostics 

Corporation, Indianapolis, IN 46250). 

3.12 Measurement of Blood HbA1c 

Determination of average blood glucose level over the past 8-12 weeks (HbA1c) was 

performed using the mouse HbA1c ELISA kit 80310 (Crystal Chem, Inc. 

Netherlands). Briefly, 5 µl of whole blood, calibrator and control were added to 62.5 µl 

of lysis buffer. Hemolysate was mixed by vortexing and incubated at room 

temperature for 10 min to completely lyse the red blood cells. One hundred and 

twelve µl of reagent 1 and 48 µl of reagent 2 were added into each well of a 

microplate and mixed well by repeated pipetting. In each well containing reagents 1 

and 2, 25 µl of hemolysed sample, calibrator and control were added and mixed well 

by repeated pipetting. Microplates were placed in an incubator and allowed to 

equilibrate at 37°C for 5 min. Plates were read at 700 nm on the µQuant reader 

(Biotek, Vermont, USA). Seventy µl of Reagent CC2 was added and mixed well by 

repeated pipetting. Increase in absorbance was read at 700 nm on the µQuant 

reader (Biotek, Vermont, USA) after 3 min incubation at 37°C. 

To determine the HbA1c concentration; 
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Calculate the change in absorbance ΔA (5 min ~ 8 min) 

ΔA = (OD700nm, 8min) – (OD700nm, 5 min) X (185/255)). Using linear graph paper, HbA1c 

calibration curve was constructed by plotting the mean change in the absorbance 

value for each calibrator on the Y axis versus the corresponding HbA1c concentration 

on the X-axis. 

3.13 Quantification of Plasma insulin levels 

Ultra-Sensitive Mouse Insulin ELISA Kit 90080 (Crystal Chem, Inc. Netherlands) was 

used for analysis of insulin levels in serum samples. Samples were diluted 1:19 in 

sample diluent and analyzed according to the manufacturer’s protocol. In brief, after 

dilution, 100 µl of the sample was added to the pre-coated well and incubated for 2 hr 

at RT with gentle agitation on a vibratory plate (800 rpm). Wells were washed three 

times with assay wash buffer and 100 µl of the conjugate solution was added. After 

30 min incubation (RT, 800 rpm) wells were again washed three times. Thereafter, 

100 µl of substrate solution was added and incubated for 40 min (RT, 800 rpm). 100 

µl stop reagent was added and plates were read at 450 nm (reference wavelength 

620-650 nm) on the µQuant reader (Biotek, Vermont, USA). The insulin 

concentration (ng/ml) in each sample was determined using a standard curve 

method. 

3.14 Extraction of soluble and insoluble Aβ from mouse brain 

3.14.1 Preparation of DEA extraction solution 

DEA- solution (0.4 % DEA, 100 mM NaCl) was prepared by adding 200 μl 

diethylamine, 1 ml (5 M) NaCl, the final volume was adjusted to 50 ml with d2H2O. 

3.14.2 Preparation of FA neutralizing solution 

FA neutralizing solution (1 M Tris, 0.5 M Na2HPO4, 0.05% NaN3) was prepared by 

dissolving 60.57 g Tris and 44.5 g Na2HPO4.2H2O and 2.5 ml Sodium Azide (10 %) in 

400 ml d2H2O, the final volume was adjusted to 50 ml with d2H2O. 

3.14.3 Extraction of DEA soluble and FA-insoluble Aβ fractions 

Left brain samples were homogenized in tissue homogenization buffer. For extraction 

of non-plaque associated proteins, THB homogenates were mixed with 1-part 
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diethylamine (DEA) solution (0.4% DEA, 100 mM NaCl). The mixture was centrifuged 

for 106 minutes at 20,817 g at 4°C. The supernatants were neutralized with 1/10 of 

the volume 0.5 M Tris-HCl, pH 6.8, vortexed briefly and stored at -20°C. For 

extraction of plaque associated proteins, THB homogenates were mixed with 2.2 

parts cold formic acid (FA), sonicated for 30 sec on ice and centrifuged for 106 min at 

20,817 x g at 4°C. The supernatant was diluted with 19 parts FA Neutralization 

Solution, vortexed briefly and stored at -20°C. 

3.15 Aβ38, Aβ40 and Aβ42 MSD  

3.15.1 Preparation of Washing buffer (1x PBS, 0.05% Tween) 

To prepare 1X washing buffer, 0.5 ml Tween20 was added to 1000 ml PBS 

3.15.2 Preparation of Read T Buffer 

To prepare 1X Read T buffer, 4 ml of 4X Read T stock (proprietary composition) was 

added to 4 ml of d2H2O. 

3.15.3 Preparation of Detection Antibody 

25 μl of 50X 6E10 antibody was diluted in 1225 μl of Diluent 100. 

3.15.4 Aβ38, Aβ40 and Aβ42 MSD evaluation 

Aβ38, Aβ40 and Aβ42 were measured in the DEA and FA fractions from left-brain 

homogenates using an immunosorbent assay (Aβ Peptide Panel 1 (6E10); K15200E-

2; Meso Scale Discovery) according to the instructions of the manufacturer. In brief 

150 µl of diluent 35 were added to each well. The plate was sealed and incubated at 

RT with shaking for 1 hour. Then the plate was washed 3 times with 150 µl/well wash 

buffer. After that 25 µl of detection solution and 25 µl of prepared samples, calibrators 

or controls was added to each well. The plate was sealed and incubated at RT with 

shaking for 2 hours. The plate was washed again 3 times (150 µl/well of wash buffer), 

150 µl 2x Read Buffer T was added to each well and then the plate was read on a 

Meso Quick Plex SQ 120 instrument (MSD, USA). Aβ levels were evaluated in 

comparison to standards provided in the kit and were stated as pg per mg brain wet 

weight. 
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3.16. pGlu3-Aβ42 ELISA 

3.16.1 Preparation of pGlu3-Aβ42 ELISA washing solution 

To prepare 162 ml 1X washing solution, 4.05 ml 40X stock (proprietary composition) 

washing solution was added to 157.95 ml d2H2O. 

3.16.2 Preparation of labelled antibody 

To prepare 6 ml 1X labelled antibody, 200 µl 30X antibody was added to 5,800 µl EIA 

solution. 

3.16.3 Preparation of pGlu3-Aβ42 ELISA diluted standard 

Standard stock (992 pg/ml) was diluted in 0.5 ml d2H2O. Seventy µl of standard 

stock was pipetted into a tube containing 70 µl of EIA solution and further serially 

diluted seven times. 

3.16.4 pGlu3-Aβ42 ELISA measurement 

Assessment of pGlu3-Aβ42 was done using ELISA kit from IBL (JP27716) according 

to the instructions of the manufacture. Briefly, 50 µl of EIA buffer was pipetted in 

wells marked as blank, 50 µl of standard and diluted samples were pipetted into 

wells. Precoated plate was incubated at 4°C overnight. The plate was washed with 

350 µl of washing buffer 4 times, 100 µl of labelled antibody was pipetted into each 

well except the well for Reagent blank and incubated at 4°C for 60 min with a plate 

lid. The plate was washed 5 times with 350 µl of washing buffer, 100 µl of 

Chromogen- TMB solution was added into each well and incubated for 30 min at 

room temperature shielded from light. The reaction was stopped by adding 100 µl of 

stop solution and plate was read at 450 nM within 30 min of adding stop solution. 

3.17 Histological Evaluations 

3.17. 1 Sectioning 

Five consecutive cryosections were sagittally cut at 10 µm thickness on a Leica 

CM1950 or Thermo Scientific NX70 cryotome. The next 25 sections were discarded. 

This collection scheme was repeated for 5 levels (Levels 2,4,6,8 and 10). In total 5 x 

5 = 25 sections were collected. Sectioning levels were chosen according to the brain 

atlas of Paxinos and Franklin (“The Mouse Brain in Stereotaxic Coordinates”, 2nd 
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3.17. 2 Immunofluorescence 

For each incubation a uniform systematic random set of five sections per mouse 

were selected (one section each from levels 2, 4, 6, 8, 10). The following histological 

labelling experiments were carried out on these sets of sections: 

3.17.3 Basic investigations  

The following three channel incubations were used.  

Combination: 

DAPI 

rabbit anti pE3-Amyloid 

mouse anti Abeta (6E10) 

guinea pig anti Iba1 

goat anti GFAP 

This combination was used to quantify plaque-associated deposited Aβ and 

inflammation. All sections were counterstained with the nuclear dye DAPI. Binding of 

primary antibodies were visualized using highly cross-absorbed secondary 

antibodies. 

Table 18: List of Antibodies used for Histological evaluation  

Antibody Dilution Company 

Mouse monoclonal [6E10] anti-amyloid 

beta conjugated Alexa Fluor 488 

B803013 # B350019 

1:2000 

 

BioLegend 

Rabbit Abeta-pE3 antibody (218003) 
#218003_8 (2) 

1:2000 

 

Synaptic Systems G 

Iba1/AIF-1 (234308) Clone Gp311H9 

#1-3 

1:3000 

 

Synaptic Systems GmbH 

GFAP (ab53554) # GR3414930-3 1:2000 Abcam 

Alexa Fluor 750 (ab175745) 

#GR3441783-2 

1:500 

 

Abcam 

 

Cy3 (706-165-148) #159084 1:500 Jackson Immuno Research 
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Donkey Anti-Rabbit IgG 
DyLight 650 (ab96922) # GR3378799-7 

 

1:500 Abcam 

DAPI (A1001.0025) 

 

 

 

Appli Chem 

 

 

3.17.4 Imaging 

Whole slide scans of the stained sections were recorded on a Zeiss automatic 

microscope AxioScan Z1 with high aperture lenses, equipped with a Zeiss Axiocam 

506 mono and a Hitachi 3CCD HV-F202SCL camera and Zeiss ZEN 3.3 software.  

