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Resumen 

Investigaciones recientes resaltan el papel de la microbiota intestinal (MI) en la 
patogénesis de la enfermedad de Alzheimer (EA). La MI puede modular la salud del 
hospedero mediante la liberación de sustancias como los lipopolisacáridos (LPS) y los 
ácidos grasos de cadena corta (AGCC), entre otros. La dieta es capaz de modificar la 
composición y diversidad de GM, y se ha reportado que la ingesta de una dieta 
saludable disminuye el riesgo de desarrollar demencia y EA. La ingesta de alimentos 
funcionales (AF) disminuye la neuroinflamación y el estrés oxidativo en ratas obesas, 
asociado con cambios en la MI. El objetivo de esta tesis fue delinear el mecanismo de 
acción de la ingesta de AF en la patología de EA, utilizando un modelo transgénico 
para la EA. En una primera parte, ratones 3xTg transgénicos (TG) hembra se 
alimentaron con una combinación de nopal, proteína de soya, aceite de chía y cúrcuma 
durante 7 meses, seguido de pruebas de memoria y análisis histológicos/bioquímicos. 
La ingesta con AF mejoró la memoria de trabajo, reduciendo los agregados amiloides y 
la hiperfosforilación de tau. Se observó una disminución en los niveles de MDA, número 
de astrocitos y microglia activa, y de proteínas asociadas con la actividad sináptica y 
metabólica en muestras de cerebro. Así mismo la abundancia de bacterias pro-
inflamatorias, LPS y propionato se vió reducida. Dado que el propionato es una 
sustancia neurotóxica que puede ser utilizada como sustrato energético por los 
astrocitos, decidimos explorar el efecto de los AGCC sobre el metabolismo astrocítico 
en un cultivo celular. En una segunda parte, se infectaron cultivos mixtos 
neurona/astrocito con nanosensores FRET y se incubaron con propionato o butirato.  
Se observó que el propionato genera un incremento en el aclaramiento, consumo, y 
agotamiento de glucosa, sin modificar los niveles de lactato. Por el contrario, el 
tratamiento con butirato disminuye el aclaramiento, consumo y agotamiento de glucosa, 
además de disminuir los niveles de lactato. En resumen, la ingesta de AF en ratones 
TG logró disminuir la presencia de marcadores patológicos de la EA. Estos efectos 
fueron acompañados por cambios en la MI y las sustancias bacterianas (LPS y 
propionato). Los AGCC modulan de manera diferencial el metabolismo glucolítico. Los 
datos colectados en esta tesis permiten proponer que la ingesta de AF puede 
representar una estrategia terapéutica contra la EA al modificar la MI y sustancias 
neurotóxicas. 



 

 

ABSTRACT 

Recent investigations have demonstrated an important role of gut microbiota (GM) in 

the pathogenesis of Alzheimer´s disease (AD). GM modulates host’s health and disease 

by production of several substances, lipopolysaccharides (LPS) and short-chain fatty 

acids (SCFAs), among others. Diet can modify the composition and diversity of GM, and 

ingestion of a healthy diet has been suggested to lower the risk to develop dementia 

and AD. Bioactive food (BF) can abate neuroinflammation and oxidative stress in obese 

rats, an effect associated with GM composition. In this thesis, we aim to delineate the 

mechanism of action of BF and released substances in AD pathology. In the first part, 

we fed triple transgenic 3xTg-AD (TG) female mice with a combination of dried nopal, 

soy protein, chia oil and turmeric for 7 months, followed by behavioral and 

histological/biochemical examination. We found that BF ingestion in TG mice improved 

cognition and reduced Aβ aggregates and tau hyperphosphorylation. In addition, BF 

decreased MDA levels, astrocyte and microglial activation, synaptic and metabolic 

proteins in brain samples. BF ingestion was able to reduced pro-inflammatory bacteria, 

LPS and propionate levels to WT values. As propionate is a well-known neurotoxic 

substance, we aimed to determine if propionate could modify astrocyte metabolism and 
activation in an in-vitro model.  In a second part, we evaluated the differential effect of 

propionate and butyrate on the astrocyte-neuron interaction.  We infected mixed 

neuron/astrocytic culture with FRET sensor. We observed that propionate increased 

glucose clearance, glucose consumption and glucose depletion in astrocytes, whereas 

no changes were observed in lactate concentration. On the contrary, butyrate 

decreased glucose clearance, consumption and depletion, accompanied by reduced 

lactate production control cells.  In summary, ingestion of BF in a TG mice model 

diminished the pathological markers of AD, reduced neuroinflammation, and improved 

working memory. Importantly, BF´s effects were accompanied by restoration of GM and 

their released substances (LPS and propionate). Propionate and butyrate modulated 

the astrocyte-neuron lactate shuttle differentially, altering glycolysis in astrocytes. Based 

on the present data we propose that a dietary intervention in early stage of AD is an 

effective strategy to abate amyloid pathology, metabolic and synaptic alteration by 

modulating the gut-brain axis, resulting in improved cognition.  
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INTRODUCTION:  

Alzheimer’s disease (AD) is a chronic degenerative brain disease and the most 

common cause of dementia (Wilson et al., 2012). AD is an age related disease, and 

it is becoming markedly more common with the aging of the world’s population. 

Globally, after the age of 65 years, the incidence rate of AD doubles every 5 years. 

In 2016, there were more than 46 million people worldwide with dementia, and this 

number is expected to increase to over 115 million by 2050. Given the heavy 

economic and social burdens of AD, major emphasis is being placed on 

understanding its pathogenesis and developing early diagnosis and effective 

intervention (Sun et al., 2018).  

There is no single test for detecting AD. Physicians rely on obtaining a medical and 

family history, asking a family member about changes in thinking skills and 

behaviour and conducting cognitive tests, blood tests and brain imaging to find out if 

the individual has high levels of Aβ (Weller and Budson, 2018). Individuals with AD 

experience multiple symptoms and the pace at which symptoms advance from mild- 

to moderate- to severe varies from person to person. In the mild-stage, most people 

are able to function independently in many areas but are likely to require assistance. 

In the moderate-stage, individuals may have difficulty performing routine tasks, 

become confused and start having personality and behavioural changes. In the 

severe-stage, individuals require help with basic activities of daily living (Alzheimer’s 

Association, 2017).  

Women are more at risk to have AD and other dementias. Two thirds of Alzheimer’s 

patients in United States are women. According to 2018 AD Facts and Figures of the 

5.7 million people age 65 and older with AD in the United States, 3.4 million are 

women and 2 million are men. According to the Alzheimer’s Association, in 

population age 71 and older, 16 percent of women have AD and other dementias 

compared with 11 percent of men (Grabher, 2018). 

The pathological hallmark of Alzheimer’s are the progressive accumulation of the 

extracellular senile plaques composed of amyloid-beta peptide (Aβ). Amyloid 

precursor protein (APP) is cleaved sequentially by β-secretase and γ-secretase to   
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generate Aβ. The length of Aβ varies at C-terminal according to the cleavage pattern 

of APP. The Aβ 1–40 isoform is the most prevalent, followed by Aβ 1–42. Aβ 

assemble and polymerizes into fibrillar, protofibers and polymorphic oligomers 

(Serrano-pozo et al., 2011; Barage and Sonawane, 2015; Sun et al., 2018). On the 

one hand, misfolded and aggregated proteins are recognized by astroglia and 

microglia cells and trigger an innate immune response, characterized by the release 

of inflammatory cytokines and neuroinflammation, which contribute to disease 

progression and severity (Clark and Vissel, 2015; Heneka et al., 2015). On the other 

hand, it has been postulated that soluble Aβ may cause neuronal membrane 

damage, producing reactive oxygen and nitrogen species (Lauderback et al., 2001). 

This oxidative damage would alter synaptic membrane structure, causing alterations 

in dendritic spines with a subsequent cognitive decline. Other hallmark of AD is the 

intracellular neurofibrillary tangles: it contains hyper-phosphorylated tau protein. Tau 

proteins are mainly found in neurons. They play an important role in microtubule 

assembly and stabilization of neuronal microtubules network. The loss of normal tau 

function affect normal cellular functions of neurons (Serrano-pozo et al., 2011; 

Barage and Sonawane, 2015; Sun et al., 2018). Under pathological conditions the 

hyperphosphorylation of tau proteins results in paired helical filaments and straight 

filaments called neurofibrillary tangles.   

AD can be classified into types: Early-onset familial AD and Late-onset sporadic AD. 
Early-onset familial AD is usually caused by autosomal dominant mutations in the 

genes for APP, presenilin 1 and presenilin 2. This form of AD accounts for 

approximately 2–5% of all AD cases. This is a condition characterized by dementia 

onset at a relatively young age, before 65 years of age (Wu et al., 2012).  
Late-onset sporadic AD is the most common form of the disease, which happens to 

people age 65 and older. Majority of AD cases (>93%–95%) are of the sporadic type.  
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Figure1: Hallmarks of Alzheimer’s disease, amyloid plaques and neurofibrillary tangles (Taken 
from Bright Focus Foundation website) 

There are many risk factors associated with Late-onset AD. They can be divided into 

two categories, modifiable and non-modifiable risk factors. Example of non-

modifiable risk factors are age, gender, family history, and genetics. Age is the 

greatest risk factor for developing Late-onset-AD, while carrying the E4 allele of 

apolipoprotein (APOE4) is the most important genetic risk factor for this condition 

(Flamier et al., 2018). ApoE is the major carrier of cholesterol in the CNS and also 

has important roles in Aβ metabolism, aggregation and deposition. Increased plaque 

deposition has been observed in APOE e4-positive individuals and in APOE e4 

knock-in animal models of cerebral beta-amyloidosis (Zetterberg and Mattsson, 

2014). Having a family history of AD is also a non-modifiable risk factor to develop 

the disease. Individuals who have a parent or siblings with AD are more likely to 

develop the disease than those who do not have a first-degree relative with 

Alzheimer’s. Those who have more than one first-degree relative with Alzheimer’s 

are at even higher risk (Grabher, 2018).  

On the other hand, modifiable risk factors associated with AD are obesity, diabetes 

mellitus, high total cholesterol, hypertension, asymptomatic cerebral infarction, diet 
and lifestyle. Obesity in the middle age is a risk factor for AD, whereas several 

analytical studies in the elderly suggested that a significant decrease in BMI was 

associated with a higher risk of AD in the following 5-6 years (Povova et al., 2012). 
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Presence of diabetes in middle age or a longer duration of diabetes may play a key 

role in the development of AD. AD shares many age-related pathophysiological 

features of type 2 diabetes (T2D). These include insulin resistance and disrupted 

glucose metabolism in non-neural tissues. Epidemiologic studies shows that AD risk 

is increased 50%–100% by diabetes including T2D. Of the shared features of AD 

and T2D, the one most likely to be an etiological factor in AD is insulin resistance. 

Peripheral insulin resistance promotes AD onset by reducing brain insulin uptake 

and by raising brain levels of Aβ, tau phosphorylation, oxidative stress, pro-

inflammatory cytokines, advanced glycation end products and apoptosis (Talbot et 

al., 2012). 

All this information indicates that pathogenesis of AD is very complex and 

multifactorial, involving several molecular, cellular and physiological alterations 

culminating in the aggregation of proteins and neuronal functional impairment. 

Current drug development pipelines of most of pharmaceutical companies’ targets 

the alleviation of the main AD pathological hallmark (Aβ aggregation). However, in 

the following sub-chapters we will describe several metabolic and synaptic 

alterations observed in AD, even since early stages of the disease can be valid 

therapeutic targets in drug efficacy studies.   

1.1 METABOLIC ALTERATIONS IN ALZHEIMER´S DISEASE 

Recently, focus has been paid on the metabolic alterations present since early 

stages of AD, such as a marked cerebral hypo-glucose metabolism (Tong et al., 

2014). Several studies indicate that a reduced brain glucose metabolism correlates 

with AD symptoms severity. Furthermore, in vitro and in vivo pre-clinical AD models 

show deficits in mitochondrial function, metabolic enzyme-expression and -activity 

before the onset of clinical symptoms (Swerdlow and Khan, 2004; Ding et al., 2013). 

Here we describe some of these metabolic alterations with more detail. 

1.1.1 Insulin resistance 

Insulin plays important role in regulating energy metabolism, survival, growth and 

differentiation of neurons. It participates in synaptic plasticity through activation of 

phosphoinositide-3 kinase (PI3-K) signalling. Insulin activates the insulin receptor 

(IR) which is followed by the activation of the IR substrate proteins, which further 
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activates the PI3-K/Akt and the Ras/mitogen-activated kinase cascades. IR’s are 

widely present in neuronal soma and it is enriched in synaptic terminals of neurons. 

They regulate neurotransmitter release and receptor recruitment to promote the 

establishment of long-term potentiation. IR can be detected in hippocampus, 

hypothalamus, cortex and amygdala (Calvo-ochoa and Arias, 2015). 

