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THE UNIVERSITY OF MANCHESTER 

Abstract of thesis 

Submitted by Isaura Martins for the degree of Doctor of Philosophy and entitled: 

Effects of a high-fat diet in health and in Alzheimer’s disease: a gender comparison study, 2015 

 

The prevalence of obesity is growing worldwide partly due to an increase in consumption of diets 

high in fat. Obesity is known as a risk factor for developing Alzheimer’s disease (AD) later in life. 

Both obesity and AD are associated with cognitive deficits and experimental high-fat diets can 

impair memory in cognitively normal rodents but also worsen memory deficits in AD mouse models. 

What is still unclear is the molecular mechanisms behind the detrimental effects of a high-fat diet on 

memory and if sex can influence its effect.  

Data in this thesis demonstrated that compared to females, male control non-transgenic (Non-

Tg) mice had earlier deficits in memory after a high-fat diet that were associated with 

hyperinsulinemia. However, female Non-Tg mice were more vulnerable to ultrastructural changes in 

mitochondria morphology and loss of synapses after 6 months of a high-fat diet, changes that were 

similar to those observed in control-fed female triple-transgenic mice (3xTgAD). Finally, the memory 

deficits observed after a high-fat diet in cognitively normal mice were not associated with obesity 

and adiposity, as treatment with resveratrol (RSV) an anti-obesogenic compound, attenuated body 

weight gain and adipose tissue but failed to reverse memory impairment. In control fed 3xTgAD 

mice, RSV rescued memory deficits. In all experiments a high-fat diet had no detectable effect on 

cognitive impairment in 3xTgAD mice. 

In conclusion, the present thesis demonstrates that the sex-dependent differences in the effect a 

high-fat diet on memory are likely due to hyperinsulinemia and mitochondrial impairment and do not 

depend on obesity phenotype. These results demonstrate the importance of gender when studying 

both obesity and AD and are relevant for future clinical trials. 
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1.1. Overview 

Consumption of western diets that are rich in fatty acids and cholesterol are increasing worldwide 

and contributing to an increase in the obese population. Obesity, which is defined by an increase in 

adipose tissue, has been associated with effects on cognitive function including impairments in 

memory (Waldstein and Katzel, 2005, Bruce-Keller et al., 2009, Kanoski and Davidson, 2011). 

Alzheimer’s disease (AD), the major cause of dementia, is also characterised by a progressive 

memory decline and it is known that midlife obesity is associated with increased risk of developing 

AD later in life (Tolppanen et al., 2014).  

AD prevalence is affected by age, gender and other risk factors, such as obesity, however it is 

known that more women than men develop AD (Ott et al., 1998, Sinforiani et al., 2010, Viña and 

Lloret, 2010), showing a clear effect of gender. In obesity, the majority of experimental studies 

showing negative effects of a high-fat diets on memory are in male rodents although it is known that 

the metabolic response to a high-fat diet can differ between males and females, since in general 

women have more body fat and are more susceptible to weight gain than men (Power and Schulkin, 

2008). 

Although it is known that both AD and obesity share common features, such as increased 

oxidative stress, blood-brain barrier (BBB) impairment and inflammation, the real mechanisms 

underlying the detrimental effect of high-fat diet on memory and its association with AD is still not 

clear. Moreover, neither is the effect of gender on diet-induced memory impairment. 

The aim of this thesis is to understand the effect of a high-fat diet on memory in both cognitively 

normal and cognitively impaired mice (AD model) and if gender can influence cognitive outcome. 

With this it will be possible to better understand the molecular mechanism associated with memory 

deficits in both obesity and AD. 

 

1.2. Alzheimer’s disease  

AD is the most common form of dementia in the elderly and accounts for 50-60% of all cases 

(Blennow et al., 2006). Age is the main risk factor for the development of the disease, and 
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population-based studies in Europe suggest that the age-specific prevalence for AD in people aged 

above 65 years old is 4.4 %, which almost doubles every 5 years after the age of 65 (Qiu et al., 

2009). 75% of individuals with AD have no family history of the disease and it is associated with the 

sporadic AD (SAD), whilst approximately 25% of AD cases are familiar (FAD). About 1-6% of AD 

cases is early onset (≤ 65 years old) and about 60% of these are familial (Bird, 2014).  

AD is a chronic and neurodegenerative disorder that normally begins with a subtle failure of 

episodic memory that slowly becomes more severe. It is characterised by a progressive and 

irreversible memory decline due to loss of synapses and neurones in brain areas such as the 

hippocampus, frontal cortex, basal forebrain, entorhinal and temporal cortices (Jacobsen et al., 

2005). Deficits in formation and retention of new episodic memories are the main typical symptoms 

(Sperling et al., 2010), however other symptoms include language breakdown, depression, apathy, 

agitation, aggression and psychosis (Nakaaki et al., 2008, Querfurth and LaFerla, 2010, Usman et 

al., 2010, Benoit et al., 2012, Bidzan et al., 2012, Grossi et al., 2013, Van der Mussele et al., 2013, 

Kwak et al., 2014). As the disease progresses the dependency of AD patients by their caregivers 

increases, and although there are limited symptomatic treatments for AD, no cure has been found to 

date. 

 

1.2.1 Alzheimer’s disease pathology and mechanisms 

AD is characterized pathologically by two hallmarks: neuritic/senile plaques, composed by 

amyloid-beta (Aβ) deposits, and intracellular neurofibrillary tangles (NFT), composed of filamentous 

aggregates of hyperphosphorylated tau protein (Selkoe, 2001). NFTs derive from abnormal 

hyperphosphorylation of the intracellular protein tau, a microtubule-associated protein responsible 

for microtubule assembly and protein trafficking, maintenance of neuronal structure, axonal 

transport, and neuronal plasticity (Lindwall and Cole, 1984). Plaques aggregate in extracellular 

spaces and within the cerebral vasculature, and are mainly composed by insoluble Aβ deposits that 

result from the cleavage of amyloid precursor protein (APP) (Figure 1). Besides Aβ and tau, reactive 

microglia cells and activated astrocytes are also observed within the AD brain (Blennow et al., 
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2006), which suggest a prominent activation of inflammatory processes and a response of the 

innate immune system against the disease (Citron, 2010). Moreover, plenty of evidence suggest 

that Aβ and tau do not act alone, and inflammation (Okello et al., 2009a, Okello et al., 2009b, Perry 

et al., 2010, Mattsson et al., 2011, Perry and Teeling, 2013, Perry and Holmes, 2014), oxidative 

damage and mitochondrial impairment (Maurer et al., 2000, Hirai et al., 2001, Reddy et al., 2004, 

Caspersen et al., 2005, Wang et al., 2005, Devi et al., 2006, Manczak et al., 2006, Reddy and Beal, 

2008) are key factors in AD. 

 

1.2.1.1 APP processing  

APP is a type-1 transmembrane protein that contains Aβ at the C-terminal (Hardy and Selkoe, 

2002, Carlson, 2003, LaFerla and Oddo, 2005, De-Paula et al., 2012). In addition to being mainly 

present in the cell membrane of neurones, APP is also found in various other organelles, such as 

the endoplasmic reticulum (ER), Golgi apparatus, and mitochondria (Rhein and Eckert, 2007). APP 

is metabolized by two different pathways, resulting in the formation or the prevention of Aβ: 

amyloidogenic or non-amyloidogenic pathways respectively. The non-amyloidogenic pathway 

involves membrane-associated metalloprotease α-secretase that cleaves APP between the 

residues 16 and 17 of the Aβ domain, which prevents the formation of toxic forms of Aβ. As a result, 

large soluble extracellular N-terminal portions of APP (APPsα) and C-terminal fragment of 83 

residues (C83) are produced (LaFerla and Oddo, 2005, Blennow et al., 2006) (Figure 1).  

In the amyloidogenic pathway, APP is cleaved by β- and γ-secretases. Firstly APP is cleaved by 

β-secretase at the N-terminus region of Aβ, leading to the production of a shorter soluble N-

terminus (APPsβ) and the amyloidogenic C-terminal fragment of 99 residues (C99). C99, which 

contains the full amyloidogenic sequence of aminoacids, is then cleaved by γ-secretase, producing 

C-terminal 50 residues of APP, known as APP intracellular domain (AICD), and two forms of Aβ, 

Aβ40 and Aβ42 (Carlson, 2003, Evin et al., 2003, LaFerla and Oddo, 2005, Haass and Selkoe, 

2007, Bateman et al., 2012) (Figure 1). While it is known that the major β-secretase responsible for 

APP processing is an integral membrane aspartyl protease called β-site APP-cleaving enzyme 1 
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(BACE1), γ-secreatase activity is more intricate. γ-secretase activity resides in a high molecular 

intramembraneous protease complex, consisting of four components: presenilin (PS), niscastrin, 

anterior pharynx defective 1(APH -1) and presenilin enhancer 1 (PEN-1). However it is known that 

PS constitutes the main active site (Vassar et al., 1999, Evin et al., 2003, Gandy, 2005, Blennow et 

al., 2006). 

Although Aβ40 and Aβ42 are the main components of the senile plaques, the presence or 

progression of the plaques do not correlate with severity of the disease (Terry et al., 1991, Dickson 

et al., 1995, Shankar and Walsh, 2009). Moreover, it is now considered that the senile plaques are 

an end stage event of amyloid deposition, representing an inactive reservoir of species that are in 

equilibrium with the smaller assemblies of Aβ (Hardy and Selkoe, 2002). These smaller and soluble 

forms of Aβ are called oligomers and are believed to be the most toxic form of the peptide (Harper 

et al., 1997, Lambert et al., 1998, Walsh et al., 1999, Bitan et al., 2003, Hoshi et al., 2003). The 

monomeric form of Aβ (molecular weight ~ 4 kDa) that is produced from the proteolytic cleavage of 

APP, can undergo a conformational change to high β-sheet content, which is more prone to 

aggregate into soluble, short forms called oligomers and into larger insoluble fibrils, consequently 

developing into plaques (Blennow et al., 2006). Oligomers, such as dimers and trimers, can be 

more synaptotoxic compared to insoluble Aβ plaques since they can exert both intracellular and 

extracellular toxicity (Walsh and Selkoe, 2004, Haass and Selkoe, 2007, Benilova et al., 2012). 

Interestingly, experimental studies have demonstrated that Aβ oligomers show synaptotoxicity in 

hippocampal slice cultures and primary neuronal cultures, and in vivo in rodents they affect dendritic 

spine morphology and alter hippocampal long-term potentiation (LTP) and long-term depression 

(LTD) (Lambert et al., 1998, Walsh et al., 2002, Walsh and Selkoe, 2004, Cleary et al., 2005, Li et 

al., 2009, Wu et al., 2010, Jo et al., 2011). Moreover, these subtle synaptic alterations support that 

the toxic oligomeric form of Aβ and its intermediates are toxic as soon as they are produced, and 

are thought to play an important role in the early stages of the disease (Benilova et al., 2012).  

The detrimental effects of oligomeric Aβ includes the deregulation of calcium (Ca2+) homeostasis, 

oxidative stress and activation of an inflammatory response (Small et al., 2009, Demuro et al., 2010, 

Stutzmann and Mattson, 2011, Berridge, 2014, Lazzari et al., 2015). These events are the result of 
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the association of Aβ oligomers with the cellular membrane. By forming membrane pores (Jang et 

al., 2008, Jang et al., 2010a, Jang et al., 2010b, Sepulveda et al., 2010), disrupting membrane 

receptors function by intimate binding (Wang et al., 2004) or by interacting directly with the 

membrane (Verdier Y and B., 2004), Aβ oligomers can lead to an increase of Ca2+ levels within the 

cell that results in an accumulation of reactive species of oxygen (ROS) (Mutisya et al., 1994, De 

Felice et al., 2007, Huang et al., 2011) and activates the inflammatory response.  

 

 

 

Figure 1. The proteolytic processing of amyloid pre cursor protein (APP). APP, a transmembrane protein, 

when cleaved by β- and γ-secretase leads to the production of Aβ peptides, in a process known as the 

amyloidogenic pathway. The two major forms of Aβ are Aβ40 and Aβ42, both of which are approximately 4 

kDa. In the non-amyloidogenic pathway, APP is cleaved by α-secretase within the Aβ domain, thus preventing 

Aβ formation and producing the extracellular soluble APP-α peptides (APPsα). 
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1.2.1.2 Amyloid cascade hypothesis 

The central hypothesis for the cause of AD was first described in 1984 by Glenner and Wong, 

when they identified that the basis of AD pathology was an imbalance between the production and 

clearance of Aβ (Glenner and Wong, 1984), which later led to the development of the amyloid 

cascade hypothesis. In normal conditions Aβ can be produced, degraded and cleared out of the 

brain. Aβ is normally degraded by the peptidases insulin-degrading enzyme (IDE) and neprilysin 

(NEP), and by endothelin-converting enzyme (Carson and Turner, 2002, Tezapsidis et al., 2009). 

Aβ can be cleared from the brain via receptor-mediated transcytosis in the endothelial cells of the 

BBB, through the low-density lipoprotein receptor-related protein (LRP), or by endocytosis involving 

the apolipoprotein E (ApoE) (Mackic et al., 1998, Donahue et al., 2006, Bell and Zlokovic, 2009, 

Tezapsidis et al., 2009).  

Support for the amyloid cascade theory was achieved with the finding that AD could be inherited 

in a autosomal dominant manner (Goate et al., 1991). Indeed, mutations present in people with FAD 

are in genes that not only involve APP (Goate et al., 1991, Hardy and Higgins, 1992, Mullan et al., 

1992), but also the presenilin enzymes (PS1 and PS2) (Sherrington et al., 1995, Scheuner et al., 

1996), which undoubtedly affect Aβ production, in particular Aβ42 (Selkoe, 1991, Hardy and 

Higgins, 1992, Hardy and Selkoe, 2002, Blennow et al., 2006). Moreover, the observation that 

people with Down’s syndrome have an extra APP gene, and that these individuals develop Aβ 

plaques early in life (Olson and Shaw, 1969), together with the fact that in families with FAD there is 

a duplication of the APP locus (Rovelet-Lecrux et al., 2006), led to the knowledge of a genetic 

framework for the amyloid hypothesis (Wisniewski et al., 1991, Selkoe, 2001). According to the 

amyloid cascade hypothesis, the mutations that occur in the APP gene or in the gene involving APP 

processing, are the main factors that will cause the imbalance between Aβ production and 

clearance. The net result is an increase in Aβ42 deposition that initiates cell death and leads to 

dementia (Hardy and Higgins, 1992, Hardy and Selkoe, 2002, Hardy, 2009, Karran et al., 2011). 

Indeed, cloning of PS1 and PS2 (Levy-Lahad et al., 1995, Sherrington et al., 1995) in cells and in 

transgenic mice lead to an increase in Aβ42 levels (Borchelt et al., 1996, Duff et al., 1996, Scheuner 
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et al., 1996), further supporting amyloid cascade hypothesis. However, the lack of correlation 

between dementia and plaque formation, which has thought to be the main reason for the cognitive 

decline, was brought an objection to the hypothesis. The number of amyloid deposits in the brain of 

an AD patient does not correlate well with the degree of cognitive impairment (Hardy and Selkoe, 

2002). In fact, some individuals without symptoms of dementia may have cortical Aβ deposits. 

Moreover, it is now known that the soluble Aβ species appears to better correlated with cognitive 

decline (Näslund et al., 2000, Hardy and Selkoe, 2002). Such evidence led to the amyloid cascade 

hypothesis to be revisited and Aβ oligomers are now thought to be an important player in the 

pathology (Figure 2).   

The amyloid cascade hypothesis now suggests that synaptotoxicity and neurotoxicity might be 

mediated by the oligomeric form of the peptide rather than insoluble plaques. Aβ oligomers will 

cause microglia and astrocytes activation and direct injury of synapses and neurones, which 

consequently alters the neuronal ionic homeostasis and causes oxidative stress, resulting in 

dysfunctional kinase activity. This dysfunctional enzyme activity will cause tau to be 

hyperphosphorylated, forming NFTs, and ultimately causing dementia (Hardy and Selkoe, 2002, 

Blennow et al., 2006, Karran et al., 2011) (Figure 2).   

Another inclusion in the amyloid cascade hypothesis over the years was the discovery of ApoE 

gene (APOE) as major genetic risk factor for SAD (Corder et al., 1993, Strittmatter et al., 1993). The 

possession of an APOE allele 4 (APOE4) correlates with increased Aβ deposition and AD risk 

(Holtzman et al., 2000). This effect is gene-dose dependent: one allele 4 increases the risk of AD by 

2-3 fold, whilst 2 copies of allele 4 increases the risk by 12 fold (Kim et al., 2009). APOE also 

encodes ApoE protein that is involved in the clearance of Aβ. It has been shown that the transport 

of Aβ across BBB through ApoE also can be affected by allele4, with APOE4 leading to the slowest 

transport, decreasing Aβ clearance out of the brain and initiating the same cascade of events that 

lead to dementia (Figure 2). However, the real mechanism for APOE4 and Aβ transport across the 

BBB remains unclear.  

The amyloid cascade hypothesis includes several molecular process of the appearance of the 

pathology. It also includes the genetic background, as the autosomal dominant form for FAD, and 
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the genetic risk associated with APOE4. However it lacks of evidence in what concerns to the 

interaction of Aβ with tau (Karran et al., 2011). Moreover, the hypothesis is totally centred on the 

neurone as the main reason and origin of the pathology, whilst omitting interactions between the 

neurones and astrocytes (Demetrius et al., 2015) and other organelles important to the normal 

neuronal activity, such as mitochondria.  
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Figure 2. Amyloid cascade hypothesis. The amyloid cascade hypothesis is considered as a gene-centric 

model for both familial and sporadic forms of AD. It postulates that the imbalance between Aβ production and 

clearance is due to genetic mutations (APP gene or in genes involved in APP processing, associated with the 

familiar form of the disease (Demetrius et al., 2015)) or genetic factors (e.g. APOE4 as seen in SAD). In both 

forms of AD, an accumulation of Aβ42 occurs, due to an increased production in the familial form or a 

decrease in clearance in the sporadic form. Aβ oligomers can directly inhibit hippocampal LTP and LTD and 

therefore impair synaptic function. The formation of plaques also leads to the activation of the innate immune 

system and initiation of an inflammatory response characterised by activation of microglia and astrocytes, 

which causes progressive synaptic and neuritic injury. Aβ oligomers can also directly cause injury in synapses 

and neurites. Such alterations lead to changes in the neuronal ionic homeostasis, in particular Ca2+, and 

oxidative balance, which affects kinase activity, leading to the formation of NFTs and ultimately dementia. AD 

– Alzheimer’s disease, Aβ – amyloid β protein, APP – amyloid precursor protein, SAD – sporadic form of AD, 

APOE4 – ApoE gene allele 4, LTP – long-term potentiation, LTD – long-term depression, Ca2+ - calcium, 

NFTs – neurofibrillary tangles. 
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1.2.1.3   Mitochondrial cascade hypothesis 

As mentioned above, the amyloid cascade hypothesis is based on genetics and explains the 

molecular pathways for the FAD, however it does not specify what triggers the common late-onset 

form of the disease, the SAD. The mitochondrial cascade hypothesis was first proposed in 2004 by 

Swerdlow and Khan in order to explain the molecular basis of SAD (Swerdlow and Khan, 2004). 

This theory was built on the idea that mitochondrial DNA (mtDNA) inheritance would have an impact 

on AD development, through the effects of age and time on mitochondrial function (Parker et al., 

1989, Swerdlow et al., 2014), suggesting that mitochondrial dysfunction is the primary event that 

leads to Aβ deposition and synaptic degeneration (Moreira et al., 2010) (Figure 3).  

AD patients have increased levels of sporadic mutations in mtDNA (Corral-Debrinski et al., 1994, 

Hirai et al., 2001) and there is around a 3-fold increase in oxidative damage in mtDNA of AD 

patients which might cause the mutations (Wang et al., 2014). mtDNA is highly vulnerable to 

oxidative damage since it does not have protective proteins, such as histone, and its repair system 

is close to the site of ROS generation within the mitochondria (Wang et al., 2014), therefore is clear 

that mtDNA mutations can increase oxidative stress and ROS production. In fact, many of these 

mutations occur in sites of mtDNA transcription and replication which results in reduced transcription 

levels of mitochondria proteins and ultimately affects mitochondria function (Wallace et al., 1997, 

Coskun et al., 2004). 

Age-associated changes in mitochondria are known to affect the mitochondrial electron transport 

chain (ETC), the main responsible for the cell redox state (Chance et al., 1979, Shigenaga et al., 

1994, Swerdlow and Khan, 2004), leading to ETC decline and increased oxidative stress (Miquel et 

al., 1980, Trounce et al., 1989, Cooper et al., 1992, Ojaimi et al., 1999, Sastre et al., 2000, Lenaz et 

al., 2002, Barja, 2014). Moreover, increase oxidative stress has been implicated in the aging 

process (Wang et al., 2014) which can also affect mtDNA, and markers of oxidative stress have 

been also found in AD brains (Smith et al., 1995, Markesbery, 1999, Reddy, 2006, Chaturvedi and 

Beal, 2008, Reddy and Beal, 2008). 
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Mitochondria are energy-generating organelles that play an important role at chemical synapses, 

due to their high energy demand (Cheng et al., 2010). Mitochondria are responsible for the 

generation of adenosine trisphosphate (ATP), Ca2+ regulation, modulation of caspase activity and 

stimulation of oxidative phosphorylation (Calkins et al., 2012). Mitochondrial function and integrity 

are crucial for synaptic function, since all the ATP consumed by neurones is entirely used for 

cellular and synaptic function (Calkins et al., 2012). Moreover, it is known that changes in synaptic 

function and in mitochondrial integrity occur early in AD pathology, even before Aβ accumulation, 

and are associated with cognitive decline (Du et al., 2010, Reddy et al., 2010).  

Increased in ROS through aging, environment factors and mtDNA mutations will cause 

impairment in mitochondria function. Damaged and dysfunctional mitochondria will then be 

transported to synaptic terminals where they will produce low ATP levels and that will ultimately lead 

to synaptic damage (Reddy and Beal, 2008), which can in turn produce more oxidative stress. This 

interaction between mitochondria dysfunction and oxidative stress forms a vicious cycle that 

amplifies the deficits. In the first instance, neurons will try to compensate by pushing their 

bioenergetics infrastructures, such as increases in oxidative glucose metabolism; overexpression of 

cytochrome oxidase and try to control mitochondrial dynamics, which is known to contribute to an 

increase in Aβ production and accumulation (Manczak et al., 2004, Youle and van der Bliek, 2012, 

Demetrius and Driver, 2013, Swerdlow et al., 2014). As mitochondrial decline continues, neurones 

will no longer be able to compensate and will eventually degenerate (Swerdlow and Khan, 2004, 

2009, Swerdlow et al., 2014). 

Studies have demonstrated that Aβ, in particular monomers and oligomers, can associate with 

mitochondrial membranes (Caspersen et al., 2005, Crouch et al., 2005, Devi et al., 2006, Hansson 

Petersen et al., 2008, Yao et al., 2009, Manczak and Reddy, 2012). This association can interfere 

with mitochondrial proteins involved in mitochondrial dynamics (fusion and fission) and transport 

(Lustbader et al., 2004, Du et al., 2008, Wang et al., 2008, Wang et al., 2009, Manczak et al., 2010, 

Calkins and Reddy, 2011, Manczak et al., 2011, Manczak and Reddy, 2012). Aβ is also known to 

disrupt the ETC, which increases the production of ROS and inhibits the generation of cellular ATP, 

leading to oxidative stress and mitochondrial dysfunction (Reddy and Beal, 2008, Reddy, 2009). 
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APP is also found in both mitochondrial inner membrane and in mitochondrial matrix (Swerdlow et 

al., 2010), which suggest that mitochondria can also produce Aβ. Moreover, it has been shown that 

mitochondrial dysfunction pushes APP processing towards Aβ production (Gabuzda et al., 1994, 

Gasparini et al., 1997, Webster et al., 1998), which supports the mitochondrial cascade hypothesis 

as mitochondria a primary event towards Aβ production and degeneration. 

Therefore, in the amyloid cascade hypothesis the production of Aβ is the primary event in the 

autosomal dominant form of the disease (FAD), leading to secondary mitochondrial dysfunction. In 

the mitochondrial cascade hypothesis, mitochondrial dysfunction is thought to be the key reason for 

pathological hallmarks and Aβ formation in the development of SAD (Swerdlow and Khan, 2004, 

2009). Moreover, mitochondrial dysfunction has also been shown to produce other AD-associated 

characteristics aside oxidative stress, such as tau phosphorylation and inflammation (Blass et al., 

1990, Ichimura et al., 2003, Szabados et al., 2004) (Figure 3).  

 

 

 

 

 

 

 

 



29 | P a g e  

 

 

Figure 3. Mitochondrial cascade hypothesis. The mitochondrial cascade hypothesis states that in sporadic, 

late-onset AD, mitochondrial function will be the primary event that will lead to Aβ production and 

accumulation. According with the hypothesis, each individual has an inherited determined mitochondrial 

capacity/function, defined by its mtDNA that can be affected by the aging process and environment (such as 

reactive species of oxygen, ROS). Both age and environment lead to alterations in electron transport chain 

(ETC) causing its dysfunction. An impairment of the ETC will affect mitochondria function and result in 

decreased ATP production, mtDNA damage, activation of caspases and deregulation of Ca2+ homeostasis. 

Initially, neurones will try to compensate this decline in mitochondrial function by increasing oxidative glucose 

metabolism, overexpressing cytochrome oxidase and by increasing or decreasing mitochondrial dynamics 

and transport. During this period, Aβ production increases and accumulates. In turn, the Aβ that starts to 

accumulate will generate even more ROS and will interact with mitochondria, causing even more 

mitochondrial dysfunction, creating a vicious cycle. However, as mitochondrial decline progresses neurones 

are no longer able to cope or compensate and synaptic degeneration starts. 
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1.2.2   Non-genetic risk factors for Alzheimer’s di sease 

The familial form of AD (FAD) is known to be caused by mutations in single genes. Although it is 

known that some genes such a APOE4 can lead to an increased risk of late-onset/SAD, other risk 

factors such as environmental are thought to play a key role in the development of this form of AD 

(Qiu et al., 2009, Morris et al., 2014). Below are some of the known risk factors for developing AD. 

 

1.2.2.1 Age and gender 

Age is one of the greatest risk for AD, although AD is not a normal part of aging process 

(Alzheimer's Association Report, 2014). The majority of cases are diagnosed in people aged above 

65 years and its prevalence almost doubles every 5 years after this age (Qiu et al., 2009, Reitz and 

Mayeux, 2014). However, another important factor for the development of AD is sex. 

Epidemiological studies report that more women than men developing AD (Ott et al., 1998, 

Sinforiani et al., 2010, Viña and Lloret, 2010) and gender differences in mortality are present as 

women live longer than men after diagnosis of AD (Sinforiani et al., 2010, Wattmo et al., 2011, 

Stevens and Brown, 2015). 

 

1.2.2.2  Blood pressure 

 High blood pressure during midlife has been associated with increased risk for developing AD 

later in life (Swan et al., 1998, Launer et al., 2000, Kivipelto et al., 2001, Whitmer et al., 2005b, Reitz 

and Mayeux, 2014). It is believed that hypertension causes cognitive impairment due to its effect on 

cerebrovascular integrity and changes in the BBB (Reitz and Mayeux, 2014), leading to protein 

extravasation into the brain tissue (Kalaria, 2010), which causes cell damage, reduction in neuronal 

and synaptic function and increases in Aβ accumulation, since Aβ transporters responsible for Aβ 

clearance are present at the BBB (Deane et al., 2004). Anti-hypertensive drugs have demonstrated 

to be protective against AD and dementia (Qiu et al., 2005, Khachaturian et al., 2006, Qiu et al., 

2009), which supports the role of blood pressure as a risk factor for the disease. However, as age 

progresses the effect of high blood pressure as a risk factor for AD decreases, and often AD 
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patients have low blood pressure and high blood pressure is seen as a protective factor later in life 

(Reitz and Mayeux, 2014). This reduction of blood pressure in AD patients can be caused by vessel 

stiffening, weight loss and changes in blood flow, that normally occur after the onset of AD (Reitz 

and Mayeux, 2014). 

 

1.2.2.3  Diabetes 

Several epidemiological studies have demonstrated that diabetes and insulin resistance are risk 

factors for developing AD (Leibson et al., 1997, Ott et al., 1999, Luchsinger et al., 2001, Peila et al., 

2002, Arvanitakis et al., 2004, Janson et al., 2004, Akter et al., 2011, Hölscher, 2011, Talbot et al., 

2012, Umegaki, 2012, Ninomiya, 2014), in particular type 2 diabetes (T2D) has been shown to 

double the risk for AD (Leibson et al., 1997, Luchsinger et al., 2001, Peila et al., 2002). 

T2D is characterised by increased levels of blood glucose. This increase in blood glucose is due 

to three main events: increased hepatic glucose production; impaired insulin production by the 

pancreatic β-cells; and insulin resistance (Akter et al., 2011, Butterfield et al., 2014). Insulin 

resistance occurs when there is a reduced responsiveness of the cell or organism to insulin (Shanik 

et al., 2008). In T2D there is an overproduction of insulin, leading to hyperinsulinemia (Festa et al., 

2006), that results in this resistant state, since insulin receptors become less sensitive to insulin. 

 Insulin can cross the BBB and play an important role in the brain. Moreover, it is known that 

chronic exposure to high levels of insulin, due to peripheral hyperinsulinemia, has a negative effect 

in BBB function and insulin receptors activity, leading to a decrease of insulin transport into the 

brain (Strachan et al., 1997). Chronic peripheral hyperinsulinemia is associated with a specific 

pattern where insulin levels in the brain are initially high but then with the persisted exposure to 

insulin the insulin transport to the brain across the BBB gets down-regulated, leading to decreased 

brain insulin levels and impaired insulin signalling (Banks et al., 1997, Cholerton et al., 2013). 

Interestingly, it has been shown that long-term neuronal exposure to high levels of insulin can lead 

to neuronal degeneration and have an impact on cognitive function (Son et al., 2011, Blázquez et 

al., 2014a, Dineley et al., 2014, Ma et al., 2015). Insulin receptors are thought to be involved in the 
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regulation of synapses including dendritic sprouting, and insulin itself is known to facilitate attention 

and memory in humans (Holscher, 2014). In addition, brain insulin resistance has been 

demonstrated in particular in the hippocampus, prior to cognitive decline in AD patients (Talbot et 

al., 2012). This supports that memory impairment associated with AD and T2D could be due to 

impairments in insulin signalling. 

Insulin also influences Aβ metabolism and is known to increase Aβ deposition and tau 

phosphorylation (Park, 2001, Reitz and Mayeux, 2014). In the initial disease stage of T2D, 

hyperinsulinemia induces Aβ accumulation through competition with Aβ for IDE (Gasparini et al., 

1997, Farris et al., 2003). In normal conditions Aβ is mainly degraded by IDE, which is also 

responsible for insulin degradation in both neurones and microglia (Sims-Robinson et al., 2010). 

However, the affinity for insulin is higher than for Aβ, which means that in T2D the increase levels of 

insulin within the brain will result in less Aβ clearance through IDE and increased Aβ accumulation 

(Farris et al., 2003, Ma et al., 2015). This supports that T2D could lead to AD and explains why T2D 

patients have memory impairments (Stewart and Liolitsa, 1999, Gold et al., 2007).  