3.17.5 Quantification 

Image analysis was done with Image Pro 10 (Media Cybernetics). At the beginning 

the target areas (hippocampus and cortex) were identified by drawing regions of 

interest (ROI) on the images. Additional ROIs excluded wrinkles, air bubbles, or any 

other artifacts interfering with the measurement. Signals of respective markers was 

quantitatively evaluated within the identified areas. 

For quantification, background correction was employed where necessary. Adequate 

thresholding and morphological filtering (size, shape) were used to detect 

immunoreactive objects. Different object features were quantified, among them the 

percentage of cumulative object area based on ROI size (immunoreactive area; this 

is the most comprehensive parameter indicating whether there are differences in 

immunoreactivity), the number of objects normalized to ROI size (object density), the 

mean signal intensity of objects identified (mean intensity; this indicates if there are 

differences in the cellular expression level of target proteins), and the size of above-

threshold objects. Once the parameters of the targeted objects had been defined in a 

test run, the quantitative image analysis runs automatically assuring that the results 

are operator-independent and fully reproducible.  

Raw data were organized and sorted in Excel, and then transferred to GraphPad 

Prism for statistical analysis and preparation of graphs.  

3.18 Statistics 

Basic statistical analyses were performed using GraphPad 10.1.0 (316) (GraphPad 

Software Inc, USA) Data are presented as mean ± standard error of mean (SEM) and 

group differences are evaluated by two tailed unpaired student’s t-test, one or two-
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way ANOVA followed by Turkey’s or Dunnett’s multiple comparisons tests. Group 

differences were considered statistically significant for p < 0.05 (*), p < 0.01 (**), and 

p < 0.001 (***). 
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Figure 17: Autophagic flux in Aβ-treated pBCECs 

ASX enhances autophagic flux in Aβ-treated pBCECs in the presence of the 

lysosomal inhibitor bafilomycin (BAF) A1. Serum-free Aβ-treated pBCECs were pre-

incubated with 10 μM ASX for 16 hr further incubated with 240 nM Aβ40 for 6 hr. 100 

nM BAF A1 was added during the last 4 hr of the experiment. Western blot showing 

LC3B in pBCECs treated or co-treated with Aβ40, ASX and BAF A1 (A). 

Densitometric analyses of LC3B (B) protein expression levels in pBCECs treated or 

co-treated with Aβ40, ASX and bafilomycin A1. Solvent was used as vehicle control 

(VC). Data are mean + SEM; n=6-7. p-Values were calculated by one-way ANOVA 

followed by Dunnett’s post hoc test; **p < 0.01 and ***p < 0.001 as compared to Aβ40 

and vehicle control. (Reproduced from Babalola et al., 2023 with permission from 

Brain Res).   

4.1.3 ASX reduces APP levels and enhance Aβ clearance in Aβ40-

treated pBCECs  

Increased production as well as impaired clearance of Aβ contribute to the 

development of AD (Wildsmith et al., 2013). To evaluate the effect of ASX on Aβ 

production and impaired Aβ clearance, pBCECs were incubated with ASX for 22 h 

and Aβ40 for 6 h under serum-free conditions. Interestingly, co-incubation of pBCECs 

with Aβ40 and ASX reduced the expression of amyloid precursor protein (APP)/Aβ 

compared to VC (P=0.003) and Aβ40 (P˂0.001, Figure 18A, 18B). This was confirmed 

by lower protein levels of APP/Aβ in the incubation media of Aβ40 and ASX-co-

treated cells compared to those of Aβ40-treated cells (Figure 18C, Figure 18D). 

lncubation of pBCECs with ASX or simultaneous incubation with Aβ40 and ASX 

significantly increased mRNA expression of ABCA1 compared to VC (P=0.04 and 

P=0.01, respectively, Figure 18E). ASX-treated pBCECs significantly increased the 

expression of ABCG1 mRNA compared to VC (P=0.009, Figure 18F). Low density 

lipoprotein receptor-related protein 1 (LRP1) in brain endothelial cells is known to be 

a critical regulator of BBB integrity and function (Storck et al., 2021). Furthermore, 

LRP1 has been reported to be important for the rapid removal of Aβ from the brain 

(Storck et al., 2018). In pBCECs, we observed a significant reduction of LRP1 mRNA 

upon treatment with Aβ40 compared to the VC (P=0.04). Co-incubation of pBCECs 

with Aβ40 and ASX increased LRP1 mRNA expression compared to Aβ40 control 
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ASX alters Aβ processing while enhancing its clearance in Aβ40-treated pBCEC. 

Proteins were extracted from cells and TCA-precipitated from supernatants. Protein 

levels of Aβ species (normalized to tubulin levels) were detected by immunoblot 

using 6E10 as primary antibody. Western blot showing intracellular 6E10 reactive 

APP/Aβ (A). Densitometric analyses of intracellular 6E10 reactive APP/Aβ (B). 

Western blot showing secreted 6E10 reactive APP/Aβ in the culture media (C). 

Densitometric analyses of secreted 6E10 reactive APP/Aβ in the culture media 

normalized to ponceau (D). Quantitative analyses of ABCA1 (E), ABCG1 (F) and 

LRP1 (G) mRNA expression levels by qPCR of Aβ-treated pBCECs. Data are mean 

+ SEM, n=4-8; significant differences between the groups were calculated using two-

tailed, unpaired students t-test; *p < 0.05; **p < 0.01 and ***p < 0.001. (Reproduced 

from Babalola et al., 2023 with permission from Brain Res).   

4.1.4 ASX enhances Aβ clearance, with PPARα activation being a 

likely mechanism. 

ASX has been reported to act as a PPAR agonist (Choi, 2019). To investigate the 

mechanism of ASX function, pBCECs were incubated with ASX, fenofibrate (PPAR 

activator), GW6417 (PPAR antagonist), and solvent as vehicle control (VC) for 22 h 

and Aβ40 for 6 h under serum-free conditions. Simultaneous incubation of pBCECs 

with Aβ40 and either ASX (P=0.01) or fenofibrate (P=0.03, Figure 19A) significantly 

increased mRNA expression of ABCA1 compared to VC. Double 

immunofluorescence labelling of pBCECs co-incubated with Aβ40 and ASX, 

fenofibrate, or GW6417 showed reduced LRP1 in Aβ40-treated cells and cells co-

incubated with Aβ40 and GW6417 (Figure 19B). Furthermore, reduced LC3B staining 

was observed in pBCECs co-incubated with Aβ and ASX, fenofibrate, or GW6417 

(Figure 19C). Taken together, these results suggest that ASX increases Aβ 

clearance in Aβ40-treated pBCECs, likely via PPAR activation. 
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Figure 19: ASX enhances Aβ clearance, likely via PPARα activation. 

ASX ameliorates impaired Aβ clearance in Aβ-treated pBCEC via PPARα signaling. 

Serum-starved Aβ-treated pBCECs were pre-incubated with 10 μM ASX, 1 μM 

fenofibrate and 1 μM GW6417 for 16 hr further incubated with 240 nM Aβ40 for 6 hr. 

Quantitative analyses of ABCA1 (A) mRNA expression level by qPCR in Aβ-treated 

pBCECs. pBCECs were pre-incubated with 10 μM ASX, 1 μM Fenofibrate and 1 μM 

GW6417 for 16 hr and further incubated in the absence of serum with 240 nM Aβ40 

for 6 hr, fixed with 4% PFA, probed with antibodies against 6E10 (green) and LRP1 

(red) to visualize Aβ-LRP1interaction (Blue) (B) or against 6E10 (green) and LC3B 

(red) to visualize Aβ-LC3B interaction (blue) (C). Solvent was used as vehicle control 

(VC). Data are mean + SEM, n=5-6. p-Values were calculated by one-way ANOVA 

followed by Turkey’s post hoc test; *p < 0.05 as compared to vehicle control and Aβ1-

40. (Reproduced from Babalola et al., 2023 with permission from Brain Res).   