As described earlier, diabetes is a risk factor for AD. Moreover, insulin resistance is 

not limited to peripheral tissues in AD patients. Alterations in insulin signalling 

molecules have been reported in AD cases (Neth and Craft, 2017). In AD, the brain 

becomes insulin resistant, promoting key pathophysiological events as cognitive 

deficits, Aβ deposition and tau phosphorylation (Dineley et al., 2014) .  

Insulin resistance and glucose metabolism have also been reported in animal model 

for AD (Chen et al., 2014; Macklin et al., 2016). In APP/PS1 transgenic mice, 

glucose tolerance and insulin sensitivity are impaired much prior to amyloid plaque 

pathogenesis and cognitive decline (Macklin et al., 2016). 

The findings of impaired brain insulin signalling (Steen et al., 2005; Moloney et al., 

2010; Liu et al., 2011; Talbot et al., 2012) and  deficient brain glucose metabolism in 

AD (Hoyer, 2004), suggest that brain insulin deficiency contributes to the 

pathogenesis of AD. Furthermore, administration of intranasal insulin has  been 

shown to improve memory in AD patients and those at high risk of developing AD 

(Mild-Cognitive Impairment) (Talbot et al., 2012). However, clinical trials with insulin 

administration request proven efficacy in early stages of the disease, as once the 

brain insulin machinery is impaired no beneficial effects can be achieve (Chapman et 

al., 2018). 

Glycogen synthase kinase 3 (GSK3), is a Ser/Thr kinase, and as its name refers it is 

involved in glycogen metabolism. GSK3 also is involved in the insulin signalling, cell 

proliferation and neuronal function. Some of the key molecules mediating GSK3 

functions are glycogen synthase, tau protein and beta catenin proteins (Rayasam et 

al., 2009). GSK3 deficiencies have been related to AD, as this an important tau-

kinase that induces the hyper-phosphorylation of tau and the formation of 

neurofibrillary tangles. GSK3 transgenic mice display tau hyper-phosphorylation and 

neurodegeneration (Hooper et al., 2008). AD patients have been shown to have an 

increase in GSK3β activity that correlates with an increase in neuronal death 
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(Maixner and Weng, 2014). In addition, APP/PS1 mice present a decreased p-

GSK3β/ GSK3β ratio (Varamini et al., 2013). This body of data indicates that in AD 

there are important insulin and metabolic alterations as described below (Jolivalt et 

al., 2016). 

 

1.1.2 Metabolic alterations in Alzheimer´s Disease 

Cells adapt to changes in energy status through the modulation of AMP-activated 

protein kinase (AMPK) and NAD+-dependent deacetylase Sirtuin (SIRT1) pathways 

so as to maintain energy homeostasis. AMPK and SIRT1functions as a sensor of 

cellular energy status, and as master regulators of metabolism (Fulco and Sartorelli, 

2008). Here we further describe the role of those metabolic sensors in relation to AD.  

 

1.1.2.1 AMPK in Alzheimer´s Disease 
AMPK is activated upon alterations in the cellular AMP/ATP ratio. AMPK is a 

serine/threonine protein kinase composed of a catalytic α subunit, and regulatory β 

and γ subunits. Increases in AMP/ADP concentration activates AMPK via allosteric 

regulation. Several upstream kinases, e.g. serine/threonine kinase, 

Ca2+/calmodulin-dependent protein kinase β and transforming growth factor-

activated kinase 1 can activate AMPK by phosphorylating the catalytic β subunit at 

Thr172 (Vingtdeux et al., 2010). 

Many physiological and pathological conditions appear to stimulate AMPK signalling. 

Activation of AMPK switches on catabolic pathways to produce ATP, while 

simultaneously shutting down energy-consuming anabolic processes. In order to 

perform these actions, AMPK  regulates metabolic enzymes through a direct 

phosphorylation (Cantó and Auwerx, 2009). Currently, AMPK is viewed as an 

important pharmacological target since it is believed that novel AMPK activators may 

be useful in the therapy of metabolic and neurodegenerative diseases (Salminen and 

Kaarniranta, 2012). Hippocampal tissue from post-mortem human AD patients 

showed increased AMPK phosphorylation compared with age-matched controls. 

Similar  results were seen in hippocampal slices from 10- to 12-month-old APP/PS1 

mice (Ma et al., 2014). Thus, AMPK dysfunction can be viewed as a marker of 

metabolic alterations in AD.  

 



7 
 

1.1.2.2 Sirtuin (SIRT1) in Alzheimer´s Disease 

Sirtuin-1 (SIRT1), is one of the seven mammalian homologues belonging to the 

sirtuin family (Bonda et al., 2011). SIRT1 function as NAD+ dependent protein 

deacetylase and /or ADP- ribosylases (Sidorova-darmos et al., 2014). It is a 

regulator of genes and proteins involved in gene transcription (PGC-1), insulin 

response (IGF-1), anti-inflammatory response (NFκB), antioxidant response 

(FOXO3) and anti-apoptotic response (p5314 and FOXO3) (Bonda et al., 2011). 

SIRT1 increase the activity and production of α-secretase, which is an enzyme 

responsible for the non-amyloidogenic cleavage of APP. Upregulation of α-secretase 

reduces pathological accumulation of the toxic Aβ species that results from β- and γ-

secretase activity (Tippmann et al., 2009). Aerobic glycolysis involves a gradual 

decrease of NAD+ reserves in the cell through increased NADH production (Zhang 

et al., 2007; Nakahata et al., 2012). The reliance of neurons on aerobic glycolysis, 

inhibits NAD+ dependent SIRT1 activity through the depletion of NAD+ pools and 

thus results in a shift in APP processing toward an amyloidogenic pathway (Bonda et 

al., 2011).  Reduction of SIRT1 desacetylating action in AD brain could decrease the 

capacity of acetyl-CoA synthetase to generate acetyl-CoA, a key molecule in cellular 

metabolism. Significant reduction of SIRT1 has been observed in the parietal cortex 

of AD patient (Julien et al., 2009). Levels of SIRT1 protein and mRNA were 

significantly decreased  in the brains of the APP/PS1 mice  at 6 months and 10 

months of age (Dong et al., 2018). Furthermore, transgenic mice that overexpress 

SIRT1 display improved glucose homeostasis and increased metabolic rates, both 

this two processes being beneficial in AD (Julien et al., 2009). Therefore, SIRT1 

dysregulation may be associated with neuronal dysfunction in AD.  

All cells express SIRT1, however, few is known about the roles and modulation of 

SIRT1 on other brain cells. It has been reported that senescence of microglia is 

accompanied by reductions in SIRT1 expression  (Cho et al., 2015). On the contrary, 

decreased SIRT1 in astrocytes has been associated with improved neuronal support 

after treatment with Aβ (Aguirre-Rueda 2015). Thus, content and activity of SIRT1 

will affect differently neurons, astrocyte and microglia cells.  
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1.1.3. Mitochondrial dysfunction in Alzheimer´s Disease 
In central nervous system (CNS), mitochondria provides appropriate energetic needs 

to maintain resting and action potentials, as well as to modulate synaptic plasticity 

(Dietrich et al., 2008). There is an increased mitochondrial number during synapse 

formation and in response to local electrical stimulation  (Li et al., 2004). 

Mitochondrial dysfunctions have been widely implicated in the pathogenesis of many 

neurodegenerative diseases (Riemer and Kins, 2012), and it remains a prominent 

feature in AD (Swerdlow and Khan, 2004). In AD, there is an abnormal mitochondrial 

dynamics (mitochondrial fragmentation and abnormal distribution) (Du et al., 2010; 

Carvalho et al., 2012) and decreased levels of mitochondrial enzymes involved in the 

oxidative metabolism, such as pyruvate dehydrogenase complex, lactate 

dehydrogenase and hexokinase (Ding et al., 2013). Peroxisome proliferator activator 

receptor gamma-coactivator 1 α (PGC-1α), is a transcriptional coactivator that 

regulates genes involved in energy metabolism and mitochondrial biogenesis (Lin et 

al., 2002) decreased along with AD severity (Robinson et al., 2014). Here we 

describe in more detail what is currently known about PGC-1α in AD. 

1.1.3.1. Peroxisome proliferator activator receptor gamma-coactivator 1 
α (PGC-1α) 

PGC- 1α is expressed mainly in mitochondria and in the nucleus of neurons. PGC-

1α is involved in the formation and maintenance of synapses in developing 

hippocampal neurons, as in the maintenance of synapses in the adult hippocampus 

(Cheng et al., 2012). PGC-1α expression promotes the non-amyloidogenic 

processing of APP by decreasing the generation of amyloidogenic Aβ peptides (Qin 

et al., 2009). On the other hand, PGC-1α decreases Aβ generation by activating 

PPARγ (Katsouri et al., 2016). PPARγ and PGC-1α complex decreases transcription, 

expression, and activity of BACE1 (Katsouri et al., 2014). A recent study reports 

changes in the levels of PGC-1α in samples of AD patients according to the severity 

of the dementia, involving damage to mitochondrial biogenesis (Robinson et al., 

2014).  

1.1.3.2. Metabolic alterations at cellular level: Neuron vs astrocyte metabolism 
in Alzheimer´s Disease 
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Glucose is the primary energy substrate of the adult brain. Glucose can be 

metabolized by glycolysis and oxidative metabolism in the brain. In glycolysis 

glucose is processed to pyruvate and then lactate producing two molecules of ATP. 

Oxidative metabolism is characterized by full oxidation of glucose or of its 

metabolites, such as pyruvate and lactate, in the mitochondria, resulting in the 

production of approximately 30–36 molecules of ATP per glucose molecule 

(Magistretti and Allaman, 2015). 

In the brain there are cell - specific metabolic profiles. Early studies in isolated 

neurons and astrocytes revealed that neurons are more dependent on oxidative 

metabolism, whereas astrocytes are  more dependent on glycolysis (Magistretti and 

Allaman, 2018). This mean that astrocytes rely primarily on the ATP generated 

through glycolysis, followed by the release of lactate to the extracellular space. 

Lactate released from astrocytes is taken up by neurons and serves as a key 

metabolite for neuronal aerobic metabolism to meet the high energetic demands of 

neurons (Natarajaseenivasan et al., 2018). This is known as the neuron – lactate –

shuttle (Magistretti and Allaman, 2018). 

Recent reports indicates that in AD there is a decline in neuronal glucose transport 

and metabolism followed by decline in mitochondrial function (Ding et al., 2013). 

Moreover, in diseases with an inflammatory component, astrocytes become 

activated increasing their own metabolic demand neglecting neuronal metabolism 

(Natarajaseenivasan et al., 2018). Therefore, alterations in astrocyte function have 

been associated with metabolic alterations detected since early stages of AD  

(Haim et al., 2015).  

1.2 SYNAPTIC HYPERACTIVITY IN ALZHEIMER´S DISEASE 

AD was presumed to be characterized by synaptic failure due to significant decrease 

in neuronal activity in brain circuits. In prodromal AD states, loss of synaptic contacts 

is one of the main morphological alterations observed in hippocampus and cortex. 

However, recent studies revealed a complex picture, characterizing a mix of 

neuronal hypo- and hyper-activity, leading to cellular defects in various brain regions 

(Busche et al., 2008; Palop and Mucke, 2010). In addition, data obtained from 

clinical and preclinical studies have observed the presence of non-convulsive 

epileptic patterns (Noebels, 2011), as well as cerebral hyperactivity long before 
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amyloid plaques are detected (Busche et al., 2008). Functional and anatomic 

magnetic resonance imaging reveal a higher activation in the hippocampus and 

cortex of human subjects at high risk for developing AD, such as pre-symptomatic 

carriers of familiar AD-linked genes (Quiroz et al. 2012), APOE-epsilon4 allele 

carriers (reviewed in Bookheimer and Burggren, 2009), or subjects with mild 

cognitive impairment (e.g., Bakker et al. 2012, Celone et al., 2006; Dickerson et al., 

2004, 2005; Filippini et al. 2009, Kim et al., 2012). Moreover, various studies 

reported that AD patients are at increased risk of unprovoked seizures (Amatniek et 

al. 2006; Noebels 2011). Moreover, different animal models of AD also show the 

presence of non-convulsive epileptic patterns in dentate gyrus (Palop et al., 2005) 

accompanied by a loss of interneurons in the same region (Palop et al., 2007). 

Dendritic spines are protrusions from a dendrite’s shaft, where neurons form 

synapses to receive and integrate information. Dendritic spines are the morphologic 

correlates of excitatory post synapses. A number of specialized synaptic proteins, 

including scaffolding proteins and ion channels, are clustered at dendritic spines 

(Dorostkar et al., 2015). As mentioned before, AD is associated with a progressive 

loss of synapses and neurons. However, animal models indicate that morphological 

alterations of dendritic spines precede synapse loss. Indicating that alterations in 

spine morphology could be involved in the early cognitive deficits associated with AD 

(Androuin et al., 2018). 