Interestingly, in AD brains patients the levels of IDE as well its activity are reduced (Cholerton et 

al., 2013) and hyperinsulinemia is seen (Frölich et al., 1998). Studies have demonstrated that AD 

patients present low levels of insulin in the brain and cerebrospinal fluid (CSF) but high levels in the 

plasma, as seen in diabetic patients, which is related to impaired insulin transduction (Craft et al., 

1998, Frolich et al., 1999, Ghasemi et al., 2013). The high levels of plasma insulin are known to be 

a consequence of insulin resistance, whilst decrease CSF insulin levels may be due to decreased 

insulin clearance (which in AD will be decrease due to high levels of Aβ competing with IDE) and/or 

decreased insulin uptake at the BBB (Craft et al., 1998, Frolich et al., 1999, Ghasemi et al., 2013). 

Moreover, insulin receptors function and expression deteriorate with the progression of the disease 

in AD patients (Rivera et al., 2005) and in post-mortem brain deficits in insulin signalling are present 

(Steen et al., 2005, Talbot et al., 2012). Since impaired insulin sensitivity has been linked to 

cognitive deficits (Benedict et al., 2012) this suggest that insulin-related signalling may play an 

important role in learning and memory and impairment (De Felice and Ferreira, 2014). Moreover, it 

shows that persistently high levels of insulin may conversely negatively influence memory through 
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desensitization of insulin signalling in the brain. Indeed, insulin receptors are present in the 

hippocampus and entorhinal cortex, brain regions known to be affected in AD and are responsible 

for learning and memory (Reitz and Mayeux, 2014). Studies have shown that once in the brain 

insulin can modulate synaptic function (Wan et al., 1997, Gasparini et al., 2001, Skeberdis et al., 

2001, van der Heide et al., 2006, Jin et al., 2011) and control synaptic density in vivo (Chiu et al., 

2008). In rodents studies have demonstrated that insulin contributes to long-term memory 

consolidation and to improve spatial learning and memory (Zhao et al., 2004, Haj-ali et al., 2009, 

McNay et al., 2013, Vandal et al., 2014) In addition, it has been shown that insulin can have 

beneficial actions on memory through intranasal administration in early AD patients, by restoring 

insulin levels and improving cognitive performance (Craft et al., 2012, Freiherr et al., 2013).  

 

1.2.2.4  Obesity 

Obesity, in particular midlife obesity (between 40 and 60 years old), has been associated with 

increased risk for AD in several epidemiological studies (Gustafson et al., 2003, Kivipelto et al., 

2005, Rosengren et al., 2005, Whitmer et al., 2005a, Whitmer et al., 2008, Fitzpatrick et al., 2009, 

Hassing et al., 2009, Profenno et al., 2010, Anstey et al., 2011, Xu et al., 2011, Gustafson, 2012, 

Anstey et al., 2014, Tolppanen et al., 2014). While being overweight increases the risk of 

developing AD by 35%, being obese (defined as body mass index (BMI) > 30 kg/m2) increases the 

risk by 75% (Whitmer et al., 2005a).  

Higher BMI is also associated with structural brain changes (Gustafson et al., 2004, Gazdzinski 

et al., 2008), such as loss of neurones and myelin in brain regions, such as hippocampus, that are 

affected in AD (Raji et al., 2010, Mueller et al., 2012). In addition, obesity has also been associated 

with several other processes that are also observed in aging and AD, such as increased oxidative 

stress, inflammation and insulin resistance (Dandona et al., 2005, Lumeng et al., 2007, Strissel et 

al., 2007, Bhat, 2010, Nguyen et al., 2014).  
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1.2.3 Experimental animal models of Alzheimer’s dis ease 

Over the years the need to understand the mechanism of AD has led to the development of 

genetic mouse models. Although most cases of AD are sporadic, the knowledge of specific genetic 

mutations in the familial form gave enough background for the design of transgenic mice (Tg). Over 

130 mutations have been identified in FAD, with over 20 of these in APP (Gotz and Ittner, 2008), but 

only a few have been expressed in transgenic mice, such as V717I “London” mutation (Goate et al., 

1991), V717F “Indiana” mutation (Murrell et al., 1991), K670D/M671L “Swedish or APPswe” (Mullan 

et al., 1992) and E693G “Artic” mutation (Nilsberth et al., 2001). However, since it is known that the 

presence of APOE4 allele is a genetic risk factor for AD, ApoE4 transgenic mice have also been 

developed and show memory impairments (Raber et al., 1998, Hartman et al., 2001). 

The most widely used transgenic mouse models of AD express human APP or PS mutations, 

which result in age-dependent Aβ accumulation into extracellular plaques (LaFerla and Green, 

2012) and memory deficits (Hall and Roberson, 2012). However, these mice do not develop NFTs 

(LaFerla and Green, 2012). Although double transgenic mice, expressing APP and PS mutations, 

such as APP/PS1 (Holcomb et al., 1998) and APP/PS2 (Richards et al., 2003) have an accelerated 

AD-phenotype and memory deficits, they still do not present with tau pathology. Other transgenic 

mice have been created with tau mutations that are known to cause frontotemporal dementia (FTD), 

but although these mice develop NFTs, tau mutations are not known to be associated with AD 

(Lewis et al., 2001, Hall and Roberson, 2012). However, in order to recapitulate the two pathological 

features of AD, the triple transgenic mouse model of AD (3xTgAD), which has mutations in APP, 

PS1 and tau, was created. 

 

1.2.3.1  3xTgAD mouse model  

Single and double transgenic mice have failed to fully recapitulate the entire neuropathology of 

AD (Wong et al., 2002), showing that expressing just one hallmark of AD (Aβ or tau) is not enough 

to trigger the development of other signature lesion (tau or Aβ) (Oddo et al., 2003b). Developed by 

La Ferla and colleagues, the 3xTgAD model harbouring three mutant genes: PS1M146V, APPSwe, 
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and tauP301L, was the first to develop both plaque and tangle pathology in the specific brain 

regions associated with AD pathology in humans (Oddo et al., 2003a, Oddo et al., 2003b). In this 

mouse model, extracellular Aβ deposits precede tau pathology, consistent with the amyloid cascade 

hypothesis, and exhibit deficits in synaptic plasticity, including LTP, that occur before plaque 

deposition and NFTs formation (Oddo et al., 2003a, Oddo et al., 2003b). The role of the key three 

mutations are important for the development of the neuropathology, however it is also known that 

PS1M146V mutation can influence multiple signalling pathways and have a more global effect on 

neuronal function and plasticity and cause synaptic loss (Thinakaran et al., 2004) whilst tauP301L 

mutation is known to result in reduced activity and progressive motor impairment in mice (Terwel et 

al., 2005), which can both affect the behaviour outcome. 

Intraneuronal Aβ is first detected at 3-4 months of age in 3xTgAD mice in the neocortex, followed 

by the CA1 and CA3 of the hippocampus at 6 months (Oddo et al., 2003a). However, other studies 

have demonstrated the presence of intraneuronal Aβ as early as 2 (Mastrangelo and Bowers, 2008) 

or 4 months in the hippocampus (Billings et al., 2005). Extracellular Aβ plaques only start to appear 

at 6 months in layers 4 and 5 of the neocortex (Oddo et al., 2003a) and by 12 months in the 

hippocampus and other cortical regions (Giménez-Llort et al., 2007). NFTs are not detected until 12 

months of age in the CA1 region of the hippocampus, which then progressively affect neurones in 

the cerebral cortex in older mice (Oddo et al., 2003a).  

Previous data from our lab have shown that there are intraneuronal Aβ-positive cells in cortex, 

hippocampus and amygdala from 4 months of age in 3xTgAD mice (Knight et al., 2013), and that Aβ 

plaques were not visible until approximately 12-months-old in the hippocampus, starting at the 

dorsal subiculum, (Knight et al., 2012, Knight et al., 2014), whilst hyperphosphorylated tau positive 

cells were not detected until 7 months (Knight et al., 2014). 

Inflammation is also a key event in AD pathology, and the 3xTgAD mice also show activation of 

astrocytes and microglia (Janelsins et al., 2005, Chen et al., 2011, Kamphuis et al., 2012, Knight et 

al., 2014). In our lab we have demonstrated that in 3xTgAD mice microglia activation occurs from 15 

months of age in the hippocampus, in particular in the dorsal subiculum, in areas associated to Aβ 

plaques (Knight et al., 2014). 
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3xTgAD also present with cognitive impairments, the main behavioural symptom of AD. In AD 

patients, tests of working memory can predict the progression and severity of the disease (Stevens 

and Brown, 2015). In animal models, behavioural tests are also used to assess memory impairment. 

Such behavioural analysis has demonstrated that 3xTgAD mice have reduced exploratory 

behaviour and movement, normally assessed in open-field tests, as well learning and memory 

deficits at 6 months of age, and that these behavioural changes precede Aβ plaque formation 

(Billings et al., 2005, Giménez-Llort et al., 2007, Sterniczuk et al., 2010). Higher levels of anxiety 

during open-field, elevated plus maze, passive avoidance and horizontal ladder tests have also 

been observed in 3xTgAD mice (Sterniczuk et al., 2010).  

Some studies assessing spatial reference memory, using the Morris Water Maze (MWM), have 

found no deficits at 2 months of age (Billings et al., 2005, Billings et al., 2007, Clinton et al., 2007, 

Giménez-Llort et al., 2007, McKee et al., 2008) however working memory is impaired at this age in 

3xTgAD mice (Stevens and Brown, 2015). Studies have also demonstrated that 3xTgAD mice have 

a specific decline in episodic-like memory, an hippocampal-dependent memory, from 3 months old, 

that becomes a deficit by 6 months of age (Davis et al., 2013a, Davis et al., 2013b). In our previous 

studies we have demonstrated that 3xTgAD exhibit hippocampal-dependent deficits by 7-8 months 

of age, assessed by the Y-maze spontaneous alternation and novel object recognition (NOR) tests 

(Knight et al., 2014), reduced general exploratory behaviour in open-field by 3-4 months (Knight, 

2010) and deficits in smell recognition and MWM tests as early as 3 months of age (Knight et al., 

2014). These evidences show that there is no consistency to when exactly the memory deficits 

appear in 3xTgAD mice, suggesting that the results depended on the cohort and behaviour test 

used and it should be taken into account in experimental studies. 
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1.3. Obesity 

 

1.3.1 Obesity and the adipose tissue 

Obesity is a condition defined by an increase in fat content and occurs when the energy intake is 

greater than energy expenditure (Gesta et al., 2007). According to the World Health Organization 

(WHO) in 2014 more than 1.9 billion adults were overweight and over 600 million obese. This 

increase in obesity, which doubled between 1980 and 2014, is due to an increase consumption of 

diets high in fat, such as western diets (WHO, 2014). Obesity is associated with increased risk for 

other disorders, such as T2D, hypertension, stroke and AD (Haslam and James, 2005, Beydoun et 

al., 2008, Anstey et al., 2014). 

Fat storage occurs in a mesodermal tissue, called adipose tissue, and its distribution defines the 

metabolic risk associated with obesity (Gesta et al., 2007). Intra-abdominal/visceral accumulation of 

adipose tissue, defined as central or apple-shaped obesity, is associated with increased risk for 

metabolic diseases. On the other hand, peripheral or pear-shaped obesity, characterised by fat 

accumulation in thighs and hips, is associated with no risk or little for metabolic disorders (Kissebah 

and Krakower, 1994, Gesta et al., 2007). Therefore, the main type of obesity that is associated with 

other comorbidities and diseases is central obesity.  

Adipose tissue is divided in two types: white adipose tissue (WAT) and brown adipose tissue 

(BAT). In humans, WAT is distributed throughout the body with main depots in the intra-abdominal 

area, around the omentum, intestines and perirenal areas, as well in subcutaneous depots in 

abdomen, thighs and buttocks (Gesta et al., 2007). WAT is also involved in metabolism control 

through energy homeostasis, adipocyte differentiation and insulin sensitivity (Balistreri et al., 2010). 

WAT is the primary site of triglyceride/energy storage representing the major source of free fatty 

acids (FFAs), whilst BAT is responsible for both basal and inducible energy expenditure in the form 

of thermogenesis (Gesta et al., 2007). Thermogenesis is an important process by which dissipation 

of energy produces heat, and occurs through the expression of the uncoupling protein-1 (UCP-1), a 

protein found in the inner mitochondrial membrane (Cannon and Nedergaard, 2004, Saely et al., 
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2012). In humans it is now known that BAT is present in cervical, supraclavicular, axillary and 

paravertebral regions (Nedergaard et al., 2007), whilst in rodents it is mostly concentrated in the 

interscapular region (Nedergaard et al., 2007).  

Adipose tissue is composed of adipocytes that differ in a morphological point of view from other 

types of cells due to the presence of large lipid droplets (Gesta et al., 2007). Although both WAT 

and BAT adipocytes arise from mesenchymal/mesodermal stem cells from preadipocytes, mature 

adipocytes from WAT and BAT have distinct markers. WAT is characterised by the presence of 

leptin whilst BAT has UCP-1 (Gesta et al., 2007). Morphologically WAT and BAT are also different. 

As the name suggest, WAT is distinguish by the presence of white adipocytes, whilst BAT has 

smaller number of fat cells rich in mitochondrial chromogens, which is responsible for the brown 

colour of the tissue (Redinger, 2009).  

In obesity adipocyte necrosis is increased, both in humans and in mice (Gesta et al., 2007), 

whilst BAT mass and function decreases (Redinger, 2009). WAT is known to become inflamed in 

obese conditions, characterised by a cellular WAT composition remodelling: adipocytes increase in 

number (hyperplasia) and size (hypertrophy), there is infiltration of macrophages and fibrosis occurs 

(Jernås et al., 2006, Maury et al., 2007, Skurk et al., 2007, Bourlier et al., 2008, Henegar et al., 

2008, Spalding et al., 2008, Balistreri et al., 2010). Moreover, during obesity WAT cells are exposed 

to increased stress due to increase metabolic overload, affecting mainly mitochondria (Houstis et 

al., 2006, Hotamisligil and Erbay, 2008). As a result, more ROS is produced by expanded WAT and, 

in addition to inflammation (Balistreri et al., 2010, Miller and Spencer, 2014, Nguyen et al., 2014, 

Spielman et al., 2014, Tucsek et al., 2014a), oxidative stress also occurs (Keaney et al., 2003, 

Furukawa et al., 2004, Houstis et al., 2006, Tucsek et al., 2014a). 

 

1.3.2   Obesity and systemic inflammation 

It is known that obesity can induce chronic low-grade systemic inflammation (Hotamisligil et al., 

1995, Weisberg et al., 2003, Wellen and Hotamisligil, 2005, Gregor and Hotamisligil, 2011), which is 

believed to originate within WAT (Guri and Bassaganya-Riera, 2011). In fact, WAT is able to 
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produce pro-inflammatory cytokines, such as tumor necrosis factor alpha (TNF-α). Obese 

individuals have increased levels of circulating biomarkers of inflammation, such as TNF-α, 

interleukin-6 (IL-6) and the acute phase response protein C-reactive (CRP) (Qatanani and Lazar, 

2007). This pro-inflammatory state is thought to be due to the dietary profile of obese individuals. It 

is known that the FFAs that high-fat diets contain, in particular saturated fatty acids (SFAs), can 

initiate this inflammatory response, since they can stimulate lipopolysaccharide (LPS) receptor and 

toll like receptor 4 (TLR4) (Shu et al., 2012, Miller and Spencer, 2014). Moreover, obesity is known 

to lead to macrophage accumulation in WAT, in particular visceral WAT (Balistreri et al., 2010), 

apoptosis of adipocytes and reduced WAT vascularity. These events contribute even more to 

further inflammation (Weisberg et al., 2003, Xu et al., 2003, Shu et al., 2012, Miller and Spencer, 

2014), increasing the level of circulating pro-inflammatory cytokines and other inflammatory 

markers, defined as adipokines (Gesta et al., 2007, Balistreri et al., 2010). The rise of cytokines and 

adipokines will eventually affect the liver and muscle and contribute to insulin resistance (Xu et al., 

2003, Shu et al., 2012). Interestingly, the inflammatory profile observed in obese individuals 

(increased TNF-α, IL-6 and CRP), are also seen in individuals who are insulin resistance, and can 

predict the development of T2D (Qatanani and Lazar, 2007). Several studies have demonstrated 

the link between the endocrine and inflammatory mechanisms of insulin resistance in obesity 

(Qatanani and Lazar, 2007). TNF-α is known to activate serine kinases, which directly or indirectly 

can phosphorylate insulin receptor substrate (IRS) 1 and 2, resulting in a decrease ability of insulin 

to stimulate phosphotidylionositol-3 kinase (PI3K)-dependent pathways that normally result in a 

glucose uptake and metabolism (Hirabara et al., 2012). In addition, in obese individuals who present 

high levels of circulating FFAs, FFAs are known to activate protein kinase C (PKC), which activates 

serine/threonine kinases that inhibit insulin signalling and TLR4 (Qatanani and Lazar, 2007). 

Therefore FFAs can also trigger insulin resistance. 

Another important feature that is associated with obesity induced-inflammation is oxidative 

stress. Activated immune cells can generate large amounts of ROS, and in turn pro-inflammatory 

cytokines can promote ROS production (Miller and Spencer, 2014). Moreover, the chronic high 
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levels of FFAs and lipids that characterise obese individuals, are also associated with deleterious 

pathways such as generation of ROS and mitochondrial dysfunction (Qatanani and Lazar, 2007). 

 

1.3.3  Central inflammation: obesity in the brain 

In addition of peripheral inflammation, obesity has been associated with central inflammation and 

has a detrimental effect in the brain, in particular within the hypothalamus. Hypothalamic 

inflammation has been shown in several studies where high-fat diets increase the levels of pro-

inflammatory cytokines and activate the pro-inflammatory transcription factor nuclear factor кB 

(NFкB) in this brain region (Souza et al., 2005). This state of inflammation leads to activation and 

proliferation of microglia (the brain macrophages) in the hypothalamus, leading to a further increase 

in cytokines within the brain, which has been demonstrated to disrupt leptin and insulin signalling, 

leading to brain insulin resistance (Qatanani and Lazar, 2007, Milanski et al., 2009, Posey et al., 

2009, Thaler et al., 2012). This increase in pro-inflammatory cytokines in the hypothalamus in 

response to a high-fat diet leads to an increase in the suppressor of cytokine signalling 3 (SOCS3) 

proteins, which phosphorylate IRS and represses the leptin-receptor through the activation of the 

signal transducer and activator of transcription 3 (STAT3) pathway. SOCS proteins function as 

feedback inhibitors of the janus kinase (JAK) and signal transducer and activator of transcription 

(STAT) signalling pathway and they can terminate innate and adaptive immune responses and 

recent studies have demonstrated the negative regulatory function of SOCS3 in microglia and  

astrocytes (Qin et al., 2012). Moreover, SOCS3 pathway is involved in leptin (through 

phosphorylation of IRS) and insulin (repression of STAT3) signalling, which leads to reduced insulin 

sensitivity (Howard and Flier, 2006, Miller and Spencer, 2014), and loss of SOCS3 in vivo has 

shown to have profound effects on inflammation, fat-induced weight gain and insulin sensitivity 

(Carow and Rottenberg, 2014). 

As previous described, insulin has an important role in synaptic plasticity and memory (Watson 

and Craft, 2004) and insulin receptors are highly expressed in brain regions involved in memory and 

learning, such as hippocampus (Zhao and Alkon, 2001, Naderali et al., 2009). Therefore, insulin 
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resistance induced by inflammation in obesity can affect cognitive function. Central inflammation 

has been observed within the hippocampus of mice fed with a high-fat diet, showing elevated TNF-α 

levels (Jeon et al., 2012) and microglia markers (Jeon et al., 2012, Knight et al., 2014). Moreover, 

central inflammation has been demonstrated to disrupt the internal hypothalamic circuit and 

potential hypothalamic outputs to other brain regions that are involved in cognitive function, such as 

hippocampus (Miller and Spencer, 2014). Indeed, is it known that the neuronal system that is 

involved in cognition and memory is affected in obesity (Stranahan and Mattson, 2012). Clinical 

studies have demonstrated that there is a positive association between inflammation and cognitive 

decline in obesity (Sweat et al., 2008, Sellbom and Gunstad, 2012, Wichmann et al., 2014).  

 

1.3.4  Obesity and the brain: a bridge to Alzheimer ’s disease 

Obesity appears to have a detrimental effect not only on metabolism but also in brain structure. 

Obesity has been associated with neuronal and/or myelin abnormalities, in grey and white matter 

(Gazdzinski et al., 2008, Naderali et al., 2009, Gazdzinski et al., 2010, Mueller et al., 2012), brain 

atrophy in several studies (Enzinger et al., 2005, Ward et al., 2005, Taki et al., 2008, Raji et al., 

2010, Fotuhi et al., 2012, Brooks et al., 2013) and reduced focal grey matter volume (Pannacciulli et 

al., 2006). In particular, the hippocampus and frontal lobes appear to be highly sensitive to obesity-

induced structural alterations, with studies demonstrating a positive correlation between BMI and 

grey matter volume in these regions (Pannacciulli et al., 2006, Taki et al., 2008, Raji et al., 2010). 

Hippocampal volume is associated with cognitive function (Stewart et al., 2005) and a reduction in 

volume can predict cognitive decline and dementia (Elias et al., 2000). Moreover, midlife obesity 

leads to hippocampal atrophy and executive function decline (Debette et al., 2011), which supports 

the fact that midlife obesity is associated with greater risk for developing dementia, in particular AD.  

The relationship between midlife obesity and the risk for AD has been well described in 

epidemiological studies. Kivipelto and colleagues demonstrated in an follow-up study of 21 years 

that participants with midlife obesity had an increased risk for AD (Kivipelto et al., 2005). In a 27-

year longitudinal population based study in 2005, Whitmer and colleagues demonstrated that midlife 
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obesity increased the risk for developing dementia by 74% (Whitmer et al., 2005b). Later the same 

group demonstrated in 2008 that central obesity at midlife increased the risk for dementia. By 

assessing the sagittal abdominal diameter as a measure of central obesity they found that an 

increase in sagittal abdominal diameter (> 25 cm) was correlated with increased risk for dementia 

(Whitmer et al., 2008). Fitzpatrick demonstrated in a prospective study of 2798 individuals without 

dementia that over a 5.4 year follow up period the probability of dementia was greater in obese 

adults at midlife (Fitzpatrick et al., 2009). Later a study from the Swedish Twin Registry, using 3,534 

individuals showed that from 350 subjects diagnosed with dementia 29.8% of the cases had midlife 

obesity (Xu et al., 2011). More recent a follow-up of 26 years study showed that high BMI at midlife 

was associated with increased risk of incident of dementia, independently of obesity-related risk 

factors and co-morbidities (Tolppanen et al., 2014). Finally, a recent meta-analysis study to evaluate 

the risk factors for AD assessed 291 epidemiological studies and demonstrated that there was a 

89% consistency of association between obesity and dementia (Deckers et al., 2015). 

 

1.3.4.1  Experimental high-fat diet studies and Alz heimer’s disease 

In addition to clinical studies, experimental studies in rodents have also demonstrated that 

obesity and diet-induced obesity, through high-fat feeding, are associated with AD. Since the 

majority of obesity is due to an over consumption of diets that are rich in SFAs and cholesterol, such 

as Western diets, most experimental studies use diets to achieve an obese phenotype.  

Recent studies have shown that high-fat and high-cholesterol diets can increase APP, Aβ and 

tau in mice (Thirumangalakudi et al., 2008, Jeon et al., 2012, Puig et al., 2012). This is consistent 

with epidemiological studies that demonstrate that in morbidly obese individuals without cognitive 

impairment, hallmarks of AD disorder, such as Aβ and tau expression, were present in the 

hippocampus (Nguyen et al., 2014). In addition, several studies have shown that the levels of 

plasma Aβ are increased in obese patients (Lee et al., 2009, Jahangiri et al., 2013) which correlates 

with increased body fat (Balakrishnan et al., 2005, Lee et al., 2009). 

High-fat diets can also increase Aβ production, including Aβ oligomers and plaque formation in 

the brain of several AD mouse models (Shie et al., 2002, Ho et al., 2004, Oksman et al., 2006, 
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Julien et al., 2010, Kohjima et al., 2010, Barron et al., 2013, Vandal et al., 2014). Moreover, high-fat 

feeding can lead to insulin resistance (Ho et al., 2004, Kohjima et al., 2010, Mody et al., 2011, 

Barron et al., 2013), increased glucose intolerance (Mody et al., 2011, Barron et al., 2013, Vandal et 

al., 2014) and increased oxidative stress (Studzinski et al., 2009). Whilst in a high-fat diet has 

shown to not only affect Aβ metabolism but also increase AICD levels (George et al., 2004), other 

studies have demonstrated no change in Aβ or tau (Studzinski et al., 2009, Knight et al., 2014). 

Nevertheless, the majority of studies report that a high-fat diet exacerbates cognitive deficits in AD 

models and affects hippocampal-dependent memory (Refolo et al., 2000, Levin-Allerhand et al., 

2002, Ho et al., 2004, Oksman et al., 2006, Julien et al., 2010, Maesako et al., 2012, Barron et al., 

2013, Leboucher et al., 2013, Knight et al., 2014, Vandal et al., 2014). In particular in the 3xTgAD 

mice, a high-fat diet increases body weight, induces hyperglycemia and hyperinsulinemia, increases 

levels of soluble Aβ in the hippocampus as well levels of Aβ40 and Aβ42 in cortex, and reduces 

levels of postsynaptic marker debrin (Julien et al., 2010, Barron et al., 2013, Knight et al., 2014, 

Vandal et al., 2014). In all these studies a high-fat diet worsens the memory deficits (Barron et al., 

2013, Knight et al., 2014, Vandal et al., 2014). 

High-fat feeding also leads to memory and learning impairment in cognitively normal rodents 

(Molteni et al., 2002, Winocur and Greenwood, 2005, Jurdak et al., 2008, Stranahan et al., 2008, 

Jurdak and Kanarek, 2009, Pistell et al., 2010, Yu et al., 2010, Valladolid-Acebes et al., 2011, 

Kosari et al., 2012, Valladolid-Acebes et al., 2013, Arnold et al., 2014, Sobesky et al., 2014, 

Reichelt et al., 2015). In particular, high-fat feeding in rodents impairs hippocampal LTP in the 

dentate gyrus (Karimi et al., 2013, Reichelt et al., 2015) and CA1 regions (Stranahan et al., 2008), 

reduced synaptic plasticity (Molteni et al., 2002, Stranahan et al., 2008, Lynch et al., 2013, Reichelt 

et al., 2015) and synaptic proteins expression, such as postsynaptic density protein 95 (PSD95) 

(Arnold et al., 2014). Moreover, increased hippocampal insulin resistance (Arnold et al., 2014) and 

inflammation (Pistell et al., 2010, Sharma et al., 2014, Sobesky et al., 2014) together with reduced 

brain-derived neurotrophic factor (BDNF) (Molteni et al., 2002, Pistell et al., 2010, Sharma et al., 

2014), increased astrocyte reactivity (Pistell et al., 2010) and oxidative stress  (Ma et al., 2014, 

Sharma et al., 2014, Haohao et al., 2015) were also observed.  
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Overall, these data suggest that obesity, and in particular high-fat diets, led to changes in 

hippocampal structure that are associated with changes in cognition and are able to exacerbate AD 

pathology and memory deficits. These suggest that obesity and AD may share similar pathways to 

what concern cognition, however the underlying mechanism remains unknown.  

 

1.4   The blood-brain barrier  

In both AD and obesity studies have shown that BBB integrity is affected. The BBB is an effective 

and important barrier that allows the brain to be isolated from the periphery. Located between the 

blood and the cerebral tissue, the BBB is formed by an extensive network of capillaries composed 

by highly specialised endothelial cells that exist in the brain microvasculature (Wolburg and Lippoldt, 

2002, Bourasset et al., 2009). The presence of tight junctions (TJs) between the endothelial cells, 

with no fenestration, and presence of specific transporters makes the endothelium a type of cells 

unique (Kim et al., 2005) that allows a well-controlled exchange between the brain and the blood. 

The function of the brain cerebrovasculature also depends on the interaction between other types of 

cells that together with TJs constitute the neurovascular unit (NVU) of the BBB, such as the 

endothelial cells, the basement membrane, astrocyte endfeet, pericytes, neurones and microglia 

(Persidsky et al., 2006, Choi and Kim, 2008) (Figure 4). Cerebral endothelial cells are also 

distinctive from peripheral vessels. Apart from the presence of TJs, cerebral endothelial cells are 

characterised by reduced endothelial vesicles or caveole, and increased number of mitochondria 

that provide the metabolic energy for maintaining the ionic gradient across the BBB (Nag, 2003). 

Overall the NVU controls BBB permeability and is involved in cerebral blood flow (CBF) regulation, 

immune surveillance, trophic support and homeostatic balance (Iadecola, 2010). As BBB function is 

essential for a normal and healthy central nervous system (CNS), BBB integrity compromise can 

impair neuronal function. Moreover, it is known that BBB integrity is compromised in inflammation 

and diseases, such as obesity and AD (Kanoski et al., 2010, Biron et al., 2011, Freeman and 

Granholm, 2012, Li et al., 2013, Lynch et al., 2013, Pepping et al., 2013, Hsu and Kanoski, 2014, 

Takeda et al., 2014, Tucsek et al., 2014b). 
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Figure 4. The blood-brain barrier. A) A electron micrograph of the BBB. B) A schematic 

representation of the BBB and its components.  

 

1.4.1 Blood-brain barrier impairment and morphologi cal changes in Alzheimer’s 

disease and obesity 

AD is associated with impairment of BBB function (Biron et al., 2011, Takeda et al., 2014, Li et 

al., 2015) and cerebrovascular endothelial dysfunction (Iadecola et al., 1999, Niwa et al., 2000, Paul 

et al., 2007, Zlokovic, 2011). Reduced and impaired microvascular density with increased number of 

fragmented vessels (Farkas and Luiten, 2001, Bailey et al., 2004) marked changes in vessel 

diameter (Bailey et al., 2004), thickening of the basement membrane (Kalaria, 1996, Grammas et 

al., 2002) and reduced endothelial mitochondria number (Marlatt et al., 2008) are observed in the 

brain of AD patients. At a biochemical level at the cerebrovasculature, AD patients present 

increased levels of pro-inflammatory cytokines, such as TNF-α and IL-6 that are released from the 

vessels (Grammas, 2011), endothelial inflammation, characterised by increased levels of vascular 

cell adhesion molecule 1 (VCAM-1) (Zuliani et al., 2008) and intercellular adhesion molecule 1 

(ICAM-1) (Grammas, 2011). AD patients also have a defective glucose transport at the BBB (Banks, 

2010).  
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Aβ is thought to play an important role in BBB integrity. Indeed, it is in the BBB that the two 

receptors that mediate Aβ transport are present: LRP, responsible for the efflux of Aβ (clearance) 

(Zlokovic et al., 2010), and receptor for advanced glycation end products (RAGE), that is involved in 

the influx of Aβ into the brain (Yan et al., 1996). Several studies from AD patients and animals have 

demonstrated that AD leads to an increase in RAGE expression and/or a decrease in LRP 

expression in the BBB, which consequently leads to Aβ accumulation (Deane et al., 2004, Bell and 

Zlokovic, 2009). In addition, Aβ efflux is decreased in both transgenic mice and in the SAMP8 

mouse, a model with a natural mutation that leads to aging, increased Aβ production and memory 

deficits (Banks et al., 2003, LaRue et al., 2004, Kandimalla et al., 2005, Banks, 2010).  

In transgenic AD mice several studies demonstrate that the BBB is impaired, evaluated by the 

presence of certain dyes in the brain parenchyma of these mice (Ujiie et al., 2003, Dickstein et al., 

2006, Hohsfield et al., 2014), and by the disruption of TJs proteins (Biron et al., 2011). In 3xTgAD 

mice an increase basement membrane thickness at 11 months, a reduction in vascular volume of 

the hippocampus at 18 months and a deficiency in BBB glucose transporters (Do et al., 2014) 

between 6 and 9-months has been observed (Ding et al., 2013). 