4.1.5 ASX reduces the secretion of inflammatory cytokines in LPS-

stimulated organotypic hippocampal brain slices  

The dysregulation of the neuronal immune system plays a central role in the 

pathology of AD. To examine the anti-inflammatory function of ASX, hippocampal 

organotypic brain slices were preincubated with ASX and then treated with LPS for 

24 hours. LPS stimulation of brain slices resulted in significant increases in almost all 

cytokines analyzed, including TNF-α, IL-6, IL-10, IL-1β and KC/GRO, but not IL-4 

(Figure 20). Treatment of hippocampal brain slices with LPS in combination with ASX 

resulted in significant reductions of inflammatory cytokines TNF-α (P˂0.001), IL-6 

(P˂0.001), IL-10 (P=0.03), and KC/ GRO (P=0.02; Figures 20A C and E), but not of 

IL-1β and IL-4 (Figures 20D and F). As expected, concomitant treatment with LPS 

and dexamethasone further reduced almost all cytokine levels except IL-4 (Figures 

20A–F). In addition, we determined mRNA of the pro- and anti-inflammatory 

cytokines IL-6 and IL-10 and observed that treatment of LPS-stimulated brain slices 

with ASX resulted in decreased mRNA expression of IL- 6 (P=0.03) but not of IL-10 

(P=0.61) (Figures 20G, H), while dexamethasone treatment nearly attenuated IL-6 

and IL-10 mRNA levels (Figures 20G, H). 
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5.0   DISCUSSION 

BCECs are integral components of both the BBB and the neurovascular unit (Graves 

and Baker, 2020). Defective transport across the BBB is an important mediator of Aβ 

accumulation in the brain and a factor contributing to the pathogenesis of AD 

(Shackleton et al., 2016). OHSCs represent a physiologically relevant 3D model of 

the brain. It includes various cell types of the central nervous such as neurons, 

astrocytes, microglia and oligodendrocytes system almost in their original 

architecture and allows to study neuroinflammatory and pathological processes (Croft 

et al., 2019). We investigated the protective effects of ASX on Aβ clearance and 

brain inflammation, common features in proteinopathies such as AD, using induced 

pBCEC and OSHC as AD models. Clearance from the brain is achieved through 

various mechanisms, including blood-brain clearance and interstitial fluid bulk flow 

clearance, the perivascular and paravascular systems, autophagic lysosomal 

degradation, and more (Marchi et al. 2016). Our study showed that ASX alone or 

when co-treated with Aβ might lead to changes within the autophagy pathway, as 

evidenced by increased expression of LC3B and LC3B-II in pBCECs, thereby 

increasing the clearance of Aβ. This is consistent with other studies by Wani et al. 

(2000) and Li et al. (2019), in which they show that induction of autophagy increased 

Aβ clearance. 

Numerous studies have shown increased mTOR signaling following Aβ 

administration (Vander Haar et al., 2007; Ito et al., 2006; 2007; Zhang et al., 2009). 

Further evidence for the connection between Aβ accumulation and upregulation of 

mTOR signaling comes from a study showing that primary neurons exposed to 

different concentrations of synthetic Aβ oligomers result in increased phosphorylation 

of mTOR proteins (Bhaskar et al., 2009). Consistent with previous reports by others 

(Vander Haar et al., 2007; Ito et al., 2006; 2007; Zhang et al., 2009), accumulation in 

pBCECs upregulated the phosphorylation of S6RP and mTOR proteins, indicating 

increased mTORC1 activation. Notably, co-treatment of pBCECs with Aβ and ASX 

reduced the phosphorylation of both proteins, likely by inhibiting the mTORC1 

signaling pathway. Aβ is produced from APP via the amyloidogenic pathway by β- 

and γ-secretase (Chun et al., 2020), and APP expression has been shown to reflect 

the level of Aβ production (Xue et al., 2022). In this study, ASX significantly reduced 

the expression of intracellular and secreted APP/ Aβ species, suggesting reduced Aβ 
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production. Impaired functions of the ABCA and ABCG transporter families have 

been linked to brain degenerative diseases due to the importance of balanced 

cholesterol concentration in maintaining CNS functions (Pereira et al., 2018). 

Using a mouse model of AD, Fitz et al. reported that treatment with LXR agonists 

increased ApoE and ABCA1 levels, which correlated with cognitive improvements 

and reduced Aβ deposition (Fitz et al., 2010). Furthermore, the clearance function of 

LRP1 appears to be crucial in various cells of the brain, as several cell-specific 

knockout mouse models have shown that ablation of LRP1 leads to accumulation of 

Aβ in the brain (Van Gool et al., 2019). In the brain endothelium, LRP1 and receptor 

for advanced glycation end products (RAGE) facilitate the efflux and influx of Aβ from 

the brain to the periphery and vice versa. Inhibition of LRP1 expression has been 

shown to result in vascular endothelium damage, to significantly reduce Aβ 

clearance, and to increase Aβ load in brain tissue (Jaeger et al., 2009). Gali et al. 

(2019) reported a reduction in cerebral and cerebrovascular LRP1 levels in the brains 

of 9-month-old 3XTg-AD mice. We observed reduction of ABCG1 and LRP1 mRNA 

in Aβ-treated pBCECs, suggesting increased Aβ production. ASX reversed Aβ-

mediated mRNA downregulation of ABCG1 and LRP1 and simultaneously increased 

ABCA1 mRNA expression, indicating improved Aβ clearance. This is consistent with 

similar studies (Fanaee-Danesh et al., 2019; Sano et al., 2016; Matsuo et al., 2011; 

Vance et al., 2010) showing that increased ABCA1, ABCG1 and LRP1 expression 

decreases secretase activity, suppresses Aβ production, and increases clearance of 

Aβ from cerebrovascular endothelial cells. 

PPARα is a member of the nuclear receptor PPAR family (Ghost and Pahan, 2016). 

Natural ligands such as fatty acids and synthetic ligands such as hypolipidemic 

fibrates activate PPARα, resulting in stimulation of transcription of the target gene via 

the formation of heterodimer complexes with the retinoid x receptor (RXR) (Fruchart 

et al., 1999). ASX activates PPARα and antagonizes PPARγ, another member of the 

PPAR family (Jia et al., 2012; Choi et al., 2019), while fenofibrate is a known activator 

of PPARα (Deplanque et al., 2003; Harano et la. ,2006; Villavicencio-Tejo et al., 

2021). When pBCECs were co-incubated with Aβ and either ASX or fenofibrate, 

ABCA mRNA expression was significantly increased, while a decrease was observed 

in pBCECs co-incubated with Aβ and GW6417, a known antagonist of PPAR. 

Indeed, incubation of pBCECs with Aβ resulted in reduced protein expression of 
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ABCA1, which was ameliorated by co-treatment with ASX (Supplementary Figure 1). 

Conversely, treatment of pBCECs with Aβ increased the expression of ABCA1 at the 

mRNA level. This is consistent with other reports showing that the relative distribution 

of ABCA1 mRNA in tissues can differ significantly from protein expression patterns 

(Albrecht et al., 2004; Wellington et al., 2002; Schmitz & Orso, 2001). Treatment of 

pBCECs with Aβ alone or in combination with GW6417 reduced the expression of 

LRP1. Simultaneous incubation of pBCECs with Aβ and ASX or fenofibrate resulted 

in increased expression of LRP1, another receptor critical for Aβ efflux from the brain 

to the blood. 

Concentrations of proinflammatory cytokines are reported to be increased in the 

serum and postmortem brain samples of AD patients (Wang et al., 2015; Stamouli 

and Politis, 2016). Proinflammatory cytokines such as IL-6, TNF- and IL-1 secreted 

by the M1 microglia phenotype induce inflammation (Zhang et al., 2016), while the 

M2 microglia phenotype IL-4, Arg1, IL- 10 and neurotrophic substances release 

factors that have an anti-inflammatory effect (Turtzo et al., 2014). We demonstrate 

that ASX influences inflammation in hippocampal brain slices. Consistent with 

previously published reports (Papageorgiou et al., 2016; Delbridge et al., 2020), our 

data show that stimulation of hippocampal brain slices with LPS IL-1, TNF-, IL-6, IL-

10, KC induced /GRO, IL-2, and IL-12p70 secretion in the supernatant. Furthermore, 

we confirmed the anti-inflammatory effect of ASX in LPS-stimulated hippocampal 

brain slices. This anti-inflammatory effect was mediated by reduced expression of 

proinflammatory cytokines. Co-treatment of LPS-stimulated brain slices with ASX 

resulted in a reduction in the secretion of most of these cytokines into the 

supernatant (TNF-, IL-6, IL-10 and KC/GRO) and in a reduced mRNA expression of 

IL-6. 

It has been reported that the pro-inflammatory functions of M1 type (killer cells) 

microglia and the anti-inflammatory functions of M2 type (repair cells) are regulated 

by cytokines and microbially derived products, including LPS (Orihuela et al., 2016). 

To determine whether the anti-inflammatory activities of ASX are due to the 

polarization of M2 microglia, we examined the expression of ITGAM and ARG1. We 

demonstrated increased mRNA expression of ITGAM, a marker of activated 

macrophages, and increased mRNA and protein expression of ARG1, a marker of 

M2 microglial polarization, after concurrent treatment of LPS-stimulated brain slices 
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with ASX. These results suggest that ASX shifts microglial polarization from M1 to 

M2, consistent with a similar report by Wen and colleagues (Wen et al., 2017).  

Our study shows that co-incubation of ASX with Aβ induces autophagy, reduces Aβ 

production and increases Aβ clearance in pBCECs. Our results could have important 

implications for Aβ production and clearance at the BBB. Furthermore, the anti-

inflammatory potentials of ASX impact inflammation by reducing the secretion of pro-

inflammatory cytokines and activating anti-inflammatory proteins. Thus, ASX is an 

interesting potential therapeutic candidate that may be relevant based on its ability to 

ameliorate impaired Aβ clearance, inflammation, and possibly other 

pathophysiological processes associated with AD. A major limitation of our study is 

the use of in vitro model systems. Further studies are needed to validate our findings 

using preclinical in vivo models and to investigate potential interventions to address 

tau protein involvement in AD pathology. 
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6.0   RESULTS 

 

6.1 In vivo studies 

 

6.1.1 Presence or absence of hQC/APP and T2D mimicking diet 

impacts APPxhQC mice and their NTG littermates’ response to 

glucose inversely and in a sex dependent manner. 