Postsynaptic density-95 protein (PSD-95), is the major scaffold protein of the 

dendritic spines that  facilitates the anchorage of membrane receptors in the spines, 

modulates trafficking and localization of adhesion molecules, ion-channels and 

glutamate receptors (Savioz et al., 2014). PSD-95 is involved in the regulation of the 

ratio of excitatory versus inhibitory presynaptic contacts through neuroligin-

dependent pathways, suggesting that PSD-95 is involved in network activity 

(Arsenault et al., 2011). Contradictory data have been reported about PSD-95 

expression in aging and AD. PSD-95 has been reported to vary according to regions 

in AD patient versus controls increasing in the frontal cortex in an early stage, and 

decreasing in the temporal cortex (Savioz et al., 2014). In aged-learning-impaired 

rats, PSD95 levels were selectively increased (Nyffeler et al., 2007).  This increase 

could be because PSD-95 might be possibly involved in reactive and/or 
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compensatory mechanisms during aging/AD progression before the occurrence of 

important synaptic elimination (Savioz et al., 2014). 

Pre-synaptic proteins like synaptophysin and post -synaptic proteins like Activity-

related cytoplasmic protein (Arc) and GLUR1 have been also reported to be altered 

in AD (Mucke et al., 2000; Eder et al., 2002; Arsenault et al., 2011; Perez-Cruz et al., 

2011a). Arc is involved in the process of long-term memory formation (Bramham et 

al., 2010) and in the activity-dependent Aβ production (Wu et al., 2011). Enhanced 

Arc levels are observed in hippocampus of different transgenic mice strains 

compared to wild-type mice, even before plaque deposition (Perez-Cruz et al., 

2011b). Thus, synaptic hyperactivity seems to predominate in early stages of AD, 

becoming hypoactive as disease progresses.  

1.3 MICROBIOTA IN ALZHEIMER´S DISEASE: 
Microbiota are all microorganism living in our intestine (Vinolo et al., 2011). 

Microbiota include all taxonomic domains as fungus, protozoan, virus and bacteria. 

Gut microbiota (GM) is the microbiota residing in our intestine, and ninety percent of 

all GM is mainly composed of bacteria (Ursell et al., 2013). GM have important 

functions on health and disease of the host and alterations in GM have been 

associated with development of chronic degenerative diseases (i.e. DT2, obesity, 

etc) (Baothman et al., 2016). Recently, several groups of research have highlighted 

the fact that AD patients present a high incidence of infectious disease. Infection 

agents comprised fugal, protozoan, viral and bacterial (Bu et al., 2014). A recent 

study found a positive association between infection burden and AD (Itzhaki et al., 

2017). Increased infectious burden was related to higher serum levels of 

inflammatory cytokines and serum Aβ markers in AD patients (Miklossy, 2011). 

These observation leads to suggest a strong link between AD and microbial 

infections.  
 
1.3.1 Gut microbiota (GM) alterations in Alzheimer´s Disease: 
The human gut consists of approximately 1 kg of bacteria, and the number of 

bacterial genes in the gut is approximately about 9.9 million (Li et al., 2017). Two 

types  of bacteria are present in the healthy human gut, as symbiotic agents with 

health promoting effects (called commensal bacteria that have no damaging effect 

on host), and pathobiont bacteria (with negative effect on the host as they may 
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induce pathology) (Szablewski, 2018). A delicate balance exist in the GM 

composition, while an imbalance in this composition is commonly known as 

dysbiosis (Yang et al., 2016). Gut dysbiosis leads to pathophysiological 

consequences such as inflammatory bowel disease, irritable bowel syndrome, 

coeliac disease, allergy, asthma, metabolic syndrome, cardiovascular disease, and 

obesity, among others (Carding et al., 2015). The composition of GM depends on 

various factors, such as the method of delivery, diet, use of drugs, probiotics, 

prebiotics, as well as age, sex, geographical area, and microflora transplantation 

(Szablewski, 2018).  

GM is very diverse, but it is mainly dominated by four phyla: Firmicutes, 

Bacteroidetes, Actinobacteria and Proteobacteria (Yang et al., 2016). Firmicutes 

(60–80%, Gram positive bacteria with more than 200 genera of which the most 

important are: Ruminococcus, Clostridium, Eubacterium, Lactobacillus, 

Faecalibacterium, Roseburia, and Mycoplasma) and Bacteroidetes (20–30%, Gram-

negative bacteria with genera Bacteroides, Prevotella, and Xylanibacter) are the 

main GM phyla. In minor proportions are the following phyla: Actinobacteria (<10%, 

Gram-negative bacteria with genera Bifidobacterium), Proteobacteria (<1%, Gram-

negative bacteria with genus Escherichia, Desulfovibrio, and Enterobacteriacae), 

and Verrucomicrobia (with genus Akkermansia, Fusobacteria, and Cyanobacteria) 

(Szablewski, 2018).  
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Figure 2.   Major Bacterial phyla and their representative genera (Taken from 

Munoz-Garach 2016). 
 

Importantly, recent studies have demonstrated a significant association between GM 

composition and the structure and function of the enteric and CNS, including human 

behaviour and brain regulation (Carabotti et al., 2015; Zhu et al., 2017). 

 

 
  

Figure 3. Gut microbiota dysbiosis is associated with many disorders (Taken from 
brisbanenaturopaths.com) 
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Moreover, increasing evidence suggests that GM contributes to the physiopathology 

of AD (Bonfili et al., 2017; Brandscheid et al., 2017; Harach et al., 2017; Vogt et al., 

2017; Zhang et al 2017). Moreover, it has been suggested that AD pathology may be 

modulated by the gut-brain-axis (Jiang et al., 2017).. However, it is still not clear 

which factors may be associated with this bidirectional communication. More detailed 

information will be discuss later in Discussion Chapter 

 
 
Figure 4. Alzheimer’s disease is associated with alterations in gut microbiome composition. 
(A) Faith’s Phylogenetic Diversity is decreased in the microbiome of AD participants. *p<0.05. (B) 
Non-metric multidimensional scaling (NMDS) plot of weighted UniFrac analysis of relative sample 
OTU composition. NMDS analysis was limited to two dimensions, with a stress measurement of 0.17. 
Each dot represents a scaled measure of the composition of a given participant, color- and shape-
coded by cohort. (C) Differential abundance analysis identified 14 OTUs that were increased and 68 
OTUs that were decreased in AD relative to Control participants (p < 0.05, FDR-corrected). Each 
point represents an OTU (taken from Vogt et al., 2017). 
 
 
 1.3.2 Lipopolysaccharides (LPS): 
LPS  are components of the outer membrane of Gram-negative bacteria (Tlaskalová-

hogenová et al., 2004). LPS plays key roles in host– pathogen interactions of the 

innate-immune system (Hill and Lukiw, 2015; Zhao et al., 2015a; Maldonado et al., 

 



15 
 

2016) Alterations in GM composition/abundance are associated with enhance 

plasma levels of LPS (Avila-nava et al., 2016; Sánchez-Tapia et al., 2017) which 

may result in an exacerbated metabolic endotoxemia, that initiates obesity, insulin 

resistance and inflammation (Cani et al., 2007). LPS is a well-known 

neuroinflammatory agent driving the generation Aβ 1-42 (Lee et al., 2008; Asti and 

Gioglio, 2014; Hill and Lukiw, 2015; Zhao et al., 2015a) 

  

 

 

 

 

 

 

 

 

 
Figure 5: LPS in the brain showed staining in both control (A) and Alzheimer disease (AD) brains (B) 
in gray matter (GM (taken from Zhan et al., 2016). 
 

LPS administration to mice results in memory impairment, Aβ aggregation and 

astrocyte activation (Lee et al., 2008). Notably, LPS can be detected in parenchyma 

and blood vessels of non-demented aged and AD brain samples, but LPS levels 

were greater in diseased subjects (see Figure 4) (Zhao et al., 2015b, 2017; Zhan et 

al., 2016).  

1.3.3 Short chain fatty acids (SCFAs): 
SCFAs are produced by the GM after the degradation of non-digestible 

polysaccharides, being butyrate, acetate, and propionate the more abundant 

fermentation products (Wong et al., 2006). Acetate is produced in the highest 

quantity as a result of fermentation in the large intestine, followed by propionate and 

butyrate (Hoyles et al., 2018). It has been reported that human GM produces 50–100 

mmol/L per day of SCFAs (Duncan et al., 2009).  Over 95% of SCFAs produced are 

absorbed within the colon (Hoyles et al., 2018). To prevent high SCFA 

concentrations in blood, the liver clears the major part of propionate and butyrate 

from the portal circulation (Bloemen et al., 2010). In animal studies it has been 



16 
 

demonstrated that SCFAs proportion in cecum is altered depending on diet (Ríos-

Covián et al., 2016). When fermentable dietary fibers become limiting in the more 

distal parts of the large intestine, butyrate-producing bacteria almost completely 

disappear, and the acetate- and propionate-producing bacteria become dominant. 

Whereas fiber rich diets increases butyrate concentration decreasing propionate and 

acetate in a proportion compared to control diet (Walker et al., 2005).  

Butyrate is used by the colonocytes as an energy source. It maintains intestinal 

barrier function through an increase in mucus production (Ríos-covián et al., 2016). 

SCFAs are avidly taken up also by glia cells in the brain and used as energy 

substrate (Waniewski and Martin, 1998; Nguyen et al., 2007; Wyss et al., 2011). The 

majority of studies looking at the role of SCFAs in the gut–brain axis have focused 

on butyrate, a strong neuroprotective molecule (Govindarajan et al., 2011). Few 

reports are focused on propionate despite its similar plasma concentration and 

receptor affinity (Hoyles et al., 2018). Propionate acts as a precursor for 

gluconeogenesis in the liver and contributes to glucose synthesis (Wiltrout and 

Satter, 1972). Propionate is converted to propionyl-CoA, which then is converted to 

succinyl-CoA. Succinyl-CoA enters the tricarboxylic acid (TCA) cycle and is 

converted to oxaloacetate, the precursor of gluconeogenesis (Frye et al., 2016). 

Excessive propionate has been shown to alter dopamine, serotonin, and glutamate 

systems in a manner similar to that observed in autism spectrum disorders (ASD) 

(El-ansary et al., 2012; Li et al., 2017). In addition ,there are increased mean levels 

of propionate in stool of ASD children (Wang et al., 2012). Thus, propionate has 

been described as a neurotoxic agent (Macfabe et al., 2006). 

SCFAs activate free fatty acid receptor (FFAR) family of G protein coupled receptors; 

acetate, propionate and butyrate have affinity in the low millimolar to high micromolar 

range for FFAR2; propionate and butyrate have mid to low micromolar affinity for 

FFAR3 (Hoyles et al., 2018).  

In AD, different concentrations of SCFAs in feces has been reported that TG mice 

(Bonfili et al., 2017; Zhang et al., 2017a), and in human brain tissue (Zhang et al., 

2017a) compared to controls. Thus, LPS and SCFAs have been widely postulated to 

modulate the gut-brain axis, but up to now there is no clear evidence of their role in 

AD pathology.  
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1.3.3.1 SCFAs in astrocytes 
SCFA can be used as metabolic source by different cells, such as colonocites 

colonocites (Zambell et al., 2003; Wong et al., 2006a) or hepatic (Gonzalez-

Manchon et al., 1989; Perry et al., 2016). However, astrocytes are the only brain cell 

type able to utilize SCFAs as energy substrate. Sodium-Acetate is transported into 

cells by  monocarboxylate mediated transport  (MCT) (Wyss et al., 2011). Astrocytes 

can be avidly take up SCFAs by MCT (Nguyen et al., 2007; Wyss et al., 

2011)(Waniewski and Martin, 2004). Propionate is exclusively utilised by astrocytes, 

although it can be taken up by neurons. The inability of neurons to metabolize 

propionate may be due to lack of mitochondrial propionyl-CoA synthetase activity or 

transport of propionyl residues into mitochondria (Nguyen et al., 2007). When 

glucose is not available astrocytes can utilise alternative sources of energy, such as 

SCFAs or ketone bodies (Valdebenito et al., 2015). Astrocytes are the only cells able 

to perform β-oxidation of fatty acids in the brain (Edmond et al., 1987; Schulz et al., 

2015) allowing a 20% brain oxidative production (Ebert et al., 2003). Astrocytes 

utilize SCFAs to supply substrates for the tricarboxylic acid cycle (TCA) (Nguyen et 

al., 2007) resulting in increased glutamine and glutamate production (Gibbs et al., 

2011). 