As a risk factor for AD, obesity can also affect BBB function. Although less is known in obese 

patients, diet-induced obesity studies in rodents, through high-fat feeding, has demonstrated that 

BBB permeability is increased, which could contribute to vascular and BBB dysfunction (Kanoski et 

al., 2010, Davidson et al., 2012, Lynch et al., 2013, Chang et al., 2014, Ouyang et al., 2014). 

Interestingly, the brain region that appear to be more vulnerable to a high-fat diet is the 

hippocampus, where reduced BBB integrity and increase microgliosis has been observed (Freeman 

and Granholm, 2012). Moreover, evidence suggests that high circulating levels of fat can impair the 

BBB transport of important hormones, such as leptin, ghrelin (Banks et al., 2004, Banks et al., 2008) 

and insulin (Heni et al., 2014, Spielman et al., 2014) which could contribute to other characteristics 

seen in obesity, such as insulin resistance.  

Taken together, these data demonstrates that both AD and obesity can induce BBB dysfunction 

and more importantly hippocampal damage. However, how exactly AD and obesity affect BBB and 

how BBB dysfunction can affect memory remains unknown. 
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1.5  Objectives 

Obesity is known as a risk factor for developing AD later in life. Furthermore, experimental high-

fat diets have demonstrated to impair memory in cognitively normal mice and also in AD mouse 

models. However, the underlying detrimental effects of obesity and high-fat diets on cognition are 

unknown. 

AD prevalence is affected by gender, as sex being one of the risk factors for the disease, with 

women more susceptible to develop AD than man. In addition, obesity is also associated with 

gender differences, as distribution of WAT differs between sexes and in experimental high-fat diet 

studies female rodents are known to have different metabolic responses to diet than males. This 

suggests that gender could influence the effect of AD and obesity on cognitive impairment and other 

molecular events associated with both diseases. 

Memory impairment is a common feature of both obesity and AD and is associated with several 

other molecular events that are involved in both disorders, such as inflammation, T2D, insulin 

resistance and BBB impairment. Moreover, the particular role of each molecular phenomenon on 

cognition, as well the molecular mechanisms behind the effect of a high-fat diet on memory remains 

unclear. Therefore, the overall aim of this PhD is to further understand the role of gender on the 

impact of a high-fat diet on memory in both cognitively normal and cognitively impaired mice and try 

to understand possible molecular mechanisms for its effect. Therefore the main aims were to: 

 

 

- evaluate the role of a high-fat diet on both neuropathology (Aβ oligomers) and 

neuroinflammation (microglia) in male 3xTgAD mice; 

- compare the effect of a high-fat diet on memory in male and female Non-Tg and 3xTgAD 

mice; 

- evaluate if memory deficits induced by a high-fat diet and in AD are associated with changes 

in BBB structure, mitochondria and synapses in male and female Non-Tg and 3xTgAD mice; 

- evaluate if the detrimental effects of a high-fat diet are dependent on obesity. 
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a b s t r a c t

Obesity and consumption of a high-fat diet are known to increase the risk of Alzheimer’s disease (AD).
Diets high in fat also increase disease neuropathology and/or cognitive deficits in AD mouse models.
However, the effect of a high-fat diet on both the neuropathology andmemory impairments in the triple-
transgenicmousemodel of AD (3xTgAD) is unknown. Therefore, groups of 2-month-oldmale 3xTgADand
control (non-Tg) miceweremaintained on a high-fat or control diet andmemory was assessed at the age
of 3e4, 7e8, 11e12, and 15e16 months using a series of behavioral tests. A comparable increase in body
weightwas observed in non-Tg and3xTgADmice after high-fat feeding at all ages tested but a significantly
greater increase in epididymal adipose tissuewas observed in 3xTgADmice at the age of 7e8,11e12, and
15e16months. A high-fat diet causedmemory impairments in non-Tg controlmice as early as the age of 3
e4months. In 3xTgADmice, high-fat consumption led to a reduction in the age of onset and an increase in
the extent of memory impairments. Some of these effects of high-fat diet on cognition in non-Tg and
3xTgAD mice were transient, and the age at which cognitive impairment was detected depended on the
behavioral test. The effect of high-fat diet onmemory in the 3xTgADmicewas independent of changes in
AD neuropathology as no significant differences in (plaques, oligomers) or tau neuropathology were
observed. An acute increase in microglial activationwas seen in high-fat fed 3xTgADmice at the age of 3
e4 months but in non-Tg control mice microglial activation was not observed until the age of 15
e16months. These data indicate therefore that a high-fat diet has rapid and long-lasting negative effects
onmemory in both control and ADmice that are associatedwith neuroinflammation, but independent of
changes in beta amyloid and tau neuropathology in the AD mice.

� 2014 The Authors. Published by Elsevier Inc. All rights reserved.
1. Introduction

Alzheimer’s disease (AD) is the most common form of dementia
and is a significant health problem worldwide. AD is characterized
by the presence of beta amyloid (Ab) plaques and neurofibrillary
tangles within the brain and patients present with cognitive deficits
including impairments in learning and memory. The occurrence of
AD is mostly sporadic affecting individuals over the age of 65 years.
However, there are several factors that can increase AD risk
including diabetes, stroke, atherosclerosis, and obesity and/or
metabolic syndrome.
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2009; Kivipelto et al., 2005; Profenno et al., 2009; Rosengren et al.,
2005; Whitmer et al., 2005, 2007, 2008), an effect that is indepen-
dent of the conditions associated with obesity that are also risk fac-
tors for AD, such as type 2 diabetes and cardiovascular disease
(Hassing et al., 2009; Whitmer et al., 2005, 2007). This relationship
between obesity and AD appears to depend on age as obesity can
decrease the risk of AD in later life (Fitzpatrick et al., 2009) andweight
loss actually precedes disease onset (Buchman et al., 2005; Stewart
et al., 2005). Obesity is often caused by and is associated with, con-
sumption of diets that are high in fat. The prevalence of AD is greater
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saturated fats (especially in midlife) are a major risk factor for the
development of AD (Eskelinen et al., 2008; Grant, 1999; Kalmijn et al.,
1997; Laitinen et al., 2006; Luchsinger et al., 2002), and this risk is
higher in individuals with the APOE ε4 allele (Laitinen et al., 2006;
Luchsinger et al., 2002).

Disease neuropathology and/or behavioral deficits are enhanced
in mouse models of AD that are maintained on a high-fat diet
(without high levels of cholesterol) (Herculano et al., 2013; Ho et al.,
2004; Julien et al., 2010; Maesako et al., 2012a; Pedrini et al., 2009;
Phivilay et al., 2009). There are several well-characterized mouse
models of AD, most with mutations in amyloid precursor protein
(APP) and/or presenilin 1/2 (PS1/2) that present with Ab plaques
only. The triple-transgenic AD (3xTgAD) mouse has mutations in
APPSwe, PS1M146V, and tauP301L, and as a consequence, develops
temporal- and region-specific Ab plaques and tangle-like pathology
that closely resemble the pathology seen in the human AD brain, in
addition to developing functional impairments, including learning
and memory deficits (Billings et al., 2005; Oddo et al., 2003a,
2003b). The 3xTgAD mouse does not present with an aggressive
pathology, as we do not observe Ab plaques and tangle-like pa-
thology until approximately at the age of 12 months, which is after
cognitive deficits are detected (Billings et al., 2005; Knight et al.,
2012, 2013). The 3xTgAD mouse therefore allows us to identify
the effect of a high-fat diet before significant AD neuropathology,
and to also study the relationship between Ab plaques and tau.

In humans, the severity of AD-related neuropathology especially
Ab plaque burden, does not always correlate with, or is predictive
of, cognitive deficits, and memory impairments can occur in mouse
AD models in advance of overt Ab plaque (and tangle) pathology
(Billings et al., 2005; Oddo et al., 2003b; Serrano-Pozo et al., 2011).
Most studies to date examining the role of high-fat diets in AD
mouse models have assessed neuropathology only (Julien et al.,
2010; Pedrini et al., 2009; Phivilay et al., 2009) and few have
monitored both neuropathology and memory (Herculano et al.,
2013; Ho et al., 2004; Maesako et al., 2012a). Furthermore, most
of these studies identifying an effect of a high-fat diet in AD on
neuropathology and behavior have modified diet in AD mice only
and have not studied the effect of diet in control animals (Ho et al.,
2004; Maesako et al., 2012a). As high-fat diets have been shown to
affect memory in cognitively-normal rodents (McNeilly et al., 2011;
Pistell et al., 2010; Winocur and Greenwood, 2005), it is not clear
whether the cognitive deficits observed in AD mice fed a high-fat
diet are related to or independent of AD pathology. Finally, most
reports on the changes in cognition and/or neuropathology in high-
fat fed AD mice have studied just one time point, and thus only
report effects at a single stage and/or severity of the disease. It is
possible that some of the effects of a high-fat diet in AD might be
transient, which will be missed in such studies.

The aim of this study therefore was to characterize longitudi-
nally the impact of a high-fat diet on both cognition and neuropa-
thology in male 3xTgAD and non-transgenic (non-Tg) control mice.
Memory was assessed using a battery of behavioral tests. No study
to date has compared the effects of a high-fat diet on both cognition
and neuropathology in 3xTgAD mice and we show that a high-fat
diet impairs memory in both the non-Tg control and 3xTgAD
mice, the effects of which depend on the behavioral test used and
duration of diet. Effects of high-fat diet on cognition in the 3xTgAD
mice occurred without any significant effect on AD neuropathology.

2. Methods

2.1. Animals and diet

Male 3xTgAD mice expressing mutant PS1M146V, APPSwe,
TauP301L, and control non-Tg (129/C57BL6) mice were originally
supplied by Frank LaFerla (Irvine, CA, USA) (Oddo et al., 2003b) and
an in-house colony established inManchester. All micewere kept in
standard housing conditions (humidity 50%e60%, temperature
21 �1 �C, 12:12 hour light-dark cycle with lights on at 07:00 hours)
and given ad libitum access to standard rodent chow and water
unless stated. All animal experiments were carried out in accor-
dance with the United Kingdom Animals (Scientific Procedures) Act
1986. At the age of 8 weeks 3xTgAD and non-Tg control mice were
placed on either a high-fat diet (60% energy from fat, 35% fat con-
tent by weight, 13% saturated fatty acids, 58G9, Test Diets, supplied
by IPS Product Supplies Ltd, UK) or control diet (12% energy from
fat, 5% fat content by weight, 0.78% saturated fatty acids, 58G7).
Separate groups of mice were maintained on their respective diets
until the age of 3e4 (n ¼ 10e12/group), 7e8 (n ¼ 10e11/group),
11e12 (n ¼ 9e10/group), or 15e16 (n ¼ 6e10/group) months when
behavioral tests were performed. Body weight was monitored in all
mice from weaning until behavioral assessment. There were a few
deaths because of unknown causes over the cause of the study, and
these animals were not included in the analyses (7e8months: non-
Tg control n ¼ 1; 11e12 months: 3xTgAD control n ¼ 1, 3xTgAD
high-fat n ¼ 1; 15e16 months: non-Tg high-fat n ¼ 3, 3xTgAD
control n ¼ 2, 3xTgAD high-fat n ¼ 1).

2.2. Behavioral tests

Male non-Tg control and 3xTgAD mice were subjected to the Y-
maze spontaneous alternation, smell recognition, novel object
recognition, and Morris water maze (MWM) tests. On the days of
behavioral evaluation, home cages were placed in the testing room
30 minutes before testing to allow habituation. All behavioral ob-
servations were made between 1000 hours and 1600 hours. The
order of observation during this period was randomized across
animals and all subsequent analysis was performed blinded to ge-
notype and diet. No more than one behavioral test was completed
during any single day. All equipment was cleaned between animals.

2.2.1. Y-maze spontaneous alternation test
Short-term working memory was assessed in the Y-maze

spontaneous alternation test using a black opaque Perspex Y-maze
with 3 arms (A, B, and C) each containing a visual cue (arm di-
mensions; 15 cm� 10 cm � 10 cm). Each animal was placed in turn
in armA of the Y-maze and allowed to explore for 8minutes and the
arm entries made by each animal were recorded. Arm entry was
defined as having all 4 paws in the arm. Spontaneous alternation
was defined as a successive entry into 3 different arms, on over-
lapping triplet sets (Hiramatsu et al., 1997;Wall andMessier, 2002).
The percentage number of alternations was calculated as the
number of actual alternations divided by the maximum number of
alternations (the total number of arm entries minus 2). The total
number of moves was also recorded as an index of ambulatory
activity (Hiramatsu et al., 1997).

2.2.2. Smell recognition test
Short-term non-associative memory based on the natural

exploration of novelty inmicewas assessed in the smell recognition
test. All mice were habituated to a black opaque polycarbonate
circular arena (diameter, 30 cm � height, 21 cm) for 5 minutes over
2 days. On the day of testing, mice were placed in the arena and
allowed to explore 2 identical unfamiliar scented balls for 10 mi-
nutes (phase 1). The scented balls were placed in the center of the
arena, 5 cm from the edge and 8 cm away from each other. The
hollow balls (Chad Valley, UK) were filled with cotton wool and
0.5 mL of scent (orange, lemon, vanilla, or almond, Dr Oetker Ltd,
UK) was evenly distributed into the balls via small holes. Mice were
then removed, one of the balls was replaced with a novel scented
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ball, and after a delay of 3 minutes, mice were placed back into the
arena and allowed to explore for a further 4 minutes (phase 2). The
novel scented ball was placed randomly in either the left or right
position. All behavior was recorded with a camera (Sanyo Xacti
VPC-C4, SANYO Fisher, CA, USA) and MP4 video-clips were con-
verted to an AVI format using Pazera MP4 to AVI converter 1.3
(Pazera-Software, PL). The duration (seconds) spent exploring the
scented balls was then measured using Observer 5.0 software
(Noldus, Wageningen, the Netherlands). Explorationwas defined as
the amount of time the animals spent with their nose pointing
within 2 cm of the scented balls. The percentage time spent
exploring the scented balls was calculated for phases 1 and 2.

2.2.3. Novel object recognition test
Short-term non-associative memory based on the natural

exploration of novelty in mice was also assessed in the novel object
recognition test. The task was performed the same as the smell
recognition task, but during phase 1 of the task the mice were
placed in the arena and allowed to explore 2 identical unfamiliar
wooden painted trial objects (Universe of Imagination, Geoffrey,
Inc, UK) for 10 minutes. Mice were then removed and one of the
objects was replaced with a novel object that varied in shape and
color. After an interval of 1 hour, mice were allowed to explore the
familiar object and the novel object for 4 minutes. The time spent
exploring the familiar and novel objects was calculated for phases 1
and 2 as for the smell recognition test.

2.2.4. MWM
Spatial reference memory was assessed using the MWM using

a 1.2 m diameter (height, 25 cm) circular white opaque plastic
tank that contained water maintained at a temperature of
21 �Ce22 �C andmade opaque using water-soluble nontoxic white
paint (Universe of Imagination, Geoffrey Inc, UK). During the
MWM test, mice were given 2 days of visual platform training
followed by 8 days of hidden platform training and a 1 day probe
trial (based on protocol by Vorhees and Williams (2006)). Briefly,
for the acquisition of the visual platform training, mice were
placed into the maze without spatial cues, and allowed to locate a
visual flagged platform. If the platform was not found within
2 minutes, the mouse was gently guided to it. Mice were given 4
trials each day for 2 days with a different start position and flag-
ged platform location each trial. For the acquisition of the hidden
platform test, 4 trials per day were conducted for 8 days. The
sequence of start positions was different on each training day and
visual spatial cues were located outside the tank. The latency to
find the platform was recorded with a maximum of 2 minutes
allowed. To test memory retention of the platform location, mice
underwent a probe trial 24 hours after the final hidden platform
training trial. During the probe trial, the platform was removed,
and the mouse was placed in the pool and allowed to swim for
30 seconds. Time spent in each quadrant was recorded. Each trial
was monitored and analyzed using a CCTV tracking camera (Vista
protos IV, UK) and 2020 PLUS tracking software (HVS Image,
Buckingham, UK). The escape latency (second) during both visual
platform and hidden platform training and the percentage time in
the target quadrant during the probe trial and swim speed (meter/
second) were calculated.

2.3. Tissue preparation

After the behavioral tests all animals were terminally anes-
thetized with 3.5% isoflurane (30% O2 and 70% N2O) and 0.9% saline
was perfused-transcardially. The brain was rapidly removed and
one hemisphere immerse-fixed in 4% paraformaldehyde at room
temperature for 24 hours. This hemisphere was then cryoprotected
in 30% sucrose (in 0.1 M phosphate buffer [PB]) at 4 �C for 24 hours
before being frozen in isopentane on dry ice. The hippocampus was
dissected from the other hemisphere of the brain and frozen on dry
ice. All samples were stored at �80 �C until assay. One epididymal
fat pad was also dissected and weighed.

2.3.1. Immunohistochemistry
Coronal 30 mm brain sections were cut (from �1.34 mm

to �3.88 mm relative to bregma according to the atlas of Paxinos
and Franklin (2001)), on a freezing sliding microtome (Bright
8000-001, Bright Instrument Co Ltd, UK). Immunohistochemistry
for either Ab or phosphorylated tau was then performed on free-
floating brain sections. Briefly, endogenous peroxidase was
removed before treatment in blocking solution (10% normal horse
serum in PB/0.3% triton). Sections were then incubated at 4 �C
overnight with either a mouse monoclonal anti-human amyloid
6E10 (1:3000, Covance-Signet Laboratories, UK) for Ab or mouse
monoclonal anti-human PHF-tau (AT8; 1:1000, Autogen Bioclear,
UK) for hyperphosphorylated tau. After washes in PB/0.3% triton,
sections were treated for 2 hours in a biotinylated horse anti-mouse
IgG antibody (1:500; Vector Laboratories Ltd, Peterborough, UK).
Following washes (in 0.1 M PB), sections were immersed in avidin-
biotin-peroxidase complex (ABC, Vector Laboratories Ltd) for
30 minutes, rinsed in 0.1 M PB and color-developed using a 0.05%
diaminobenzidine solution (in 0.01% H2O2). Sections were mounted
onto gelatin-coated slides, dried, and coverslipped before viewing
under a light microscope. The number of immunopositive cells
(neurons) expressing tau was counted unilaterally, using a light
microscope, throughout the hippocampus. The average number of
cells per section was calculated and the group mean determined.
The Ab plaque burden was determined throughout in the hippo-
campus. The plaque area was measured in each section and the
plaque burden calculated as average plaque area/section (mm2).

To detect microglia, immunohistochemistry was performed as
previouslymentioned but using a rabbit anti-Iba1 primary antibody
(1:2000, Wako Chemicals, Germany) and a biotinylated goat anti-
rabbit IgG antibody (1:500; Vector Laboratories Ltd), all in 2%
normal goat serum in PB/0.3% triton. Activated microglia
throughout the hippocampus were identified according to previous
studies. Drake et al., 2011 defined by either an increase in Iba1
staining; enlarged cell bodies; complete or partial loss of thin
elongated process. The number of activated microglia per section
was counted and the average calculated. For all immunohisto-
chemical analyses the investigator was blinded to genotype and
diet.

2.3.2. Ab oligomer enzyme-linked immunosorbent assay
The hippocampus of control and high-fat fed 3xTgADmice, at all

ages tested, were prepared by homogenization in extraction buffer
(50 mM Tris-Cl, 150 mM NaCl, 1% CHAPS, pH 7.6, containing pro-
teases inhibitors) and samples were left to stand for 3 hours. The
homogenates were then centrifuged at 15,000 rpm at 4 �C for
30 minutes. Human Ab oligomers were analyzed in the hippo-
campal supernatant by enzyme-linked immunosorbent assay
(ELISA) (IBL International, Germany) according to manufacturer’s
instructions. The ELISA uses mouse monoclonal anti-human Ab (N)
(82E1) antibodies that recognize the N-terminus of human Ab
specifically, with 2 or more epitopes. The level of oligomers in the
hippocampus of non-Tg control mice was not tested, as no human
oligomers are detected in the brain of these mice (data not shown).

2.4. Statistical analysis

Data are represented as mean � standard error of the mean.
Epididymal fat weight, evaluation of memory in the spontaneous



Fig. 1. Body weight of 3xTgAD and non-Tg mice in response to a high-fat diet. Male 3xTgAD and non-Tg control mice were maintained on either a control or high-fat diet from the
age of 8 weeks (at the age of 2 months) and body weight was assessed in separate groups of mice at the age of 3e4 (A), 7e8 (B), 11e12 (C), and 15e16 (D) months. Data are means �
SEM, n ¼ 6e12/group. * p < 0.05, ** p < 0.01, *** p < 0.001 non-Tg versus 3xTgAD mice on control diet; ## p < 0.01, ### p < 0.001 non-Tg versus 3xTgAD mice on high-fat diet; $ p <

0.05, $$ p < 0.01, $$$ p < 0.001 non-Tg on a control versus high-fat diet; & p < 0.05, && p < 0.01, &&& p <0.001 3xTgAD on a control versus high-fat diet. Three-way repeated measures
ANOVAs with Scheffe post hoc analysis. Abbreviations: ANOVA, analysis of variance; SEM, standard error of the mean.

Table 1
Epididymal fat weight of 3xTgAD and non-Tg mice in response to a high-fat diet

Non-Tg 3xTgAD

Control High-fat Control High-fat

3e4 mo 0.50 � 0.04 1.46 � 0.12a 0.37 � 0.02 1.00 � 0.09a,c

7e8 mo 0.55 � 0.08 1.62 � 0.09a 0.50 � 0.04 2.51 � 0.36a,b

11e12 mo 0.73 � 0.11 1.50 � 0.09 0.54 � 0.05 4.75 � 0.59a,c

15e16 mo 1.21 � 0.14 1.35 � 0.27 0.67 � 0.09 5.56 � 0.85a,c

Mice weremaintained on a high-fat or control diet and separate groups of micewere
monitored until the age of 3e4, 7e8, 11e12, or 15e16 months when epididymal fat
pad weight (g) was assessed. Data are mean � SEM, n ¼ 6e12/group. a p < 0.001
versus control fed mice of same genotype and b p < 0.01, c p < 0.001 versus non-Tg
mice on the same diet. Two-way ANOVA with Bonferroni post hoc analysis.
Key: ANOVA, analysis of variance; SEM, standard error of the mean.
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alternation test, and the number of activated microglia were
examined using a 2-way analysis of variance (ANOVA) with
Bonferroni post hoc analysis and for the smell recognition, novel
object tests, and neuropathology a Student t tests was used. Morris
water maze training was assessed between cohorts on individual
training days and compared within cohorts between the first day of
training and successive days of training to assess improvement over
time via 3-way repeated measures ANOVAs with Scheffe post hoc
analysis, as was body weight. The probe test was analyzed using a
2-way ANOVA with Bonferroni post hoc analysis. Statistical signif-
icance was taken at p < 0.05.

3. Results

3.1. High-fat diet increased body weight and fat mass in both non-
Tg and 3xTgAD mice

For all groups of mice at the age of 1 month, there was no sig-
nificant difference in body weight between non-Tg and 3xTgAD
mice (Fig. 1). By the age 2 months, before modifying diet, 3xTgAD
mice weighed significantly (p < 0.05e0.001) more than non-Tg
control mice in all groups.

At the age of 3e4 months, non-Tg mice on a high-fat diet were
significantly (p< 0.001; Fig. 1A) heavier than those maintained on a
control diet, but no difference was observed between 3xTgAD mice
on a control versus high-fat diet. As at the age of 2 months, 3 to 4-
month-old 3xTgAD mice weighed significantly (p < 0.001) more
than non-Tg mice when on a control diet. At the age of 7e8, 11e12,
and 15e16months, both 3xTgAD and non-Tgmice on a high-fat diet
weighedmore than their respective control fed mice, and there was
now no difference in body weight between control-fed non-Tg and
3xTgAD mice (Fig. 1BeD).

At all ages tested male 3xTgAD mice on a control diet displayed
no difference in epididymal fat pad weight compared with the
control fed non-Tg mice (Table 1). High-fat feeding led to a signif-
icant (p < 0.001) increase in epididymal fat pad weight in both
3xTgAD and non-Tg mice at the age of 3e4 and 7e8 months
compared with their respective control fed mice. Epididymal fat
pad weight was significantly (p < 0.01e0.001) lower in the 3xTgAD
than the non-Tg mice on a high-fat diet at the age of 3e4 months
but higher in 3xTgAD mice at the age of 7e8 months. At the age of
11e12 and 15e16 months, epididymal fat pad weight was not
different in non-Tg mice on a high-fat diet, whereas it was signifi-
cantly (p < 0.001) higher in the 3xTgAD mice on a high-fat diet
compared with their respective control fed mice.

3.2. High-fat diet impaired memory in non-Tg and 3xTgAD mice

3.2.1. Y-maze
At the age of 3e4 months, there was no significant effect of

genotype or diet on memory performance in the Y-maze (Fig. 2A).
By the age of 7e8 months, 3xTgAD mice showed a diet-
independent decrease (18% and 24%; p < 0.05) in percentage



Fig. 2. High-fat diet impairs learning in the Y-maze spontaneous alternation test in 3xTgAD and non-Tg mice. Male 3xTgAD and non-Tg control mice were maintained on either a
control or high-fat diet from the age of 8 weeks. Cognitive function was assessed in the Y-maze spontaneous alternation test in separate groups of mice at the age of 3e4 (A), 7e8 (B),
11e12 (C), and 15e16 (D) months. Data are means � SEM. n ¼ 6e12/group. * p < 0.05, ** p < 0.01, *** p < 0.001 versus non-Tg mice on the same diet, ## p < 0.01, ### p < 0.001 versus
control-fed mice of the same genotype. Two-way ANOVA with Bonferroni post hoc analysis. Abbreviations: ANOVA, analysis of variance; SEM, standard error of the mean.
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alternations compared with non-Tg mice (Fig. 2B). Significantly,
fewer percentage alternations (19%; p < 0.01) were still detected in
11 to 12-month-old control fed 3xTgAD compared with non-Tg
mice (Fig. 2C). At the age of 11e12 months, high-fat diet impaired
memory (26% reduction; p < 0.001) in non-Tg mice. However, a
high-fat diet did not affect memory in 11 to 12-month-old 3xTgAD
mice. At the age of 15e16 months, 3xTgAD mice on a control diet
performed fewer percentage alternations (19% p < 0.001; Fig. 2D)
than non-Tg mice. A high-fat diet not only impaired memory in 15
to 16-month-old non-Tg mice but also affected cognition in 3xTgAD
mice as less percentage alternations were observed in high-fat
compared with control fed mice for both genotypes (24% and
19%; p < 0.001 and p < 0.01 for non-Tg and 3xTgAD, respectively).
The number of moves was transiently decreased in 3xTgAD mice at
the age of 3e4 and 7e8months but at all ages tested, a high-fat diet
had no effect on the total number of moves in both non-Tg and
3xTgAD mice (data not shown).

3.2.2. Smell recognition
At the age of 3e4, 7e8, 11e12, and 15e16 months, there was no

difference in exploration of identical scented balls during phase 1 of
the smell recognition test for all groups of mice (data not shown).
During phase 2, after a delay of 3minutes, non-Tgmice at all ages on
a control diet spent a significantly (p < 0.05) higher percentage of
time exploring the novel scented ball than the familiar scented ball
indicating memory formation (Fig. 3AeD). Memory was unim-
paired in 3xTgAD mice on a control diet at earlier time points as
mice spent more time exploring the novel scented ball at the age of
3e4 months (p < 0.01) and more time exploring the familiar
scented ball at the age 7e8 months (p < 0.05). However, memory
was impaired in control fed 3xTgAD mice at the age of 11e12 and
15e16 months as no difference in exploration between the novel
and familiar smell was observed. High-fat feeding transiently
impairedmemory in non-Tgmice as no preference for exploring the
novel or familiar scented ball was detected at the age of 3e4 and
7e8months but by the age of 11e12 and 15e16months high-fat fed
non-Tg mice spent more time exploring the novel scented ball (p <

0.05). In contrast, the 3xTgAD mice on a high-fat diet showed
impaired memory at all ages, as they did not show a preference for
the novel or familiar smell.

3.2.3. Novel object recognition
At the age of 3e4, 7e8, 11e12, and 15e16 months, there was no

difference in exploration of identical objects during phase 1 of the
test in both non-Tg and 3xTgADmice (data not shown). At the age of
3e4 and 7e8 months, during phase 2 after an interval of 1 hour,
non-Tg mice on a control or high-fat diet spent significantly (p <

0.05 and p < 0.001) more time exploring the novel versus the
familiar object (Fig. 4A and B). At the age of 11e12 and
15e16 months, the non-Tg mice on a control diet also spent
significantly more time exploring the novel versus the familiar
object (p < 0.01, Fig. 4C and D), whereas the high-fat diet impaired
memory at these ages. In 3xTgADmice, memory was impaired at all
ages on both control and high-fat diet (Fig. 4AeD).

3.2.4. Morris water maze
By the second day of visual platform training in the MWM

there was no significant difference in escape latency between any
group at the age of 3e4, 7e8, 11e12, or 15e16 months (data not
shown).



Fig. 3. High-fat diet impairs learning in the smell recognition test in 3xTgAD and non-Tg mice. Male 3xTgAD and non-Tg control mice were maintained on either a control or high-fat
diet from the age of 8 weeks. Cognitive function was assessed in the smell recognition test in separate groups of mice at the age of 3e4 (A), 7e8 (B), 11e12 (C), and 15e16 (D) months.
During phase 1, the mice were placed in an arena for 10 minutes with 2 identically scented balls (data not shown). During phase 2, after an interval of 3 minutes, the mice were
placed back into the arena with one familiar scented ball (presented in phase 1) and one novel scented ball for 4 minutes and percentage time exploring balls was compared. Data
are means � SEM. n ¼ 6e12/group. * p < 0.05, ** p < 0.01 for novel versus familiar smell; Student t test. Abbreviation: SEM, standard error of the mean.
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During hidden platform training (Fig. 5AeD), non-Tg mice on a
control diet showed significantly decreasing escape latency over
training days at all ages tested (days 2e8 versus day 1; p <

0.05e0.001), whereas the 3xTgADmice on a control diet showed no
evidence of learning. On a high-fat diet, non-Tg mice got quicker
over training days at the age of 3e4, 7e8, 11e12, and 15e16months
(days 2e8 versus day 1; p< 0.05e0.001), whereas the 3xTgADmice
on a high-fat diet, got quicker only at the age of 3e4 months (days
7e8 versus day 1; p < 0.05) yet were unable to learn at the age of
7e8, 11e12, and 15e16 months. On individual training days there
was no significant difference in escape latency between the cohorts.

At all ages tested during the probe test, 3xTgAD mice on either a
control or high-fat diet spent significantly less time in the target
quadrant when compared with their respective fed non-Tg mice
(p < 0.05e0.001, Fig. 5EeH). High-fat feeding had no effect on
memory in 3 to 4-month-old 3xTgAD or non-Tg mice. However, by
the age of 7e8 months, a high-fat diet impaired memory as a
decrease (30%e32%) in the time spent in the target quadrant was
observed in both high-fat fed 3xTgAD and non-Tg mice when
compared with control fed mice. Effects of high-fat diet on memory
were transient as at the age of 11e12 and 15e16 months no dif-
ference in time spent in the target quadrant was observed between
3xTgAD or non-Tg mice on either a control or high-fat diet. During
the probe test at the age of 3e4 months swim speed was signifi-
cantly higher in 3xTgAD mice compared with non-Tg control mice
on either diet (non-Tg, control 0.23 � 0.01 m/s, high-fat 0.24 �
0.01m/s; 3xTgAD, control 0.29� 0.01m/s, high-fat 0.29� 0.01m/s;
p < 0.001, 3xTgAD versus non-Tg on either diet). At all other ages
(7e8, 11e12, and 15e16 months) there was no longer an effect of
genotype on swim speed. There was no effect diet on swim speed in
all groups of mice at all ages (data not shown).