Prior to inducing T2D in the experimental groups, mice were subjected to basal 

ipGTT and ipITT. Analysis of the Area under the curve (AUC) for ipGTT showed an 

unanticipated genotype difference, in which NTG male and female mice were 

intolerant to glucose (p=0.002, p=0.02 respectively, Figures 22A, 22B, 22C and 22D). 

However, no statistical significance was found for ipITT in males (p=0.43; Figures 

23A, 23C) and females (p=0.83; Figures 23B, 23D). After 6 weeks of HFD feeding 

and 3 weeks of low dose streptozocin injection, mice were subjected to another 

round of ipGTT. Two-way Anova analysis of the AUC showed a significant effect of 

the diet (F2, 17 = 10.30, P=0.001, genotype F1, 17 = 4.376e-005, P>0.99, interaction F2, 

17 = 5.064, P=0.02, Figures 24A) in male mice but significant effects of both diet and 

genotype in female mice (Diet F2, 18 = 10.38, P=0.001; genotype F1, 18 = 29.19, 

P<0.001, interaction F2, 18 = 6.638, P=0.007, Figures 24B). In addition, T2D model 

APPxhQC male mice were intolerant to glucose compared to their age-matched 

chow fed control (P=0.001, Figure 24A). However, in female mice, T2D model NTG 

mice were intolerant to glucose compared to their age-matched chow fed control 

(P˂0.001, Figure 24B). After 8 weeks of initiating T2D mimicking diet, mice were 

fasted for 5 hours and ipITT was performed. As observed during ipGTT at week 7, 

diet significantly impacted the tolerance of male mice in response to glucose after 

0.75IU of insulin injection (Diet F2, 16 = 6.358, P=0.009, Genotype F1, 16 = 1.689, 

P=0.21, Interaction F2, 16 = 0.2012, P=0.82, Figures 25A) whereas in female mice, a 

significant effect of genotype and a trend towards significance for diet was noticed 

(Diet F2, 16 = 3.414, P=0.06, Genotype F1, 16 = 6.480, P=0.02, Interaction F2, 16 = 

5.079, P=0.02, Figures 25B). In addition, T2D model NTG male mice tend to be 

intolerant to glucose when given insulin compared to their age-matched chow fed 

control (P=0.08, Figure 25A) whereas T2D model NTG female mice were indeed 

insensitive to glucose (P=0.006, Figure 25B) but ASX supplementation reversed the 
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mice (APPxhQC/T2D- 5.68 ± 0.35 vs APPxhQC/chow fed-6.44 ± 0.27; NTG/T2D-

8.09 ± 1.60 vs NTG/chow fed-5.83 ± 0.47, Table 3). Surprisingly, age matched chow 

fed NTG male mice had increased FPI (25.03 ± 4.71) when compared to mice on 

T2D mimicking diet (22.2 ± 1.69) whereas, we noticed increased fasting insulin in 

APPxhQC male mice on T2D mimicking diet (23.88 ± 5.94) compared to their age 

matched chow fed control littermates (13.1 ± 0.63). In female mice, we observed an 

increase in FPI in mice on T2D mimicking diet compared to the age matched chow 

fed control littermate, irrespective of genotype (APPxhQC/T2D-11.51 ± 2.11 vs 

APPxhQC/chow fed-7.49 ± 0.80; NTG/T2D-15.24 ± 2.35 vs NTG/chow fed-14.24 ± 

2.15, Table 3). Furthermore, we noted that age matched chow fed NTG mice (Male- 

25.03 ± 4.71; Female- 14.24 ± 2.15, Table 19) had elevated FPI when compared to 

chow fed APPxhQC mice (Male- 13.1 ± 0.63; Female- 7.49 ± 0.80, Table 19) 

irrespective of the sex. 

We also evaluated the effect of T2D mimicking on insulin resistance (HOMA-IR) and 

insulin secretion (HOMA-β). Age matched chow fed NTG male mice were more 

insulin resistant as seen in their HOMA-IR compared to those in the T2D model 

group (NTG /chow fed 12.17 ± 3.19 vs NTG/T2D - 8.52 ± 1.20, Table 19). 

Conversely, T2D mimicking diet led to increased insulin resistance in both NTG 

(T2D- 5.10 ± 0.66 vs chow fed- 3.78 ± 0.86) and APPxhQC female mice (T2D- 2.80 ± 

0.40 vs chow fed- 2.16 ± 0.32). Both male (T2D- 89.70 ± 6.01 vs chow fed- 116.51 ± 

16.62) and female (T2D-106.60 ± 39.15 vs chow fed-125.14 ± 6.83) NTG mice on 

T2D mimicking diet had impaired insulin secretion (HOMA-β), whereas T2D 

mimicking diet increases insulin secretion in APPxhQC mice (Table 19). 
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To investigate how T2D mimicking diet dysregulates cholesterol and lipid metabolism 

in our study model, we evaluated the effects of T2D mimicking diet and genotype on 

the regulation of genes associated with insulin sensitivity, gluconeogenesis, 

cholesterol synthesis and lipid metabolism in APPxhQC mice and their NTG 

littermates. In female mice, T2D mimicking diet significantly influenced the expression 

of SREBF1 (F2, 16 = 4.991, P=0.02, Figure 32B), diet (F2, 16 = 5.103, P=0.02, Figure 

32D), influenced PGC1β expression. However, in male mice, T2D mimicking diet 

significantly influenced PGC1α expression (F2, 16 = 3.891, P=0.04, Figure 32F). The 

expression of SREBF1 and PGC1β were significantly down-regulated in T2D model 

NTG female mice compared to their age matched chow fed group (P=0.04 and 

P=0.03, Figures 32B, 32D).  

Neprilysin (NEP) - a rate-limiting endopeptidase, Low density lipoprotein receptor 

related protein 1 (LRP1) and Adenosine Binding Cassette Transporter Proteins 1 

(ABCA1) are genes involved in cholesterol efflux and amyloid transport from brain to 

the blood. We analyzed the effects of T2D mimicking diet and genotype on the 

hepatic mRNA expressions of these genes. In female mice, we observed a significant 

effect of genotype on the expression of Neprilysin (F1, 16 = 8.978, P=0.009, Figure 

32H). T2D mimicking diet (F2, 16 = 6.932, P=0.007, Figure 32J) accompanied by a 

genotype effect (F1, 16 = 5.066, P=0.04, Figure 32J) influenced LRP1 expression. In 

female mice, T2D mimicking diet had significant influence on ABCA1 expression (F2, 

16 = 4.236, P=0.03, Figure 32L). In addition, mRNA expressions of LRP1 and ABCA1 

were significantly down-regulated in T2D model NTG female mice compared to their 

age matched chow fed group and a trend towards significance for NEP (P=0.008; P= 

0.04 and P=0.06 respectively, Figures 32H, 32J and 32L). 

T2D mimicking diet had a significant effect on PPARα expression (F2, 16 = 5.591, 

P=0.01, Figure 32F) while genotype showed a trend towards significance (F1, 16 = 

3.221, P=0.09, Figure 32N). In addition, T2D mimicking diet had a significant effect 

on PPARγ2 expression in male mice (F2, 16 = 4.980, P=0.02, Figure 32O). Moreover, 

mRNA expressions of PPARα and PPARγ2 were significantly downregulated in T2D 

model NTG female and male mice, respectively, compared to their age matched 

chow fed control group (P=0.02, P=0.02, Figures 32N, Figure 32O). 

T2D mimicking diet had a significant effect on ABCG1 expression (F2, 16 = 5.388, P= 

0.02, Figure 32S) and genotype showed a trend towards significant effect on FGF21 

expression (F1, 16 = 3.412, P= 0.08, Figure 32U) in female mice but the differences 
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investigated the effect of T2D on the aggregation of Aβ in APPxhQC mice. Therefore, 

we measured the amount of soluble (DEA fractions) and plaque-associated insoluble 

(FA fractions) Aβ isoforms in whole brain lysates of T2D model APPxhQC mice, their 

chow fed age matched control and ASX supplemented T2D group. 

Diet had significant effect on the amount of soluble Aβ fractions deposited in the 

brain of the mice, especially the males (F2, 21 = 18.86, P<0.001, Figure 33A). For the 

plaque associated conventional Aβ isoforms (Aβ38, Aβ40 and Aβ42), diet had a 

significant impact on their deposition irrespective of the sex (Male - F2, 21 = 7.180, 

P=0.004; Female - F2, 18 = 4.020, P=0.04, Figures 33C, 33D). In male mice, T2D 

mimicking diet resulted in a reduced amount of soluble Aβ40 deposited in the brain 

when compared to chow fed age matched control albeit not to a level of statistical 

significance (P=0.18, Figure 33A). ASX supplementation led to a significant reduction 

in the deposited soluble Aβ especially for Aβ40, when compared to the T2D model 

group (P=0.03, Figure 33A), but only a trend towards reduction for Aβ38 (P=0.07, 

Figure 33A) was noted. In female mice, T2D mimicking diet had no effect on the 

deposition of conventional soluble brain Aβ isoforms. In addition, T2D mimicking diet 

led to a significant increase in the amount of plaque associated Aβ40 deposits in 

brains of the male mice in comparison to their chow fed age matched control group 

(P=0.01, Figure 33C) which was significantly reduced by ASX supplementation 

(P=0.007, Figure 33C). 