 
1.4 DIET 

Dietary habits, nutritional status and lifestyle factors have a major influence on 

chronic degenerative diseases, including AD ((Livingston et al., 2017). Currently, 

there are no effective pharmacological therapies to cure or stop the progression of 

AD. However, recent reports indicate that lifestyle factors might modulate an 

individual’s risk of developing dementia (Livingston et al., 2017). Particularly 
ingestion of healthy decrease the incidence of dementia and brain atrophy 

(Scarmeas et al., 2006; Gu et al., 2015; Valls-Pedret et al., 2015; Anastasiou et al., 

2017; Wu and Sun, 2017). 

 
1.4.1. Effect of diet on Alzheimer´s Disease incidence 
The National Institute on Aging (NIH) and the Alzheimer’s Association guidelines for 

AD and cognitive decline introduced some evidence suggesting a direct relationship 

between diet and changes in the brain function. In particular, higher adherence to a 

Mediterranean-type diet has been associated with decreased cognitive decline 



18 
 

(Solfrizzi et al., 2017). Furthermore, combinations of foods and nutrients into certain 

patterns may act synergistically to provide stronger positive effects on cognition than 

those conferred by their individual dietary components (Solfrizzi et al., 2017). The 

mediterranean diet (MED) is characterized by high consumption of fruits, vegetables, 

legumes and cereals, olive oil as the main added lipid, moderate consumption of 

alcohol (mainly wine and during meals) and low consumption of red meat and dairy 

products. Adherence to this kind of diet may affect not only the risk of AD, but also of 

predementia syndromes and their progression to overt dementia  (Giliberto et al., 

2010; Gardener et al., 2014; Singh et al., 2014; Zbeida et al., 2014; Morris et al., 

2016; Solfrizzi et al., 2017). 

Ingestion of MED also contributes to lower hippocampal volume loss and decrease 

structural connectivity in older individuals (Pelletier et al., 2015; Jacka et al., 2017). 

Preclinical studies corroborates that administration of a variety of vitamins or 

nutraceuticals or plant extracts can significantly decrease appearance of multiple 

AD´s biomarkers, as well as reduce or delay decline in cognitive performance and 

behaviour in rodent models. Administration of a combined polyphenolic preparation 

(grape seed extract, resveratrol and Concord grape juice extract) improved long-term 

potentiation deficits induced in hippocampal slices following treatment with 

oligomeric Aβ (Wang and BiW, Cheng A, 2014). Cocoa extracts interfered with Aβ 

oligomerization and impaired signalling in murine hippocampal slices (Wang J, 

Varghese M, Ono K, 2014), while quercetin showed significant anti-inflammatory and 

antioxidant properties and in cell cultures has been shown to attenuate Aβ 

production (Creegan et al., 2015). 

It is not clear the mechanism of action of ingestion of MED and similar diets. 

However, it has been postulated that content of bioactive food (BF) may play an 

important role on their beneficial effects. BF is food that besides its nutritional value 

offers additional benefits against a disease condition (Weaver, 2018). We have 

previously demonstrated that ingestion of BF was able to modify GM, restoring 

glucose levels, oxidative stress in liver and brain, reducing LPS plasma levels, 

neuroinflammation, and causing improved cognitive abilities in obese rats (Avila-

nava et al., 2016; Sánchez-Tapia et al., 2017).  

In the present study we used combination of BF which includes chia seed oil, 

dehydrated nopal, soy protein and turmeric root. We have used a combination of 

these foods because they may create a synergistic effect (Allès et al., 2012; Nichols 
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et al., 2015). Chia seed (Salvia hispanica) has high amount of omega-3 fatty acids; 

quercetin, kemperin, and fiber). Chia seed regulates the expression of PPARα, PGC-

1α and CPT1, resulting in an increased fatty acid oxidation (Tovar et al., 2011; 

Guevara-cruz et al., 2012). Decosahexaenoic acid (DHA) is the most well-known 

omega-3 fatty acid in chia. Dietary administration of DHA reduced the amyloid 

burden from Aβ infused brains, with concurrent increases in DHA levels in the 

cortico- hippocampal tissues (Hashimoto and Hossain, 2011). There are no reports 

regarding the effect of chia seed in AD-mouse model.  

Nopal (Opuntia cacti) is rich in soluble fibers (mucilage and pectin), insoluble fiber 

(cellulose, hemicellulose, lignin), β-carotenes, polyphenols and vitamin C, showing 

strong antioxidant activity (Sanchez-Tapia et al., 2017). Nopal  is reported to be a 

pre- and pro-biotic due to is important metabolic effects in patients with metabolic 

syndrome or obesity (Guevara-cruz et al., 2012). Moreover, it regulates GM by 

increasing probiotic microorganisms (Bacteroidetes, Lactobacillus, Akkermancia, 

Bifidobacterium) and decreasing Firmicutes (Sanchez-Tapia et al., 2017). Sanchez-

Tapia et al shown that ingestion of nopal improve cognition in obese rats (Sanchez-

Tapia et al., 2017). There are no reports on effect of nopal consumption in  AD 

patients nor in transgenic mice.  

Soy (glycine max), contains flavonoids (genistein and daidzein) and it is able to 

regulate expression of PPARα, PGC-1, SREBP-1, and SREBP-2 having a negative 

effect on lipogenesis and insulin secretion (Ascencio et al., 2004; Tovar et al., 2005; 

Guevara-cruz et al., 2012) but there is a lack of information about the effects of soy 

in AD. 

Turmeric (Curcuma long) contains principle bioactive compound curcumin. It has 

antioxidant, anti-inflammatory and anti-cancer properties. Curcumin inhibits 

inflammatory cytokine secretion in experimental systems (Chandra et al., 2001). 

Furthermore, curcumin was shown to reduce Aβ level in-vivo (Wang et al., 2010) and 

in-vitro AD models (Zhang et al., 2010). Epidemiological studies performed in India 

(where Turmeric is highly consumed) show that AD incidence is the lowest among 

the World population associated with the high amount of curcumin in the diet 

(Chandra et al., 2001). However, so far there are few reports regarding the effect of 

the whole turmeric on the cellular metabolism or cognitive decline in AD-model.  
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1.5 TRANSGENIC MICE MODEL OF ALZHEIMER´S DISEASE 

Transgenic (TG) models mimic a range of AD–related pathologies. Although none of 

the models fully replicates the human disease, TG models have contributed 

significant insights into the pathophysiology of AD. They have also been widely used 

in the preclinical testing of potential therapeutic modalities and have played a pivotal 

role in the development of immunotherapies for AD that are currently in clinical trials. 
Caenorhabditis elegans (C. elegans) and Drosophila melanogaster are TG useful 

model to study common and fundamental toxic mechanisms underlying human 

neurodegenerative diseases. They both offers advantages in terms of the high 

degree of experimental control and the relatively short life span of the organisms. 
Unfortunately, although the C. elegans genome includes genes encoding proteins 

related to human APP, these genes do not possess the region encoding the 

neurotoxic Aβ (Carlo, 2012). Drosophila model of AD generates an aberrant species 

of Aβ with an additional N-terminal glutamine residue (Allan et al., 2014). Thus, 
despite being commonly used model of AD, C. elegans and D. melanogaster 

generates different Aβ peptides than present in human and other invertebrates. TG 

mice are commonly used as models for neurodegenerative diseases, because they 

have comparable, not identical, brain networks and neurobiological processes with 

humans.  Numerous TG mouse models harbouring single or combinations of familial 

AD-associated mutations are used in research. TG AD models have greatly 

contributed to the advancement of AD research, and based on the unique properties 

of each mutation, they remain highly useful to study specific aspect of the disease 

process.  

Over expression of mutant APP is the most common strategy to generate a TG 

mouse model of AD, and it has been widely used to develop PDAPP, Tg2576 mice, 

Nopal Turmeric Chia 
 

Soy protein 



21 
 

APP23 and TgCRND8 transgenic mice, among others. Over-expressions of mutant 

presenilins (PS) have been used to develop PS1 or PS2 transgenic mice. 

Overexpression of mutant APP and PS have been used to develop APPPS1 mice 

and 5X FAD mice. Tau (P301L) mutation was used to develop TG mouse called 

JNPL3 (Elder et al., 2010; Kitazawa et al., 2012). TG mice overproducing mutant 

APP develop a pathology similar to the human AD brain; Aβ  plaques found in the 

brains of AD transgenic mice are structurally similar to those found in the human 

brain (Laferla and Green, 2012). 

However single expression of mutant APP, PS1 or tau gene in mice does not trigger 

the other pathology. To overcome this issue, mouse model have been developed 

that successfully exhibits both hallmark pathologies in AD:  3xTg-AD mouse is one 

such model (Kitazawa et al., 2012).  

1.5.1 Triple transgenic mouse model (3xTg-AD): 

The 3xTg-AD mouse is one of many mouse models of AD, it harbours three 

transgenes: a human APP associated with familiar AD (APPswe); a mouse PS1 

gene carrying a human mutation also associated with familiar AD (PS1M146V); and 

a human gene associated with tau pathology (TauP301L). This mouse, was created 

by Salvatore Oddo, in the laboratory of Frank LaFerla, in California. 3xTg-AD mouse 

was created by adding the tau and APP mutations to a mouse with the PS1M146V 

mutation. This model mimic major pathological hallmarks of human AD (Aβ load and 

tau hyperphosphorylation) and develop an age-dependent cognitive decline (Oddo et 

al., 2003a, 2003b). It has been shown that the accumulation Aβ and tau proteins 

increases gradually with age in 3xTg-AD mice (Ontiveros-Torresa et al., 2016). 

According to Oddo et al. (2003a) this mouse presents intra-neuronal Aβ between 3 

and 4 months of age in the CA1 region of the hippocampus, and extracellular 

deposits are evident at 6 months in the frontal cortex (layers 4 to 5) but they can be 

seen more frequently at 12 months old. However Mastrangelo and Bowers, 2008 

reported that intra-neuronal Aβ occurs at 6 months and extracellular deposits are 

present until 15 months of age in CA1, suggesting that the discrepancies may be 

due to the type of antibodies used (Mastrangelo and Bowers, 2008). 3xTg-AD mice  

show behavioral phenotype similarities as observed in patients, such as cognitive 

deficiencies (Billings et al., 2005)(Guzmán-Ramos et al., 2012), the loss of episodic 
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memory (Davis et al., 2013), circadian changes, anxiety, and agitation (Sterniczuk et 

al., 2010). It also has deficiencies in learning and spatial memory as well as  

emotional disturbances since the age of 4 months (Cañete et al., 2015).  

1.5.1.2 PATHOLOGICAL ALTERATIONS IN 3xTg-AD MICE 

3xTg-AD mice exhibit a broader spectrum of AD pathologies. It has been reported to 

have metabolic, synaptic and GM alteration described earlier in the introduction 

GM alterations have been reported in 3xTg-AD mice also. Principal component 

analysis revealed significant differences in GM structure between the wild type and 

3xTg-AD mice, while probiotic formulation restored GM composition and this was 

associated with improvement in cognition (Bonfili et al., 2017). 

3xTg-AD mice also showed  episodic-like memory deficit  that could be due to the 

development of an abnormal hyper-excitable state in the hippocampal formation 

(Davis et al., 2014). 

 



23 
 

Table 1. Pathological alterations reported in 3xTgAD mice 

 

 

Age (months-old) Marker Outcome Reference 

Male mice 

8, 12, 18 and  24-
weeks-old  

GM composition  Altered Bonfili et al., 2017 

4 – 6, 13  months-old  Episodic and spatial 
memory 

Decreased Davis et al., 2014 
Morin et al., 2016 

4 - 6, 10, 13 months 
old 

Synaptic activity Increased  Davis et al., 
2014;Morin et al., 
2016;Arsenault et al., 
2011 

7 months-old  Neuronal glycolysis Increased Sancheti et al., 2014 

8  months-old  Lactate in plasma Increased Piquet et al., 2018 

8  months-old  p- GSK3β/GSK3β Decreased Zhang et al., 2017 

8  months-old  p-AMPK Decreased Zhang et al., 2017 

12  months-old   SIRT in hippocampus Decreased Rodriguez-ortiz et al., 
2014 

Female mice 
3  months-old  Mitochondrial 

respiration 
Decreased Yao et al., 2009 

4 - 6  months-old  Memory (episodic) Decreased Davis et al., 2014 

6, 14  months-old  Glucose tolerance  Decreased Giménez-Llort et al., 
2010;  Vandal,  et al. 
2017 

6, 14  months-old  Weight Increased Giménez-Llort et al., 
2010;  Vandal,  et al. 
2014 

8  months-old Lactate in plasma Increased Piquet et al., 2018 

8  months-old p- GSK3β/GSK3β Decreased Zhang et al., 2017 

8  months-old p-AMPK Decreased Zhang et al., 2017 

9  months-old Insulin signalling Altered Chen et al., 2014 
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Synaptic hyperactivity has been reported in 3xTg-AD mice. Patch-clamp recording 

revealed that 3xTg-AD mice entorhinnal cortex neurons displayed loss of cell 

capacitance, increase of firing rate and overactivation of glutamatergic synapses 

(Arsenault et al., 2011). Pascal et al reported that the basal percentage of Arc-

expressing cells in 10-month-old 3xTg-AD mice was higher than wild type in CA3 

(Morin et al., 2016b).  