3.3. High-fat diet had no effect on Ab and tau pathology in 3xTgAD
mice

To assess the effect of a high-fat diet on Ab peptide deposition,
sections from all mice were stained with 6E10, an antibody that
recognizes amino acid residue 1e16 of beta-amyloid. No extracel-
lular Ab plaques were detected in the brains of control or high-fat
fed 3xTgAD mice at the age of 3e4 and 7e8 months but by the
age of 11e12 months, occasional Ab plaques were detected in the
hippocampus of 3xTgAD mice that were more prevalent at the age
of 15e16 months (Table 2 and Fig. 6A). A high-fat diet had no effect
on the Ab plaque burden in the hippocampus of 3xTgADmice at the
age of 11e12 or 15e16months (Table 2 and Fig. 6A). No extracellular
Ab plaques were detected in the brains of non-Tg mice or in the
cortex and amygdala of 3xTgAD mice on either a control or high-fat
diet.

No cells positive for hyperphosphoryated tau were found in the
brain of 3 to 4-month-old 3xTgAD mice. At the age of 7e8, 11e12,
and 15e16 months, tau-positive cells were detected in the hippo-
campus and amygdala. In all brain regions, there was no



Fig. 4. High-fat diet impairs learning in the novel object recognition test in non-Tg mice. Male 3xTgAD and non-Tg control mice were maintained on either a control or high-fat diet
from the age of 8 weeks. Cognitive function was assessed in the novel object recognition test in separate groups of mice at the age of 3e4 (A), 7e8 (B), 11e12 (C), and 15e16 (D)
months. During phase 1, the mice were placed in an arena for 10 minutes with 2 identical novel objects (data not shown). During phase 2, after an interval of 1 hour, the mice were
placed back into the arena with one familiar object (presented in phase 1) and one novel object for 4 minutes and percentage time exploring objects was compared. Data are means
� SEM. n ¼ 6e12/group. * p < 0.05, ** p < 0.01, *** p < 0.01 for novel versus familiar object; Student t test. Abbreviation: SEM, standard error of the mean.
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significance difference in the number of tau-positive cells between
3xTgAD mice fed a control or high-fat diet (Table 2 and Fig. 6B). No
hyperphosphoryated tau was detected in the brains of non-Tg mice
or in the cortex of 3xTgAD mice on either a control or high-fat diet.

The level of Ab oligomers was analyzed in the hippocampus of
3xTgAD mice by ELISA. There was no difference in the amount of
oligomers detected between control and high-fat fed 3xTgAD mice
at all ages tested (Table 2).

3.4. High-fat diet increases microglia activation in non-Tg and
3xTgAD mice

At the age of 15e16 months, a significant (p < 0.05e0.001) in-
crease in the number of activated microglia were detected in the
hippocampus of 3xTgAD mice on either a control or high-fat diet
when compared with non-Tg mice. A high-fat diet increased the
number of activated microglia at the age of 3e4 months in 3xTgAD
mice and at the age of 15e16 months in non-Tg mice (Fig. 7). The
activated microglia were found in the same region of the hippo-
campus (dorsal subiculum) as to where the Ab plaques were
detected in the 3xTgAD mice (Fig. 6A).

4. Discussion

The present study is the first to assess longitudinally the effect of
a high-fat diet in both control non-Tg and 3xTgAD mice, and to
simultaneously measure cognitive function and pathology. We
demonstrate that a high-fat diet increases the onset and severity of
memory deficits in 3xTgAD mice. The effects of a high-fat diet on
cognition in 3xTgAD mice are independent of an effect on AD
neuropathology as no difference was observed in the deposition of
Ab and tau. Furthermore, high-fat feeding also caused memory
impairments in control non-Tg mice.

Overconsumption of diets high in saturated fats is a common
problem in developed countries and is likely the primary cause
of obesity. Obesity is associated with an increased risk of several
peripheral diseases but recent evidence suggests that obesity can
also affect the brain. Midlife obesity and consumption of diets
high in fat are linked to a greater risk of AD in humans (Beydoun
et al., 2008; Eskelinen et al., 2008; Fitzpatrick et al., 2009; Grant,
1999; Gustafson et al., 2003; Hassing et al., 2009; Kalmijn et al.,
1997; Kivipelto et al., 2005; Laitinen et al., 2006; Luchsinger
et al., 2002; Profenno et al., 2009; Rosengren et al., 2005;
Whitmer et al., 2005, 2007, 2008). Several studies have shown
that obesity can also affect the brain in nondemented subjects
and is linked with structural abnormalities, such as reduced
brain and hippocampal volume, atrophy (e.g., temporal lobe), and
white matter lesions (Gazdzinski et al., 2008; Gustafson et al.,
2004a, 2004b; Jagust et al., 2005; Ward et al., 2005). Further-
more, central obesity has been linked with poorer cognition in
elderly nondemented individuals (Jeong et al., 2005). These
studies in obese humans suggest that increased adiposity can
influence key areas in the brain that regulate memory and are
affected in AD.



Fig. 5. High-fat diet impairs learning in the Morris water maze in 3xTgAD and non-Tg mice. Male 3xTgAD and non-Tg control mice were maintained on either a control or high-fat
diet from the age of 8 weeks. Cognitive function was assessed in the Morris water maze in separate groups of mice at the age of 3e4 (A), 7e8 (B), 11e12 (C), and 15e16 (D) months.
Mice were given 4 trials a day for 8 days of submerged platform training in the MWM (AeD). Twenty-four hours after the final trial the mice were given a probe test with no
platform (EeH). Data are mean þ/� SEM. For escape latency, * p < 0.05, ** p < 0.01, *** p < 0.001 day 1 versus days 2e8. For percentage time in target, * p < 0.05, ** p < 0.01, *** p
<0.001 versus non-Tg mice on the same diet, # p < 0.05, ## p < 0.01 versus control-fed mice of the same genotype. Abbreviations: MWM, Morris water maze; SEM, standard error of
the mean.
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To date most studies on the effect of a high-fat diet on memory
in rodents have assessed spatial memory only and have usually
evaluated memory in one behavioral test. The present study used a
battery of tests to assess the effect of high-fat consumption on
spatial and nonspatial memory in mice. Regardless of the test used
a high-fat diet impaired both spatial and nonspatial memory in
non-Tg and 3xTgAD mice. In some behavioral tests a high-fat diet
had a rapid effect on memory, although in other tests an effect was
apparent at a later time point. A difference in the timing of the
detrimental effect of a high-fat diet on cognition has been reported
previously and is dependent on the use of spatial versus nonspatial
memory tests (Kanoski and Davidson, 2011). These data therefore
suggest that different modes of memory are differentially sensitive
to the effects of a high-fat diet. Although the present study dem-
onstrates that a high-fat diet caused a rapid but also long-lasting
impairment in cognition some of these effects, especially in the
non-Tg mice, were transient although this was not observed in all
behavioral tests. The transient nature of the high-fat diet induced
memory impairment is currently not understood. However, overall
these data demonstrate that the choice of timing and the type of
behavioral test used is therefore important when assessing the
cognitive effects of high-fat consumption in mice.



Table 2
A high-fat diet had no effect on Alzheimer’s disease neuropathology in 3xTgADmice

Cortex Hippocampus Amygdala

Control High-fat Control High-fat Control High-fat

Ab
Plaque burden
3e4 mo nd nd nd nd nd nd
7e8 mo nd nd nd nd nd nd
11e12 mo nd nd 680 � 183 585 � 264 nd nd
15e16 mo nd nd 2713 � 458 6177 � 1845 nd nd

Oligomers (nmol/L)
3e4 mo d d 2.7 � 0.4 3.9 � 0.4 d d

7e8 mo d d 4.2 � 0.4 3.1 � 0.2 d d

11e12 mo d d 3.6 � 0.4 3.1 � 0.3 d d

15e16 mo d d 3.8 � 0.5 4.1 � 0.4 d d

Tau
3e4 mo nd nd nd nd nd nd
7e8 mo nd nd 1 � 1 nd 2 � 2 1 � 1
11e12 mo nd nd 7 � 1 8 � 3 2 � 1 1 � 1
15e16 mo nd nd 8 � 6 3 � 1 9 � 4 12 � 5

3xTgADmice were maintained on a control or high-fat diet for those aged 3e4, 7e8,
11e12, and 15e16 months. Immunohistochemistry for Ab or hyperphosphorylated
tau was performed using 6E10 and AT8 antibodies, respectively. The average
number of cells per section positive for tau were counted in the cortex, hippo-
campus, and amygdala. The extracellular Ab plaque burden in the hippocampus was
assessed and data are expressed as average plaque area/section (mm2). The
expression of Ab oligomers was analyzed by ELISA in the hippocampus. Data are
mean � SEM, n ¼ 6e12/group.
Key: Ab, amyloid beta; ELISA, enzyme-linked immunosorbent assay; nd, none
detected; d, not analyzed; SEM, standard error of the mean.
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In the present study the detrimental effect of a high-fat diet on
memory in 3xTgAD mice was not associated with a change in the
extentofAband taudeposition. In support, not all studies reporting a
worsening of memory in AD mice fed a high-fat diet have observed
an effect on pathology (Herculano et al., 2013; Phivilay et al., 2009).
However, several studies have shown that high-fat feeding can in-
crease solubleAb and/orAbplaques in thebrainof ADmice (Hoet al.,
2004; Julien et al., 2010; Maesako et al., 2012a; Pedrini et al., 2009).
Ab oligomers are currently thought to be the key species involved in
Ab toxicity (Lesne et al., 2006; Shankar et al., 2008; Walsh et al.,
2002) but in the present study no change in expression of soluble
oligomers was detected in the hippocampus of 3xTgAD mice on a
high-fat diet at any time point. High-fat consumption also caused
memory deficits in control non-Tg mice, which do not present with
Ab or tau neuropathology. Furthermore, intermittent fasting has
been shown to reduce cognitive deficits in 3xTgAD mice without
effecting Ab and tau levels (Halagappa et al., 2007). Thus, the effects
of a high-fat diet on cognition in the present study are therefore
likely not because of changes in AD-related neuropathology.
Fig. 6. High-fat diet has no effect on Ab or tau neuropathology in the hippocampus of 3xTgA
high-fat diet from the age of 8 weeks until the age of 11e12 and 15e16 months. Immunohis
AT8 antibodies, respectively. Representative sections for 3xTgAD mice are shown for the h
Quantification is presented in Table 2. Scale bars 200 mm. Abbreviation: Ab, beta amyloid.
High-fat feeding caused an increase in body weight to the same
extent in non-Tg and 3xTgAD mice. However, after the age of
7e8 months 3xTgAD mice on a high-fat diet had higher epididymal
adipose mass compared with non-Tg control mice suggesting that
the metabolic response to excess calories is different in the 3xTgAD
mice. The present data also confirms a previous study showing that
early in life 3xTgAD mice on a control diet weigh more and have
higher food consumption than non-Tg controls (Knight et al., 2012),
although food intake was not assessed here. This increased body
weight shown here was not because of greater adipose tissue
deposition, at least in the epididymal depots although other
visceral depots and subcutaneous adipose remains to be assessed. It
is likely therefore that other factors contribute to the greater body
weight as 3xTgADmice have longer body lengths and higher spleen
mass (unpublished data). Altered metabolism has also been
demonstrated in the 3xTgAD mouse as after the age of 12 months,
these mice are no longer heavier than the control non-Tg mice even
though food intake is still increased, an observation that might be
because of a higher metabolic rate (Adebakin et al., 2012; Knight
et al., 2012). However, it is likely that body weight and/or obesity
per se may not be the main cause for cognitive deficits as memory
deficits in high-fat fed AD mice can be reduced (with an antioxi-
dant) without an effect on body weight (Herculano et al., 2013).
Furthermore, when body weight is normalized after the high-fat
diet is replaced with control diet, AD mice still experience cogni-
tive deficits (Maesako et al., 2012b). Exercise is also more effective
than diet control at reducing cognitive impairment in high-fat fed
AD mice, even though exercise only induced a minor reduction in
body weight (Maesako et al., 2012b). These data therefore suggest
that long lasting metabolic consequences of high-fat feeding rather
than body weight and/or adiposity are responsible for a reduction
in cognition in mice.

The mechanisms responsible for the effect of a high-fat diet on
memory remain unknown, although there are several possibil-
ities. Neuroinflammation and oxidative stress are pathologic
features of AD that are proposed to play a key role in the disease
pathogenesis (Johnston et al., 2011; Verri et al., 2012; Wyss-Coray
and Rogers, 2012). Microglia are the brain-resident “immune”
cells and are proposed to play a key role in many neurodegener-
ative conditions and particularly in AD (Wyss-Coray and Rogers,
2012). Microglial activation was increased in response to a high-
fat diet seen here in both 3xTgAD and non-Tg control mice, and
also in other mouse models of AD (Herculano et al., 2013).
Vascular inflammation might also be important in the effects of
obesity on cognition as diets high in fat also increase expression
of vascular inflammatory markers in AD mice (Herculano et al.,
2013). Furthermore, when AD transgenic mice (APP23) are
D mice. Male 3xTgAD and non-Tg control mice were maintained on either a control or
tochemistry for Ab (A) or hyperphosphorylated tau (B) was performed using 6E10 and
ippocampus indicating the extracellular Ab plaque burden and tau-positive neurons.



Fig. 7. High-fat diet increases microglia activation in the hippocampus of 3xTgAD and non-Tg mice. Male 3xTgAD and non-Tg control mice were maintained on either a control or
high-fat diet from the age of 8 weeks until the age of 3e4 (A), 7e8 (B), 11e12 (C), and 15e16 (D) months. Microglia activation were identified by increased Iba1 immunopositivity,
enlarged and/or irregular cell bodies, thickened, partial or complete loss of processes and were seen after high-fat feeding in 3xTgAD mice at the age of 3e4 months and non-Tg mice
at the age of 15e16 months. An increase in microglia activation was also observed in control fed 3xTgAD mice over time. (E) Representative photomicrographs in the hippocampus
from 3e4 and 15 to 16-month-old mice. Scale bars 200 mm and 25 mm (insets). * p < 0.05, ** p < 0.01, *** p < 0.001 versus non-Tg group on the same diet; # p < 0.05 versus control
fed of the same genotype.
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crossed with an obese mouse model (ob/ob) the resulting
offspring (APPþ-ob/ob) showworse cognitive deficits and vascular
inflammation that appear before significant Ab deposition
(Takeda et al., 2010). Oxidative stress is also a key feature of AD
and can be increased in response to dysregulated inflammation.
Heighted oxidative stress is observed after short-term high-fat
feeding in both AD and control mice and antioxidants have been
shown to be reduce the memory deficits in AD mice fed a high-fat
diet (Herculano et al., 2013).

The data in the present study indicate that high-fat diets impair
memory in control and AD mice. It remains to be determined if the
same or different mechanisms impact on memory in control and
3xTgAD mice, though the underlying mechanisms do not involve
exacerbation of Ab and tau pathology.
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Abstract 

Midlife obesity is considered a risk factor for the development of Alzheimer’s disease (AD) later in 

life and experimental obesity, due to diets rich in fatty acids and cholesterol, leads to cognitive 

deficits in rodents. However, experimental studies to date assess effects of high-fat diets on 

memory mostly in male rodents, with effects in females being less clear. Moreover, it is known that 

sex hormones, as testosterone and estrogen, are important in the progression of AD and can have 

an effect on memory. Therefore, the aim of this study was to test the effect of a high-fat diet on 

memory in both male and female control non-transgenic (Non-Tg) and triple-transgenic AD 

(3xTgAD) mice using a battery of behavioural tests. Non-Tg and 3xTgAD mice were placed on 

either a control (12% fat) or high-fat diet (60% fat) for a period of 7 weeks (short-term) or 12 months 

(long-term). Male Non-Tg mice were more susceptible to diet-induced obesity after 7 weeks of high-

fat diet, presenting greater gains in body weight, adiposity and increased insulin levels, which were 

associated with memory deficits in the novel object recognition test. After 12 months of high-fat diet, 

both male and female Non-Tg mice presented memory deficits in the novel object recognition and 

Y-maze tests, both groups showing increased insulin levels. A high-fat diet had no further effect on 

existing memory deficits in male or female 3xTgAD mice at 6 or 12 months, and in 3xTgAD mice a 

high-fat diet had no effect on insulin levels at any time point when compared with control fed mice. 

Overall these results demonstrate that Non-Tg male mice exhibit earlier deficits in memory in 

response to a high-fat diet, an effect that was associated with an increase in insulin. However, in 

3xTgAD mice a high-fat diet had no effect on memory or insulin levels. These data therefore 

suggest that hyperinsulinemia might be important in the detrimental effect of a high-fat diet on 

memory. 
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Introduction 

Consumption of diets high in fat, such as western diets, are increasing worldwide and 

contributing to an overweight and obese population. Obesity, which is defined by an increase in 

adipose tissue, has been associated with effects on cognitive function including impairment in 

memory [1-6]. Being obese is also considered a risk factor for developing dementia later in life, and 

has been reported to increase the risk of Alzheimer’s disease (AD) [7-14]. Obesity is a component 

of the metabolic syndrome, characterised as a cluster of metabolic abnormalities, which includes 

visceral adiposity, hypertension and hyperinsulinemia, amongst other features [15]. Like obesity, 

metabolic syndrome has also been associated with cognitive impairment and AD [16-18]. Obese 

young adults have changes in brain morphology, such as loss of neurones and myelin, in regions 

that mediate cognitive function similar to those affected in AD patients [19, 20]. Experimental 

studies also show that high-fat diets can impair learning and memory in rodents [6, 21-30] and that 

body weight gain is associated with selective hippocampal damage [6, 31, 32]. Diets high in fat can 

also worsen memory deficits in mouse models of AD [33-38]. These data suggest a strong 

association between obesity and cognitive dysfunction.  

The majority of experimental studies showing negative effects of high-fat diets/obesity on 

cognition are in male rodents and limited to just one time point, typically 6 months on diet or less. It 

is known that the metabolic response to a high-fat diet can differ between males and females and in 

general, women have more body fat and are more susceptible to weight gain than men [39]. 

Moreover, sex hormones, in particular ovarian hormones such as estrogen, are known to have an 

important role not only in AD but also in memory mechanisms. Estrogen has a neurotrophic action 

in brain regions that are involved in memory and learning and in women with AD estrogen levels are 

decreased, which suggests that estrogen can be neuroprotective [40].  

Several recent experimental studies show gender differences in the metabolic response to diet-

induced obesity in mice [41-48] and variation in the extent of obesity and/or obesity-related 

changes, such as insulin resistance, between sexes might impact on how memory is affected by 

high-fat diets. Indeed, gender differences in the metabolic response after high-fat feeding is 

reported to produce a greater deficit in learning and synaptic plasticity in male compared to female 
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mice [43]. However, no study to date has been performed to assess the impact of gender on the 

effect of a high-fat diet on memory in cognitively normal versus cognitively impaired rodents 

including models of AD. 

Therefore, the aim of this study was to evaluate the effect of a high-fat diet on memory in male 

and female control non-transgenic (Non-Tg) mice and in the triple transgenic mouse model of AD 

(3xTgAD). We have shown previously that, depending on the behavioural test used, the negative 

effects of a high-fat diet on memory in male Non-Tg and 3xTgAD mice can be transient and/or the 

age at which cognitive impairment is detected can vary [33]. Thus, groups of male and female Non-

Tg and 3xTgAD mice were placed on either a control or high-fat diet and the metabolic response 

and memory (using several behavioural tests) were assessed in separate groups of animals after 

short- (7 weeks) and long-term (12 months) diet. 

 

Methods 

 

Animals and diet 

An in-house colony of male and female 3xTgAD mice, expressing mutant PS1M146V, APPSWE and 

TauP301L, and Non-Tg controls, on a C57BL6 x 129SV background, was established from breeding 

pairs originally supplied by Frank LaFerla (Irvine, CA, USA) [49]. Mice were kept in standard 

housing conditions (humidity 50%-60%, temperature 21 ± 1˚C, 12:12 hour light-dark) and given ad 

libitum access to food and water. After weaning, male and female littermates for both Non-Tg and 

3xTgAD mice were housed separately and kept on standard rodent chow (BK001, Special Diets 

Services, UK) until 8 weeks of age. Groups of mice were then randomly allocated to either control 

(12% energy from fat, 5% fat content by weight, 0.78% saturated fatty acids, 58G7, Test Diets) or 

high-fat diet (60% energy from fat, 35% fat content by weight, 13% saturated fatty acids, 58G9, Test 

Diets) and maintained on their respective diets for 7 weeks (n = 9-12/group) or 12 months (n = 9-

12/group). Body weight was assessed at baseline, before placement on diet, and monitored at 7 

weeks and 12 months of diet in the respective groups of mice. Blood pressure and behaviour were 

assessed at 7 weeks and in a separate group of mice at 6 and 12 months (Figure 1). All animal 
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experiments were carried out in accordance with the United Kingdom Animals (Scientific 

Procedures) Act 1986 and approved by the Home Office and the local Animal Ethical Review 

Group, University of Manchester. 

 

 

 

Figure 1. Experimental design. Non-Tg and 3xTgAD male and female mice were kept on a standard rodent 

chow diet until 8 weeks of age. Separate groups of animals were then randomly allocated to either control or 

high-fat diet for 7 weeks (short-term diet) or 12 months (long-term diet). Body-weight, blood pressure and 

behaviour were assessed at the end of each feeding period and at 6 months for the long-term diet group. 

 

Blood pressure 

Systolic blood pressure and heart rate were assessed using a non-invasive blood pressure 

analyser with a specific mouse tail cuff adapter (Model BP-2000-M-2, Visitech Systems, Inc, USA). 

One day prior to measurements, mice were habituated to the procedure for 5 minutes to reduce 

stress and anxiety. On the day of the assessment the animals were placed in the room and allowed 

to acclimatise for 10 minutes. A total of 20 readings of systolic blood pressure (mmHg) and heart 

rate (beats/minute, bpm) were taken and the average of the last 10 measurements calculated. 
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 Behaviour  

Mice were subjected to open-field, smell recognition, novel object recognition (NOR) and Y-maze 

spontaneous alternation tests. To decrease anxiety, all animals were allowed to habituate to the test 

room for 30 minutes prior to behavioural tests. All experiments were performed between 9am and 

5pm in the same testing room. Each test was performed on a different day and the animal order 

was randomised between groups. To avoid distress and anxiety, behavioural tests were performed 

on separate days for male and female mice. All apparatus were cleaned between animals and tests 

with 70% ethanol. The subsequent analysis of all behaviour data was performed blinded to 

genotype and diet. 

 

Open-field test 

General motor function and exploratory activity was assessed in the open-field by placing the 

mouse in an unfamiliar environment, which consisted of a square opaque Perspex box (45 cm x 45 

cm x 30cm). The animal was positioned in the centre of the arena and allowed to explore for 5 

minutes. Behaviour was recorded with a video camera and Any-Maze Tracking software (Stoelting 

Co, Dublin, Ireland) was used to track movement. Total time moving was measured and % time 

moving was calculated. 

 

Smell and novel object recognition tests 

To evaluate recognition memory, based on the spontaneous tendency of the animal to spend 

more time examining a smell/novel object compared to a familiar one [50], smell recognition and 

NOR tests were used as described previously [33]. Briefly, for both tests, all animals were allowed 

to habituate to a black opaque polycarbonate circular arena (diameter, 30 cm x height, 21 cm) for 5 

minutes over 2 days. On the third day, mice were placed in the centre of the arena and allowed to 

explore 2 identical scented balls, for the smell recognition test, or 2 identical objects for the novel 

object recognition test, for 10 minutes (phase 1). The scented balls (Chad Valley, UK) were filled 

with cotton wool and 0.5 ml of scent (orange, lemon, vanilla, almond, peppermint or eucalyptus, Dr 

Oetker Ltd, UK) was distributed into the balls via small holes. Mice were then removed and one of 
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the scented balls was replaced by a ball containing a novel scent or for the NOR test one of the 

objects was replaced with a novel object that varied in shape and colour. After a delay of 3 minutes 

for smell recognition or 1 hour for NOR the mice were placed back into the arena and allowed to 

explore for 4 minutes (phase 2). All experiments were recorded with a camera (Sanyo Xacti VPC-

C4, SANYO Fisher, CA, USA) and MP4 video-clips were converted to an AVI format using Pazera 

MP4 to AVI converter 1.3 (Pazera-Software, Poland). The time (seconds) spent exploring the 

objects was measured using SR Ethovision XT 8.5 (Noldus, Wageningen, The Netherlands) whilst 

time spent exploring the scented balls was calculated manually by observing each individual video. 

Exploration was defined as the amount of time that the animals spent with their nose within 2 cm in 

the direction of the smell/object. The percentage of time spent exploring was calculated for each 

phase of the test. 

 

Y-maze spontaneous alternation test 

Short-term working memory was assessed using the Y-maze spontaneous alternation test. A 

black opaque Perspex Y-shaped maze with three arms (A, B and C) was used and a visual cue was 

located at each end of the arm (arm dimensions; 15 cm x 10 cm x 10 cm). Each animal was placed 

into the maze facing the end of arm A and allowed to explore for 8 minutes. The number of arm 

entries (when the entire body of the animal was inside the arm space) made by each animal was 

recorded. Spontaneous alternation was defined as three consecutive entries in different arms 

(triplets) in a random order and the percentage number of alternations between arms was 

calculated as defined previously [33]. 

 

Tissue collection 

At the end of the feeding period, mice were terminally anesthetized with 3.5% isoflurane (30% O2 

and 70% N2O), blood was taken from the heart using 3.8% sodium citrate as an anticoagulant and 

plasma obtained after centrifugation (1200 g, 10 min) was stored at -80°C until assay. To remove 

blood, animals were then perfused transcardially with 0.9% saline. Total gonadal white adipose 

tissue, liver and spleen were dissected and weighed.  
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Glucose and insulin measurements 

Non-fasting blood glucose was measured in samples of cardiac blood by an Accu-Chek Diabetes 

kit (Roche Diagnostics, Indianapolis, IN, USA). Insulin levels were measured in plasma samples 

using an ultra-sensitive insulin mouse ELISA kit (Crystal Chem Inc, IL, USA) according to the 

manufacture’s protocol. 

Statistical analyses 

 All data are expressed as the mean ± standard error of the mean (SEM). Body and organ 

weights, glucose, insulin, systolic blood pressure, heart rate, and data from the open-field and Y-

maze spontaneous alternation tests were analysed using a two-way analysis of variance (ANOVA) 

followed by Bonferroni´s post-hoc test using SigmaPlot (Systat Software, Inc., San Jose, CA, USA). 

For the smell recognition and novel object tests a Student’s t test was used (GraphPad Prism 6, 

GraphPad Software, Inc., CA, USA). Statistical significance was taken when p < 0.05. 

 

 

Results 

 

High-fat diet leads to a greater increase in gonadal fat content in male Non-Tg mice after 7 

weeks on diet 

After 7 weeks, a high-fat diet led to a greater increase in body weight in male Non-Tg and male 

3xTgAD mice. In male Non-Tg mice, change in body weight was approximately 148% while in male 

3xTgAD mice a 44% change was observed (Figure 2A). Male 3xTgAD on a control diet gained more 

weight than Non-Tg matched controls (Figure 2A), a phenotype that was not observed in females 

(Figure 2B). In female Non-Tg mice only a 46% increase in body weight was observed with 7 weeks 

of high-fat diet while in female 3xTgAD mice a 116% was seen (Figure 2B). Increases in body 

weight in male Non-Tg mice after 7 weeks on high-fat diet were accompanied by a 203% increase 

in gonadal fat content compared to just a 110% increase in females (Table 1). In 3xTgAD mice, 

gonadal fat content increased 81% in females and 110% in males after a high-fat diet (Table 1). At 
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this time no changes in liver weight were observed between genotypes or diets (Table 1). Both male 

and female 3xTgAD mice fed on a control or high-fat diet had bigger spleens than the respective 

Non-Tg control mice (Table 1).  

Body weight continued to increase with a high-fat diet after 6 months in both male and female 

Non-Tg and 3xTgAD mice. In male Non-Tg mice in response to a high-fat diet there was a 69% 

increase in change of body weight from baseline (Figure 2C), while in male 3xTgAD mice 90% 

increase was observed (Figure 2C). Female Non-Tg mice had an increase of 135% on body weight 

(Figure 2D) and female 3xTgAD had 163% due to high-fat feeding (Figure 2D). 

After 12 months, male and female Non-Tg and 3xTgAD mice fed on a high-fat diet were 

significantly heavier than control fed animals. In males, change in body weight increased by 97% in 

Non-Tg and 120% in the 3xTgAD mice after high-fat feeding (Figure 2E). In female mice a 128% 

change in body weight was observed in the Non-Tg and 123% in the 3xTgAD with a high-fat diet 

(Figure 2F). Gonadal fat weight was also increased after 12 months on a high-fat diet in both male 

and female 3xTgAD mice (274% and 335% respectively) but only female Non-Tg mice on the high-

fat diet showed an increase in adipose tissue (217%) (Table 1). A high-fat diet also led to heavier 

livers in both male and female Non-Tg mice (111% and 21.6% respectively) but only in male 

3xTgAD mice (24.5% increase) (Table 1). Livers from high-fat diet fed male and female Non-Tg and 

male 3xTgAD mice were paler and contained fat deposits. Male 3xTgAD mice on both diets had an 

increase in spleen weight compared to Non-Tg controls. In female 3xTgAD mice, a high-fat diet led 

to a 75% increase in spleen weight compared to 3xTgAD fed on a control diet (Table 1). 
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Figure 2. High-fat diet increases body weight in male and female Non-Tg and 3xTgAD mice. Groups of 

male and female Non-Tg control and 3xTgAD mice were maintained on a control or high-fat diet from 8 weeks 

of age. Body weight was assessed at baseline (before diet) and after 7 weeks and, in a separate group of 

animals, after 6 and 12 months on diet. Change in body weight from baseline was calculated (g). Data are 

mean ± SEM, n = 9-12/group. # p < 0.05, ## p < 0.01, ### p < 0.001 versus control diet of the same genotype. 

** p < 0.01 versus Non-Tg on the same diet. Two-way ANOVA with Bonferroni’s post-hoc analysis. 
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Table 1 

Organs weight of male and female Non-Tg control and 3xTgAD mice in response to a high-fat diet. 

 

Groups of male and female Non-Tg control and 3xTgAD mice were kept on a control or high-fat diet from 8 

weeks of age. Fat (gonadal), liver and spleen weight in g were measured after 7 weeks and in a separate 

group of mice after 12 months on diet. Data are mean ± SEM, n = 9-12/group. a p < 0.05, b p < 0.01, c  p < 

0.001 versus control diet of the same genotype. i p < 0.05, ii p < 0.01, iii p < 0.001 versus Non-Tg on the same 

diet. Two-way ANOVA with Bonferroni’s post hoc analysis 

 

 

 

 

 

 

 

 

 



74 | P a g e  

 

High-fat diet leads to hyperinsulinemia in male Non-Tg mice after 7 weeks on diet and in both 

male and female Non-Tg mice after 12 months 

No change in plasma glucose levels were observed after 7 weeks or 12 months high-fat feeding 

in either male or female Non-Tg or 3xTgAD mice. After 7 weeks of high-fat diet plasma insulin levels 

were significantly increased in male Non-Tg mice by 100%, but no differences were observed in 

female Non-Tg or male or female 3xTgAD mice (Table 2). After 12 months, a high-fat diet increased 

plasma insulin in both male and female Non-Tg mice by 185% and 100% respectively (Table 2), but 

no effect was observed in male or female 3xTgAD mice (Table 2). 