 





















  Joshua Adekunle Babalola 
 

135 
 

6.1.9 T2D mimicking diet impacts insulin signaling differently in 

APPxhQC mice and their NTG littermates in a sex dependent 

manner. 

Central response to insulin is suspected to be defective in AD (Leclerc et al., 2023). 

In addition to amyloid-β (Aβ) and tau pathologies, another hallmark of AD is defective 

brain uptake of glucose and impaired response to insulin (Arnold et al., 2018; Kellar 

and Craft, 2020; De Felice, 2013; Baglietto- Vargas et al., 2016; de La Monte, 2019; 

Stanley et al., 2016). To determine the effect of diet and genotype on insulin 

signaling, brain homogenates from APPxhQC mice and their NTG littermates were 

subjected to immunoblotting. Expression of Insulin signaling associated protein 

markers like ABCA1, AKT, LRP1 and IR-β were evaluated. Diet had a strong 

influence on LRP1 expression in male mice compared to female mice (Male – F2, 12 = 

6.225, P=0.01; Female – F2, 12 = 1584, P=0.25) while only a trend was observed for 

genotype in both sexes (Male – F1, 12 = 3.610, P=0.08; Female – F1, 12 = 4.469, 

P=0.06). Surprisingly, we observed increased expression of LRP1 in T2D model NTG 

mice when compared to their age matched chow fed control group (P=0.03, Figures 

38A, 38C). Both diet (Male – F2, 12 = 5.612, P=0.02; Female – F2, 12 = 0.7310, P=0.5) 

and genotype (Male – F1, 12 = 6.709, P=0.02; Female – F1, 12 = 0.3801, P=0.55) had a 

significant effect on IR-β expression in male mice. T2D mimicking diet increased 

phosphorylation of AKT at Serine 473 only in male mice (Male – F2, 12 = 4.016, 

P=0.05; Female – F2, 12 = 0.5620, P=0.58). T2D model APPxhQC male mice had 

significantly increased phosphorylated AKT when compared to their age matched 

chow fed control group (P=0.02, Figures 38A, 38G). Effects of diet and genotype 

were not significant on ABCA1 expression in both sexes, but we observed a trend in 

ABCA1 expression in T2D model APPxhQC male when compared to their age 

matched chow fed control group (P=0.06, Figures 38A, 38I). ASX supplementation 

did not significantly impact cerebral insulin signaling irrespective of sex or genotype. 

Taken together, these results suggests that T2D mimicking diet seems to positively 

impact cerebral insulin signaling in APPxhQC mice in a sex dependent manner. 
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SEM, n=3 per sex and genotype. p-Values are calculated using Two-way ANOVA 

followed by Turkey’s Multiple Comparison test; *p < 0.05. 

6.1.10 Presence or absence of hQC/APP and T2D mimicking diet 

influences cerebral MAP kinase signaling in APPxhQC mice and 

their NTG littermates in a sex and genotype dependent manner. 

Various studies have reported the activation of mitogen-activated protein kinase 

(MAPK) pathways in vulnerable neurons in AD patients. We investigated the impact 

of T2D mimicking diet and presence or absence of hQC/APP on expressions of some 

of the best characterized MAPK pathway genes, ERK, p38 and p65 NF-κB. 

We observed a significant impact of genotype on the phosphorylation of the ERK 

protein in male mice (Male – F1, 12 = 6.595, P=0.02; Female – F1, 12 = 0.6076, P=0.45) 

and a trend towards an effect for diet (Male – F2, 12 = 3.243, P=0.07; Female – F2, 12 = 

1.285, P=0.31). T2D model APPxhQC male mice had significantly increased level of 

phosphorylated ERK when compared to their age matched chow fed control group 

(P=0.02, Figures 39A, 39C). p65 NF-κB, another member of the MAPK pathway, has 

been reported to be involved in neuritogenesis. Surprisingly, diet (Male – F2, 12 = 

4.878, P=0.03; Female – F2, 12 = 0.5384, P=0.6) had a significant impact on p65 

expressions in male mice while genotype (Male – F1, 12 = 0.8716, P=0.37; Female – 

F1, 12 = 28.43, P<0.001) greatly influenced its expressions in female mice. ASX 

supplemented T2D model NTG male mice had increased expression of p65 when 

compared to their T2D model counterparts (P=0.02, Figures 39A, 39E). In ASX 

supplemented T2D model APPxhQC female mice, we observed a reduced 

expression of p65 relative to their T2D model group (P=0.01, Figures 39B, 39F). 

Neither diet nor genotype had a significant effect on p38 MAPK signaling (Figures 

39A, 39B, 39G, 39H). These results suggest that both T2D mimicking diet and 

presence or absence of hQC/APP impact cerebral MAPK signaling in APPxhQC mice 

in a sex and genotype dependent way. 
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6.1.11 T2D mimicking diet dysregulates cerebral mTORC1 signaling 

differentially in APPxhQC mice and their NTG littermates. 

Dysregulation of the mTOR pathway has been implicated in the pathophysiology of 

many chronic diseases including T2D and AD (Ma et al., 2010). We evaluated 

combinational effects of diet and genotype on the phosphorylation of S6 ribosomal 

protein (S6rp). Diet (Male – F2, 12 = 6.957, P=0.01; Female – F2, 12 = 5.791, P=0.02) 

and genotype (Male – F1, 12 = 9.180, P=0.01; Female – F1, 12 = 19.97, P=0.001) 

significantly influenced phosphorylation of S6rp irrespective of sex. There was strong 

interaction between diet and genotype for both sexes (Male – F2, 12 = 13.07, P<0.001; 

Female – F2, 12 = 9.557, P=0.003). ASX supplemented T2D model NTG male mice 

showed increased phosphorylation of S6rp when compared to the T2D model group 

(P=0.005, Figures 40A, 40C). Similar increases in phosphorylation of S6rp was 

observed for ASX supplemented T2D model NTG female mice when compared to 

their T2D model counterparts (P=0.008, Figures 40B, 40D). ASX supplementation 

tends to reduce phosphorylation of S6rp in T2D model APPxhQC male mice when 

compared to their T2D model group (P=0.06, Figure 40A, 40C). Furthermore, we 

evaluated the effect of diet and genotype on the phosphorylation of mammalian 

target of rapamycin (mTOR) protein. Diet had a significant influence on its expression 

in female mice while only a trend was observed in male mice (Male – F2, 12 = 3.743, 

P=0.05; Female – F2, 12 = 5.934, P=0.02, Figure 22A, 22B). Both diet (Male – F2, 12 = 

1.019, P=0.39; Female – F2, 12 = 4.429, P=0.04) and genotype (Male – F1, 12 = 

0.06886, P=0.8; Female – F2, 12 = 5.627, P=0.04) significantly influenced the 

expression of mTOR protein in female mice.  There was strong interaction between 

diet and genotype for both sexes (Male – F2, 12 = 7.778, P=0.007; Female – F2, 12 = 

5.170, P=0.02). Cerebral expression of mTOR was reduced in ASX supplemented 

T2D model APPxhQC male mice compared to the T2D model group (P=0.07, Figures 

40A, 40G). mTOR expression level was significantly increased in T2D model NTG 

female mice relative to their chow fed counterparts (P=0.01, Figures 40B, 40H). 







  Joshua Adekunle Babalola 
 

144 
 

6.1.12 ASX supplementation enhances hepatic autophagy signaling 

in T2D model NTG male mice. 

Brain-liver organ cross talk in the pathophysiology of many metabolic syndromes 

including T2D and AD has been reported.  Therefore, we evaluated the influence of 

diet and genotype on hepatic autophagy signaling in this AD model. A significant 

effect of diet on autophagic protein marker Beclin1 protein expression in male mice 

was noted (Male – F2, 12 = 5.664, P=0.02; Female – F2, 12 = 0.6608, P=0.53, Figure 

33A-D). ASX supplementation tends to increase the expression of Beclin1 in ASX 

supplemented T2D model NTG female mice when compared to T2D model group 

(P=0.09, Figures 33B, 33D). Diet significantly influenced the expression of the 

chaperone mediated autophagy marker- LAMP2A in male mice (Male – F2, 12 = 11.66, 

P=0.002; Female – F2, 12 = 2.381, P=0.13). ASX supplementation tends to increase 

the expression of LAMP2A in T2D model NTG male mice compared to T2D model 

group (P=0.09, Figures 33A, 33E). Increased expression of LAMP2A was also 

observed in ASX supplemented T2D model APPxhQC male mice when compared to 

their T2D model counterparts (P=0.010, Figures 33A, 33E). Moreover, diet and 

genotype influenced lipidation of hepatic LC3B differentially in a sex dependent 

manner. Diet (Male – F2, 12 = 4.305, P=0.04; Female – F2, 12 = 2.048, P=0.17) had a 

significant influence on LC3B-II/ LC3B-1 expression in male mice while its expression 

was impacted by genotype in female mice (Male – F1, 12 = 3.939, P=0.07; Female – 

F1, 12 = 13.02, P=0.004). We observed a significant increase in LC3B-II/ LC3B-1 

expression in T2D model NTG male mice compared to their age matched chow fed 

control group (P=0.03, Figures 33A, 33G) while observing the same in T2D model 

APPxhQC female mice relative to their age matched chow fed control group (P=0.02, 

Figures 33B, 33H). Taken together, these results showed the ASX supplementation 

might enhance hepatic autophagy signaling in T2D model NTG male mice. 
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Data are mean + SEM, n=3 per sex and genotype. p-Values are calculated using 

Two-way ANOVA followed by Turkey’s Multiple Comparison test; *p < 0.05; **p < 

0.01. 