Regarding metabolic alterations in this mouse strain, a nuclear magnetic resonance 

(NMR) study reported increase in neuronal glycolysis in 7-months old 3xTg-AD mice 

(Sancheti et al., 2014), and a recent metabolomic study revealed higher lactate 

plasma level in 8-months old 3xTg-AD mice, that could result from a higher neuronal 

glycolytic flux (Piquet et al., 2018). Mitochondrial functional analyses in female 3xTg-

AD mice revealed decreased mitochondrial respiration and decreased pyruvate 

dehydrogenase protein level and activity and increased oxidative stress. Moreover, 

embryonic neurons derived from 3xTg-AD mouse hippocampus exhibited 

significantly decreased mitochondrial respiration and increased glycolysis (Yao et al., 

2009). In the hippocampus and cortex of 3xTg-AD mice the ratio of p-GSK3β/GSK3β 

significantly decreased compared with WT mice (Zhang et al., 2017b), while p-AMPK 

is reported to significantly decreased in the cortex of 3xTg-AD mice compared with 

WT mice (Zhang et al., 2017b). SIRT-1 levels have been reported to be significantly 

lower in the hippocampus of twelve-month old 3xTg-AD mice (Rodriguez-ortiz et al., 

2014). Furthermore, female  3xTg-AD mice showed decreased glucose tolerance as 

compared to non-Tg mice after intraperitoneal injection of glucose (Giménez-Llort et 

al., 2010; Do et al., 2018). Twelve-month Female 3xTg-AD mice showed glucose 

hypo-metabolism in hippocampus, frontal and temporal cortices (Sanguinetti et al., 

2018). 

Brain insulin signalling was also deregulated in the 3xTg-AD mice, as significant 

decrease in the levels of IRβ, p-IRβ, PI3K, PDK1, AKT, and p-AKT, and an increase 

level of p-PDK1 was found in brain samples compared to WT control mice. 

Intranasal insulin treatment for seven days, resulted in restoration of insulin 

signalling and 50% reduction of the Aβ 40 level in 3xTg-AD mice (Figure 6)(Chen et 

al., 2014). 
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Figure 6. Insulin signalling in 3xTg-AD mice: Homogenates of the rostral halves of brains from mice 
sacrificed after intranasal administration of insulin (ins) or saline (veh) for seven days were 
analyzed by Western blots developed with the indicated antibodies. Taken from Chen et al., 
2014 

 
Female 3xTg-AD mice are reported to be heavier than non-Tg mice (Gim´enez-Llort 

et al., 2010; Arsenaul et al, 2011). In addition, female 3xTg-AD mice showed 

decrease in corticosterone levels and thymus weight and increase in fat as 

compared to non-Tg mice (Gim´enez-Llort et al., 2010).  

The pathological hallmarks are also more prominent in female 3XTg-AD mice, as 

amyloid plaques, neurofibrillary tangles, neuroinflammation, and spatial cognitive 

deficits are greater than males (Yang et al., 2018). Furthermore, female 3xTg-AD 

mice exhibited greater cognitive deficits compared to age-matched male 3xTg-AD 

mice (Clinton et al., 2007). 

Thus, 3xTg-AD mice resemble all the pathological markers observed in AD patients 

(see Table 1), and we consider it is an ideal model to assess brain and GM 

alterations after ingestion of BF.   
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2. JUSTIFICATION 

AD is an age-related disease becoming markedly more common as the world’s 

population ages. In 2016, there were more than 46 million people worldwide with 

dementia, and this number is expected to increase to over 115 million by 2050. 

Given the heavy economic and social burdens of AD, major emphasis is being 

placed on understanding its pathogenesis and developing early diagnosis and 

effective intervention. AD pathogenesis is a multifactorial disease that conveys 

different mechanistic pathways. This may explain the fact that currently, there are no 

effective pharmacological therapies to cure or stop the progression of AD. However, 

non-pharmacological approaches, such as ingestion of healthy diet or pro/pre-biotic 

supplementation ameliorates AD progression.  

GM composition differs in AD patients and TG mice compared to their controls. GM 

modulates amyloid aggregation and neuroinflammation. However, it is not clear what 

factor(s) might be involved in this bidirectional gut-brain axis. 

Bioactive food ingestion can modify GM composition and reduces 

neuroinflammation. However, it has not been evaluated whether BF may impact 

synaptic and metabolic alterations present in AD pathology, and which factors may 

be involved on this modulation. 

Thus, we aimed to reveal whether the mechanism of action of ingestion of BF 

depends on modulation of GM and its released substances in a TG mice model.  

 

3. HYPOTHESIS 

• Bioactive food ingestion will alleviate the course of Alzheimer´s pathology by 

modulation of the gut-brain axis. 

• Butyrate will decrease glycolysis while propionate will increase it in 

astrocyte/neuronal mixed culture.  

4. GENERAL OBJECTIVE: 

I. To describe the impact of ingestion of bioactive food on Alzheimer´s 

pathology with special focus on synaptic and metabolic alterations and the 

modulation of the gut-brain axis in a TG mice model. 
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II. To evaluate the effect of short-chain fatty acids treatment on astrocyte 

metabolism in primary mixed culture by using FRET sensors.  

5. PARTICULAR OBJECTIVES:  

1) Part 1.- Transgenic mice fed with bioactive food: 

I.I) Evaluate memory performance.  

I.II) Evaluate markers of Alzheimer´s pathology (Aβ load and Tau hyper-

phosphorylation).   

I.III) Determine the levels of synaptic proteins. 

I.IV) Determine the levels of proteins involved in cellular metabolism. 

I.V) Analyse markers related to neuroinflammation.  

I.VI) Analyse gut microbiota diversity, quantify lipopolysaccharides levels in 

plasma, and propionate concentration in the brain. 

2) Part II.- Mixed neuron/astrocyte cell culture treated with propionate or butyrate. 

II) Evaluate the effects of propionate and butyrate on astroctye metabolism. 

II.I) Evaluate the effect of propionate, butyrate and beta-hydroxybutyrate in 

astrocyte glycolytic rate. 

I.III) Evaluate the effect of propionate, butyrate and beta-hydroxybutyrate on 

lactate production. 
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6. PART 1 

Bioactive food abates metabolic and synaptic 
alterations by modulation of gut microbiota in 

a mouse model of Alzheimer’s disease 

(Manuscript accepted for publication in Journal of Alzheimer´s Disease) 
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6.1. Experimental design: Female 3XTg-AD transgenic mouse (TG) (RRID: 

MMRRC_034830-JAX) harbouring the APPSWE and TauP301L transgenes on a 

PS1M146V knock-in background (homozygous mutant APPSWE, PS1M146V, and 

TauP301L), and female wild type (WT) B6129SF1/J (RRID:IMSR_JAX:101043) from 

same genetic background as PS1M146V knock-in mice, but harbouring the 

endogenous wild-type mouse PS1) (both Jackson Laboratory, Bar Harbor, ME, USA) 

were used for the study. All mice were housed with access to food (Purina 

RodentChow5001) and water ad libitum, and under optimal vivarium conditions (12 

h/12 h light–dark cycle, 20 ◦C, and 40–50% relative humidity). Animal management 

was supervised by a licensed veterinarian in accordance with the principles set forth 

in the NIH guide for the care and use of laboratory animals, and was approved by 

the Bioethics Committee of the Instituto de Neurobiología, UNAM. This work was 

carried out in accordance with the EU Directive 2010/63/EU for animal experiments 

and the ICMJE Uniform Requirements for manuscripts submitted to biomedical 

journals.  

Once animals reached two months of age, they were housed individually and feed 
with two types of diet: 1) Control diet (TG-AIN, n=7; WT-AIN, n=9), prepared 

according to the American Institute of Nutrition recommendations (Reeves, 1997); 2) 
Bioactive Food diet (TG-BF, n=10), with similar composition as AIN-93 diet, except 

that cellulose was exchanged by dried nopal (5%), casein by soya protein (19.4%), 

soy oil by chia seed oil (9%), adding 0.1% turmeric (Table 2) (see Figure 7 for 

experimental design) 
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Figure 7.  Schematic diagram of Experimental design 

 

Both diets offer equal nutritional requirements and same calories/g, but BF diet had 

stronger antioxidant activity versus AIN93 by the ORAC method (Table 2). Diets 

were administered in a dry form (5 g/day, per animal) during 7 months. In average, 

animals ate both diets without any preference, with an average of 2.2 g/day. Body 

weight and food intake was monitored over the course of the protocol. 
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TABLE-2: Composition of experimental diets (g/kg diet) 
 

CONTROL (AIN-93) BIOACTIVE FOOD (BF) 

Ingredients g/kg Ingredients g/kg 
Cornstarch 397.486 Cornstarch 373.30 

Casein 200 Soy protein 194 
Maltodextrin 132 Maltodextrin 132 

Sucrose 100 Sucrose 100 
Soy oil 70 Chia seed oil 90 

Cellulose 50 Nopal 50 
Mineral mix 35 Mineral mix 35 
Vitamin mix 10 Vitamin mix 10 
L-Cysteine 3 L-Cysteine 3 

Choline 2.5 Choline 2.5 
TBHQ 0.014 TBHQ 0.014 

  Turmeric 1 

Energy (Kcal/g) 3.9  3.9 

Anti-oxidant activity 
(Equivalent Trolox:  

µm/g of sample) 

166.4 ± 34.61  1540 ± 

110.2*** 
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6.2. Cognitive assessment 

Spatial and short-term working memory was evaluated by the T-maze (Deacon and 

Rawlins, 2006). It is an ideal test to examine differences in the cognitive outcome of 

behavioural tasks without stress components (i.e. water maze) even in early stages 

of AD pathology (Davis et al., 2017). T-maze performance is affected by lesions to 

the hippocampal system and other brain areas, such as the prefrontal cortex (PFC) 

(Gerlai, 1998), whereas the hippocampus is a region heavily affected in AD. Three 

days before finalizing dietary intervention, behavioural testing was performed. In 

order to habituate the animals for the behavioural test, animals were placed in the 

behavioural room during 1 hour, one day before testing. 

 

 

 

Briefly, a T-shaped maze Plexiglas apparatus with starting arm (8.5 × 10.5 × 33.0 

cm), and the two choice arms (8.5 × 10.5 × 30.0 cm) was used as previously 

described (Deacon and Rawlins, 2006). T-maze consisted of two phases: 1) Sample 

phase: animals were placed at the start arm, and allowed to choose between one of 

the two choice arms. A central divider was inserted into the start arm to create a start 

box. Once animals have chosen an arm, they are confined there for 30 seconds, 

thereafter the door was reopened and allow mice to return to the start arm. Animals 

were finally removed and returned to their cage. 2) Choice phase: Two minutes later, 

animals were placed again in the start arm, but without the central divider, and 

allowed them to choose an arm. If the animal choose two different arms in both 

phases, this is counted as spontaneous alteration. Two hours later the procedure 

 T - MAZE TEST 
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was repeated. Three trials were given on each day, during two days, with a total of 6 

trials per animal. Percentages of spontaneous alternations were calculated from total 

of correct arm entries. Experiments were recorded with a Sony DCR TRV280 

camera, which was connected to a computer equipped with in-house develop 

software to track animals trajectory.  

 

6.3.Tissue Preparation 
One day after behavioural testing mice were sacrificed by cervical decapitation, 

plasma and brain were immediately collected for further analysis. Brain was divided 

into two halves. Right hemisphere was dissected out and PFC and cortex (CX) were 

separated. Tissues were snap frozen in liquid nitrogen and stored at -70°C until 

processing for Western blot and SCFAs analysis. Left hemisphere was post fixed in 

4% paraformaldehyde for 48 hours at 4°C for immunohistochemistry and 

immunofluorescence analysis. For this, brain tissue was cryoprotected by immersion 

in 30% sucrose/PBS for 4 days. Coronal brain slices (40 μm thickness, from Bregma 

-2.18 mm to Bregma -2.54 mm) were obtained with a sliding microtome (Leica Jung 

histoslide 2000R). All sections were immersed in cryoprotectant solutions for light 

microscopy and immunofluorescence, as described previously (Rodriguez-Callejas 

et al., 2016), and stored at -20°C until use.  