 

 

High-fat diet had no impact on blood pressure in both male and female Non-Tg and 3xTgAD 

mice 

After 7 weeks, 6 and 12 months on a control diet, male and female 3xTgAD mice had lower heart 

rate than Non-Tg control mice, even prior to diet (at 8 weeks of age, data not shown). A high-fat diet 

caused a transient increase in heart rate after 7 weeks in female 3xTgAD compared to control fed 

3xTgAD mice (Table 3) but had no effect on heart rate in male or female Non-Tg mice. There was 

no effect of genotype or diet on systolic blood pressure at any time point assessed in either male or 

female mice (Table 3). 
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Table 2 

Glucose and insulin levels in male and female Non-Tg control and 3xTgAD mice in response to a high-fat diet 

 

Groups of male and female Non-Tg control and 3xTgAD mice were maintained on a control or high-fat diet 

from 8 weeks of age. Blood glucose (mmol/l) and plasma insulin (ng/ml) levels were measured after 7 weeks 

and in a separate group of mice after 12 months on diet. Data are mean ± SEM, n = 9-12/group. a  p < 0.05, b  

p < 0.01  versus control diet of the same genotype. i p < 0.05 versus Non-Tg on the same diet. Two-way 

ANOVA with Bonferroni’s post hoc analysis. 
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Table 3  

Systolic blood pressure and heart rate of male and female Non-Tg control and 3xTgAD mice in response to a 

high-fat diet 

 
Groups of male and female Non-Tg control and 3xTgAD mice were maintained on a control or a high-fat diet 

from 8 weeks of age. Systolic blood pressure (mmHg) and heart rate (bpm) were monitored after 7 weeks and 

in a separate group of mice after 6 and 12 months on diet. Data are mean ± SEM, n = 9-12/group. c  p < 0.001 

versus control diet of the same genotype. i p < 0.05, ii p < 0.01, iii p < 0.001 versus Non-Tg on the same diet. 

Two-way ANOVA with Bonferroni’s post hoc analysis. 
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High-fat diet impaired memory in male Non-Tg mice after 7 weeks and in both male and 

female Non-Tg mice after 12 months 

In male and female Non-Tg and 3xTgAD mice, behaviour was assessed after 7 weeks and in a 

separate group of mice after 6 and 12 months on diet. In the open-field test, the % time moving was 

reduced in both male and female control-fed 3xTgAD compared to control-fed Non-Tg mice at most 

time-points assessed (Figure 3A-F). 

At 7 weeks and 6 months on diet, a high-fat diet partially reversed this reduction in movement in 

male 3xTgAD mice (Figure 3A, C). There was no effect of a high-fat diet on movement in female 

and male control Non-Tg mice at 7 weeks, and 6 or 12 months (Figure 3A-E), apart from a 

significant reduction in females after 12 months of diet (Figure 3F).   

To evaluate recognition memory, smell and NOR tests were used. For both tests no difference in 

the exploration between the two identical smells or objects during phase 1 were observed in all 

groups of mice (data not shown). In the smell recognition test, there was no effect of a high-fat diet 

on memory after 7 weeks, and 6 or 12 months in male or female Non-Tg mice as all mice spent 

significantly more time exploring the novel smell (Figure 4A-F). At all time-points assessed male and 

female 3xTgAD mice on either a control or a high-fat diet showed impaired memory as no difference 

in exploration between the familiar and novel smell was observed (Figure 4A-F).  

In the NOR test, all Non-Tg mice on a control diet had intact memory while a high-fat diet led to 

significant impairments in memory (Figure 5A-D). Negative effects of high-fat diet on memory were 

observed after 7 weeks in male Non-Tg mice (Figure 5A) but not until 6 months in female Non-Tg 

mice (Figure 5D).  Male and female 3xTgAD mice on control or high-fat diet were unable to perform 

the test, showing no difference between time exploring the novel and the familiar object at any time-

point (Figure 5A-D), except at 7 weeks where females on a high-fat diet spent significantly less time 

exploring the novel object (Figure 5B).  

In the Y-maze spontaneous alternation test, 7 weeks or 6 months of high-fat diet had no effect on 

the % alternation in either male or female Non-Tg mice (Figure 6A-D), but reductions were observed 

in male and female Non-Tg mice after 12 months on diet, (Figure 6E, F). At 12 months memory 

deficits were also observed in control fed female 3xTgAD versus Non-Tg mice (Figure 6F). No 
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memory impairments were seen in female control-fed 3xTgAD mice at 7 weeks or 6 months (Figure 

6B, D) or at any point assessed in male control-fed 3xTgAD mice. (Figure 6A, C, E). A high-fat diet 

had no effect on memory in both male and female 3xTgAD mice at any time assessed (Figure 6A-

F). 

 

 

Figure 3. 3xTgAD mice show reduced movement in the open-field test. Groups of male and female Non-

Tg control and 3xTgAD mice were maintained on a control or high-fat diet from 8 weeks of age and 

spontaneous exploratory behaviour was assessed by open-field after 7 weeks, and in a separate group of 

mice after 6 and 12 months on diet. Data are mean ± SEM, n = 9-12/group. ## p < 0.01, ### p < 0.001 versus 

control diet of the same genotype. ** p < 0.01, *** p < 0.001 versus Non-Tg on the same diet. Two-way 

ANOVA with Bonferroni’s post hoc analysis. 
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Figure 4. A high-fat diet has no effect in male and female mice when assessed with the smell 

recognition test. Separate groups of male and female Non-Tg control and 3xTgAD mice were maintained on 

a control or high-fat diet from 8 weeks of age. Memory was assessed by the smell recognition test after 7 

weeks, and in a separate group of mice after 6 and 12 months on diet. A high-fat diet had no effect on 

memory in both male and female Non-Tg mice at all time points. Memory was impaired in control and high-fat 

fed 3xTgAD mice at all time points assessed. Data are mean ± SEM, n = 9-12/group. ** p < 0.01, *** p < 0.001 

versus familiar smell. Student’s t test. 
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Figure 5. High-fat diet impairs memory earlier in male Non-Tg control mice in the novel object 

recognition test. Separate groups of male and female Non-Tg control and 3xTgAD mice were maintained on 

a control or high-fat diet from 8 weeks of age. Memory was assessed by the novel recognition test after 7 

weeks and in a separate group of mice after 6 and 12 months on diet. In male Non-Tg mice, a high-fat diet 

impaired memory at 7 weeks but a significant effect on memory was not seen in Non-Tg female mice until 6 

months of high-fat feeding. At 7 weeks and 6 months on control or high-fat diet both female and male 3xTgAD 

mice had memory deficits. Data are mean ± SEM, n = 9-12/group. * p < 0.05, ** p < 0.01, *** p < 0.001 versus 

familiar object. Student’s t test. 
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Figure 6. High-fat diet impairs memory in male and female Non-Tg control mice in the Y-maze 

spontaneous alternation test. Groups of male and female Non-Tg and 3xTgAD mice were maintained on a 

control or high-fat diet from 8 weeks of age. Memory was assessed by the Y-maze spontaneous alternation 

test after 7 weeks, and in a separate group of mice, after 6 and 12 months on diet. After 12 months a high-fat 

diet impaired memory in male and female Non-Tg control mice. Female 3xTgAD mice fed a control or high-fat 

diet had memory deficits after 12 months on diet. Data are mean ± SEM, n = 9-12/group. # p < 0.05, ### p < 

0.001 versus control diet of the same genotype. * p< 0.05 versus Non-Tg on the same diet. Two-way ANOVA 

with Bonferroni’s post hoc analysis. 

 

 



82 | P a g e  

 

Discussion 

The present study is the first to compare the effects of a high-fat diet on memory using a battery 

of behavioural tests in both male and female mice, and to test these effects in both cognitively-

normal (Non-Tg) animals and in a cognitively impaired mouse model of AD.  

Our results showed that high-fat diet affected memory in control Non-Tg male and female mice 

with males being more susceptible as deficits were detected earlier in the NOR test. These data are 

consistent with a previous study showing that the different metabolic response to a high-fat diet in 

male mice results in poorer learning performance and greater deficits than females [43]. Deficits in 

memory were apparent earlier in Non-Tg males in the NOR test, suggesting that high-fat diet affects 

hippocampal-dependent memory, as seen previously [22-24, 33]. In addition, this result also 

demonstrates the importance of sex hormones to behaviour performance, as females perform better 

than males probably due to the role of estrogen in memory and learning mechanisms. This finding 

also suggest that the NOR test is more sensitive to early changes in memory induced by a high-fat 

diet than the Y-maze test in the present study. Open-field data demonstrated that a high-fat diet 

also had an effect on spontaneous exploratory behaviour in female but not male Non-Tg control 

mice.  

A high-fat diet in 3xTgAD mice has previously been shown to worsen memory in both male [33, 

34, 51] and female mice [34], results that were not confirmed here. However, using the smell 

recognition and novel object tests it was not possible to assess the effects of high-fat diet on 

memory in 3xTgAD animals, as these mice already had a memory deficit and therefore further 

changes could not be seen due to ceiling effect of the test. Although our previous study has shown 

effects of a high-fat diet on memory in 3xTgAD mice [33], memory impairments were only seen 

when diet was given for longer than 12 months when assessed by other tests, such as the Y-maze 

[33]. Here we saw no effect of a high-fat diet for 12 months on memory in male and female 3xTgAD 

mice when assessed by Y-maze test. However, we do observe that control-fed females perform 

worse than male 3xTgAD mice. These results are in line with previous studies demonstrating higher 

impairment in female 3xTgAD when compared with male 3xTgAD mice [52, 53], which might be due 

to their exacerbated AD pathology [54]. In the open-field test both male and female 3xTgAD mice 
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exhibited reduced spontaneous exploratory activity, as demonstrated previously [55, 56], which 

could suggest an increase in anxiety levels probably due to its genetic background (tau mutation) 

and ultimately affect performance in learning tests such as NOR and smell recognition. Although we 

do observe changes in female and male 3xTgAD mice in both memory and general behaviour, 

pathology was not assessed in the present study, and so we are not able to conclude if such 

changes in behaviour are associated with increased amyloid and/or tau that could be gender 

dependent. However, a previous study has shown that changes in behaviour, and the negative 

effect of high-fat diet, were not associated with increased pathology in 3xTgAD mice [33].  

A number of differences in the vulnerability of male and female rodents to diet-induced obesity 

have been reported, with conflicting results. While some have shown that male mice are more 

susceptible to diet-induced obesity and associated metabolic alterations [41-43, 47, 48], others 

demonstrate that females gain more body weight and adipose tissue [41, 44]. In other studies it has 

been also demonstrated that females show better insulin sensitivity [42, 44, 45, 47] and less 

immune cell infiltration in adipose tissue on a high-fat feeding [41, 44]. Here, a high-fat diet was 

associated with a greater increase in body weight gain, adipose tissue accumulation and plasma 

insulin levels in male Non-Tg mice after short-term diet. At this time only male Non-Tg mice showed 

memory deficits in response to a high-fat diet. After 12 months on a high-fat diet, when memory 

deficits are present in Non-Tg mice of both sexes, insulin was increased in both sexes, yet with a 

greater increase in male Non-Tg mice. Although we do not observe altered glucose levels with high-

fat diet, insulin levels were increased in both male and female Non-Tg mice fed on a high-fat diet at 

12 months, but only in male Non-Tg mice at 7 weeks, suggesting that females have better insulin 

sensitivity as seen in other studies [44, 47], but only during a short time on diet. Hyperinsulinemia 

has been associated with high-fat diets due to increase of intra-abdominal fat deposits [57, 58]. It is 

known that high peripheral levels of insulin can lead to insulin resistance [59-63], which has been 

associated with impaired memory [29, 59, 64-66] and brain insulin resistance in AD [67-70]. In fact, 

ovarian hormones have been shown to protect female mice against insulin resistance, known in 

humans as metabolically benign obesity, where there is an increase in visceral and total body fat 

content without a rise in insulin levels [71, 72]. Insulin can play an important role in hippocampal-
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dependent memory processes [66, 73] and the hippocampus shows high levels of insulin receptor 

expression [74]. It is possible therefore that deficits in hippocampal dependent memory observed 

here may arise from peripheral insulin resistance/reduced insulin sensitivity induced by high-fat diet. 

One reason why 3xTgAD mice were less affected by a high-fat diet than Non-Tg controls in the 

Y-maze test could be due to the different metabolic response to the diet in 3xTgAD mice. In contrast 

to Non-Tg control mice, a high-fat diet had no effect on insulin levels in male and female 3xTgAD, 

suggesting that these animals have better insulin sensitivity than Non-Tg controls. Insulin resistance 

has been correlated with AD and memory impairment [59, 64, 74, 75]. Insulin appears to have an 

important role in the brain and studies have shown it can be neuroprotective [36, 76, 77] and 

modulate synaptic plasticity [78]. Although we do not have data to conclude about insulin 

resistance, better insulin sensitivity could be one reason why the high-fat diet did not affect memory 

in 3xTgAD mice in those tests where effects of diet could be determined. 

Adipose tissue is a major endocrine organ that regulates energy balance, glucose homeostasis, 

insulin sensitivity and inflammation, by producing cytokines and adipokines. An increase of adipose 

tissue has been associated with a greater infiltration and activation of immune cells, which leads to 

systemic inflammation, a feature known to occur in obesity [79, 80]. Indeed, inflammatory cytokines 

produced by adipose tissue are thought to contribute to cognitive deficits in obesity, as removal of 

adipose tissue, through lipectomy, can prevent inflammation, cognitive dysfunction and alternations 

in synaptic function in a genetic mouse model of obesity [30]. However, the inflammatory state of 

our animals was not assessed so it is impossible to conclude if inflammation could be involved in 

memory deficits seen in this study. Moreover, recent studies have demonstrated that adipose tissue 

is able to generate amyloid-β (Aβ) and that amyloid precursor protein (APP) is upregulated in obese 

patients [81], suggesting that memory deficits could result from increase adipose tissue producing 

high levels of peripheral Aβ that could ultimately infiltrate in the brain.  

We do observe that with a high-fat diet there is an increase in gonadal fat content in both male 

and female Non-Tg mice after 7 weeks, but only in females after 12 months, which suggest that in 

males adipose tissue could be deposited in other visceral organs and subcutaneous compartments 

after long-term high-fat feeding. One of the possible organs accumulating fat after long-term diet 
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could be the liver. Male and female Non-Tg mice fed on a high-fat diet for 12 months presented 

enlarged livers that were paler and had fat droplets. Such phenotype could result from increased 

inflammation or non-alcoholic fatty liver disease (NAFLD), a common disorder in obesity that is also 

associated with insulin resistance [82, 83]. Male Non-Tg mice had greater increase in liver weight 

than females and also present greater levels of insulin. 

The association between obesity and hypertension is well known [14]. In addition, hypertension 

has also been considered a risk factor for AD [84] and have been implicated in impaired cognitive 

function in healthy individuals [85-87], therefore blood pressure was measured in the present study. 

A high-fat diet had no effect on systolic blood pressure in either male or female Non-Tg and 3xTgAD 

mice and it is therefore unlikely that changes in blood pressure were responsible for the negative 

effects of a high-fat diet on memory seen here. 

In summary, we demonstrate for the first time in the same study the effect of a high-fat diet on 

memory in both male and female Non-Tg control mice and in mouse model of AD (3xTgAD). A high-

fat diet affected memory in both male and female Non-Tg control mice, although male Non-Tg 

controls were more susceptible to diet-induced obesity over the short-term compared to female 

mice. After short-term diet, male Non-Tg control mice gained more body weight and adipose tissue, 

which was associated with hyperinsulinemia and memory deficits. Long-term diet affected memory 

in both male and female Non-Tg mice, which was associated with increased levels of insulin, yet 

greater in male mice than females. These different metabolic outcomes to a high-fat diet, in 

particular insulin, might therefore be important in explaining why male and female control mice show 

differences in the effect of a high-fat diet on memory. Future work should address these sex-

dependent metabolic changes induced by high-fat diet in order to better understand its influence in 

obesity and memory. 
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Supplemental Material 

 

Earlier memory impairment after a high-fat diet in male versus female mice is 

associated with hyperinsulinemia 

Isaura Martins, Stuart M. Allan, Catherine B. Lawrence 

 

The supplementary data presented in this section correspond to extra behaviour analysis of 

open-field and Y-maze spontaneous tests (Supplementary figure 4-6), analysis of hippocampal 

ICAM-1 levels in male and female Non-Tg and 3xTgAD mice after 7 weeks of diet (Supplementary 

figure 7) and western blot analysis of hippocampal tissue from only female Non-Tg and 3xTgAD 

mice after 12 months of diet (Supplementary figure 8). Due to lack of animal tissue from male Non-

Tg and 3xTgAD cohort at 12 months of diet both ICAM-1 levels and western blot analysis could not 

be performed. 

  

Supplementary Methods 

 

Behaviour apparatus 

 

Open-Field test 

Open-field is a test that allows the measurement of exploratory activity by placing the mouse in 

an unfamiliar environment. Locomotor activity and anxiety-like behaviour can also be evaluated by 

observing the rearing behaviour of the mouse. The open-field arena consists of a square opaque 

Perspex box (45 cm x 45 cm x 30cm) (Supplementary Figure 1) that was placed on the floor of the 

behavioural testing room. The mouse was positioned in the centre of the arena in all trials and 

allowed to explore for 5 min. 
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The test was recorded live and transmitted to the laptop, which allowed observation of the total 

number of times the mice reared and the total number of defecations. These two parameters are 

also a measurement of exploration (rearing) and anxiety (defecation). The Any-Maze tracking 

software system (Stoelting Co, Dublin, Ireland) divided the arena into 16 equal cells and calculated 

the number of entries/cell. Total time moving was then measured and % time moving calculated. 

 

Supplementary Figure 1. Open-field test arena. In the open-field test the mouse was placed in the centre of 

the arena faced always to the same side and allowed to explore for 5 min. During the test the video camera 

was connected to a laptop with software that recorded the number of entries in each cell and the percentage of 

time moving within the arena. The number of defecations and rearing was manually recorded. 

 

 

Smell and novel object recognition tests 

The smell and NOR tests were used to evaluate non-associative working memory and 

recognition memory. The arena consisted of a black opaque polycarbonate circular arena (30cm) 

with no base (Supplementary Figure 2). For both tests the same arena was used and cleaned all 

times. Two days before the experiment the animals were allowed to explore a circular and empty 

arena for 5 min. On the day of the test, the mice were placed in the testing room 30 min prior to the 

task. In phase 1 two identical and unfamiliar smells/objects were placed in the centre of the arena at 

the same distance of each other and from the edges of the arena. The mouse was positioned in the 

centre of the arena and allowed to explore for 10 min the two smells/objects (phase 1). After the 
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delay, 3 min for smell recognition (SR) and 1 h for NOR, one of the familiar smell/object was 

replaced for a new one and the animal is allowed to explore for 4 min (Supplementary Figure 2). 

 

 

Supplementary Figure 2. The smell and novel object recognition apparatus. In both smell recognition 

(SR) and novel object recognition (NOR) phase 1 consisted in 10 min followed by a delay of 1 h for NOR and 

3 min for smell recognition. Phase 2 consisted in 4 min for each test. In phase 1 both objects and smells (V, 

vanilla) are identical and in phase 2 one of the object and smell is replaced by a new one. V, vanilla; A; 

Almond. 

 

Y-maze spontaneous alternation test 

The Y-maze spontaneous alternation is a method to measure exploratory activity in mice to a 

new environment based on short-term memory (working memory) (Supplementary Figure 3). The 

maze (arm dimensions; 15 cm x 10 cm x 10 cm) was placed on the floor and the experimenter 

seated directly in front of the arm A. Each animal was placed facing the end of arm A and allowed to 

explore for 8 min. Spontaneous alternation was defined as three consequent entries in different 

arms in a random order, named triplets (eg, ABC; BCA; etc.). The percentage number of 

alternations between arms was calculated and defined as the number of alternations (triplets) 

divided by the total number of entries in the arms minus two (%	��������	
�� �
�.��������

�����	�.��������
). 
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Supplementary Figure 3. Y-maze spontaneous alternation maze. The mouse was placed faced to the A 

arm and allowed to explore the maze for 8 min. The images A, B and C were located in the ends of each arm 

of the maze to serve as cues to the mice. 

 

Tissue collection and processing 

At the end of the feeding period, mice were terminally anesthetized with 3.5% isoflurane (30% O2 

and 70% N2O), blood was taken from the heart using 3.8% sodium citrate as an anticoagulant and 

plasma obtained after centrifugation was stored at -80°C until assay. To remove all blood, animals 

were perfused transcardially with 0.9% saline and the whole hippocampus was removed. 

Hippocampal samples then were homogenised using a mechanical homogeniser (IKA, USA) in 

tissue buffer (50 mmol/L Tris-HCl pH 7.4, 150 mmol/L NaCl, 5 mmol/L CaCl2, 0.02% NaN3, 1% 

Triton X) with added protease inhibitor cocktail 1 (Calbiochem, UK) and phosphatase inhibitors (1 

mM sodium orthovanadate and 5 mM sodium fluoride), in ratio of 5 µl per milligram of tissue. 

Samples were incubated on ice for 30 min and then centrifuged at 15,000 g for 30 min at 4 ºC. 

Supernatants were collected and analysed for protein concentration using a bicinchoninic acid 
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(BCA) assay (Pierce, Thermo-Fisher Scientific, Northumberland, UK). Samples were stored frozen 

at -20 ºC until further use. 

ICAM-1 measurement by ELISA 

ICAM-1 levels were determined in hippocampal samples, diluted in 1 in 25, by an ICAM-1 mouse 

ELISA (DuoSet, R&D Systems, UK) according to the manufactures protocol. 

 

Western blotting 

Sample buffer (12.5% 0.5 M Tris (pH 6.8), 12.5% glycerol, 2% sodium dodecyl sulfate (SDS), 5% 

β-mercaptoethanol, 0.25% bromophenol blue, 50% distilled water) was added to hippocampal 

samples (n=6-9) in a ratio of 1 to 5, and samples denatured at 95°C for 5 min. All proteins were 

resolved by SDS-PAGE on Tris-glycine acrylamide gels and transferred onto a nitrocellulose 

membrane (pore size 0.2 µm) at 15V for 45-60 min using a semi-dry transfer cell (Bio-Rad, UK). 

Following electrotransfer, the membranes were blocked for 1 h in phosphate buffered saline with 

tween 20 (PBST) and 5% (w/v) milk at room temperature (RT). Membranes were incubated with a 

rabbit primary antibody (PSD-95, synaptophysin or VDAC-1/porin, Abcam, UK) overnight at 4 °C, 

followed by horseradish peroxidase (HRP) conjugated secondary anti-rabbit antibody, both in 

PBST. Bound HRP conjugates were visualized with an enhanced chemiluminescence (ECL) 

reagent for 1 minute (GE Healthcare, UK), and the chemoluminescent signal produced 

(ImageQuant 350, GE Healthcare, UK). Densiometry quantification was performed by analysing the 

intensity of each band using ImageJ software (NIH, USA). Values were normalised to the house 

keeping protein β-actin (Sigma, UK). 
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Supplementary Results 

 

 

 

Supplementary Figure 4. High-fat diet leads to a reduction in the number of rearings in male and 

female Non-Tg in the open-field test after 6 months on diet. Groups of male and female Non-Tg control 

and 3xTgAD mice were maintained on a control or high-fat from 8 weeks of age. The number of rearings was 

assessed in the open-field test after 7 weeks and in a separate group of mice after 6 and 12 months on diet. 

Data are mean ± SEM, n = 9-12/group. ## p < 0.01, ### p < 0.001 versus control diet of the same genotype. * 

p < 0.05, ** p < 0.01, *** p < 0.001 versus Non-Tg on the same diet. Two-way ANOVA with Bonferroni’s post 

hoc analysis. 
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Supplementary Figure 5. Number of defecations in the open-field test in response to a high-fat diet in 

male and female Non-Tg control and 3xTgAD mice. Groups of male and female Non-Tg control and 

3xTgAD mice were maintained on a control or high-fat from 8 weeks of age. The number of defecations was 

assessed in the open-field test after 7 weeks and in a separate group of mice after 6 and 12 months on diet. 

Data are mean ± SEM, n = 9-12/group. ** p < 0.01 versus Non-Tg on the same diet. Two-way ANOVA with 

Bonferroni’s post hoc analysis. 
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Supplementary Figure 6. 3xTgAD mice move less and a high-fat diet reduces the number of moves in 

female Non-Tg mice in the Y-maze spontaneous alternation test. Groups of male and female Non-Tg 

control and 3xTgAD mice were maintained on a control or high-fat diet from 8 weeks of age..The total number 

of moves was assessed in the Y-maze spontaneous alternation test after 7 weeks, and in a separate group of 

mice after 6 and 12 months. Data are mean ± SEM, n = 9-12/group. # p < 0.05, ## p < 0.01 versus control diet 

of the same genoytype. * p < 0.05, ** p < 0.01, *** p < 0.001 versus Non-Tg on the same diet. Two-way 

ANOVA with Bonferroni’s post hoc analysis 
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Supplementary Figure 7. A high-fat diet had no effect on hippocampal ICAM-1 levels in male and 

female Non-Tg and 3xTgAD mice. Groups of male and female Non-Tg control and 3xTgAD mice were 

maintained on a control or high-fat diet from 8 weeks of age. ICAM-1 protein levels were measured in 

hippocampal samples after 7 weeks on diet by ELISA. Data are mean ± SEM, n = 6-9/group. 
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Supplementary Figure 8. A high-fat diet did not affect synaptic proteins PSD-95 and synaptophysin or 

mitochondrial porin protein levels in hippocampus of female Non-Tg and 3xTgAD mice. Groups of 

female Non-Tg control and 3xTgAD mice were maintained on a control or high-fat diet from 8 weeks of age. 

Synaptic proteins, PSD-95 and synaptophysin, and mitochondrial protein porin were assessed by western 

blotting in hippocampal samples after 7 weeks and in a separate group of mice after 12 months on diet. Data 

Data expressed in arbitrary units are mean ± SEM, n = 6-9/group. 
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Abstract 

Alzheimer’s disease (AD) is the most common form of dementia that is associated with memory 

deficits and cognitive decline. One of the risk factors for developing AD later in life is obesity. 

Obesity, due to an increase consumption of diets rich in fatty acids, is also associated with memory 

impairment. In experimental animals a high-fat diet is known to cause memory deficits in control 

mice and in a mouse model of AD. However, the mechanisms underlying these effects of a high-fat 

diet on memory are unknown. Both AD and obesity can impair the blood brain barrier (BBB) and 

cause mitochondrial dysfunction. Mitochondria are known to be associated with neuronal function 

and are mainly present at sites of increased synaptic density. The aim of this study is to test the 

effect of a high-fat diet on the ultrastructure of the cerebrovasculature and neurones by studying the 

morphology of the BBB and mitochondria and the density of synapses.  Male and female control 

non-transgenic (Non-Tg) and triple-transgenic AD (3xTgAD) mice were fed with a control or a high-

fat diet for 6 months, starting at 8 weeks of age. 

Ultrastructural analysis of the subiculum of the hippocampus showed no overall change in BBB 

structure in male or female Non-Tg and 3xTgAD mice. However, female 3xTgAD mice showed an 

increased percentage of elongated endothelial mitochondria, suggesting mitochondrial dysfunctional 

and stress. In hippocampal neuropil female 3xTgAD mice, but not male 3xTgAD mice, showed a 

reduced number of neuronal mitochondria with increased length and morphological abnormalities 

that were associated with reduced number of synapses. These same changes were observed in 

female Non-Tg mice fed with a high-fat diet, suggesting that female Non-Tg are more sensitive to 

changes induced by high-fat diet than males. Moreover, the effect of a high-fat diet was mainly seen 

in the hippocampus in both Non-Tg and 3xTgAD mice, but did not appear to exacerbate the 

changes seen in mitochondria or synapses in female 3xTgAD mice. Our data therefore demonstrate 

that the effects of a high-fat diet on mitochondria and synapses in female Non-Tg control mice are 

similar to changes observed in the 3xTgAD, suggesting that these changes could occur 

independently of amyloid (Aβ) dependent pathways but might play a role in the detrimental effect of 

a high-fat diet on cognition. 
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Introduction 

Alzheimer’s disease (AD) is the most common cause of dementia in the elderly and is 

characterised by a progressive and irreversible memory decline. Memory deficits are due to loss of 

synapses and neurones in brain regions involved in memory and learning processes such as the 

hippocampus, basal forebrain, entorhinal and temporal cortices [1, 2], though the hippocampus 

appears to be the main region affected [3]. The two major pathological hallmarks of AD are the 

presence of intracellular neurofibrillary tangles (NFT) and extracellular amyloid-β (Aβ) deposits. 

Such deposits, named senile plaques, contain a core of fibrillar Aβ and aggregate in extracellular 

spaces and in the cerebral vasculature [4]. In 1974, Miyakawa et al., demonstrated that the amyloid 

fibrils of the core of the senile plaques were mainly produced by the basement membrane of blood 

vessels [5, 6], demonstrating a relation between Aβ and the cerebrovasculature. Accumulation of Aβ 

in the cerebral microvasculature is known as cerebral amyloid angiopathy (CAA) [7] and is observed 

in more than 85% of AD cases [8].  Accumulation of fibrillar Aβ at the basement membrane of 

endothelial cells will consequently lead to degeneration of the same capillaries [9], causing 

endothelial dysfunction [10-13] and impairment of the blood brain barrier (BBB) [14-16]. 

The most known and accepted model for AD pathology is the amyloid cascade hypothesis [2, 4], 

however, another proposed hypothesis is the mitochondrial cascade hypothesis [17-19]. According 

to the latter, mitochondrial dysfunction occurs early in AD pathology preceding plaque formation and 

Aβ deposition [17].  

Mitochondria play a fundamental role in the generation of energy, through production of 

adenosine triphosphate (ATP), but are also important in maintaining oxidative balance as they are 

responsible for producing radical species of oxygen (ROS) [20]. During AD progression there are 

reductions in ATP generation and enhanced ROS production in the mitochondria [20], which causes 

a vicious cycle, leading further deleterious effects in these organelles. In AD, this increase in ROS is 

caused by a disruption of the mitochondrial electron transport chain (ETC) [21]. Mitochondrial 

dysfunction has been described in both post-mortem AD brains [22-24] and in transgenic mouse 

models of the disease [25-27].  
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Mitochondrial-induced oxidative stress is also associated with alterations in mitochondria 

morphology, including dynamic processes of fusion and fission [28-30]. These dynamic processes 

allow the mitochondria to control their shape in order to adapt to several conditions, to exchange 

content between mitochondria regulating quality control and survival, to be transported to specific 

locations [31]. Therefore, mitochondria are able to adapt to changes in the cellular environment and 

perturbations in these dynamic processes have been demonstrated to contribute to neuronal 

dysfunction [31]. 

Mitochondria abundance is high in neurones, particularly at synapses, in order to supply the high 

energy demands of these cells [31]. As neurones are highly dependent on mitochondrial function, 

they are particularly sensitive to any disruption in mitochondrial dynamics [31]. Therefore, damaged 

mitochondria may be transported to synaptic terminals where they will produce low ATP levels and 

will lead to synaptic damage [32]. Mitochondria dysfunction has been linked to synaptic dysfunction 

[33, 34] and neurodegenerative diseases [31], and in the AD brain abnormalities in mitochondria 

structure are observed [35]. Loss of synapses and synaptic connectivity is also an early event of AD 

pathology [32, 36], and it is known that accumulation of Aβ in synapses causes synaptic damage 

and cognitive decline in AD [37-40], affecting in particular the hippocampus [36]. 