 

6.1.13 ASX supplementation improves hepatic insulin signaling in 

T2D NTG male mice. 

The liver is the key metabolic organ which governs body energy metabolism (Rui, 

2014). To investigate hepatic insulin signaling, we evaluated the effects of both diet 

and genotype on protein expressions of ABCA1, AKT and IR-β. Genotype had a 

significant effect on IR-β protein expression in male mice (Male – F1, 12 = 6.702, 

P=0.02; Female – F1, 12 = 0.09569, P=0.76). Moreover, T2D model NTG male mice 

tend to increase IR-β protein expression relative to their age matched chow fed 

control group (P=0.08, Figures 42A, 42C).  

Genotype significantly influenced phosphorylation of AKT in male mice (Male – F2, 12 

= 8.615, P=0.01; Female – F2, 12 = 0.3979, P=0.54). In ASX supplemented T2D 

model NTG male mice, we observed increased expression of phosphorylated AKT 

relative to their T2D model control (P=0.01, Figures 42A, 42E). Both diet (Male – F2, 

12 = 5.259, P=0.02; Female – F2, 12 = 0.1444, P=0.87) and genotype (Male – F1, 12 = 

18.93, P=<0.001; Female – F1, 12 = 4.591e-005, P>0.99) significantly influenced 

ABCA1 expression. Surprisingly, ABCA1 protein expression was upregulated in T2D 

model NTG male mice when compared to their age matched chow fed control group 

(P=0.001, Figures 42A, 42G) but downregulated in the ASX supplemented group 

relative to their T2D model counterpart (P=0.11, Figures 42A, 42G). Taken together, 

the results suggests that ASX supplementation improves hepatic insulin signaling in 

T2D model NTG male mice. 
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7.0 DISCUSSION 

Post-translational modifications of the Aβ protein (amyloid cascade hypothesis) have 

been regarded as the classic hypothesis for the cause of AD. Even though successful 

AD clinical trials with antibodies targeting various Aβ species seem to a certain 

degree support this hypothesis, genetic, clinical, imaging and biochemical data are 

suggesting a more complex disease etiology (Kepp et al., 2023). Recently, evidence 

is emerging that links metabolic syndromes such as obesity, T2D, and dyslipidemia 

with the pathophysiology of AD. Nonetheless, little is known about the combined 

effects of human glutaminyl cyclase activity (pyroglutamination) and type 2 diabetes 

(metabolic impairment) in the pathophysiology and progression of AD in transgenic 

mice. This study investigated APPxhQC mice, a model for experimental AD and their 

non-transgenic littermates under diabetic or control conditions with and without ASX 

treatment to understand the combined consequences of metabolic impairment, 

pyroglutamylation and the effect of ASX supplementation in AD pathophysiology, with 

special focuses on nutrient sensing signaling pathways, Aβ metabolism and spatial 

cognitive impairment.  

In summary, our results suggest a sex and genotype specific effect of the interaction 

of diet, glutaminyl cyclase activity and ASX supplementation in this model on nutrient 

sensing signaling pathways, Aβ metabolism and cognitive impairment with 

implications for human AD pathophysiology. Absence of both APP and hQC 

influenced insulin secretion as NTG chow fed mice have higher FPI, a measure of 

insulin resistance, compared to APPxhQC mice irrespective of sex. Insulin secretion 

remained unchanged in T2D model APPxhQC male mice but improved in female 

mice whereas insulin secretion was impaired in both male and female T2D model 

NTG mice. T2D mimicking diet influenced food consumption irrespective of sex or 

genotype and weight gain in the absence of hQC in male mice. In addition, T2D 

mimicking diet elevated total plasma cholesterol level irrespective of genotype except 

in APPxhQC female mice. Diabetes caused significant liver damage in NTG female 

mice. In addition, T2D mimicking diet downregulated hepatic genes involved in 

cholesterol efflux, lipid metabolism in the absence of hQC, especially in female mice. 

We observed sex differences in how T2D mimicking diet affects metabolism of Aβ 

(conventional and modified). ASX supplementation impacts Aβ deposition and might 

be an hQC inhibitor. T2D mimicking diet impaired cognitive function in T2D model 
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NTG male and APPxhQC female mice. ASX supplementation was only able to 

rescue memory impairment in NTG male mice. Diet, genotype and sex tends to 

influence nutrient sensing pathways differentially while ASX supplementation might 

likely enhance nutrient signaling in T2D model NTG male mice. 

We investigated the glycemic status of the mice before introducing the dietary 

intervention. At basal level, glucose sensitivity was impaired in NTG mice irrespective 

of the sex. T2D mimicking diet led to severe glucose intolerance in NTG mice, 

especially in the female mice. Damage of pancreatic cells resulting from Streptozocin 

injection leads to hyperinsulinemia and hyperglycemia (Ali and Ali, 2022). 

T2D mimicking diet led to reduced food consumption in male mice irrespective of the 

genotype and female APPxhQC mice. Our results agree with reports from a similar 

study by Mazzei et al., (2021). Surprisingly, despite the reduced rate of food 

consumed, T2D model NTG male mice had significant weight gain similar to a report 

of Sankar and colleagues (Sankar et al., 2020) using APP/PS1xdb/db as a model for 

T2D-AD.  

The T2D mimicking phenotype was most severe in the T2D model NTG female mice. 

These mice had elevated glycemic parameters (FPG, FPI, HOMA-IR, HOMA-β and 

HbA1c above 5.7%). HbA1c less than 5.7% is considered normal (Qinna and 

Badwan, 2015). Diabetic complications are established when HbA1c exceeds 5.7% 

as this indicates the prolonged presence of excessive sugar in circulation (Miedema, 

2005). In patients diagnosed of T2D, hyperinsulinemia, insulin resistance, and β cell 

failure are commonly associated with Diabetic dyslipidemia (Athyros et al., 2018). In 

agreement, T2D model NTG female mice showed impaired β cell insulin secretion, 

were insulin resistant and had a high amount of glucose attached to their 

haemoglobin.  

Hyperinsulinemia is an early event in the progression of T2D (Vandal et al., 2015). In 

this study, T2D model APPxhQC mice had increased FPI relative to their age 

matched chow fed control irrespective of sex. In addition, both male and female NTG 

mice on chow diet had high level of FPI compared to their APPxhQC counterpart. 

The high level of fasting insulin found in the plasma of chow fed NTG mice could be 

due to an impaired hepatic clearance of insulin (Brandt et al., 1977; Johnston et al., 

1977) as the liver is known to rapidly degrade insulin (Faber et al., 1978; Ferrannini 

et al., 1983). 
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Hyperlipidemia refers to an increase of one or more plasma or serum lipids, usually 

cholesterol and triglycerides, and the term dyslipidemia is used to describe either an 

increase or decrease in the concentration of one or more plasma or serum lipids. We 

observed that T2D model diet led to increased plasma cholesterol irrespective of sex 

or genotype. Plasma cholesterol was significantly elevated in T2D model NTG (male 

and female) mice and APPxhQC male mice, supporting a similar study by Skrzypski 

and colleagues (Skrzypski et al., 2022). Conversely, T2D mimicking diet has no 

impact on plasma triglycerides as they do not differ irrespective of sex or genotype. 

Increased plasma cholesterol in T2D model NTG (male and female) mice and 

APPxhQC male mice further validates the increased intolerance to glucose and the 

elevated glycemic parameters (FPG, FPI, HOMA-IR, HOMA-β and HbA1c above 

5.7%) in these mice, especially in T2D model NTG female mice. In vitro and in vivo 

studies have shown that elevated extracellular and intracellular cholesterol levels 

lead to functional disturbances in pancreatic beta cells (Hao et al., 2007; Brunham et 

al., 2007; Kruit et al., 2011). Moreover, Simonen and co-workers (Simonen et al., 

2002) reported that T2D was associated with high cholesterol synthesis as well as 

with mildly elevated serum and lipoprotein triglyceride levels. Furthermore, clinical 

studies reported that increased cholesterol levels lead to reduced glucose tolerance, 

and that a high total cholesterol (TC) to high-density lipoprotein cholesterol (HDL-C) 

ratio can predict T2D (Seo et al., 2011; Wada et al., 2016). In addition, evidence 

suggests that hypercholesterolemia itself could reduce glucose-stimulated insulin 

secretion and insulin sensitivity (Hao et al., 2007; Dirkx and Solimena, 2012). 