6.4.Immunohistochemistry: 

Detection of hyperphosphorylated tau was achieved by use of AT-100 antibody 

(1:250), and Iba-1 antibody (1:100) for microglia detection. Briefly, sections were 

thoroughly washed with PBS, and permeabilized with 0.2% Triton in PBS (0.2% 

PBS-triton) for 20 min. Endogenous peroxidases were inhibited by incubation in 

0.3% H2O2 in PBS for 10 min. Tissue sections were washed three times for 10 min 

each, in 0.2% PBS-triton. Non-specific binding was done by incubation in 5% bovine 

serum albumin (BSA, Sigma) in PBS for 5 min. Subsequently, sections were 

incubated with primary antibodies, all diluted in 0.2% PBS-triton, washed and 

incubated with respectively secondary peroxidase-conjugated antibodies (Table 3) in 

0.2% PBS-triton for 2 h at room temperature. Hydrogen peroxide (0.01%) and 3,30-

diaminobenzidine (DAB) (0.06%) in 0.2% PBS-triton was used to develop the 

horseradish peroxidase enzymatic reaction. The enzymatic reaction was stopped 

with 0.2 % PBS-triton and then sections were mounted on glass slides and left to dry 
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overnight. To evaluate the presence of amyloid aggregates, we used BAM-10 
antibody that recognized Aβ 1-40 peptide. We also tested an anti-Aβ 1-42 antibody, 

however, we could not detect immunoreactivity in TG mice, probably due to the early 

stage of the pathology. Dry sections were cover slipped with mounting medium 

Entellan (Merck). For amyloid beta staining, tissue sections were washed three times 

in PBS during 5 min, then incubated in formic acid (89.8%) for 10mins, followed by 

three times washing in PBS for 5 min each. Sections were incubated in solution of 

H2O2 (30%) + Methanol (10%) for 30 mins followed by washing in PBS and then 

incubated in 0.1% PBS-tween for 15mins, followed by incubation in 5% goat serum 

(Vector) in PBS-triton for 30mins. Thereafter, sections were incubated with BAM-10 

(1:1500) in 5% goat serum in PBS-triton for 18 hrs at 4°C. After washing in PBS, 

sections were incubated with secondary antibody (Table 3) in 0.2% PBS-triton for 2 

hrs at room temperature. Subsequently, sections were washed and incubated with 

the avidin-biotin complex (ABC Kit; Vector Laboratories) in 0.2% PBS-triton for 2 hrs 

according to the manufacturer’s instructions. Finally, antibody binding was visualized 

with the chromogen DAB (DAB Peroxidase Substrate Kit; Vector Laboratories) 

0.025%, with 0.01% H2O2 as a catalytic agent. Sections were washed with PBS, 

dehydrated by serial dilution in ethanol, and mounted with Eukit (Fluka). Control 

sections for all antibodies were processed without the primary antibody. 

6.5. Immunofluorescence:  
For immunofluorescence staining, sections were washed in PBS and pre-treated 

with citrate buffer 20X (Sigma), at 94°C for 10 min, and then permeabilized with 

0.2% PBS-triton for 20 min. Thereafter, sections were treated with 5% BSA for 5 min, 

and incubated with primary antibodies (Table 3): anti-Glial Fibrillary Acidic Protein 

(GFAP, 1:500), anti-Sirtun-1 (SIRT1, 1:500) (Table 3), all diluted in 5% horse serum 

(Vector Laboratories, S-2000) during 48 hrs at 4°C. Then, tissue was washed with 

0.2% PBS-triton, and incubated with respective secondary antibodies (Table 3) in 

0.2% PBS-triton. All sections were co-incubated with DAPI (4',6-Diamidino-2-

Phenylindole, Dihydrochloride, Invitrogen) in 0.2% PBS-triton for 30 min, washed 

and mounted on glass slides. After drying they were cover slipped with mounting 

medium Vecta shield (Vector Laboratories). Control sections were processed without 

the primary antibody. 
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TABLE-3: List of Primary antibodies and secondary antibodies used in the current 
study 

Primary antibodies 

Antibody Host/Isotype Brand Catalog 
number 

Anti p- AMPK Rabbit/ IgG Santacruz biotechology sc-33524 
AMPK Rabbit/ IgG Santacruz biotechology sc-74461 
ARC Mouse/IgG Santacruz biotechology sc -17839 

AT100 Mouse/IgG Jackson ImmunoRes 111-175-166 
BAM-10 Mouse/IgG Sigma A3981 
FFAR 3 Rabbit/ IgG My biosource MBS7003084 
GFAP Mouse/IgG Cell Signaling 3670 

GLUR1 Rabbit/ IgG GeneTex GTX 61101 
p-Gsk3-β Rabbit/IgG Cell signalling 9331 
Gsk3-β Rabbit/IgG Santacruz biotechology sc-9166 

Human Tau Mouse/IgG Thermo scientific MN1000 

Anti-Iba-1 Rabbit/IgG Wako Chemicals 019-19741 
PGC-1α Rabbit/IgG Abcam ab54481 
PSD 95 Mouse/IgG Thermo scientific 7E3-1B8 
SIRT1 Rabbit/IgG Santacruz sc -15404, 

Synaptophysin Rabbit/IgG Abcam ab32127 
Tau 231/AT180 Mouse/IgG Thermo scientific MN1040 

Secondary antibodies 

Peroxidase-conjugated 
anti-mouse 

Goat/IgG Jackson ImmunoRes 115-035-146 

Peroxidase-conjugated 
anti-rabbit 

Goat/IgG Jackson Immuno 
Research 

111-035-144 

Biotinylated anti-rabbit Horse/IgG Vector Laboratories BA-1100 

Cy3-conjugated  

anti-rabbit 

Donkey/ IgG Jackson ImmunoRes 711-165-152 

Cy5-conjugated  

anti-mouse 

Goat/ IgG Jackson ImmunoRes 115-175-166 

ALEXA488-conjugated 
anti-mouse 

Goat/IgG Jackson ImmunoRes 115-545-166 

ALEXA488-conjugated 
anti-mouse 

Donkey/IgG Jackson ImmunoRes 715-545-150 

ALEXA647-conjugated 
anti-goat 

Donkey/IgG Jackson ImmunoRes 705-605-147 
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6.6.Image acquisition and analysis: 

Leica DMI6000 inverse microscope was used to acquire bright-field images under 

40x objective for BAM-10, AT100 and iba-1. For fluorescent labeling, a laser 

scanning microscope (Leica TCS-SP8) with argon (488 nm), and helium/neon (543 

nm) lasers and with optimized pinhole diameter was used. For GFAP and SIRT1 we 

used a 20X objective (SIRT zoom 4), whereas for double labeling of SIRT1 and 

GFAP, a 40X objective was used. Images were obtained by using system optimized 

z-stacks parameter (10 stacks, each stack 1.385 μm) in Z axis, projected and 

analyzed in a two-dimensional plane. Stacks were superimposed as a single image 

by using the Leica LAS AF 2.6.0 build 7268 software. 
Iba-1+ cells located in the striatum (st.) radiatum from CA1 hippocampal region were 

quantified based on their morphological characteristics, according to previous reports 

(Streit et al., 2004, 2009; Rodriguez-Callejas et al., 2016). Microglia cells were 

classified as: inactive (displaying a slight ramified morphology and small rounded 

soma), or active (hypertrophic soma and with extensively thick and branched 

processes). Number of astrocytes labeled with GFAP were quantified in st. radiatum, 

st. oriens of CA1 hippocampal region, and layers I-V from entorhinal cortex (Ent. cx). 

We have differentiated in sub-areas of CA1 region because previous reports indicate 
stratum-specific alterations in hippocampus of TG mice (Perez-Cruz et al., 2011a).  

Brightfield images were acquired at the same exposure light, and tissue background 

staining was subtracted from optical density values from fiber tracts within the same 

section, e.g., corpus callosum (Perez-Cruz et al., 2011a). Threshold was determined 

by identifying best signal-to-noise ratio from at least 4-5 images, and averaging 

threshold values from those images. All images were analyzed with that averaged 

threshold (Herline et al., 2018). Immunoreactive signal was evaluated by using the 

plugin “measure” in Image J 1.49v (NIH, open access) as previously reported 

(Rodriguez-Callejas et al., 2016).  

Immunoreactivity against BAM-10 showed scarce amyloid aggregates (i.e. plaques) 

in subiculum (Fig. 2). BAM-10 staining was mainly as intracellular aggregates (Fig. 

2). Thus, images obtained from subiculum were used to quantify number of plaques, 
while st. pryramidale of CA1 region of the hippocampus, and Ent. cx (layers III-V) 

were used for quantification of intracellular aggregates.  
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For BAM-10 and AT100, percentage of area stained was calculated in a determined 

area (BAM-10: 0.00614357142 mm2 in CA1, and 0.0933945 mm2 in cortex; AT100: 

0.001314 mm2). The percentage of area stained was calculated as the sum of areas 

with aggregates divided by the total area analyzed, and multiplied by 100.  

For quantification of microglia cells and astrocytes, the total number of iba1+ and 

GFAP+ cells were measured as number of cells / number of images x single image 

area (Iba1: 0.089355 mm2; GFAP: 0.0338578125 mm2).  

SIRT1 immunofluorescence was evaluated in hippocampal region. We used the 

plug-in “Analyse particles” of Image J 1.49v (NIH, open access) adjusting size and 

circularity of particles immunereactive to SIRT1. We summed the total number of 

particles quantified per area (st. radiatum: SIRT; 0.00185165 mm2; st. oriens: 

SIRT:0.0015mm2) in at least 3 images per animal. For detection of SIRT1 in GFAP+ 

cells, we first located SIRT1 immunoreactivity in the nucleus of GFAP+ cells labeled 
with DAPI in st. radiatum of CA1 hippocampal region. Then, SIRT1 signal intensity 

was analyzed by Image J plugin “measure” only in the nucleus, as described above. 

In all staining, one image (with 20x objective) or two images (with 40x objective) per 

slice, 3 slices per animal, and at least 5 animals per group were analyzed, yielding 5 

values for statistical analysis.  

6.7. Western blot: 
Cortex was homogenized in RIPA buffer (150 mM sodium chloride, 1.0% NP-40 or 

Triton X-100, 0.5% sodium deoxycholate, 0.1% sodium dodecyl sulphate, 50 mM 

Tris, pH 8.0) (10% weight/volume). Homogenates were centrifuged at 13000 rpm for 

15 min at 4 °C. The purified total protein was quantified by the Lowry assay (Bio-Rad 

DC Protein Assay Kit) method. Samples (40 µg proteins) were separated on SDS-

PAGE (10%–12%) and then transferred onto a polyvinylidene difluoride (PVDF) 

membrane. Blots were blocked with 5% blotting grade non-fat dry milk (Bio-Rad, 

Hercules CA, USA) or  with 1% casein (C3400, Sigma) for p-AMP, p-GSK 3β, p-

Tau231, for 1 hour at room temperature and incubated overnight at 4 °C with the 

primary antibodies as described in table 3: ARC (1:250), GLUR1 (1:500), PSD 95 

(1:1000), Synaptophysin (1:1000), AMPK (1:1000), p-AMPK (1:1000), Gsk3-β 

(1:250), p-Gsk3-β (1:500), FFAR 3 (1:250), Human Tau (1:250), Tau 231/AT180 

(1:250), Malondialdehyde (MDA) (1:1000). Membranes were washed with TBS-T 

(TBS +0.05% Tween20), and then incubated with a horseradish peroxidase linked to 
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secondary antibody (Table 3). As loading control we used α-Actin (1:1000). 

Immunoreactive bands were visualized by enhanced chemiluminescence ECL for 

routine immunoblotting (Mruk and Cheng, 2011) using Chemidoc (Bio rad 

XRS+SYSTEM). The western blots were performed at least 3 times using 

independent blots. Densitometry analysis was performed using NIH image J 

software. Values were normalized with actin and expressed as fold increase. 
 