Several risk factors for AD have been proposed, including obesity, which is increasing worldwide 

and is usually due to increased consumption of high-fat diets [41-46]. Obesity, similar to AD, is also 

associated with endothelial dysfunction [47-52] and impairments in the BBB [53, 54]. It is known that 

obesity can trigger the onset of vascular disorders that affect BBB permeability later in life in 

humans [55] and that high-fat diets have an effect on BBB function in cognitively normal rodents by 

affecting tight junctions (TJs) integrity [53, 56, 57] and by suppressing the metabolic activity of BBB 

vessels through downregulation of several proteins [58]. In addition it is known that the effect of 

high-fat diets, in particular saturated fatty acids (SFA) on the BBB is related to Aβ transport and 

clearance. The BBB hosts the main Aβ transporters that permit the reciprocal transport of Aβ across 

the BBB [59, 60] and that SFA can induce and exacerbate cerebral amyloid deposition in both AD 

and control mice [61-64]. Several studies have also shown that BBB dysfunction is associated with 

impairment of hippocampal-dependent memory in rodents fed with a high-fat diet [51, 53, 65-68], 
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suggesting that BBB dysfunction could contribute to cognitive deficits associated with obesity and 

AD.  

Diet-induced obesity studies have also been shown to affect memory and learning processes not 

only in control rodents [51, 69-76] but also in AD models [77-79], and it appears that SFA have a 

particular impact on hippocampal integrity [80]. Hippocampal neurones are known to have high 

metabolic demand, relying on oxidative phosphorylation and mitochondria for energy, which makes 

these neurones particular sensitive to damage if any of these energy sources are affected [80]. 

However, how high-fat diets can affect memory in healthy animals or make it worse in AD models is 

still unknown. Since mitochondria function is vital for healthy synapses and normal brain function, 

possible mechanisms that both AD and obesity share and that rely on mitochondria and vascular 

features, may be one of the reasons for memory impairments observed.  

Therefore, the aim of this study was to assess the effects of a high-fat diet in control mice and an 

animal model of AD on 1) the morphology of the capillary endothelium; 2) endothelial and neuronal 

mitochondria number and morphology and 3) synaptic density, in order to understand the potential 

mechanism(s) involved in detrimental effects of a high-fat diet on memory. Male and female non-

transgenic control mice (Non-Tg) and a triple transgenic mouse model of AD (3xTgAD) were 

maintained on a high-fat diet for 6 months and capillary endothelium, mitochondria and synaptic 

ultrastructure were evaluated by transmission electron microscopy (TEM) in the subiculum of the 

hippocampus and the cortex. In the  hippocampus the subiculum is the principal target of the CA1 

pyramidal cells and serves as the main output structure to the hippocampal formation [81]. The 

subiculum is the earliest and most affected region in AD patients [82-84]. In 3xTgAD mice, Aβ 

plaques are detected in the subiculum from 12-months of age but none are observed in the cortex 

at this time [77, 85-87]. Therefore we hypothesised that a high-fat diet will affect capillaries, 

mitochondria and synapses in the hippocampus and will have a less significant impact in the cortex 

of both Non-Tg and 3xTgAD mice. 
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Methods 

 

Animals and diet 

Male and female 3xTgAD, expressing mutant PS1M146V, APPSWE and TauP301L, and non-

transgenic controls (Non-Tg), on a C57BL6 x 129SV background (originally created by Frank 

LaFerla (Irvine, CA, USA) [88]) were bred in-house and kept in standard housing conditions 

(humidity 50%-60%, temperature 21 ±1˚C, 12:12 hour light-dark) and given ad libitum access to 

food and water. After weaning Non-Tg and 3xTgAD male and female littermate mice were housed 

separately and kept on standard rodent chow (BK001, Special Diets Services, UK) until 8 weeks of 

age. Groups of mice were then randomly allocated to either a control diet (12% energy from fat, 5% 

fat content by weight, 0.78% saturated fatty acids, 58G7, Test Diets) or a high-fat diet (60% energy 

from fat, 35% fat content by weight, 13% saturated fatty acids, 58G9, Test Diets) for 6 months (n=3-

4/group). Body weight was assessed at the end of diet. All animal experiments were carried out in 

accordance with the United Kingdom Animals (Scientific Procedures) Act 1986 and approved by the 

Home Office and the local Animal Ethical Review Group, University of Manchester. 

 

Electron Microscopy 

After 6 months on diet animals were terminally anesthetized with 3.5% isoflurane (30% O2 and 

70% N2O) and prepared for TEM. A brief transcardiac perfusion with 0.9% saline was performed to 

remove circulating blood followed by perfusion with fixative containing 2% paraformaldehyde and 

2.5% glutaraldehyde in 0.1M phosphate buffer (pH 7.4). Brains were then dissected and post-fixed 

in fresh fixative for 24 h at 4°C. Coronal sections (100 µm thick) were cut on a Leica VT1000 

vibrating-blade vibrotome and, in the coronal section of interest the subiculum of the hippocampus 

and primary somatosensory cortex, were microdissected. Samples were washed in cacodylate 

buffer containing 2 mM calcium chloride and post-fixed for 1 h with reduced osmium (O2O4 1% and 

K4Fe(CN)6 1.5%), then incubated in 1% tannic acid in 0.1 M cacodylate buffer for 1 h and finally with 

1% uranyl acetate in water overnight. Samples were dehydrated at room temperature with different 

grades of ethanol, from 20% to 100% for 5 min each, infiltrated with TAAB low viscosity resin (TAAB 
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Laboratories Equipment, UK) and polymerised for 24 h at 60°C. Ultrathin sections (70 nm) were 

then cut with Reichert Jung Ultracut E ultramicrotome (Reichert Technologies Life Sciences, USA), 

mounted on Athene 200 mesh thin bar copper grids (Agar Scientific, UK) and visualised with a FEI 

Technai 12 Biotwin Transmission Electron Microscope (FEI, USA) using a Gatan Orius SC1000 

camera (Gatan, USA). 

 

Data and statistical analyses 

For each animal micrographs of 10 random capillaries, identified by their size and lack of smooth 

muscle, were taken for both the hippocampus and cortex and measurements made using ImageJ 

software (NIH, USA). The number of mitochondria in the capillary endothelium was counted and 

expressed as the average number of mitochondria per vessel. Mitochondrial length was determined 

by measuring the major length from one side to another. Healthy mitochondria were identified by 

their usual rounded shape with a dense matrix and the presence of cristae, and were variable in 

size ranging from 0.1 µm to 3 µm in length as previous described [89, 90]. In the present study, the 

average in length of control mitochondria was 0.5 µm, therefore mitochondria with 0.5 µm or above 

in length was classified as elongated mitochondria. The percentage of elongated mitochondria was 

calculated using the mitochondrial length measured. Other endothelial measurements were 

assessed in the hippocampus and included basal lamina thickness (nm), vessel lumen diameter 

(µm), vessel lumen roughness, % pericyte coverage, tight junction tortuosity and number of 

endothelial vesicles per µm of vessel wall as previously described using ImageJ [91, 92]. Briefly, 

basal lamina thickness was measured in 3 different locations and an average taken; vessel lumen 

diameter was calculated by taking into account the area of a circle (lumen) to extrapolate the 

diameter from its area; vessel lumen roughness was quantified by using the convex hull tool in 

ImageJ that estimates the actual perimeter of the lumen if the vessel was perfectly smooth; pericyte 

coverage was measured as the percentage of the lumen that was covered by a pericyte cell body or 

process; tight junction tortuosity was calculated by the ratio of the length of the tight junction from 

the luminal side to the basal lamina side, to the distance measured by drawing a straight line directly 
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from its start to its end, and the number of endothelial vesicles (caveolae) were counted and divided 

by the lumen perimeter in µm. 

For neuronal mitochondria and synaptic density, 10 micrographs were taken for each animal of 

the neuropil of the hippocampus and cortex and measurements made using ImageJ. Here, the 

landmarks used to identify the correct field of view in each section consisted of avoiding nuclei and 

blood vessels, areas of myelination and increased dendritic density as previous described [93]. 

Using these guidelines the neuropil should be a synaptically dense region mostly composed by 

unmyelinated axons, dendrites, neurones and glial cells. In each field of view (63 µm2), mitochondria 

number and length were determined as above, and the number of synapses was also quantified. 

Synapses were defined by the presence of synaptic vesicles and increased postsynaptic density 

due to their electron dense proprieties visible by TEM.  

All micrographs were analysed blinded and in a random order. For each parameter, 

measurements from the 10 capillaries or fields of view (63 µm2 for neurones) were averaged to give 

a mean for each animal and the group average obtained. Data were analysed using a two-way 

analysis of variance (ANOVA) followed by Bonferroni´s post-hoc test using SigmaPlot (Systat 

Software, Inc., San Jose, CA, USA). All data are expressed as the mean ± standard error of the 

mean (SEM). Statistical significance was taken when p < 0.05. 
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Results  

 

High-fat diet increases body weight in both male an d female Non-Tg mice but only in male 

3xTgAD mice  

After 6 months, a high-fat diet led to an increase in body weight in both male (255%) and female 

(150%) Non-Tg mice (Figure 1A, B). High-fat diet also led to an increase (188%) in body weight in 

male 3xTgAD mice (Figure 1A) but not in female 3xTgAD mice (Figure 1B).  

 

 

Figure 1. Effect of a high-fat diet on body weight of male and female Non-Tg and 3xTgAD mice. Male 

and female Non-Tg and 3xTgAD mice were maintained on a control or high-fat diet from 8 weeks of age and 

body weight was assessed after 6 months on diet. Data are mean ± SEM, n = 3-4/group. ### p < 0.001 

versus control diet of the same genotype, ** p < 0.01 versus Non-Tg on the same diet. Two-way ANOVA with 

Bonferroni post hoc analysis. 

 

 

High-fat diet had no impact on capillary structure in Non-Tg and 3xTgAD mice 

No changes in any of the endothelial parameters measured were observed in response to a high-

fat diet in male and female Non-Tg or 3xTgAD mice (Table 1). Also, no difference in the endothelial 

measures was seen between genotypes (Table 1). Due to the lack of effect of both diet and 

genotype in the hippocampus, one of the most affected areas in AD and in response to a high-fat 

diet, endothelial measurements in the capillary of the cortex were not assessed. In addition to the 
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quantitative assessment, no qualitative differences were observed in capillary structure in the 

hippocampus between Non-Tg and 3xTgAD mice on a control or a high-fat diet. 

 

 

Table 1 

High-fat diet does not affect the capillary structure in the hippocampus of male and female Non-Tg and 

3xTgAD mice. 

 

Male and female Non-Tg control and 3xTgAD mice were kept on a control or high-fat diet from 8 weeks of age 

for 6 months. Capillary structure in the hippocampus was assessed in 10 random capillaries/animal. Data are 

mean ± SEM, n = 3-4/group. 
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High-fat diet increased the percentage of elongated  endothelial mitochondria in the 

hippocampus of female Non-Tg and male 3xTgAD mice  

The number of mitochondria in the capillary endothelium of the hippocampus and cortex of male 

and female Non-Tg and 3xTgAD mice remained unaltered by 6 months of high-fat diet. No 

difference in the number of mitochondria was also observed in control-fed male or female 3xTgAD 

mice when compared to Non-Tg mice on a control diet (Table 2). In control-fed female 3xTgAD 

mice, the percentage of elongated mitochondria was increased in the capillary endothelium of the 

hippocampus (Figure 2B, 2iii) and cortex (Figure 2D) when compared to control-fed Non-Tg mice. A 

high-fat diet also increased the number of elongated mitochondria in the endothelium of the 

hippocampus of female Non-Tg (Figure 2B, 2ii) and male 3xTgAD mice (Figure 2A). A high-fat diet 

had no effect on the percentage of elongated mitochondria in cortex of either Non-Tg or 3xTgAD 

mice of either sex (Figure 2C, D). 

 

Table 2 

High-fat diet does not alter mitochondria number in capillary endothelium of the hippocampus and cortex of 

male and female Non-Tg and 3xTgAD mice. 

 

Male and female Non-Tg control and 3xTgAD mice were kept on a control or high-fat diet from 8 weeks of age 

for 6 months. Average number of endothelial mitochondria was assessed in 10 random capillaries/animal in 

the hippocampus and cortex. Data are mean ± SEM, n = 3-4/group.  
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Figure 2. The length of endothelial mitochondria is  increased by a high-fat diet in the hippocampus of  

female Non-Tg control mice and in control fed femal e 3xTgAD mice.  Groups of male and female Non-Tg 

and 3xTgAD mice were maintained on a control or high-fat diet for 6 months and the length of endothelial 

mitochondria was measured and the percentage calculated in 10 random capillaries in the hippocampus and 

cortex (A-D). Data are mean ± SEM, n = 3-4/group. # p < 0.05 versus control diet of the same genotype, * p < 

0.05 versus Non-Tg on the same diet. Two-way ANOVA with Bonferroni post hoc analysis. (i-iv ) Electron 

micrographs illustrating the presence of mitochondria (arrows) in the capillary endothelium in the 
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hippocampus of female Non-Tg and 3xTgAD mice fed a control or high-fat diet for 6 months. (i) Non-Tg mice 

fed on a control diet normal endothelial mitochondria with round shape and form; (ii)  Non-Tg mice on a high-

fat diet presented with longer mitochondria than control fed Non-Tg controls; (iii)  3xTgAD mice fed on a 

control diet with elongated endothelial mitochondria; (iv)  High-fat fed 3xTgAD mice also presented with 

elongated mitochondria although not significant when calculated as percentage. Quantification is illustrated in 

the graphs above (A-D). Scale bars: 1 µm, 220 nm (inset). 

 

Neuronal mitochondrial number is reduced in female Non-Tg after a high-fat diet and in 

control-fed female 3xTgAD mice  

In female Non-Tg mice fed a high-fat diet for 6 months a reduction (17%) in neuronal 

mitochondrial number in the hippocampus was detected compared to control fed mice (Table 3). A 

reduction in mitochondrial number (24%) was also observed in female 3xTgAD on a control diet 

versus Non-Tg control fed mice (Table 3). In female 3xTgAD mice, a high-fat diet led to an increase 

in mitochondrial number (36%) compared to control-fed 3xTgAD mice (Table 3). There was no 

effect of genotype or diet on neuronal mitochondria number in the hippocampus of male mice or the 

cortex of both male and female mice (Table 3).  

Control fed female 3xTgAD mice had a greater percentage of elongated neuronal mitochondria in 

the hippocampus compared to Non-Tg mice on the same diet (Figure 3B, Figure 5C), but no 

difference was observed in the cortex (Figure 3D). There was no difference in mitochondrial length 

between male Non-Tg and 3xTgAD mice fed a control diet in the hippocampus or cortex (Figure 3A, 

C). After 6 months, a high-fat diet did not affect mitochondrial length in both Non-Tg and 3xTgAD 

male or female mice in either brain region (Figure 3A-D). 
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Table 3 

High-fat diet reduces the number of neuronal mitochondria in the hippocampus of female Non-Tg control 

mice. 

Male and female Non-Tg control and 3xTgAD mice were kept on a control or high-fat diet from 8 weeks of age 

for 6 months. Average number of neuronal mitochondria was assessed in the hippocampus and cortex from 

10 random fields of view (63 µm2)/animal. Data are mean ± SEM, n = 3-4/group. a p < 0.05 versus control diet 

of the same genotype and sex, i p< 0.05 versus Non-Tg of the same sex and on the same diet. Two-way 

ANOVA with Bonferroni post hoc analysis. 
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Figure 3. High-fat diet does not affect the length of neuronal mitochondria in the hippocampus or 

cortex of male and female Non-Tg and 3xTgAD mice.  Groups of male and female Non-Tg and 3xTgAD 

mice were maintained on a control or high-fat diet for 6 months and the length of mitochondria was measured 

and the percentage of elongated neuronal mitochondria was calculated in the hippocampus and cortex in 10 

different fields of view (63 µm2)/animal. Data are mean ± SEM, n = 3-4/group. * p < 0.05 versus Non-Tg on the 

same diet. Two-way ANOVA with Bonferroni post hoc analysis. 

 

Synaptic density is reduced in the hippocampus of f emale Non-Tg mice after a high-fat diet 

and in male and female control fed 3xTgAD mice  

A high-fat diet led to a reduction in the number of synapses in the hippocampus of female Non-

Tg mice (Figure 4B, Figure 5B) but had no effect in male Non-Tg mice or 3xTgAD mice of any sex. 

Fewer synapses were detected in the hippocampus of control-fed male and female 3xTgAD mice 

when compared to respective fed Non-Tg controls (Figure 4A, B and Figure 5). In the cortex, no 

difference in synaptic number was observed in any group assessed (Figure 4C, D). 
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Figure 4. High-fat diet reduces synaptic number in the hippocampus of female Non-Tg control mice 

and a reduction in synaptic number is observed in c ontrol fed male and female 3xTgAD mice. Male and 

female Non-Tg control and 3xTgAD mice were kept on a control or high-fat diet from 8 weeks. After 6 months 

synaptic number was calculated in 10 different fields of view (63 µm2)/animal in the hippocampus and cortex. 

Data are mean ± SEM, n = 3-4/group. # p < 0.05 versus control diet of the same genotype.  * p < 0.05 versus 

Non-Tg on the same diet. Two-way ANOVA with Bonferroni post hoc analysis. 
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Figure 5. Synaptic number and neuronal mitochondria  are affected by high-fat diet in the 

hippocampus of female Non-Tg, and in 3xTgAD mice fe d with a control diet. (A)  Synapses (asterisks) 

and neuronal mitochondria (arrow head) in the hippocampus of female Non-Tg mice on a control diet. (B) 

Non-Tg mice fed on a high-fat diet show decreased synaptic number (asterisks) and normal neuronal 

mitochondria (arrow head) with occasional abnormal mitochondria with holes and empty matrix (arrow). (C) 

3xTgAD on a control diet show reduced number of synapses (asterisk) and elongated neuronal mitochondria 

(arrow head). (D) Synapses (asterisk) and abnormal mitochondria (arrow) from high-fat fed female 3xTgAD 

mice. Quantification of elongated mitochondria and synaptic number are illustrated in figure 3 and 4 

respectively and neuronal mitochondrial number in Table 3. Scale bar: 1 µm. 
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3xTgAD mice have morphological abnormalities in neu ronal mitochondrial in the 

hippocampus 

Ultrastructural abnormalities in mitochondrial morphology were observed in both male and 

female 3xTgAD mice fed on a control or a high-fat diet. These mitochondrial structural abnormalities 

included elongation with swollen and disorganised cristae (Figure 6B), severe swollen cristae with 

less dense matrix (Figure 6C, E) and swollen mitochondria with severe loss of cristae and empty 

matrix (Figure 6D). None of these abnormal morphological changes were observed in Non-Tg mice 

fed either a control or high-fat diet. 

 

 

Figure 6. Neuronal mitochondrial abnormalities in t he hippocampus of male and female 3xTgAD mice 

fed on a control or high-fat diet. In the hippocampus neuropil of Non-Tg mice normal mitochondria were 

observed to be round in shape containing packed cristae and dense matrix (A). The following mitochondrial 

abnormalities were seen in 3xTgAD mice; elongated with swollen cristae (B), distorted and swollen cristae 

and with less dense matrix (C, E) and swollen with severe loss of cristae with an empty matrix (D). Scale bars: 

1 µm. 
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High-fat diet led to morphological abnormalities in  neuronal mitochondrial in female Non-Tg 

and 3xTgAD mice in the hippocampus  

After 6 months a high-fat diet resulted in ultrastructural abnormalities in neuronal mitochondria in 

female Non-Tg (Figure 7A, B) and 3xTgAD (Figure 7C, D). In high-fat fed female mice, mitochondria 

had focal loss of cristae that was characterised by holes and empty spaces in the matrix. These 

neuronal mitochondrial structural changes were not observed in male high-fat fed Non-Tg or 

3xTgAD mice. 

 

 

Figure 7. A high-fat diet affected neuronal mitocho ndrial morphology in the hippocampus of female 

Non-Tg and 3xTgAD mice. After 6 months a high-fat diet altered mitochondrial morphology in female Non-Tg 

(A, B)  and 3xTgAD mice (C, D). Mitochondria showed an absence of cristae, presented as holes and empty 

mitochondrial matrix (arrows). Scale bar: 500 nm. 
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Discussion 

This study determined the effect of a high-fat diet on the ultrastructure of capillary endothelium, 

mitochondria and synapses in the hippocampus and cortex of both male and female Non-Tg and 

3xTgAD mice. Our data demonstrated that a high-fat diet led to an increase of body weight in both 

male and female Non-Tg mice, but only in male 3xTgAD. The reason why female 3xTgAD do not 

gain weight with high-fat diet is unclear but previous studies have shown that body weight, 

metabolism and appetite in 3xTgAD mice is altered [94, 95]. 

High-fat diet led to mitochondrial changes in the capillary endothelium and neuropil, and a 

reduction in synaptic number in the hippocampus of female Non-Tg mice. These effects of a high-fat 

diet were similar to those observed in female 3xTgAD mice fed on a control diet. Changes in 

mitochondrial and synaptic morphology in response to a high-fat diet in Non-Tg mice were observed 

only in female mice and were specific to the hippocampus, as no differences were seen in male 

Non-Tg mice fed a high-fat diet in any brain region assessed. 

A high-fat diet had no effect on the ultrastructure of the capillary endothelium in the hippocampus 

of either male or female Non-Tg and 3xTgAD mice. Although it is known that a high-fat diet and AD 

are associated with BBB impairment, such as increased BBB permeability, disruption of tight 

junction proteins, thickening of basement membrane and altered vessel structure in animal models 

[11, 14-16, 53, 54, 58, 68, 96, 97], our data showed no ultrastructural alterations in cerebral 

capillaries. However, changes in the morphology of the endothelial mitochondria were observed in 

female Non-Tg mice on a high-fat diet, without an overall change in mitochondrial number. Loss of 

endothelial mitochondria have been reported to be associated with BBB dysfunction in AD [97], 

since mitochondrial energy is required for active transport across the capillary [98], although we saw 

no reduction in mitochondrial number in 3xTgAD mice. Enlargement of the mitochondria may 

represent increased activity of these cells as a result of compensatory mechanisms against potential 

dysfunctional BBB [99], since increased density of enlarged mitochondria has been associated with 

BBB leakage [100]. This enlargement of mitochondria could be a protective way to maintain 

microvascular and neuronal integrity by trying to increase mitochondrial energy supply. Our results 

suggest that, although both AD and high-fat diet do not cause any structural changes in capillary 
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endothelium in the hippocampus, they have an impact on the number of elongated mitochondria. An 

increase in elongated mitochondria was observed in endothelium of the hippocampus of female 

Non-Tg and male 3xTgAD mice fed on a high-fat diet and in female control fed 3xTgAD mice in the 

hippocampus and cortex. It is known that in 11-month-old 3xTgAD mice the vascular volume is 

significant reduced in the hippocampus but not in cortex [101], with no difference in the functional 

integrity of the BBB [101, 102]. Such evidence could support our data showing no ultrastructural 

impairment of BBB integrity in the hippocampus of 3xTgAD mice. However, as we did not assess 

the levels of proteins involved in BBB integrity, such as TJs proteins, other BBB transporters, or 

BBB permeability, the effect of a high-fat diet on BBB function remains to be determined. 

In contrast to the endothelium, the present study showed that the number of neuronal 

mitochondrial in the hippocampus was reduced in response to a high-fat diet in female Non-Tg mice 

and in female 3xTgAD mice fed on a control diet. The number of neuronal mitochondria has been 

reported to be reduced in diabetes [103], a common complication associated with both obesity [104] 

and AD [105-108]. Moreover, in female control fed 3xTgAD mice, this reduction in neuronal 

mitochondrial number was associated with an increase in the percentage of elongated mitochondria 

in the hippocampus, suggesting that in an AD mouse model not only the density but the morphology 

of mitochondria were affected, and that these effects are specific to the hippocampus. 

Mitochondria can also undergo fission (division) and fusion, processes that can change 

mitochondrial morphology, number and shape [109]. Moreover, rates of mitochondrial fission and 

fusion are known to respond to changes in cellular metabolism [110]. Whilst fusion is stimulated by 

energy demands and stress, fission is normally activated to generate new organelles and facilitate 

quality control of mitochondria [110]. Tight regulation and control of such dynamic processes in 

mitochondria are essential for neuronal health, as an imbalance in these processes can lead to 

mitochondrial dysfunction and neuronal damage [111]. Some studies have demonstrated that in 

rodents, high-fat diets increase mitochondrial fusion in neurones [104], white adipose tissue [112] 

and hepatic cells [113]. Moreover, a recent study has shown that an elongated and tubular 

morphology, which is associated with mitochondrial fusion, can be a protective mechanism in 

mitochondria to avoid degradation by autophagy, in order to maintain mitochondrial numbers under 
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stress conditions [114]. In addition, an imbalance of mitochondrial dynamics in neurones, such as 

increase in fission and a decrease of fusion, have been shown to be early key factors in 

neurodegenerative disorders such as AD [105, 115-118]. Elongated mitochondria have also been 

observed in fibroblasts from AD patients and that this was likely due to a reduction in dynamin-

related protein 1 (Drp1), a protein that regulates mitochondrial fission [119, 120]. However, in 

3xTgAD mice mitochondrial fission in neurones is increased [116]. Therefore, our data supports that 

the balance of mitochondrial dynamics is affected by high-fat a diet and during AD progression, as 

the percentage of elongated mitochondria is altered. This suggests that changes in mitochondrial 

dynamics could possibly be due to an increase of fusion or a decrease of fission that are normally 

associated with an increase in mitochondrial length. However future research is needed to identify 

the particular pathway is affected. 

Our results also indicate that changes in mitochondrial length and morphology observed in AD 

and after a high-fat diet are sex-dependent, affecting primarily female Non-Tg and 3xTgAD mice. 

Several studies have demonstrated that female rats have greater mitochondrial machinery (e.g. 

mitochondrial proteins) and therefore higher mitochondrial capacity and efficiency than male in 

several organs [121-123], including the brain [124, 125]. Moreover, it is also known that estrogen 

and progesterone can affect gene transcription of particular proteins involved in mitochondrial fusion 

and fission in a sex-specific way [126]. However, although we show changes in the number and 

morphology of mitochondria in female mice, we did not measure mitochondrial capacity and 

function. 

In addition to a decrease in mitochondrial number in the brain of female high-fat fed Non-Tg 

control and 3xTgAD mice, our data also show that a high-fat diet can induce additional 

morphological changes in mitochondria of female Non-Tg and 3xTgAD mice, such as absence of 

cristae and empty mitochondrial matrix. Such results are consistent with findings from other 

experimental and animal studies where high-fat feeding [127-131], diabetes [132-134] and AD [135-

137] led to swollen mitochondria with reduced electron dense matrix and loss of cristae integrity in 

neurones and other tissues. 
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In 3xTgAD control-fed mice other more severe morphological changes in mitochondria, such as 

swollen of the cristae and empty matrix, were observed in the hippocampus of both sexes. Several 

studies have demonstrated mitochondrial abnormalities in other AD mouse models [105, 136] but 

also in mitochondrial fractions from 3xTgAD mice [135]. Moreover, swollen mitochondria with 

swollen and irregular cristae or with loss or severe compromise of cristae integrity have been 

observed in the hippocampus of an animal model of prion disease, another neurodegenerative 

disorder [93]. Here we show for the first time that morphological changes in both male and female 

3xTgAD are specific to the hippocampus, in particular to the subiculum, which is the region 

displaying the earliest severe pathology in AD patients [84, 138, 139]. However, we have previously 

shown extracellular Aβ plaques in the hippocampus of 3xTgAD mice are not detected until 12 

months of age [77, 85-87, 94]. Mitochondrial changes therefore precede plaque formation in 

3xTgAD mice in the subiculum and are associated with decrease in synaptic number. Moreover, 

since we observe also similar mitochondrial changes in high-fat fed Non-Tg mice it is unlikely that 

Aβ plaque formation is the cause of the ultrastructural changes in mitochondria seen here, and 

more likely that disruption of oxidative balance may play a role.  

Synapses are sites of high energy demand associated with an abundance of mitochondria. 

Dysfunctional mitochondria would eventually be transported to synaptic terminals where they will 

produce low levels of ATP, causing detrimental effects on synapses and leading to synaptic 

degeneration [32-34]. Data in the present study showed that the number of synapses was reduced 

in both male and female 3xTgAD mice and that a high-fat diet caused a similar effect in female Non-

Tg mice. Synaptic damage is known to occur in AD, and in AD patients there is a substantial 

decrease in the number of synapses [140, 141]. In addition, synaptic loss has also been shown in 

AD animal models [142-144] and in vitro in Aβ-treated neurones [40]. High-fat diets have also 

shown to effect synaptic integrity and decrease synaptic number in rodents [76, 96, 145], however 

here we show that a high-fat diet decreases synaptic density in female Non-Tg mice and that this 

effect is accompanied by a decrease in mitochondrial number in hippocampal neuropil.  Moreover, 

mitochondria morphology is affected in hippocampal neuropil and a reduction in synaptic number is 

observed in 3xTgAD mice. Our findings therefore support that an imbalance in mitochondrial 
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dynamic processes, either as a cause or consequence of mitochondrial dysfunction, is associated 

with decrease synaptic number, as more damaged mitochondria will be transported to the synaptic 

site where they will produce more ROS and less ATP, causing synaptic degeneration.  

In conclusion, our study demonstrated that the effects of a high-fat diet on mitochondria and 

synapses in female Non-Tg mice are similar to changes observed in the 3xTgAD mouse model of 

AD. These data therefore suggest that these changes in the brain are likely to occur independently 

of amyloid (Aβ) dependent pathways and might be responsible for the detrimental effect of a high-

fat diet on cognition. 
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Supplementary Methods 

 

Image analysis for electron microscopy 

For each sample, 10 electron micrographs of capillaries and neuropil were taken from the subiculum 

of the hippocampus, and the somatosensory cortex containing layers 1 to 3 (Supplementary Figure 

1) and analysed using ImageJ (NIH, USA). On each micrograph the following endothelial 

measurements were made: basal lamina thickness (nm), vessel lumen diameter (µm), vessel lumen 

roughness, percentage of pericyte coverage, tight junction tortuosity and number of endothelial 

vesicles per µm of vessel wall (Supplementary Figure 2). For neuronal views (63 µm2) mitochondrial 

length and synaptic number were measured (Supplementary Figure 3). 

 

 

Supplementary Figure 1. Microdissection sites taken  for electron microscopy. The insets indicate the 

areas taken from each sample: the subiculum of the hippocampus (red) and the primary somatosensory 

cortex (blue). 
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Supplementary Figure 2. Endothelial measurements in  electron micrographs. (A) Lumen diameter : the 

vessel lumen (blue line) was calculated by taking the area of the lumen, using the convex hull tool in ImageJ, 

and calculating the diameter by using the formula of the circle area, being that the diameter will be twice the 

radius (diameter = 2 x √����	 ÷ 	� ). Pericyte coverage : calculated as the percentage of the lumen that was 

covered by a pericyte (red line), therefore the length of the lumen covered by the pericyte cell body was 

calculated and divided by the total perimeter of the vessel. (i) Tight junction tortuosity (inset): calculated as 

the ratio between the measured length of the tight junction from the luminal side to the basal lamina (red line) 

and the length of a straight line (blue line) drawn directly from one side to another of the tight junction. Basal 

lamina thickness (inset): the mean thickness of the basal lamina (black line) was calculated by measuring 3 

equidistant locations. (B) Vessel lumen roughness: calculated by the ratio of the lumen perimeter (black) to 

an ideal perimeter if the blood vessel was perfectly smooth (red), this was quantified by using the convex hull 

tool in ImageJ. Ratios greater than 1 indicate vessel imperfections, while a value of 1 suggests a perfectly 

smooth vessel. 
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Supplementary Figure 3. Mitochondrial length and id entification of synapses. (A) Mitochondrial 

length: mitochondrial length was calculated by measuring the major length (black line) of the mitochondria 

from one side to another using ImageJ as shown for normal and rounded mitochondria (A) and in elongated 

mitochondria (i). (B) Synapses: synapses were identified as an electron dense synaptic cleft (white arrow) 

between a presynaptic neurone (star) containing synaptic vesicles (black arrow), and the postsynaptic 

neurone (two stars). 
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Abstract 

Obesity and neurodegenerative diseases are increasing worldwide, and it is known that obesity 

itself is a risk factor for developing dementia later in life, in particular Alzheimer’s disease (AD). 