Alanine aminotransferase and AST, markers for liver dysfunction, have been reported 

to be good indicator of liver injury (Giannini et al., 2005; Sookoian and Pirola, 2012; 

Sookoian et al., 2016; Wang et al., 2016), hepatic insulin resistance (Hanley et al., 

2004) and odds of T2D (Ballestri et al., 2016) and even cognitive impairments (Fillit et 

al., 2008; Santos et al., 2017; Nho et al., 2019). Concomitant with increased 

expression of plasma cholesterol, we also found increased expression of serum liver 

function enzymes AST and ALT in T2D model NTG mice, especially females, 

suggesting impaired liver function. These results are in accordance with similar 

reports for mice (Skrzypski et al., 2022) and humans (Wang et al., 2016; Ismal et al., 

2020; Alam et al., 2021) that showed increased liver enzymes and a higher 

prevalence in diabetic females compared to diabetic males (Noroozi et al., 2022). 
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The liver is a vital metabolic organ involved in insulin sensitivity, gluconeogenesis, 

cholesterol synthesis and lipid metabolism. Genes such as SREBF1, PGC1α, 

PGC1β, PPARα, NEP, LRP1, ABCA1, ABCG1 and PPARγ and many others are 

crucial players in glucose and lipid metabolism.  

Concomitant with impaired lipid metabolism, increased expression of liver function 

enzymes AST and ALT, we also observed associated with reduced transcription of 

genes involved in insulin sensitivity, gluconeogenesis, cholesterol synthesis and lipid 

metabolism.  Gene products of SREBF1, PGC1α, PGC1β, PPARα, NEP, LRP1, 

ABCA1, ABCG1 and PPARγ involved in cholesterol efflux, amyloid transport, de 

novo-lipogenesis showed altered expression in livers of T2D model APPxhQC and 

NTG mice.  

Sterol regulatory element-binding protein-1 (SREBF1) is a key transcription factor 

known to regulate genes involved in de novo lipogenesis and glycolysis pathways 

(Horton et al., 2002). Its expression has been reported to be significantly upregulated 

in obese patients and in animal models of obesity and type 2 diabetes (Ruiz et al., 

2014; Shimomura et al., 1999). Contrary to previous reports, hepatic SREBF1 

expression was downregulated in our T2D model NTG female mice. The reason for 

this result needs to be further investigated.  

In addition to SREBF1, PPAR family members like PPARα, PPARβ, and PPARγ are 

transcriptional regulators known to play key roles in lipid metabolism (Kawada T, 

1998; Takeyama et al., 2000; Michalik et al., 2006; Barak et al., 2008). Down 

regulation of PPARα was reported when β cells were exposed to elevated glucose 

and in T2D (Roduit et al., 2000; Shao et al., 2019; Zhu et al., 2021). Moreover, 

PPARα is required for the expression of FGF21, a liver secreted hormone with many 

endocrine and hepatoprotective functions (Badman et al., 2007; Fisher et al., 2014; 

Iroz et al., 2017; Singhal et al., 2018). In our study, PPARα was downregulated in 

T2D model NTG female mice. T2D mimicking diet resulted in an increased 

expression of PPARγ irrespective of sex or genotype but upregulation was more 

pronounced in NTG male mice which agrees with reports by Bedoucha et al., Morán-

Salvador and colleagues, Jia and co-workers (Bedoucha et al., 2001; Morán-

Salvador et al., 2011; Jia et al., 2016). Hepatic mRNA expression of FGF21 was 

downregulated in T2D model male mice irrespective of genotype and T2D model 

NTG female mice, suggesting an impaired metabolic state. Our result differs from 
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previous studies that reported increased circulating FGF21 in serum and liver of 

obese and T2D model patients correlating with abnormal glucose metabolism 

(Chavez et al., 2009; Martin et al., 2009; Fisher et al., 2010; Hale et al., 2012; So et 

al., 2013; Wang et al., 2018). The reasons for this variation need to be further 

investigated. 

Furthermore, the peroxisome proliferator-activated receptor g coactivators-1α and β 

(PGC1α and PGC1β) are additional crucial genes involved in the pathophysiology of 

T2D (Mootha et al., 2003; Patti et al., 2003; Finck et al., 2006; Villena, 2015). In this 

study, hepatic PGC1β expression was significantly downregulated in T2D model 

NTG female mice. We observed reduced expression of PGC1α in T2D model male 

mice regardless of genotype and female NTG mice. This agrees with previous 

studies that reported decreased expression of PGC1α in liver and muscle, organs 

associated with glucose intolerance and insulin resistance (Mootha et al., 2003; 

Westerbacka et al., 2007; Handschin et al., 2007; Estall et al., 2009; Liu et al., 2011; 

Kleiner et al., 2012; Sczelecki et al., 2014). In addition, down regulation of PGC1α 

has been reported in islets of patients with T2D, correlating with decreased insulin 

secretion (Ling et al., 2008). 

In addition, low-density lipoprotein receptor-related protein 1 (LRP1), a member of 

the low-density lipoprotein receptor (LDL-R) family (Gonias and Campana, 2014) has 

been implicated in insulin signaling pathways and cerebral glucose homeostasis 

(Nakajima et al., 2014). LRP1 is known to be a major receptor for Aβ in the liver and 

responsible for clearance of plasma Aβ (Hone et al., 2003; Ghiso et al., 2004; Tamaki 

et al., 2006). In our study, hepatic expression of LRP1 was significantly 

downregulated in T2D model NTG female mice. This is not surprising as these mice 

were hyperglycemic and hyperglycemia is known to suppress LRP1 expression while 

accelerating Aβ accumulation (Liu et al., 2015) and modulate the compensatory 

responses of β-cells to glucotoxicity and lipotoxicity (Ye at al., 2018). 

Moreover, hepatic mRNA expression of NEP was increased in T2D model male mice 

irrespective of the genotype, although not statistically significant, whereas, it was 

downregulated in T2D model NTG female mice. This agrees partially with other 

studies that reported increased NEP in plasma and metabolic tissues of mice with 

diet-induced obesity and its expression level correlated with decreased insulin 

sensitivity and reduced beta cell function (Standeven et al., 2011; Willard et al., 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7516055/#B28
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7516055/#B24
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7516055/#B48
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7516055/#B48
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2017). In addition, NEP inhibitors are known to increase the level of substrates like 

angiotensin II (Campbell et al., 1998), thereby impairing insulin sensitivity and 

secretion and subsequently promoting insulin resistance and beta cell dysfunction. 

Moreover, increasing NEP activity is associated with a compensatory increase in 

pancreatic β cell mass to overcome glucose dyshomeostasis (Jurgens et al., 2011). 

Some studies have linked mutation and defects in ABC transporter genes to T2D 

(Waller et al., 2013; Norton et al., 2017). Both ABCA1 and ABCG1 play important 

roles in transporting excess cholesterol out of the cell (Waller et al., 2013) and down 

regulation of ABCG1 has been reported in T2D patients (Solini et al., 2017). In our 

study, hepatic mRNA expressions of ABCA1 and ABCG1 were also reduced in T2D 

model NTG female mice. ASX supplementation slightly increased the expressions of 

ABCA1 and ABCG1 in T2D model APPxhQC male mice, albeit not to a statistically 

significant level. Significant alterations of transcription genes SREBF1, PPARα, 

LRP1, ABCA1, NEP and PGC1β implicated in glucose and lipid homeostasis, in 

agreement with other parameters used to access diabetic state in our model affirms 

the severity of T2D mimicking diet in our T2D model NTG female mice. 

Effects of T2D mimicking diet on Aβ metabolism and cognitive impairment in animal 

models appears to be dependent on factors depending on which mouse strain is 

used and how T2D was induced. We evaluated the effect of T2D mimicking diet on 

Aβ metabolism in APPxhQC mice and observed a sex specific difference in the 

deposition of conventional and pGlu-3 Aβ isoforms. In male APPxhQC mice, T2D 

mimicking diet led to decreased deposition of soluble Aβ isoforms (Aβ38, Aβ40, Aβ42) 

levels, with its effect more pronounced for Aβ40. T2D mimicking diet resulted in 

increased FA insoluble Aβ isoforms especially Aβ40. T2D mimicking diet had no 

noticeable influence on conventional Aβ metabolism in female mice. ASX 

supplementation significantly reduced the amount of deposited soluble and insoluble 

Aβ40 in male mice. This agrees with a recent publication from our group where we 

reported that co-treatment of ASX with Aβ40 enhances Aβ clearance in pBCECs by 

reducing intracellular and secreted APP/Aβ (Babalola et al., 2023). Slightly different 

from what we observed for conventional Aβ isoforms, T2D mimicking diet caused an 

increase in the deposition of soluble and plaque associated pGlu-3 Aβ42. Increased 

deposition of soluble pGlu-3 Aβ42 was more pronounced in female mice and was 

significantly reduced by ASX supplementation. Similar to results obtained from our 
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experimental T2D-AD model, Wang et al., also reported an increased pool of 

insoluble Aβ40 and Aβ42 in post-mortem brains of AD patients and a significant 

decrease in the solubility of Aβ peptides in pathologic aging compared to normal 

aging and in AD compared to pathologic aging and normal aging (Wang et al., 1999). 