6.8. Microbiota analysis by real time PCR: 

DNA isolation and sequencing. Fecal samples were collected for each animal 

during the habituation day (three days before sacrifice). Animals were placed during 

20 min in a Plexiglas arena (50 cm x 50 cm) previously cleaned and disinfected. At 

least 100 gm of feces pellets were collected per animal, immediately frozen and 

stored at −70 °C until use. Bacterial DNA was extracted using the QIAamp DNA Mini 

Kit (Qiagen, Valencia, CA, USA) according to the manufacturer’s instructions. MiSeq 

platform was used for the sequencing of the samples and then genomic libraries of 

the regions V3 and V4 of the 16S gene were generated, using primers for those 

regions that also contained an overhang adapter specified by Illumina (F: 5′-

TCGTCGGCAGCGTCAGATGTGTATAA GAGACAGCCTACGGGNGGCWGCAG-3′ 

and R: 5′-GTCTCGTGGGCTCGGAGA TGTGTATAAGAGACAGGACTACH 

VGGGTATCTAATCC-3′). The amplicons of the V3 and V4 regions were generated 

by PCR reactions containing genomic DNA (5 ng/μL in 10mM Tris pH 8.5), high 

Fidelity DNA polymerase 2× KAPA HiFi HotStart ReadyMix and primers (1μM). This 

mixture was placed into the thermal cycler and run through the following program: 3 

min at 95 °C, followed by 25 amplification cycles consisting of denaturation (30 s at 

95 °C), alignment (30 s at 55 °C) and elongation (30 s at 72 °C). The final elongation 

consisted of 5 min at 72 °C. The amplicons were purified using AMPure XP beads 

and their size was verified on capillary electrophoresis in the Agilent 2100 

Bioanalyzer (Agilent Technologies, Santa Clara, California, USA), with an 

approximate size of 550 bp. Once passed the quality control, the samples were 

indexed using the Illumina Nextera XT Index Kit (v.2, Set A). For this process 5 μL of 

the first PCR product, High Fidelity DNA polymerase 2× KAPA HiFi HotStart 

ReadyMix and primers (Index) were mixed and returned to the thermocycler, using 

the following program: 3 min at 95 °C, followed by 8 amplification cycles which 
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consisted of denaturation (30 s at 95 °C), alignment (30 s at 55 °C) and extension 

(30 s at 72 °C). The final extension consisted of 5 min at 72 °C. This product was 

purified and the integrity was analyzed. The amplicons had an approximate size of 

610 bp. The concentration of double-stranded DNA was determined by fluorometry 

(Qubit fluorometer 3.0, high sensitive kit). The final library was mixed equimolarly 

and sequenced on the Illumina MiSeq platform (MiSeq Reagent Kit V.3, 600 cycles) 

following the supplier’s instructions. Sequence Analysis: For taxonomic composition 

analysis, Custom C# and python scripts, as well as python scripts in the Quantitative 

Insights into Microbial Ecology (QIIME) software pipeline 1.9 were used to process 

the sequencing files. The sequence outputs were filtered for low-quality sequences 

(defined as any sequences that are 620 bp, sequences with any nucleotide 

mismatches to either the barcode or the primer, sequences with an average quality 

score of 0). Sequences were chimera checked with Gold.fa, and chimeric sequences 

were filtered out. Analysis started by clustering sequences within a percent 

sequence similarity into Operational taxonomic units (OTUs). 91% of the sequences 

passes filtering, resulting in 83,906 sequences/sample with a 97% similarity 

threshold. Operational taxonomic units (OTUs) picking was performed using tool set 

Qiime-tools, using Usearch method. OTUs were picked against the Green Genes 

13.9. 97% OTUs reference database. After the resulting OTU results files were 

merged into one overall table, taxonomy was assigned based upon the gg v13.9 

reference taxonomy. Thus, 99.76%, 99.69%, 99.64%, 86.8%, 50.48% and 10.86% of 

the reads were assigned to the phylum, class, order, family, genus and specie level, 

respectively. Species richness (Observed, Chao1) and alpha diversity 

measurements (Shannon) were calculated, and we estimated the within-sample 

diversity at a rarefaction depth of >17351 reads per sample. Weighted and 

unweighted UniFrac distances were used to perform the principal coordinate 

analysis (PCoA). Microbial sequence data were pooled for OTUs comparison and 

taxonomic abundance analysis but separated by batch in principle coordinates 

analysis (PCoA) to have clear PCoA figures. For even sampling, a depth of 17,351 

sequences/sample was used. PCoAs were produced using Emperor. Community 

diversity was determined by the number of OTUs and beta diversity, measured by 

UniFrac unweighted and weighted distance matrices in QIIME. ANOSIM, a 

permutational multivariate analysis of variance was used to determine statistically 

significant clustering of groups based upon microbiota structure distances. 



40 
 

6.9.Lipopolysaccharide analysis: Lipopolysaccharide content in plasma was 

determined by ELISA kit (CEB526Ge, Cloud-Clone Corp) according to manufacture 

instructions. 

6.10.Short chain fatty acids: Short-chain-fatty acids (SCFA) content in feces and 

brain samples were analyzed by gas chromatography (GC). We collected fecal 

samples from WT-AIN, TG-AIN shortly before finalizing the experiment, and from WT 

and TG mice of 3-, 6-, and 11-months of age (WT, n=3 each age; TG, n=4 each age) 

for the ontogeny study. Feces samples were immediately frozen and stored at −70°C 

until analysis. Fifty mg of feces was suspended in 5 mL of water and homogenized to 

get fecal suspension. The pH of the suspension was adjusted to 2–3 by adding 5M 

HCl, and then kept at room temperature for 10 min with occasional shaking. The 

suspension was centrifuged for 20 min at 5000 rpm and the supernatant was 

collected. The internal standard, 2-Ethylbutyric acid solution (1mM in formic acid), 

was spiked into the supernatant. Supernatant was injected in GC (Agilent 

technologies-6850 series 11, Agilent, Santa Clara, CA, USA) with flame ionization 

detection (Agilent), by using Agilent J&W DB-225ms column as previously described 

(Zhao et al., 2006).  

To evaluate the levels of propionic acid in brain we used GC-Mass 

Spectrophotometry (MS) using an Agilent Intuvo 9000 gas chromatography system 

coupled to an Agilent 5977B mass spectrometric detector (MSD, Agilent 

Technologies, Santa Clara, CA). No sample preparation was required as Thermal 

separation Probe accessory (5990-8715EN Thermo Sep Probe.indd - Agilent) was 

used for introduction of the sample into GC-MS. Briefly, samples were weighed and 

loaded into the vial for propionic acid extraction at the inlet, followed by the standard 

GC analysis. Propionic acid was separated using an Agilent Column (part number 

122-7033UI-INT: Serial number US16460202), phase DB-WAX_UI (Dimensions 30 

m x 250 μm x 0.5 μm). 0.4μl of derivatives was injected in split mode with a ratio of 

20:1, and the solvent delay time was set to 6 min. Helium was used as a carrier gas 

at a constant flow rate of 1 mL/min. The initial oven temperature was held at 60 °C 

for 0.05 min, ramped to 250 ◦C at a rate of 900 °C/min, and finally held at this 

temperature for 3 min. Data analysis was performed using MassHunter Quantitative 

software. (Agilent Technologies, Santa Clara, California, USA). 

https://www.agilent.com/cs/library/brochures/5990-8715EN%20Thermo%20Sep%20Probe.pdf
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6.1.11.Statistical analysis: Data are expressed as the mean ± S.E.M. for body 

weight and microbiota analysis at species and genus level, otherwise we expressed 

data as mean ± S.D. For analysing BAM-10, AT100 TAU231, and propionate 

concentration in feces we used an un-paired t-test. To assess body weight changes 

we used a two-way repeated measures analysis of variance (ANOVA) followed by 

Bonferroni´s post-hoc test.  One-way ANOVA followed by Newman-Keuls post-hoc 

test was used for T-maze data, and Tukey´s test for the rest of the analysis (GFAP, 

iba1, SIRT1, SIRT1 in GFAP, GluR-1, PSD-95, Arc, synaptophysin, pGSK-3β/GSK-

3β,  pAMPK/AMPK, microbiota, propionate level and FFAR3 in brain and  LPS 

levels) as recommended by the Software (GraphPad v.6). All results were 

considered statistically significant at p<0.05. 

6.2. Results Part I: 

6.2.1. Body weight and Behaviour: We observed that TG groups had significantly 

higher body weight compared to WT mice (Figure 8A). However, BF ingestion by TG 

mice did not modify food intake, nor weight gain with respect to the control group. 

Body weight changes in TG mice have been associated with glucose intolerance 

(Giménez-Llort et al., 2010; Vandal et al., 2014).  

Spatial and working memory were assessed using a T- maze test (Figure 8B). 

Percentage of spontaneous alterations decreased in TG-AIN compared to WT-AIN 

mice, but BF ingestion for 7 months significantly improved cognition in TG-BF mice 

(Fig. 8B). 

 

Figure 8: Effect of bioactive food on body weight and spatial memory. A) Body weight (g) in 
TG-AIN, TG-AIN and TG-BF mice. TG mice gained more body weight compared to WT-AIN mice 
starting from the 17th experimental week (black asterisk: WT-AIN vs TG-AIN; grey asterisk: WT-AIN 
vs TG-BF). At the end of experiment, WT-AIN mice gained less body weight (9.66 ± 0.66 g), 
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compared to TG-AIN (16.25 ± 1.03 g) (p < 0.001) and TG-BF mice (16.16 ± 2.71 g) (p < 0.01), but 
there were no differences in final weight gain among TG mice. B) Working memory and spatial 
learning. Spontaneous alterations were recorded during 2 days-test on the T-maze. TG-AIN mice 
alternated less than WT-AIN mice (p > 0.05), while TG-BF showed same values as control mice (p < 
0.05 vs TG-AIN). Data in A are expressed as the mean ± S.E.M., in B as mean ± S.D. *p< 0.05, **p < 
0.01, ***p< 0.001. 

 

6.2.2. Amyloid Beta: We analyzed Aβ load using BAM-10 antibody. At 9 months of 

age, only a few amyloid plaques were observed in the subiculum of 3xTg-AD mice. 

We did not detect a significant effect of BF on the number of plaques in TG mice (Fig 

9A-B). However, intracellular Aβ was readily identified in neurons from the 

hippocampal region and Ent.cx. No significant differences in the degree of 

intracellular Aβ aggregation were detected in the CA1 subfield of the hippocampus 

as a function of diet. In Ent. cx, however, TG-BF mice had fewer aggregates than the 

TG-AIN group (p < 0.001) (Fig. 9A-B). 

6.2.3. Tau phosphorylation: Tau pathology was analysed by immunohistochemistry 

(AT100) and immunoblot (TAUp231). AT-100 staining in pyramidal layer of CA1 

region decreased in TG-BF compared to TG-AIN mice (Figure 10A and c). Moreover, 

protein levels of p-TAU231/TAU in the cortex correlated to those changes, as p-

TAU231 decreased significantly in TG-BF compared to TG-AIN mice, resulting in a 

lower ratio p-TAU231/TAU in TG-BF mice (Fig. 10c). 
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Figure 9. Evaluation of amyloid pathology. A) Representative images of BAM10 staining in 
hippocampus and Ent.cx. Scale bar 50 µm (hippocampus) and 20 µm (cortex). B) Quantification of 
BAM10 staining: Upper panel, in subiculum there were few large aggregates with no differences 
between groups. Middle panel, in CA1 region there were no differences between groups. Lower 
panel, in Ent.cx TG mice treated with BF showed a decreased BAM10 staining compared to TG-AIN 
mice (p<0.001). Data are expressed as the mean ± SD. ***, p>0.001 
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Figure 10. Tau hyperphosphorylation in TG mice. A) Representative photomicrographs of AT100 
staining in CA1 hippocampal region. B) Quantification of AT100 indicates a reduction in the 
percentage of area occupied by tau aggregates in TG-BF mice compared to TG-AIN (p < 0.05). C) 
Western blot analysis of brain cortex corroborates that tau hyperphosphorylation (p-TAU231) 
decreased in TG-BF mice compared to TG-AIN (p < 0.01). Blot were normalized with α-actin. Images 
below graphs are representative blots for each protein done by quadruplicate in pool samples. Scale 
bar 50 µm. Data represents mean ± S.D. *p < 0.05, **p < 0.01 

 

6.2.4. Inflammation:  Glial cells were labeled with iba1 and GFAP antibodies. We 

classified  the microglia phenotype as inactive or active, according to previous 

reports (Streit et al., 2009; Rodriguez-Callejas et al., 2016). Representative images 

of the microglia are shown in Fig. 11A. The quantification of microglia in st. radiatum 

showed more activated cells in TG-AIN compared to WT-AIN mice, while the 

inclusion of BF abated those increases. The number of inactive microglia did not 

differ between any of the three groups (Fig. 11B. Left panel). Astrocytes labeled with 

GFAP were quantified in hippocampus (st. radiatum and st. oriens) and in Ent.cx; 
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representative images are shown in Fig. 11A. We observed that TG-AIN mice had 
more GFAP+ astrocytes in both strata and Ent. cx compared to WT-AIN mice. 

Contrastingly, the ingestion of BF resulted in a lower number of astrocytes in both 
strata from hippocampus, but there was not a significant recovery in Ent. cx in TG-

BF mice (Fig. 11B. Right panel).  