Obesity and high-fat diets can affect memory and high-fat diets can also exacerbate cognitive 

impairment in AD mouse models. However, whether the detrimental effect of a high-fat diet on 

memory is dependent on the development of obesity is unknown. 

 The aim of the present study was to evaluate whether the effect of a high-fat diet on memory in 

mice was due to obesity by using resveratrol (RSV), a plant based polyphenol that has been shown 

to have anti-obesogenic properties. Female non-transgenic (Non-Tg) control and triple transgenic 

AD mice (3xTgAD) were fed either a control or a high-fat diet with or without RSV treatment 

(5mg/kg/day) for 12 months. A high-fat diet impaired memory in Non-Tg but had no effect in 3xTgAD 

mice. In high-fat fed Non-Tg control mice, RSV reduced body weight, white adipose tissue (WAT), 

brown adipose tissue (BAT) and liver weight but had no effect on memory impairment. In 3xTgAD 

mice, RSV had no effect on the increase in body weight or WAT induced by high-fat diet, but 

reduced BAT weight. At 12 months, RSV improved memory performance in control-fed but not in 

high-fat fed 3xTgAD mice when assessed using a smell recognition test.  

These findings suggest that the negative effect of a high-fat diet on memory in Non-Tg mice is 

independent of obesity. Furthermore, as RSV improved memory deficits in control-fed 3xTgAD 

mice, the mechanisms underlying the detrimental effects of a high-fat diet on memory are likely to 

be different to those causing memory impairment in AD.  
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Introduction 

The overconsumption of “Westernised” diets, which are rich in fatty acids, is associated with a 

rise in obesity. Epidemiological studies suggest that obesity is a major risk factor for cognitive 

impairment, in particular for the development of Alzheimer’s disease (AD) [1-10] and in countries 

where consumption of high-fat diets is higher, the prevalence of AD is greater [11, 12].  

Both obesity and AD are associated with memory impairment. AD is characterised by 

progressive memory loss, due to cell death and decreased hippocampal volume [13]. The 

hippocampus appears to be sensitive to a change in dietary components, in particular to saturated 

fatty acids (SFAs), and high-fat diets affect hippocampal-dependent memory and hippocampal 

integrity in cognitively normal rodents [14-24]. In addition, high-fat feeding exacerbates memory 

impairment in mouse models of AD [25-31]. However, mechanism underlying the detrimental effect 

of HFD on memory and whether it is dependent on the obese phenotype are unknown. 

Resveratrol (3,5,4’-trihydroxy-trans-stilbene; RSV), a natural polyphenol produced by many 

plants and present in fruits such as grapes and berries [32], protects against oxidative stress, 

inflammation, cardiovascular diseases and cancer [32-35]. Recently, experimental studies have 

shown that RSV can have neuroprotective effects in AD [36-46]. Indeed, epidemiological studies 

have demonstrated that moderate consumption of red wine, that contains RSV, is associated with 

lower incidence of dementia and AD [47]. RSV has been shown to attenuate amyloid-β (Aβ)-

induced toxicity [39, 48], promote Aβ clearance in in vitro and in vivo studies [42, 46], reduce senile 

plaques [40] and improve spatial memory function in a mouse model of AD [36].  

RSV is also anti-obesogenic and protects against the effects of a high-fat diet in rodents by 

increasing insulin sensitivity, reducing internal adipose tissues weight, reducing body weight and 

down-regulating adipogenesis [49-56]. A recent study has reported that a high dose of RSV (200 

mg/kg/day) improves memory deficits in mice fed with a high-fat diet without reducing in body weight 

[51]. Studies have also shown that RSV can enhance cognitive performance [57-62] and attenuate 

memory deficits associated with AD [39, 43, 63]. However, whether a reduction in obesity in 

response to RSV can affect memory impairment induced by high-fat diet remains unclear.  
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The majority of studies showing that RSV can reduce body weight in response to a high-fat diet 

have used low doses of RSV (0.5 to 30 mg/kg/day). Therefore, the aim of this study was to 

investigate if long-term administration of low doses of RSV can reverse the obesity phenotype, and 

whether this can affect the memory deficits associated with a high-fat diet. For that purpose we 

choose a low dose of RSV (5mg/kg/day) that has been demonstrated to partially mimic the effects 

of caloric restriction (CR) in mice in the absence of metabolic and endocrine disturbances or 

reduced caloric intake  [64]. Mimicking CR would potentially lead to a reduction of body weight in 

high-fat fed mice and would also be relevant in AD as it has been demonstrated that CR attenuates 

AD pathology in mice, by reducing amyloid deposition in animal models [65-67] and to improves 

memory performance in the triple transgenic model (3xTgAD) [68].  

Therefore, groups of female control non-transgenic (Non-Tg) and 3xTgAD mice were kept on 

either a control or a high-fat diet with or without oral RSV treatment. The obese phenotype was 

monitored and memory assessed using several behaviour tests after 12 months.  

 

Methods 

 

Animals and drug administration 

An in-house colony of 3xTgAD mice, expressing mutant PS1M146V, APPSWE and TauP301L, and 

Non-Tg controls, on a C57BL6 x 129SV background, was established from breeding pairs originally 

supplied by Frank LaFerla (Irvine, CA, USA) [69]. Mice were kept in standard housing conditions 

(humidity 50%-60%, temperature 21 ± 1˚C, 12:12 hour light-dark) and given ad libitum access to 

food  (BK001, Special Diets Services, UK) and water. At 5 weeks of age groups of female Non-Tg 

and 3xTgAD mice were randomly separated into four groups (n = 6-7/group) and allocated to either 

a control (12% energy from fat, 5% fat content by weight, 0.78% saturated fatty acids, 58G7, Test 

Diets) or high-fat diet (60% energy from fat, 35% fat content by weight, 13% saturated fatty acids, 

58G9, Test Diets) with and without RSV for 12 months. RSV in 0.1% ethanol (5 mg/kg/day of 99% 

trans-RSV (Bulk Powders, UK)) was supplemented in the drinking water and was made up fresh 

every 3-4 days. Vehicle groups received water containing 0.1% ethanol without RSV. Body weight 
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and water intake was monitored weekly over 12 months and a 24 h average water intake was 

calculated per mouse per group. The concentration of RSV was then adjusted according to any 

change in body weight and water intake to maintain a dose of 5mg/kg/day. All animal experiments 

were carried out in accordance with the United Kingdom Animals (Scientific Procedures) Act 1986 

and approved by the Home Office and the local Animal Ethical Review Group, University of 

Manchester. 

 

Behaviour  

After 6 and 12 months on diet and RSV supplementation, behaviour was assessed in female 

Non-Tg control and 3xTgAD mice using the open-field, Y-maze spontaneous alternation, novel 

object recognition and smell recognition tests. To decrease anxiety, all animals were allowed to 

habituate to the test room for 30 minutes prior to all behavioural tests. All experiments were 

performed between 10am and 5pm in the same testing room. Each test was performed on a 

different day and the animal order was randomised between groups. All apparatus were cleaned 

between animals and tests with 70% ethanol. Analysis of all behavioural data was performed 

blinded to genotype, diet and treatment. 

 

Open-field test 

General motor function and exploratory activity was assessed in the open-field. Mice were placed 

in an unfamiliar environment, which consisted of a square opaque Perspex box (45 cm x 45 cm x 

30cm). The animal was positioned in the centre of the arena and allowed to explore for 5 minutes. 

Behaviour was recorded with a video camera and Any-Maze Tracking software (Stoelting Co, 

Dublin, Ireland) was used to track movement. Total time moving was measured and % time moving 

calculated. 

 

Y-maze spontaneous alternation test 

Short-term working memory was assessed using the Y-maze spontaneous alternation test. A 

black opaque Perspex Y-shaped maze with three arms (A, B and C) was used and a visual cue was 
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located at each end of the arm (arm dimensions; 15 cm x 10 cm x 10 cm). Each animal was placed 

into the maze facing the end of arm A and allowed to explore for 8 minutes. The number of arm 

entries (when the entire body of the animal was inside the arm space) made by each animal was 

recorded. Spontaneous alternation was defined as three consecutive entries in different arms 

(triplets) in a random order and the percentage number of alternations between arms was 

calculated as described previously [25]. 

 

Novel object and smell recognition tests 

To evaluate recognition memory, based on the spontaneous tendency of the animal to spend 

more time examining a novel smell or object compared to a familiar one [70], smell recognition and 

novel object recognition tests were used as described previously [25]. Briefly, for both tests, all 

animals were allowed to habituate to a black opaque polycarbonate circular arena (diameter, 30 cm 

x height, 21 cm) for 5 minutes over 2 days. On the third day, mice were placed in the centre of the 

arena and allowed to explore 2 identical objects, for novel object recognition test, or 2 identical 

scented balls, for smell recognition test, for 10 minutes (phase 1). Mice were then removed and one 

of the objects was replaced with a novel object that varied in shape and colour, or for the smell 

recognition test one of the scented balls was replaced by a ball containing a novel scent. After a 

delay of 1 hour for novel object recognition or 3 minutes for smell recognition, mice were placed 

back into the arena and allowed to explore for 4 minutes (phase 2). The scented balls (Chad Valley, 

UK) were filled with cotton wool and 0.5 ml of scent (orange, lemon, vanilla, almond, peppermint or 

eucalyptus, Dr Oetker Ltd, UK) was distributed into the balls via small holes. All experiments were 

recorded with a camera (Sanyo Xacti VPC-C4, SANYO Fisher, CA, USA) and MP4 video-clips were 

converted to an AVI format using Pazera MP4 to AVI converter 1.3 (Pazera-Software, Poland). The 

time (seconds) spent exploring the objects was measured using SR Ethovision XT 8.5 (Noldus, 

Wageningen, The Netherlands) whilst time spent exploring the scented balls was calculated 

manually by observing each individual video. Exploration was defined as the amount of time that the 

animals spent with their nose within 2 cm in the direction of the smell/object. The percentage of time 

spent exploring the familiar and novel object/smell was calculated for each phase of the test. 



142 | P a g e  

 

Tissue collection and glucose measurement 

Mice were terminally anesthetised with 3.5% isoflurane (30% O2 and 70% N2O) and blood was 

taken from the heart using 3.8% sodium citrate as an anticoagulant. To remove all blood, animals 

were then perfused transcardially with 0.9% saline. Total gonadal white adipose tissue (WAT), 

interscapular brown adipose tissue (BAT), liver and spleen were dissected and weighed. Non-

fasting blood glucose was measured in cardiac blood by an Accu-Chek Diabetes kit (Roche 

Diagnostics, Indianapolis, IN, USA).  

 

Statistical analyses 

 All data are expressed as the mean ± standard error of the mean (SEM). Planned comparisons 

were to test the effect of RSV on high-fat diet induced changes in Non-Tg control and 3xTgAD mice 

and not to compare the effects between genotypes. No statistical analysis was performed on 

estimated average water intake per mouse, as these data were derived from group housed animals. 

Body and organ weights, glucose, and data from the open-field and Y-maze spontaneous 

alternation tests were analysed using a two-way analysis of variance (ANOVA) followed by 

Bonferroni´s post-hoc test using SigmaPlot (Systat Software, Inc., San Jose, CA, USA). For the 

smell recognition and novel object tests a Student’s t test was used (GraphPad Prism 6, GraphPad 

Software, Inc., CA, USA). Statistical significance was taken when p < 0.05. 
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Results 

 

RSV prevented the increase in body weight induced by high-fat diet in control Non-Tg but 

not 3xTgAD mice 

Over a 12-month period, Non-Tg control and 3xTgAD mice had different body weight and water 

intake profiles in response to a high-fat diet and RSV (Figure 1A-D). In Non-Tg control mice, a high-

fat diet led to an increase in body weight after 4.5 months (Figure 1A) but an increase in body 

weight was not observed until after 5 months in 3xTgAD mice (Figure 1C). In response to RSV, 

body weight did not change in control-fed mice of both genotypes when compared to control-fed 

mice treated with vehicle (Figure 1A, C). A high-fat diet failed to increase body weight over 12 

months in Non-Tg mice treated with RSV as no significant difference in body weight was observed 

when compared to control fed Non-Tg mice (either treated with vehicle or RSV) (Figure 1A). From 9 

months there was a significant reduction in body weight in high-fat fed Non-Tg mice treated with 

RSV when compared to high-fat fed Non-Tg mice treated with vehicle (Figure 1A). No effect of RSV 

on body weight was observed in high-fat diet fed 3xTgAD mice as a significant increase in body 

weight was observed after 5 months in this group of mice when compared to control fed mice 

treated with RSV (Figure 1C). 

Although no statistical analysis was made on the estimated average weekly water intake per 

mouse, there was a clear difference in water intake profiles throughout the 12 months between 

control and high-fat diet Non-Tg mice (Figure 1B). Both high-fat fed Non-Tg groups, treated with 

vehicle or RSV, drank less than their respective groups fed on a control diet (44% and 45% 

respectively) (Figure 1B). This effect of a high-fat diet on water intake was not observed in 3xTgAD 

mice, where the average water intake was similar between diets (in vehicle or RSV) during the 12-

month monitoring period (Figure 1D). 
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Figure 1. RSV prevented the increase in body weight induced by high-fat diet in control Non-Tg but 

not 3xTgAD mice. Groups of 5-week-old female Non-Tg and 3xTgAD mice were maintained on a high-fat 

diet and treated with vehicle (HF diet & vehicle) or RSV (HF diet & RSV) at 5 mg/kg/day, or on a control diet 

and treated with vehicle (Ctrl diet & vehicle) or RSV (Ctrl diet & RSV) for 12 months. Body weight (A, C) and 

water intake (B, D) were assessed weekly until 12 months. Body weight is represented as mean ± SEM. 

Water intake is represented as the average water intake per mouse derived from group housed mice. n = 6-

7/group. # p < 0.05, ## p < 0.01, ### p < 0.001 for high-fat diet & vehicle versus control diet & vehicle, $ p < 

0.05, $$ p < 0.01 for high-fat diet & RSV versus control diet & RSV, *** p < 0. 001 for high-fat diet & vehicle 

versus high-fat diet & RSV. Two-way ANOVA with Bonferroni’s post hoc analysis. 
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A high-fat diet and RSV had no effect on glucose levels in both Non-Tg control and 3xTgAD 

mice 

At 12 months no change in non-fasting blood glucose levels was observed in either Non-Tg 

control (Figure 2A) or 3xTgAD (Figure 2B) mice fed a high-fat diet or with RSV supplementation. 

 

Figure 2. Glucose levels in female Non-Tg and 3xTgAD mice were unchanged with high-fat diet and 

RSV treatement. Groups of 5-week-old female Non-Tg and 3xTgAD mice were maintained on a high-fat diet 

and treated with vehicle (HF diet & vehicle) or RSV (HF diet & RSV) at 5 mg/kg/day, or on a control diet and 

treated with vehicle (Ctrl diet & vehicle) or RSV (Ctrl diet & RSV) for 12 months. Blood glucose (mmol/l) levels 

were measured after 12 months. Data are mean ± SEM, n = 6-7/group. 

 

RSV attenuated the obese phenotype induced by high-fat diet in female Non-Tg mice 

In vehicle-treated Non-Tg control mice, a high-fat diet increased body-weight (Figure 3A), WAT 

(Figure 3C), BAT (Figure 3E) and liver weight (Figure 3G), whilst an increase in body-weight 

(Figure3B), WAT (Figure 3D) and BAT (Figure 3F) was seen in vehicle treated 3xTgAD mice. In 

both Non-Tg groups a high-fat diet led to paler and fatty livers and RSV treatement alter this 

appearance. RSV supplementation reversed this increase in body weight (Figure 3A) and organ 

weight in Non-Tg control mice (Figure 3C, E, G) but only reduced BAT weight in 3xTgAD mice 

(Figure 3F). RSV supplementation increased BAT and liver weight in control fed Non-Tg mice 

(Figure 3E, G), with no effect in control fed 3xTgAD mice. In control fed Non-Tg mice the increase in 

liver weight was observed with no differences in the normal liver appearance. Spleen weight was 

unchanged with high-fat diet or RSV in both genotypes (Figure 3I, J). 
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RSV had no effect on memory deficits in high-fat fed Non-Tg mice but improved memory 

deficits in 3xTgAD mice in smell recognition test 

In female Non-Tg and 3xTgAD mice behaviour was assessed after 6 and 12 months on a high-

fat diet with or without RSV treatement. In the open-field test, no effect of diet or RSV 

supplementation was observed on % time moving in both genotypes at any time assessed (Figure 

4A-D). In order to assess hippocampal-dependent memory, Y-maze spontenous alternation, novel 

object recognition and smell recognition tests were used. In the Y-maze spontaneous alternation 

test, neither a high-fat diet or RSV had an effect on % alternation in both Non-Tg and 3xTgAD mice 

at 6 or 12 months (Figure 5A-D).  

In both novel object and smell recognition tests no difference in exploration time between the two 

identical objects or smells during phase 1 was observed in all groups of mice (data not shown). In 

the novel object recognition test all Non-Tg mice fed a control diet had intact memory, as all mice 

spent significantly (p<0.05) more time exploring the novel object, whilst Non-Tg mice fed a high-fat 

diet had significant impairments after 6 months (Figure 6A). RSV treatment was not able to reverse 

the effect of high-fat diet on memory in the Non-Tg control mice (Figure 6A). In 3xTgAD mice, all 

groups presented memory deficits in the novel object recognition at 6 months (Figure 6B), since no 

significant difference in time exploring both objects were observed. RSV had no effect on the 

memory deficits in either control or high-fat fed 3xTgAD mice. 

In the smell recogntion test, there was no effect of a high-fat diet on memory in Non-Tg control 

mice after 6 or 12 months, and groups were able to perform the test (Figure 7A, C). In 3xTgAD mice 

after 6 months all groups showed impaired memory (Figure 7B), however after 12 months, RSV 

supplementation was able to reverse memory deficits in control fed 3xTgAD mice but had no efect 

in high-fat fed mice (Figure 7D).  
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Figure 3. RSV attenuated the obese phenotype induced by high-fat diet in female Non-Tg control mice. 

Groups of 5-week-old female Non-Tg and 3xTgAD mice were maintained on a high-fat diet and treated with 

vehicle (HF diet & vehicle) or RSV (HF diet & RSV) at 5 mg/kg/day, or on a control diet treated with vehicle 

(Ctrl diet & vehicle) or RSV (Ctrl diet & RSV) for 12 months. Body, white adipose tissue (WAT), brown adipose 
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tissue (BAT), spleen and liver weight were measured after 12 months. Data are mean ± SEM, n = 6-7/group. * 

p < 0.05, ** p < 0.01, *** p < 0.001 for high-fat diet versus control diet on the same treatment. # p < 0.05, ## p 

< 0.01, ### p < 0.001 for RSV versus vehicle on the same diet. Two-way ANOVA with Bonferroni’s post hoc 

analysis. 

 

 

Figure 4. A high-fat diet had no effect on movement in the open-field test in female Non-Tg control and 

3xTgAD mice. Groups of 5-week-old female Non-Tg and 3xTgAD mice were maintained on a high-fat diet 

and treated with vehicle (HF diet & vehicle) or RSV (HF diet & RSV) at 5 mg/kg/day, or on a control diet and 

treated with vehicle (Ctrl diet & vehicle) or RSV (Ctrl diet & RSV) for 12 months. Spontaneous exploratory 

behaviour was assessed in the open-field test at 6 and 12 months. Data are mean ± SEM, n = 6-7/group. 
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Figure 5. RSV and a high-fat diet did not affect memory in female Non-Tg or 3xTgAD mice in the Y-

maze spontaneous alternation test. Groups of 5-week-old female Non-Tg and 3xTgAD mice were 

maintained on a high-fat diet and treated with vehicle (HF diet & vehicle) or RSV (HF diet & RSV) at 5 

mg/kg/day, or on a control diet and treated with vehicle (Ctrl diet & vehicle) or RSV (Ctrl diet & RSV) for 12 

months. Memory was assessed in the Y-maze spontaneous alternation test after 6 and 12 months. No effect 

of a high-fat diet or RSV treatment was observed in Non-Tg or 3xTgAD mice. Data are mean ± SEM, n = 6-

7/group. 
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Figure 6. RSV had no effect on memory impairment observed in high-fat fed female Non-Tg or in 

3xTgAD mice after 6 months in the novel object recognition test. Groups of 5-week-old female Non-Tg 

and 3xTgAD mice were maintained on a high-fat diet and treated with vehicle (HF diet & vehicle) or RSV (HF 

diet & RSV) at 5 mg/kg/day, or on a control diet treated with vehicle (Ctrl diet & vehicle) or RSV (Ctrl diet & 

RSV). Memory was assessed in the novel object recognition test after 6 months. A high-fat diet impaired 

memory after 6 months in Non-Tg mice as no difference exploring the novel versus familiar object was 

observed in high-fat fed Non-Tg mice. RSV had no effect on this impairment as high-fat fed Non-Tg mice 

treated with RSV spent the same amount of time exploring the novel and familiar object. 3xTgAD mice fed a 

control or high-fat diet had memory impairment. No effect of RSV on memory was seen in 3xTgAD mice on 

control or high-fat diet. Data are mean ± SEM, n = 6-7/group. * p < 0.05 versus familiar object. Student’s t test. 
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Figure 7. RSV improved memory in female 3xTgAD mice fed on a control diet after 12 months in smell 

recognition test Groups of 5-week-old female Non-Tg and 3xTgAD mice were maintained on a high-fat diet 

and treated with vehicle (HF diet & vehicle) or RSV (HF diet & RSV) at 5 mg/kg/day, or on a control diet and 

treated with vehicle (Ctrl diet & vehicle) or RSV (Ctrl diet & RSV) for 12 months. Memory was assessed by the 

smell recognition test after 6 and 12 months. A high-fat diet had no effect on memory in Non-Tg at both time 

points. Memory was impaired in both control and high-fat fed 3xTgAD mice at 6 and 12 months. RSV reversed 

the memory deficit at 12 months in control fed 3xTgAD mice but had no effect in high-fat fed mice. Data are 

mean ± SEM, n = 6-7/group. * p < 0.05, ** p < 0.01. *** P < 0.001 versus familiar smell. Student’s t test. 
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Discussion 

High-fat diets are known to have detrimental effects on cognition in both cognitively normal 

rodents [19-25, 71-73] and in AD mouse models [25-31]. However, the molecular pathways that 

underlie the effect of high-fat diet on memory remain unclear. Moreover, is known that fat 

transplantation from genetically obese mice into control mice induces memory impairment [22].  

RSV has anti-obesogenic properties and can improve cognition in high-fat fed rodents [51] and in 

rodent models of AD [36-46]. ]. However, whether these beneficial effects of RSV on memory after 

high-fat feeding are due to a reduction in obesity are unknown. The present study was the first to 

evaluate if the effect of a high-fat diet on memory in mice was due to obesity by testing if cognitive 

performance can be improved after RSV treatment. 

Our results demonstrate that in Non-Tg mice a high-fat diet led to a decrease in water intake, an 

increase in body, fat (WAT and BAT) and liver weight, and impaired memory. RSV treatment 

reversed the obese phenotype but had no effect on the memory deficits in high-fat fed Non-Tg mice. 

In contrast, RSV had no effect on body weight and adiposity (WAT) or memory impairment in high-

fat fed 3xTgAD mice, but improved memory in control fed 3xTgAD mice. These data suggest that 

reducing obesity does not improve the detrimental effect of high-fat diet on memory. 

The anti-obesogenic properties of RSV are widely reported [50-52, 56, 71]. Anti-obesogenic 

effects are proposed to be due to a reduction in body weight gain by increasing mitochondria 

biogenesis and physical endurance [72], improvements in metabolic profile by modulating adipose 

tissue function [52, 73] and a reduction in fat accumulation [49, 72]. The reduction in body fat by 

RSV might also be mediated by a reduction in fatty acid uptake from circulating triacylglycerols and 

from de novo lipogenesis [73].  

RSV can also prevent the development of enlarged and fatty liver in response to a high-fat diet in 

mice [49, 74], which supports findings here in Non-Tg mice. In rats fed a high-fat diet, RSV 

decreases liver lipogenic activity [73, 75] and prevents fatty liver disease by increasing hepatic 

mitochondria [76]. Our results also showed that RSV increased liver weight in Non-Tg mice on a 

control diet without the appearance of a fatty and pale liver. This effect on liver could be due to RSV 

acting as a mild biological stressor, inducing a mild state of inflammation, which could potentially 
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contribute to an increase in the liver weight, however this needs to be investigated in more detail in 

future experiments.  

As expected, high-fat diet increased fat content in both Non-Tg and 3xTgAD mice. In high-fat fed 

Non-Tg mice RSV has able to reduce adiposity, an effect that was not seen in high-fat fed 3xTgAD 

mice. These data suggest that 3xTgAD mice respond differently to RSV treatment, which might be 

due to the metabolic differences reported previously in these mice [77]. 

Obesity is characterised by an increase in WAT mass, however BAT is inversely correlated with 

body mass index (BMI) in humans [78-80]. In mice, obesity and high-fat diets increase both BAT 

and WAT in some studies [81-83]. In the present study a high-fat diet increased both BAT in both 

Non-Tg and 3xTgAD. RSV reduced the increase in interscapular BAT and WAT weight induced by 

high-fat diet in Non-Tg and 3xTgAD mice but only WAT in Non-Tg mice. It is known that BAT is 

capable of transdifferentiating into WAT and vice versa to meet the energy demands [84]. Therefore 

is not surprising that if RSV is able to reduce WAT is also has an effect in BAT. However, RSV 

increased interscapular BAT weight in control fed Non-Tg mice without affecting total body weight. 

Although experimental data on BAT remains limited, it is known that with age BAT can be impaired 

in rodents, compromising its function and thermogenic capacity. In addition, this age-associated 

decline of thermogenesis has been linked to BAT atrophy [85]. Finally, it is known that in humans 

BAT plays an important role in energy homeostasis and that large amounts of BAT are associated 

with a decreased risk for developing obesity and obesity related-disorders in humans [86]. 

Therefore, our data could indicate that an increase of BAT by RSV administration in control fed 

Non-Tg mice could be a protective mechanism to enhance thermogenesis and improve energy 

homeostasis. However, other BAT depots should be assessed in future studies to evaluate the 

effect of RSV on BAT in different locations.  

Previous studies have shown that RSV is able to reduce hyperglycemia induced by high-fat 

diet/obesity [87-89], however in our study a high-fat diet had no effect on non-fasting blood glucose 

levels in either Non-Tg control or 3xTgAD mice, therefore memory deficits are unlikely to be due to 

hyperglycemia.  
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Water intake in response to a high-fat diet was different between Non-Tg and 3xTgAD mice. A 

high-fat diet reduced water intake in Non-Tg mice with or without RSV treatment. This effect may be 

due to differences in caloric intake during a high-fat diet which might influence the amount of water 

intake or due to pellet consistency, however further studies involving analysis of food intake should 

be done to confirm this. There was no difference in water intake in response to a high-fat diet in 

3xTgAD mice, which suggests that these mice respond differently to a high-fat diet. 

In the present study a high-fat diet had no effect on behaviour or memory in 3xTgAD mice. 

Although we have previously demonstrated that a high-fat diet can increase the memory deficits in 

male 3xTgAD mice [25], the present study performed in female 3xTgAD mice does not confirm that. 

However, since control fed 3xTgAD mice already presented with memory deficits after 6 months on 

diet in both the novel object recognition and smell recognition tests, a further effect of high-fat diet 

could not be observed using these particular behavioural tests. RSV treatment had no effect on the 

memory deficits in high-fat fed 3xTgAD mice and had no effect on body weight or adiposity. In 

contrast, RSV attenuated the memory deficits in control fed 3xTgAD mice when assessed using the 

smell recognition test after 12 months. These data suggest that the consumption of a high-fat diet in 

3xTgAD mice impaired the ability of RSV to improve memory deficits in these mice. 

A high-fat diet had a negative effect on memory in Non-Tg control mice after 6 months when 

assessed by novel object recognition. These data are supported by previous studies where high-fat 

diets impair memory in mice [16-18, 21, 22, 25, 90]. However, although RSV was able to reverse 

the obese phenotype in high-fat fed Non-Tg mice, at 6 months it did not improve memory deficits, 

suggesting that memory impairment induced by high-fat diet in Non-Tg mice is independent of 

obesity. The only study to date that has demonstrated a beneficial effect of RSV on memory deficits 

induced by high-fat diet, showed no effect of RSV on weight gain [51]. Jeon et al have shown that 

RSV (200 mg/kg/day) had no effect on body weight in high-fat fed mice but was able to improve 

cognition by improving peripheral inflammation and insulin sensitivity [51]. In contrast, results 

presented here show that a reduction in adiposity and body weight is not sufficient to attenuate the 

detrimental effect of a high-fat diet on cognition in Non-Tg mice. Memory deficits induced by high-fat 

diets are also associated with increased hippocampal inflammation [51], disruption of the BBB [14, 
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56, 91, 92] and insulin resistance [21, 93-95]. Therefore, it might be that the dose of RSV used here, 

very similar to the amount of RSV in a glass of red wine (0.2 – 2 mg of RSV), was sufficient to 

induce a reduction in the obese phenotype (adiposity) in Non-Tg mice but not to exert an effect on 

insulin sensitivity and inflammation and other molecular events that could affect cognitive 

performance, such as oxidative stress.  

In conclusion, our data suggest that the negative effect of a high-fat diet on memory is 

independent of obese phenotype as a low dose of RSV reduced obesity but failed to improve 

memory deficits in Non-Tg mice. Furthermore, as RSV improved memory deficits in 3xTgAD mice 

on a control diet, the mechanisms underlying cognitive impairment in AD are likely to be different to 

those involved in the detrimental effects of a high-fat diet on memory. 
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Supplemental Material 

 

Attenuation of obese phenotype by resveratrol does not improve memory 

 in high-fat diet fed mice 

Isaura Martins, Helen Parker, Stuart M. Allan, Catherine B. Lawrence 

 

 

Supplementary Methods 

 

Blood pressure 

Systolic blood pressure and heart rate were assessed at 6 months using a non-invasive blood 

pressure analyser with a specific mouse tail cuff adapter (Model BP-2000-M-2, Visitech Systems, 

Inc, USA). One day prior to measurements, mice were habituated to the procedure for 5 minutes to 

reduce stress and anxiety. On the day of the assessment the animals were placed in the room and 

allowed to acclimatise for 10 minutes. A total of 20 readings of systolic blood pressure (mmHg) and 

heart rate (beats/minute, bpm) were taken and the average of the last 10 measurements calculated.  
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Supplementary results 

 

Supplementary Figure 1. Heart rate and systolic blood pressure were unchanged with high-fat diet or 

RSV treatment after 6 months. Groups of female Non-Tg and 3xTgAD mice were maintained on a high-fat 

diet and treated with vehicle (HF diet & vehicle) or RSV (HF diet & RSV) at 5 mg/kg body weight/day, or on a 

control diet and treated with vehicle (Ctrl diet & vehicle) or RSV (Ctrl diet & RSV) from 5 weeks of age. After 6 

months heart rate (beats/minute, bpm) and systolic blood pressure (mmHg) were assessed. Data are mean ± 

SEM, n = 6-7/group. 
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Supplementary Figure 2. RSV or high-fat diet had no effect in the number of rearings in Non-Tg control 

or 3xTgAD mice in the open-field test after 6 and 12 months. Groups of female Non-Tg and 3xTgAD mice 

were maintained on a high-fat diet and treated with vehicle (HF diet & vehicle) or RSV (HF diet & RSV) at 5 

mg/kg body weight/day, or on a control diet and treated with vehicle (Ctrl diet & vehicle) or RSV (Ctrl diet & 

RSV) from 5 weeks of age. The number of rearings was assessed in the open-field test after 6 and 12 

months. Data are mean ± SEM, n = 6-7/group. 
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Supplementary Figure 3. RSV and high-fat diet do not affect the number of defecations in the open-

field test in female Non-Tg control and 3xTgAD mice after 6 and 12 months. Groups of female Non-Tg 

and 3xTgAD mice were maintained on a high-fat diet and treated with vehicle (HF diet & vehicle) or RSV (HF 

diet & RSV) at 5 mg/kg body weight/day, or on a control diet treated with vehicle (Ctrl diet & vehicle) or RSV 

(Ctrl diet & RSV) from 5 weeks of age.The number of defecations was assessed in the open-field test after 6 

and 12 months. Data are mean ± SEM, n = 6-7/group.  
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Supplementary Figure 4. RSV and high-fat diet had no effect on the total number of moves in Y-maze 

spontaneous alternation test in female Non-Tg control and 3xTgAD mice after 6 and 12 months. 