In contrast, in studies using APP/PS1xdb/db mice, increased deposition of soluble 

Aβ40 and Aβ42 and reduced deposition of insoluble Aβ40 and Aβ42 both in the cortex 

and hippocampus were reported after T2D diet, connoting a shift in Aβ levels towards 

more toxic soluble species (Ramos-Rodriguez et al., 2015; Infante-Garcia et al., 

2016; Sankar et al., 2020). Conversely, Carus-Cadavieco and co-workers (Carus-

Cadavieco et al., 2023) reported a reduction in both soluble and insoluble Aβ in 

streptozocin-HFD fed hAPP NL/F mice. Using hAPP NL/F mice fed HFD containing 

40% kcal from fat for 12 months, Mazzie and others (Mazzie et al., 2021) reported an 

increased deposition of insoluble Aβ while soluble Aβ remained unchanged. 

Furthermore, they suggested that the T2D phenotype induced in their model 

promoted Aβ aggregation and deposition by suppressing its clearance. Using HFD 

fed 3xTg-AD mice, Vandal and others, reported an increased soluble Aβ40 and Aβ42 

in the cerebral cortex of 15-month-old animals (Vandal et al., 2014; Julien et al., 

2010). Ho and colleagues (Ho et al., 2004) reported an increase in soluble Aβ40 and 

Aβ42 in cortex of female HFD fed Tg 2576 mice. In AppNL/NL HFD- fed mice carrying 

the Swedish “NL” mutation, Salas and co-workers (Salas et al., 2018) reported no 

change in soluble Aβ40 and Aβ42 at 4 months and 16 months. In our study, an 

observed shift from soluble to insoluble Aβ isoforms in the brains of T2D model 

APPxhQC male mice, similar to that reported in post-mortem brains of AD patients, 

suggests that peripheral metabolic dysfunctions might affect Aβ metabolism 

(deposition, clearance and degradation). The reduced deposition of soluble pGlu-3 

Aβ42 in our T2D model APPxhQC female mice suggests that ASX might be an hQC 

inhibitor. This potential of ASX as hQC inhibitor needs to be further investigated. 

Sex and genotype specific differences were observed with respect to the impact of 

T2D mimicking diet on hippocampal dependent spatial memory dysfunction.T2D 

mimicking diet severely impaired cognitive function in T2D model NTG male and 

APPxhQC female mice. Spatial memory deficits were more pronounced in mice from 

these groups as they showed reduced number of target zone crosses. T2D has been 

reported to cause memory impairment both in rats (Wang et al., 2020; Lawal et al., 

2021) and mice (Zhu et al., 2022, Zhang et al., 2021). In 2017, Kang and colleague 
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showed that streptozotocin-induced diabetic mice accumulate cerebral Aβ and 

develop memory dysfunction (Kang et al., 2017). However, we could not replicate this 

in our T2D model APPxhQC male mice. Numbers of target zone crosses did not 

differ significantly in T2D model APPxhQC male mice from the chow fed control 

group even though T2D mimicking diet significantly elevated the amount of plaque 

associated insoluble Aβ isoforms deposited in their brains. This result is not outright 

surprising as reports on the effect of T2D on cognitive performance in experimental 

animal models have been varying; ranging from increased Aβ deposition due to T2D 

with accompanying memory impairments (Barron et al., 2013; Vandal et al., 2014; 

Ettcheto et al., 2016; Walker et al., 2017; Mazzei et al., 2021; Carus-Cadavieco et al., 

2023) to no memory impairment or only mild memory dysfunction (Bracko et al., 

2020; Yeh et al., 2015; Salas et al., 2018). There are even studies that reported 

impaired memory function due to T2D without increased Aβ deposition (Knight et al., 

2014; Sah et al., 2017). ASX supplementation reversed impaired hippocampal 

dependent spatial memory function in T2D model NTG male mice. These mice spent 

shorter time to find the hidden platform in terms of escape latency, decreased length 

of path and decreased velocity during the training phase. Furthermore, we recorded 

more target zone crosses during the probe trial in same mice suggesting a potential 

of ASX supplementation to reverse spatial memory deficits due to T2D mimicking 

diet. 

In order to unravel the mechanism(s) by which ASX supplementation ameliorate 

hippocampal dependent cognitive impairment, we evaluated the effects of ASX 

supplementation on nutrient sensing pathways. Hyperglycemia and hyperlipidemia 

have been reported to inhibit autophagy (Ji et al., 2019) and ASX is a well reported 

autophagy inducer (Kim and Kim, 2019; Lee et al., 2020). In our model, cerebral 

LC3B lipidation was reduced in ASX supplemented T2D model NTG mice, especially 

in female mice. Expressions of cerebral LAMP2A, ATG5 and Beclin 1 proteins were 

elevated in ASX supplemented T2D model NTG male mice but reduced in APPxhQC 

male mice. Despite the downregulation of LC3B, elevation of other markers of 

autophagy might suggest a change in autophagy pathway. 

Similar to reports from Gali and colleagues (Gali et al., 2019), cerebral p-AKT and p-

ERK were elevated in our T2D model APPxhQC male mice, suggesting a hyperactive 

downstream insulin signaling whereas in ASX supplemented T2D model NTG male 
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mice, insulin signaling was improved as both IR-β and ABCA1 expressions were 

elevated. In addition, ASX supplementation reduced p-ERK and increased p65 

expression in T2D model NTG male mice. p65 expression has been linked with 

neurogenesis (Bhakar et al., 2002; Azoitei et al., 2005; Zhang et al., 2012; FitzPatrick 

et al., 2018) and enhancement of neurogenesis has been reported to support 

improvement in behavioral learning and memory tasks (Lazarov and Hollands, 2015). 

Furthermore, ASX supplementation partially inhibits mTORC1 signaling by increasing 

p-S6rp while decreasing p-mTOR in T2D model NTG male mice. This partial 

inhibition of mTORC1 signaling might be responsible for improved cognitive function 

in these mice as mTOR signaling is necessary for memory formation and acute 

inhibition of mTORC1 may greatly impacts synaptic function and, as a consequence, 

impairs memory retrieval (Bekinschtein et al., 2006; Pereyra et al., 2018). 

To evaluate brain-liver cross talk in the neuroprotective potential of ASX, we also 

examined its impact on nutrient sensing pathways in the liver. Lipidation of LC3B was 

upregulated in livers of T2D model NTG male mice and APPxhQC regardless of sex. 

Expression of hepatic LAMP2A was elevated in ASX supplemented T2D model NTG 

male mice while Beclin 1 expression was upregulated in ASX supplemented T2D 

model male and female NTG mice. Changes within autophagy pathway observed in 

our ASX supplemented T2D model NTG male mice agrees with reports from other 

studies that evaluated the effect of ASX on hepatic autophagy pathway (Shen et al., 

2014; Jia et al., 2016). In addition, in agreement with reports from previous studies 

(Ni et al., 2015; Li et al., 2016), hepatic expressions of IR-β and p-AKT were elevated 

in ASX supplemented T2D model NTG male mice, suggesting enhanced insulin 

signaling. Comparable to a report on the effect of T2D mimicking diet on hepatic 

ABCA1 in LDLR−/− mice (Tang et al., 2010), hepatic ABCA1 was elevated in our T2D 

model NTG male group. Furthermore, ASX supplementation ameliorates hepatic 

inflammation in T2D model NTG male mice. Elevated expression of p65, a pro-

inflammatory marker in liver of T2D model NTG male mice, was reduced following 

ASX supplementation. Increased hepatic expression of ERK was also observed in 

same group. Increased hepatic expression of ERK and decreased expression of p65 

following ASX supplementation corroborate reports from similar studies that showed 

that ASX suppressing p65 NF-κB expression enhancing its anti-inflammatory function 

(Fakhri et al., 2018; 2019; Galasso et al., 2018). 
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Finally, we examined sections from brains of APPxhQC male mice fed chow diet, 

T2D model diet and T2D model diet supplemented with ASX histologically. We 

observed an increased amounts of 6E10, pGlu-3 Aβ, GFAP and iba1 in both cortex 

and hippocampus of T2D model APPxhQC male mice which was reduced in ASX 

supplemented T2D model APPxhQC male mice suggesting reduced Aβ deposition 

and inflammation. 

This present study is limited by the lower power and number of mice tested per 

experimental groups. Moreso, western blotting technique used is a semi- quantitative 

technique with lots of technical variability. Hence, results are preliminary. 

In conclusion, we demonstrated that T2D mimicking diet poses an additional risk for 

AD development and that metabolic dysfunction induced cognitive impairments. T2D 

mimicking diet influences Aβ metabolism and cognitive impairment with sex and 

genotype playing divergent roles. T2D mimicking diet resulted in a progressive shift 

from soluble to insoluble Aβ pools in APPxhQC male mice. Increased deposition of 

soluble and insoluble pGlu-3 Aβ42 was more pronounced in T2D model APPxhQC 

female mice. T2D mimicking diet impaired memory functions in T2D model APPxhQC 

female and NTG male mice. The T2D mimicking phenotype was more pronounced in 

T2D model NTG female mice. ASX supplementation reduced Aβ deposition and may 

likely act as an hQC inhibitor. Our study is the first to report the potential of ASX as 

an hQC inhibitor. ASX supplementation ameliorated T2D mimicking diet induced 

memory dysfunction in T2D model NTG male mice possibly by enhancing NTG Aß 

clearance and degradation via autophagy and improving nutrient signalling pathways 

(autophagy, insulin and inflammatory signaling pathways) in both brain and liver. ASX 

supplementation alone may not be effective in presence of comorbidities and in late-

stage AD. 
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