Groups of female Non-Tg and 3xTgAD mice were maintained on a high-fat diet treated with vehicle (HF diet & 

vehicle) or RSV (HF diet & RSV) at 5 mg/Kg body weight/day, or on a control diet treated with vehicle (Ctrl 

diet & vehicle) or RSV (Ctrl diet & RSV) from 5 weeks of age. The total number of moves was assessed in the 

Y-maze spontaneous alternation test after 6 and 12 months. Data are mean ± SEM, n = 6-7/group. 
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6.1 Summary of findings 

The work in this thesis was carried out with the aim to investigate the role of a high-fat diet on 

memory in both cognitively normal and cognitively impaired mice and determine the underlying 

mechanisms. Memory impairment is a common feature of both obesity and AD and is associated 

with several other molecular events that are involved in both disorders, such as inflammation, T2D, 

insulin resistance and BBB impairment. Moreover, the particular role of each molecular 

phenomenon on cognition, as well the molecular mechanisms behind the effect of a high-fat diet on 

memory remains unclear. In addition, it is known that some risk factors for AD such as sex, can 

influence AD prevalence and the same is true for obesity. More women develop AD and in obesity 

the pattern of fat distribution between women and men is different. This suggests that gender may 

have an important influence in both AD and obesity and therefore could also affect cognition. Thus 

the aim of this thesis was to further understand the role of gender on the impact of a high-fat diet on 

memory in both cognitively normal and cognitively impaired mice and try to understand possible 

molecular mechanisms for its effect. Therefore the main aims were to: 

 

- evaluate the role of a high-fat diet on both neuropathology (Aβ oligomers) and 

neuroinflammation (microglia) in male 3xTgAD mice; 

- compare the effect of a high-fat diet on memory in male and female Non-Tg and 3xTgAD 

mice; 

- evaluate if memory deficits induced by a high-fat diet and in AD are associated with changes 

in BBB structure, mitochondria and synapses in male and female Non-Tg and 3xTgAD mice; 

- evaluate if the detrimental effects of a high-fat diet are dependent on obesity. 

 

To address the first aim, groups of male 3xTgAD mice were maintained on a control or a high-fat 

diet for different periods of time and memory deficits were observed in high-fat fed Non-Tg and 

3xTgAD mice (work performed by Elysse Knight, PhD). The level of Aβ oligomers were measured in 

3xTgAD mice and markers of neuroinflammation were assessed in both Non-Tg and 3xTgAD mice. 
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Data demonstrated that memory deficits induced by a high-fat diet in 3xTgAD mice were 

independent of Aβ oligomers levels. In addition, there was an earlier activation of microglia in high-

fat fed 3xTgAD mice compared to control fed 3xTgAd mice. Moreover, a high-fat diet also increased 

microglia activation in Non-Tg mice after long-term feeding. Overall, these data suggested that 

cognitive impairment induced by a high-fat diet is independent of Aβ oligomers in male 3xTgAD 

mice and might involve the activation of microglia in male Non-Tg mice. 

  

Since a high-fat diet impaired memory in both male Non-Tg and 3xTgAD mice the second aim 

was to assess if gender could influence cognition and, if so, what determine the molecular 

mechanism underlying that effect. Both male and female Non-Tg and 3xTgAD mice were kept on a 

control or a high-fat diet for a short or long-term feeding period and measures of obesity and 

memory monitored. Data demonstrated that male Non-Tg mice were more susceptible to a diet-

induced obesity after a short-term feeding period and exhibited earlier deficits in memory in 

response to a high-fat diet than females. Memory deficits were associated with increased insulin 

levels in Non-Tg mice. Interestingly, in this study high-fat diet had no impact on memory or insulin 

levels in both male and female 3xTgAD mice. Furthermore, certain behavioural tests were more 

sensitive at detecting memory deficits induced by high-fat diet in Non-Tg mice than others. In 

conclusion, this study demonstrated that insulin signalling might be an important pathway in the 

molecular mechanisms underlying the detrimental effect of high-fat diet on memory, effects that are 

sex dependent. 

 

Several features are common between obesity and AD including oxidative stress, mitochondrial 

dysfunction and BBB impairment, and both can cause memory deficits. As the effect of a high-fat 

diet on memory appeared to be influenced by sex the third aim was to evaluate if sex could affect 

the ultrastructure of the BBB and neurones in response to a high-fat diet. Male and female Non-Tg 

and 3xTgAD mice were fed a control or a high-fat diet for 6 months. Data from the previous study 

(Chapter 3) shows that at 6 months a high-fat diet causes memory deficits in both male and female 

Non-Tg mice. It was hypothesised that male Non-Tg mice, due to earlier memory deficits induced by 
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a high-fat diet and earlier hyperinsulinemia, would present with greater ultrastructural changes in the 

cerebrovasculature, mitochondria and synapses. Overall, results showed that surprisingly female 

Non-Tg mice were more sensitive to changes induced by a high-fat diet than males. These changes 

induced by a high-fat diet in female Non-Tg mice were similar to changes found in control fed 

female 3xTgAD mice. Specifically, a high-fat diet induced morphological changes in mitochondria 

and reduced the number of synapses, and this effect was specific to the hippocampus in both Non-

Tg and control fed 3xTgAD female mice. However, in 3xTgAD mice a high-fat diet did not further 

exacerbate these changes. Overall therefore a high-fat diet induced ultrastructural changes in 

female Non-Tg mice similar to control fed 3xTgAD suggesting that the mechanisms involved in the 

appearance of these changes might be independent of Aβ and tau pathways, the pathological 

features of AD. 

 

The final aim was to evaluate if by attenuating the obese phenotype by RSV, a powerful anti-

obesogenic compound, the memory impairments could be improved. Female Non-Tg and 3xTgAD 

mice were maintained on a control or high-fat diet for 12 months with or without RSV treatment. 

Results demonstrated that RSV attenuated high-fat diet induced obesity in Non-Tg but not in 

3xTgAD mice. RSV improved memory performance in control fed 3xTgAD mice but had no effect on 

memory deficits induced by a high-fat diet in Non-Tg mice. As shown previously a high-fat diet had 

no effect on memory deficits observed in 3xTgAD mice. These data suggest that the detrimental 

effect of a high-fat diet on memory is independent of obese phenotype and that its mechanism is 

likely to be different to those causing cognitive impairment in AD. 

 

Overall the work on this thesis suggests that the effect of a high-fat diet on memory is 

independent of AD-related mechanisms (Aβ or tau neuropathology) or obese phenotype and 

appears to be associated with hyperinsulinemia. Moreover, memory deficits induced by a high-fat 

diet are influenced by sex as male mice show earlier deficits than female mice after short-term 

feeding, but that over time female mice become more susceptible to changes induced by high-fat 

diet on mitochondria morphology and synapse number. 



170 | P a g e  
 

6.2 Assessing memory: the importance of behavioural tests 

 

Memory deficits induced by high-fat diet in Non-Tg mice 

In this thesis memory deficits were evaluated using a battery of behavioural tests. Data 

demonstrated that while in some behaviour tests the effect of a high-fat diet on memory was 

detected rapidly, in other tests the effect was apparent only at a later time during the feeding period, 

suggesting that different behavioural tests show varying sensitivities in detecting the effects of the 

high-fat diet. Although there was some lack of consistency between studies reported here as to 

when memory deficits in response to a high-fat diet were detected (e.g. high-fat feeding induced 

memory deficits in the Y-maze spontaneous alternation test in female Non-Tg mice at 12 months in 

Chapter 3 but not in Chapter 5), it is noticeable that deficits in recognition memory (assessed by the 

novel object recognition test) occur earlier than those for spatial memory (Y-maze spontaneous 

alternation test). Several studies have demonstrated that a high-fat diet induces memory deficits in 

cognitively normal mice in both recognition and spatial memory (Pistell et al., 2010, Valladolid-

Acebes et al., 2011, Boitard et al., 2012, Heyward et al., 2012, Kaczmarczyk et al., 2013, Arnold et 

al., 2014, Carey et al., 2014, Camer et al., 2015). In one study using the novel object recognition 

and Y-maze spontaneous alternation tests to assess memory impairment after a high-fat diet (60% 

energy from fat), short-term feeding for 1 week impaired memory in both tests, however after 3 

weeks of high-fat feeding deficits were only observed in novel object recognition test suggesting that 

although both tests assess hippocampal-dependent memory they have different sensitivities for 

detecting high-fat diet induced deficits. The hippocampus is important for both spatial and 

recognition memory, however how much hippocampal input is needed to support the behavioural 

performance in each test may differ (Broadbent et al., 2004). Is known that larger hippocampal 

lesions are needed to impair recognition memory than are required to impair spatial memory 

(Broadbent et al., 2004). Indeed, in the present study the novel object recognition test is completely 

dependent on the hippocampus (1 h delay), while the Y-maze spontaneous alternation test, 

although dependent on the hippocampus, also uses other brain areas such as prefrontal cortex, 
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basal forebrain and septum (Lalonde, 2002), which suggests that mice can cope better with 

hippocampal-impairment and can rely on other areas to perform the test. These facts may explain 

why in the present thesis mice with deficits in the novel object recognition test are still able to 

successfully perform the Y-maze test. In conclusion, in the present thesis the novel object 

recognition test is more sensitive test to detect early changes in memory induced by a high-fat diet 

than the Y-maze spontaneous alternation test. 

 Whether a memory deficit was detected after a high-fat diet in Non-Tg mice was also different 

between the novel object recognition and smell recognition tests. Data from the smell recognition 

test demonstrated that a high-fat diet did not impair memory at any time assessed in Non-Tg mice 

but an impairment was observed as early as 7 weeks in the novel object recognition test for male 

mice and 6 months for females (Chapter 3 and 5). This discrepancy might be due to the fact that the 

sense of smell in mice is vital for survival and how they find food and shelter, so olfactory stimuli 

may be stronger than visual. Another difference between the smell and novel object recognition 

tests is the time of the delay, which is only 3 min versus 1 h respectively. This short delay time 

between the two phases in the smell recognition test could rely more on short-term memory 

mechanisms, closing related with working memory, than long-term memory, suggesting that 

perhaps short-term memory is not as affected by a high-fat diet as long-term memory. 

As mentioned previously, there is a lack of consistency in the appearance of the memory deficits 

induced by a high-fat diet in female Non-Tg mice. In Chapter 3 female Non-Tg mice fed with a high-

fat diet showed memory impairments; deficits in novel object recognition test at 6 months and Y-

maze deficits at 12 months on diet. However, in Chapter 5 female Non-Tg mice did not show 

impairment in Y-maze spontaneous alternation at 12 months. The main difference between studies 

is the time that the high-fat diet started: Chapter 3 at 8-weeks-old (young adult); Chapter 5 at 5-

weeks-old (adolescent). It has been demonstrated that the time that mice start to consume the high-

fat diet (adolescence versus young) is important to the development of the memory deficits, with 

consumption during adolescence resulting in more memory deficits than during young adulthood 

(Valladolid-Acebes et al., 2013). Although it is the opposite of what is demonstrated here these data 

demonstrate that the age can influence the effect of a high-fat diet on memory. In addition, phases 
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of the ovarian cycles in female mice are with no doubt a key factor that could explain the major 

differences between female cohorts and should be addressed in future studies.  

 

Memory deficits in 3xTgAD mice 

Up to 12 months a high-fat feeding had no effect on memory in both male and female 3xTgAD 

mice as demonstrated previously by our lab and others (Barron et al., 2013, Knight et al., 2014, 

Vandal et al., 2014). As memory deficits were apparent in control-fed 3xTgAD mice at all time points 

when assessed by the novel object and smell recognition tests, a further effect of a high-fat diet 

could not be assessed here, although a high-fat diet had no effect on memory in 3xTgAD mice 

when assessed using the Y-maze test up to 12 months. However, as a high-fat diet did not affect 

memory in 3xTgAD mice in the Y-maze (Chapter 1) until 15-16 months, a longer period of feeding 

might be needed to see an effect in the present study. Moreover, in both male and female 3xTgAD 

mice a high-fat diet did not induce hyperinsulinemia, which could explain the lack of memory deficits 

in Y-maze spontaneous alternation. 

In both male and female control-fed 3xTgAD mice, early hippocampal-dependent deficits in 

memory were seen when assessed by the novel and smell object recognition tests. In the Y-maze 

spontaneous alternation test, control-fed female 3xTgAD mice had memory deficits whereas males 

did not. This result is supported by others who demonstrated that female 3xTgAD mice have greater 

memory impairments than male 3xTgAD mice (Clinton et al., 2007, Blázquez et al., 2014) which 

could be due to females exhibiting more extensive amyloid pathology (Hirata-Fukae et al., 2008).  
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6.3 Insulin, mitochondria and synapses: are they involved in the effects of a high-

fat diet on memory? 

  

The role of insulin in memory impairment induced by a high-fat diet 

The research presented in this thesis show that male Non-Tg mice are more susceptible to 

memory deficits induced by a high-fat diet than females, as deficits were detected earlier. This is 

consistent with a study by Hwang and colleagues showing that male mice are more vulnerable to 

high-fat diet induced learning impairments and synaptic plasticity (Hwang et al., 2010), however 

these results were obtained during long-term feeding (9-12 months). In the present thesis results 

suggest that earlier memory impairments in male high-fat fed Non-Tg mice might be due to a 

greater increase in body weight gain. Although both male and female Non-Tg mice gained weight 

after a high-fat diet, an earlier increase in fat content and insulin were observed in males. 

Interestingly, Hwang and colleagues also observe that deficits in learning and synaptic plasticity are 

associated with more severe obesity and metabolic dysfunction in male mice than in females, as 

male mice present with hyperglycemia, more severe hyperinsulinemia and have a greater increased 

in body weight than females (Hwang et al., 2010). 

In rodents fed with a high-fat diet, raised peripheral insulin levels are associated with increased 

markers of insulin resistance (Arnold et al., 2014), decreased levels of brain insulin within the 

hippocampus (Sharma and Taliyan, 2014), decreased levels of hippocampal PSD-95 (Arnold et al., 

2014), increased levels of oxidative stress (Sharma and Taliyan, 2014) and impairment of cognitive 

function (Stranahan et al., 2008, McNay et al., 2010, McNeilly et al., 2011, Arnold et al., 2014, 

Sharma and Taliyan, 2014). High levels of peripheral insulin, associated with insulin resistance, are 

seen in T2D and obese patients and are accompanied by lower levels of insulin and impaired insulin 

signalling in the brain  (Stockhorst et al., 2004). This shift in the proportion of insulin levels in the 

brain compared to the periphery in obesity may result from a reduced transport of insulin at the BBB 

(Stockhorst et al., 2004). Chronic exposure to high levels of insulin will saturate insulin receptors 

leading to a decrease uptake of insulin into the brain. Since insulin receptors are widely expressed 
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throughout the brain, in both neurones and glial cells, particularly in the hippocampus (Son et al., 

2011), a reduction in insulin levels will therefore have detrimental effects on cognition. Moreover, it 

has been shown that in the hippocampus insulin receptors respond to learning experiences by 

altering gene expression and activating downstream molecules that are involved in an early stage of 

memory formation (Zhao et al., 1999). Taken together these findings suggest that due to earlier 

increases in peripheral insulin levels after a high-fat diet, male Non-Tg mice might have less insulin 

uptake into the brain resulting in less efficient memory mechanisms. After long-term high-fat feeding 

both male and female Non-Tg had raised plasma insulin levels that might also result in reduced 

brain levels and that could play a role in the memory deficits induced by a high-fat diet at this time.  

In addition to the role of insulin in obesity, it is known that insulin resistance also occurs in AD 

patients and it is correlated with the memory impairments (Craft et al., 1998, Frölich et al., 1998, 

Craft, 2005, Ghasemi et al., 2013, De Felice and Ferreira, 2014). In 3xTgAD mice, a high-fat diet 

reduces insulin sensitivity and increases amyloid brain pathology (Barron et al., 2013, Vandal et al., 

2014). In addition, a single insulin injection can reverse the effects of a high-fat diet on memory 

impairment in 3xTgAD mice and reduce soluble Aβ levels (Vandal et al., 2014). This effect of insulin 

administration has been also observed through intranasal insulin administration in 3xTgAD mice 

that also restored brain insulin signalling (Chen et al., 2014). Intranasal administration of insulin also 

has beneficial effects on cognition in animal studies and in clinical trials (Benedict et al., 2007, Craft 

et al., 2012, Hölscher, 2014, Claxton et al., 2015). These findings suggest that insulin signalling 

might be the mutual pathway between obesity and AD, and it might have an important role in 

memory impairment in both conditions.  

 

The role of BBB, mitochondria and synapses on memory deficits induced by a high-fat diet 

Since high-fat diet induced impairments in memory were detected earlier in male compared to 

female Non-Tg mice, it was hypothesised that male Non-Tg mice at 6 months would be more 

susceptible to ultrastructural changes induced by a high-fat diet in the BBB, mitochondria and 

synapses. However, results demonstrated that in response to a high-fat diet female Non-Tg mice 
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showed greater changes in the brain, including elongated endothelial mitochondria, reduced 

number of neuronal mitochondria and reduced number of synapses, changes that were specific to 

hippocampus. Moreover, these same changes, plus elongated neuronal mitochondria, were also 

observed in female control fed 3xTgAD mice. These results suggest that the morphological 

alterations induced by high-fat diet in Non-Tg mice might share similar mechanisms to those 

induced by AD. The reason why female Non-Tg mice appear to be more vulnerable to ultrastructural 

changes induced by a high-fat diet than males, when males present earlier memory deficits, 

remains to be understood. 

Dysfunctional mitochondria, due to increase levels of ROS or impaired mitochondrial redox 

homeostasis, can affect neuronal function (De Felice and Ferreira, 2014), although it is known that 

transient production of ROS is implicated in synaptic signalling and facilitates hippocampal LTP and 

memory mechanisms (Serrano and Klann, 2004, De Felice and Ferreira, 2014). However, when 

there is a chronic production of ROS and increases in oxidative stress this can impair the 

mechanisms underlying memory. High-fat diets can increase the production of mitochondrial ROS in 

skeletal muscle which is thought to be involved in peripheral insulin resistance. This increase in 

peripheral ROS also increases the level of oxidative stress products in the plasma, such as lipid 

peroxidation products, that through the bloodstream can reach the brain (De Felice and Ferreira, 

2014). In AD it is known that brain insulin signalling and oxidative stress are intimately related, and 

that mitochondrial dysfunction and increased levels of ROS sustain a vicious cycle that impairs 

insulin signalling and leads to brain insulin resistance (De Felice and Ferreira, 2014). Insulin has 

been shown to be involved in mitochondrial function and in the dynamic process of fusion and 

fission (del Campo et al., 2014, Parra et al., 2014, Santos et al., 2014). Finally, as neurones are 

critically sensitive to alterations in mitochondrial dynamics and function, due to their dependency on 

mitochondria for energy production (Correia et al., 2012), is not surprising that a reduction in 

mitochondrial number and an imbalance of mitochondrial dynamics was associated with a decrease 

in synaptic number. In summary therefore, it is likely that the mechanisms underlying the effects of a 

high-fat diet on memory in Non-Tg mice are linked to mitochondrial dysfunction and oxidative stress 

that could result from central insulin resistance due to peripheral hyperinsulinemia. 
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6.4   Obesity phenotype is not involved in the effect of a high-fat diet on memory 

Obesity is associated with cognitive decline. However is still not clear what mechanisms are 

behind the detrimental effects of a high-fat diet on memory and if obesity phenotype is involved. In 

the present thesis RSV, a known anti-obesogenic agent, was used to treat female Non-Tg and 

3xTgAD in order to potentially reverse the obese phenotype and test its effect on memory 

impairment induced by a high-fat diet. The hypothesis was that by reducing body weight gain and 

fat accumulation the impairment in memory after a high-fat diet would be improved, as it is known 

that the amount of adiposity and body weight are correlated with cognitive performance in humans 

(Elias et al., 2003, Wolf et al., 2007). Data demonstrated that RSV was able to reverse the body 

weight gain and fat accumulation induced by a high-fat diet in female Non-Tg mice but it did not 

affect the memory deficits. On the other hand, in 3xTgAD mice fed with a high-fat diet RSV had no 

effect on body weight or WAT accumulation but in control fed mice RSV was able to improve 

cognition in the smell recognition test. These data give further support that the mechanism 

associated with memory deficits in high-fat fed Non-Tg mice are likely to be different to those 

causing memory impairment in AD and that 3xTgAD mice are metabolically different from Non-Tg 

mice. 

As the negative effects of a high-fat diet on memory were still present even when obesity was 

reduced this suggests that other mechanisms independent of the obese phenotype are involved. As 

hypothesised, a decrease in fat content would be preventive as less pro-inflammatory cytokines 

would be released from WAT. However, data from the RSV study demonstrated that reducing WAT 

content was not sufficient to reverse the effects of a high-fat diet on memory. This data suggests 

that the diet content had a stronger effect than the extent of adipose tissue.  

Consumption of a high-fat diet will increase SFAs levels in the circulation, which could have 

potential detrimental effects on the hippocampus, such as increase neuroinflammation (e.g 

activation of microglia) (Molteni et al., 2002, Pistell et al., 2010, Knight et al., 2014). Moreover, it is 

known that SFAs can acutely cause insulin resistance independent of adiposity (Estadella et al., 
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2013), suggesting that insulin resistance might be the cause for the memory impairments observed, 

however as insulin was not measured in this study this would need to be addressed in future.  

 

6.5 Potential mechanisms for memory deficits associated with a high-fat diet: a 

link to AD 

From the data in the present thesis it is possible to speculate a potential mechanism for the 

effects of a high-fat diet on memory in Non-Tg mice and also for memory impairments in 3xTgAD 

mice. Consumption of a high-fat diet increases plasma SFAs and subsequent expansion of WAT. 

SFAs can increase the production of cytokines, such as TNF-α, from hypertrophic adipocytes and 

macrophages, resulting in a deterioration of insulin sensitivity (Estadella et al., 2013) (Figure 5). 

TNF-α increases in the serum of high-fat fed mice (Jeon et al., 2012). Increased levels of TNF-α will 

lead to serine phosphorylation of IRS-1, which will disrupt insulin signalling (Balistreri et al., 2010). A 

reduction in insulin signalling will lead to an increase in plasma insulin levels from the pancreas, 

leading to hyperinsulinemia (Shanik et al., 2008), Over time, peripheral tissues will become insulin 

resistant. Peripheral insulin resistance will down-regulate insulin uptake at the BBB which will result 

in decreased levels of insulin in the brain. Reduced transport of insulin into the brain and insulin 

receptors activity will compromise brain glucose metabolism and insulin signalling pathways 

(Correia et al., 2012). Abnormalities in brain insulin metabolism can increase oxidative stress that 

can impair mitochondria function. Mitochondrial dysfunction can influence mitochondrial biogenesis 

and transport, which can result in a decrease in mitochondrial number (Figure 5). In particular in the 

hippocampus, where insulin has proven to be vital for processes of memory and learning, 

mitochondrial integrity is essential for normal neuronal activity. Therefore, damaged mitochondria 

will affect synapses and ultimately lead to their degeneration, which will affect cognitive 

performance (Figure 5). Over time (> 12 months), all these events will cause neuroinflammation and 

an increase in microglia activation (Figure 5). Alternatively, it is known that SFAs alone can also 

acutely cause peripheral insulin resistance and impair insulin signalling independently of adipose 

tissue (Estadella et al., 2013), promoting the downstream events outlined above (Figure 5). In 



178 | P a g e  
 

addition, SFAs can affect hippocampal integrity by increasing neuroinflammation (microglia) (Pistell 

et al., 2010), an effect that are associated with cognitive impairment in mice, although the exact 

mechanisms remains unclear. These data could explain why female high-fat fed Non-Tg mice still 

had memory deficits even though RSV reduced adipose tissue and body weight. Finally 

inflammation of adipose tissue can also induce oxidative stress and promote ROS production (Miller 

and Spencer, 2014). Moreover, long-term feeding can induce peripheral oxidative stress, 

characterised by increases in plasma ROS and lipid peroxidation products (Oliveros et al., 2004). 

Increases in plasma ROS can act on the BBB and induce increased endothelial oxidative stress, 

which can affect mitochondria dynamics (Figure 5).  

 

In 3xTgAD mice the increase production of Aβ and Aβ deposition, as a result of the progression 

of the disease, might be the cause for the memory impairments. Brain insulin resistance is known to 

occur in AD, and insulin resistance has been proposed to be a key in neuropathological events, 

including Aβ deposition and tau phosphorylation (Correia et al., 2012). A clear relationship between 

insulin and Aβ metabolism has been documented (Gasparini et al., 2002, Phiel et al., 2003). Aβ 

oligomers are known to disrupt insulin signalling (Zhao et al., 2008) and IDE activity is decreased in 

AD, leading to insufficient degradation of Aβ and subsequent Aβ accumulation (Correia et al., 2012). 

In addition, decreased levels of insulin and impairment of insulin signalling are known to affect 

mitochondria function and increase oxidative stress. Abnormal Aβ deposition also promotes 

mitochondrial dysfunction and exacerbates oxidative stress that according to the mitochondrial 

cascade hypothesis is also a main trigger for cognitive decline, ultimately resulting in memory 

impairment (Figure 6).  

Overall therefore, these potential mechanisms described above based on mitochondrial and 

insulin impairments might explain how obesity, and in particular high-fat diet consumption, can lead 

to memory impairments, features that are also observed in AD. 
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Figure 5. Potential mechanism of memory deficits induced by a high-fat diet. High-fat diet induces 

memory deficits in Non-Tg mice through peripheral and central insulin resistance. The increase levels of 

saturated fatty acids (SFA) from the diet cause inflammation of the adipose tissue that produces increased 

levels of the tumor necrosis factor α (TNF-α) causing a rise in the peripheral levels of insulin 

(hyperinsulinemia). Increased levels of peripheral insulin then cause down-regulation of insulin uptake into the 

brain, resulting in central insulin resistance. Decrease brain insulin levels and impairment of the insulin 

signalling cause oxidative stress and mitochondrial dysfunction ultimately leading to synaptic loss and 

cognitive impairment. Changes in mitochondria are also observed in the endothelial cells of the blood-brain 

barrier (BBB) as a result of the increase peripheral reactive species of oxygen (ROS) production induced by 

high-fat diet. Over time there is an increase of neuroinflammation characterised by increased microglia 

activation. SFA might also have a direct effect on memory. 
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Figure 6. Memory impairment in 3xTgAD mice. In 3xTgAD mice memory impairments are induced by 

increased amyloid-beta deposits (Aβ) and by insulin signalling impairment, which causes increased oxidative 

stress and mitochondrial dysfunction. Increased neuroinflammation and activated microglia are also observed. 

Mitochondrial dysfunction will then lead to synaptic loss and cognitive deficits.  
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6.6   Future directions 

 

Brain insulin signalling pathways and mitochondrial proteins 

In the present thesis only plasma insulin levels were assessed. In order to better understand the 

role of insulin and its mechanisms underlying memory impairment induced by a high-fat diet both 

central and peripheral insulin signalling should be assessed. In periphery, adipose tissue is known 

to be a key factor involved in the level of insulin resistance, while in the brain impairment of insulin is 

detrimental for memory processes. However, exactly what pathways are involved and whether there 

is a complete impairment of insulin signalling or just some parts of the cascade are important to 

determine in order to gain a better understanding of the effects of a high-fat diet. In addition, it would 

be interesting to understand how insulin pathways influence proteins involved in the dynamic 

processes in mitochondria and what mitochondrial proteins are affected during insulin resistance. 

 

Can memory deficits be reversed with insulin? 

Reducing body weight gain and adipose tissue did not prove to be successful in reversing the 

detrimental effects of a high-fat diet on memory in Non-Tg mice. Several studies have demonstrated 

that intranasal administration of insulin can promote cognition. Therefore future studies could 

assess if intranasal insulin can reverse the memory deficits induced by high-fat diet. Moreover, the 

effect of insulin administration on mitochondrial morphology and synapses number should also be 

tested.  

 

Role of peripheral and central inflammation 

In Non-Tg mice, microglia activation occurred only after long-term high-fat feeding (15 months), 

however, other markers of inflammation are known to increase during high-fat feeding. What is the 

exact role of neuroinflammation and why does appear to occur so late during a high-fat diet? Is 

there an exacerbation of peripheral inflammation in response to a high-fat diet? Can peripheral 

inflammation be involved in memory impairment after a high-fat diet and how?  
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Is there a role for Aβ in Non-Tg mice? 

Some studies report that adipose tissue can produce Aβ and that a high-fat diet can promote its 

production. Moreover, high-fat diets can change gut microbiota, which can lead to production of 

enterocytic Aβ (Hsu and Kanoski, 2014). Does peripheral Aβ play a role in a factor in why obesity 

can increase AD prevalence? 

 

6.7    Conclusion 

The present thesis aimed to understand the effect of sex on the detrimental effect of a high-fat 

diet on memory in cognitively normal (Non-Tg mice) and cognitively impaired mice (an AD mouse 

model, 3xTgAD mice). Data demonstrated that a high-fat diet impaired memory in both male and 

female Non-Tg mice but had no effect in 3xTgAD mice over the time studied. Although male Non-Tg 

mice were more vulnerable to short-term high-fat feeding than females by presenting earlier deficits 

in memory and hyperinsulinemia, after longer periods of high-fat feeding female Non-Tg mice 

appeared more susceptible, as ultrastructural alterations including changes in mitochondria 

morphology and number and decreased synaptic number in hippocampus were observed in female 

mice only. Overall in Non-Tg mice, hippocampal-dependent memory deficits in response to a high-

fat diet appeared to be associated with hyperinsulinemia, mitochondrial morphological abnormalities 

and synaptic loss, but not with obesity and increased adiposity. These data suggest that 

mechanisms underlying the detrimental effects of a high-fat diet on memory are sex-dependent and 

could potentially depend on insulin signalling and mitochondrial dysfunction. Therefore, the work in 

this thesis has increased our understanding about the molecular mechanisms behind the link 

between obesity and AD and how they affect memory, and that gender differences should be 

considered in the design of clinical trials for both diseases. 
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Composition of Diets  
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