6.2.5. Metabolic and synaptic proteins: To evaluate if the anti-inflammatory effect 

of BF could be associated with changes in cellular metabolism, we analysed SIRT1, 

GSK-3β and AMPK proteins in brain tissue. We evaluated the immunoreactivity 

against SIRT1 in st radiatum and oriens (Fig. 12). In st. radiatum, a layer with an 

increased number astrocytes and microglia cells, SIRT1 was higher in TG-AIN mice 

compared to WT-AIN mice, while TG-BF group showed decreased values compared 
to TG-AIN (Fig. 12B, right panel). No differences were observed in st. oriens (Figure 

11B, right panel). To evaluate if SIRT1 levels in st. radiatum were associated with 

the increased number of astrocytes in same layer, we used double 

immunofluorescence (SIRT1 and GFAP). We observed that nucleus of GFAP + 

astrocytes had increased SIRT1 labelling in TG-AIN mice compared to WT-AIN and 

TG-BF mice. SIRT1 in nucleus of GFAP + cells also decreased in TG-BF compared 

to TG-AIN mice (Figure 13). 
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Figure 11. Effect of BF on neuroinflammation in 3xTg-AD mice. A) Representative images of 
microglia labeled with iba1 in st. radiatum of CA1 hippocampal region (scale bar 20µl), and reactive 
astrocytes labeled with GFAP in st. radiatum, st. oriens (scale bar 50µl) and Ent. cx (scale bar 20µm). 
Iba + cells in WT-AIN mice presented mainly an inactive phenotype (insert, WT-AIN), while in TG-AIN 
mice, abundant activated microglia was detected (insert, TG-AIN). B) Left panel: Quantification of 
microglia cells in st. radiatum showed an increased number of activated microglia in TG-AIN 
compared to WT-AIN mice, while TG-BF mice showed similar values as controls (p<0.001 and 
p<0.01, respectively). Number of inactive microglia did not showed differences between groups. Right 
panel: GFAP+ astrocytes increased in st. radiatum, st. oriens and Ent. cx in TG-AIN compared to WT-
AIN mice (p < 0.0001, p < 0.01, p < 0.01, respectively), while TG-BF mice had a reduced number of 
astrocytes in st. radiatum and st. oriens (p < 0.001 and p < 0.05). Note that more active astrocytes 
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were observed in st. radiatum compared to st. oriens in TG-AIN mice. In Ent cx there was a slight 
recovery in TG-BF compared to TG-AIN as number of astrocytes was not so abundant compared to 
WT-AIN (p<0.05), but it did not reach significance. Data represents mean ± SD. *p<0.05, **p<0.01, 
***p<0.001, ****p< 0.0001 

 

Figure 12: Effect of bioactive food on hippocampal SIRT1 were region specific. A) 
Representative images of SIRT1 labelling in st. radiatum and st.oriens. Scale bar 20 µm. B) 
Quantification of SIRT labelling in st. radiatum and st. oriens. In st. radiatum, TG-AIN mice had more 
number of SIRT1 particles compared to WT-AIN (p< 0.01) and TG-BF (p<0.05). No differences 
between groups were observed in st. oriens. Data are expressed as the mean ± S.D. *p <0.05, **p < 
0.01 
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Figure 13. Effect of bioactive food on SIRT1 in GFAP + astrocytes.  A) Representative images of 
GFAP + astrocytes (red) located in str. radiatum of CA1 hippocampal region co- labelled with SIRT1 
(green), and counterstained with DAPI (blue). Scale bar 20 µm. B) Magnification of an astrocyte 
where nucleus was selected to analyse SIRT1 particle intensity. Scale bar 5 µm. C) Quantification of 
SIRT1 in nucleus of astrocytes indicates that TG-AIN mice had more SIRT1 than WT-AIN (p<0.0001) 
and TG-BF mice (p<0.05). Moreover, TG-BF mice showed increase SIRT1 compared to WT-AIN 
(p<0.05). Data are expressed as the mean ± SD. p<0.05, ****p<0.0001. 

 

We analyzed GluR-1 (an integral membrane protein belonging to the glutamate-

gated ion channel family), PSD-95 (Post-synaptic density protein 95), Arc (Activity-

regulated cytoskeleton-associated protein), and pre-synaptic synaptophysin protein 

levels in brain cortex. We observed that TG-AIN mice had more GluR-1, PSD-95, 

and Arc when compared to WT-AIN mice, indicating synaptic hyperactivity. 

Synaptophysin levels were lower in TG-BF compared to WT-AIN and TG-AIN mice 

(p < 0.01, both). TG-BF mice showed significant decreases in all those synaptic 

proteins (GluR-1, PSD-95, Arc and synaptophysin) compared to TG-AIN mice (Fig. 
14 A-B). 
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Figure 14. Immunoblots of synaptic proteins. . PSD95, synaptophysin, GluR-1, and Arc protein 
levels were evaluated in brain cortex.  A) PSD95 levels were higher in TG-AIN compared to WT-AIN 
and TG-BF mice (p < 0.05 and p < 0.0001, respectively), while in TG-BF mice PSD95 levels were 
even lower than WT-AIN (p < 0.01). Synaptophysin levels were lower in TG-BF compared to WT-AIN 
and TG-AIN mice (p < 0.01, both). B) GluR-1 levels were higher in TG-AIN compared to WT-AIN and 
TG-BF (p < 0.001, both), while content of Arc protein was higher in TG-AIN mice compared to WT-
AIN (p < 0.01) and TG-BF (p < 0.0001), but in TG-BF there were lower values compared to WT-AIN (p 
< 0.0001). Images below graphs are representative blots for each protein done eight (PSD95), four 
(Arc and GluR-1) or five (synaptophysin) times, in pool samples. Data represents mean ± S.D. *p< 
0.05; **p <0.01, ***p < 0.001; ****p < 0.0001. 

 

We also evaluated GSK-3β and p-GSK-3β protein content in the brain cortex by 

western blot. We observed that BF ingestion induced a significant increase in p-

GSK-3β compared to WT-AIN and TG-AIN, with no changes in total GSK-3β. 

Therefore, the ratio p-GSK-3β/GSK-3β increased in TG-BF mice compared to the 

other groups (Fig. 15A). We also observed a decrease in p-AMPK in TG-BF 

compared to WT-AIN and TG-AIN, while the total AMPK increased in TG-AIN 

compared to WT-AIN. Therefore, the ratio pAMPK/AMPK decreased in TG-AIN and 

TG-BF compared to WT-AIN (Fig. 15B).  
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Figure 15. Protein levels of pGSK-3β/GSK-3β and pAMPK/AMPK in brain cortex. . A) Due to an 
increase level of pGSK- 3β in TG-BF mice compared to the other two groups (both, p < 0.01), there 
was increase in the ratio p-GSK-3β/GSK-3β in TG-BF mice compared to the other groups (both, p < 
0.01). B) p-AMPK was decreased in TG-BF compared to WT-AIN (p < 0.05) and TG-AIN (p < 0.01) 
mice. AMPK increased in TG-AIN compared to WT-AIN (p < 0.05). Thus, ratio pAMPK/AMPK 
decreased in TG-AIN and TG-BF compared to WT-AIN (p < 0.05 and p < 0.01 respectively). Blots 
were normalized with α-actin. Images below graphs are representative blots for each protein done by 
quintuplicate (GSK3) or triplicate (AMPK) in pool samples. Data represents mean ± S.D. *p < 0.05;**p 
< 0.01. 

6.2.6. Gut Microbiota: We analyzed the microbiota composition and diversity in 

feces of TG and WT mice. Alpha diversity was estimated by observed Shannon 

indexes. WT-AIN group showed the highest diversity followed by TG-BF group, 

whereas the TG-AIN group had the lowest bacterial diversity (Fig. 16A). Clustering 

the bacterial communities using principal component analysis (PCoA) revealed that 

GM in TG-AIN and TG-BF was different to that of the wild type (Fig.16B). 
At the phylum level, TG-AIN showed increased abundance of Bacteroidedetes(p < 

0.01) and Firmicutes (p < 0.01), whereas decreased abundance of Cyanobacteria(p 

< 0.0001), Deferibacteres (p < 0.0001), Proteobacteria(p < 0.01), TM7(p < 0.0001), 

Tenericutes(p < 0.0001), Verrucomicrobia(p < 0.0001) compared to WT-AIN mice 

(Figure 16A) . After ingestion of BF there was an increased relative abundance of 

Actinobacteria (p < 0.05), Bacteroidedetes (p < 0.01), but decreased of 

Cyanobacteria(p < 0.0001), Deferibacteres (p < 0.0001), Proteobacteria (p < 0.001), 

TM7(p < 0.0001), Tenericutes (p < 0.0001), Verrucomicrobia (p < 0.0001) in TG 

versus WT-AIN mice (Fig 17A). 

In TG mice, supplementation of BF caused an increase in the relative abundance of 

Tenericutes (p < 0.05) and Verrucomicrobia (p < 0.0001) compared to AIN diet 
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(Figure 17A). Accordingly, there were microbial alterations at the class, order, family, 

and genus level (Figure. 18,19,20,21 Table 5.  

At species level there were important differences between TG-AIN and WT-AIN. TG-

AIN presented more abundance of pro-inflammatory bacteria (Prevotella copri, 

Lactobacillus ruminis, Streptococcus anginosus, Actinobacillus parahaemolyticus 

and Haemophilus parainfluenzae), while with ingestion of BF they all were reduced.  

Furthermore, BF ingestion increased the relative abundance of anti-inflammatory 

bacteria (Bacteroides uniformis, Faecalibacterium prausnitzii and Akkermansia 

miciniphila) in TG mice (see Fig. 18B and Table. 4). 

Those GM alterations in TG-mice let us to evaluate the levels of LPS in plasma 

samples. In addition, due to the dramatic increased in Prevotella copri in TG-AIN 

mice, a bacteria known as propionate producer, were evaluated propionate content 

and its SCFA´s receptor (FFAR3) in brain tissue. 

 

 
 
Figure 16: Gut microbiota modifications (A) Alpha diversity by Shannon Index in the tree groups 
studied showed statistical differences between WT-AIN and TG-AIN mice, and between TG-AIN and 
TG-BF mice (all, p< 0.0001) . B) Principal components analysis (PCoA) of unweighted (left) and 
weighted variables (right) by ANOSIM: unweighted: R=0.8836, p < 0.001; weighted: R= 0.8326, p 
=0.001. 
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Figure 17. Gut microbiota modifications in transgenic mice, and its restoration by BF 
ingestion. (A) Relative abundance of bacteria at the phylum level in all the groups (significant 
differences are described in the main text). (B) Relative abundance of bacteria at the species levels. 
C) Pie chart of main bacterial species that showed significant changes between WT-AIN and TG-AIN 
compared to TG-BF mice. Relative abundances (%) are represented in the figure according to the 
color code of each species. Significant differences (increase or decrease) were as follow: 
Actinobacillus parahaemolyticus was not detected in WT-AIN, thus it increased by 20 % in TG-AIN, 
whereas TG-BF showed a decrease of 67 % compared to TG-AIN; Akkermansa munciphila showed a 
high relative abundance in WT-AIN mice (25% from all GM bacteria identified). In TG-AIN mice, A. 
munciphila decreased by 97 % compared to WT-AIN, but it increased up to 958 % in TG-BF mice;  
Bacteroides uniformis decreased by 42% in TG-AIN compared to WT-AIN mice, while it increased up 
to 90 % in TG-BF compared to WT-AIN mice, and 356 % in TG-BF compared to TG-AIN mice; 
Faecalibacterium prausnitzii decreased by 50 % in TG-AIN compared to WT-AIN, but it increased 85 
% in TG-BF compared to TG-AIN; Haemophilus parainfluenzae increased by 2346 % in TG-AIN 
compared to WT-AIN, but decreased by 75 % in TG-BF compared to TG-AIN; Lactobacillus ruminis 
was not detected in WT-AIN mice, thus in TG-AIN increased  by 9 % compared to WT-AIN, and 
decreased by 67 % in TG-BF compared to TG-AIN; Prevotella copri had 25% of relative abundance in 
WT-AIN mice, but in TG-AIN it increased up to 210% compared to WT-AIN, but it decreased  by 59 % 
in TG-BF compared to TG-AIN; Streptococcus anginosus was not detected in WT-AIN, so it increased 
3 % in TG-AIN, but in TG-BF mice it showed a decrease of 59 % compared to TG-AIN. Statistical 
differences can be found in Table 4.   
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Figure 18. Bacterial relative abundance at the class level in WT-AIN, TG-AIN, and TG-BF 
mice. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 19. Bacterial relative abundance at the order level in WT-AIN, TG-AIN, and TG-BF mice.  
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Figure 20. Bacterial relative abundance at the family level in WT-AIN, TG-AIN, and TG-BF mice.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 21. Bacterial relative abundance at the genus level in WT-AIN, TG-AIN, and TG-BF mice. 
Values and statistical differences are shown in Table 5 
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TABLE-4: Taxonomic classification of pyrosequences from bacterial 
communities at the species levels.  

 

Species WT-AIN TG-AIN TG-BF 
Propionibacterium acnes 0.050±0.024 0.0167±0.005 0.006±0.002 
Bifidobacterium longum 0 0.05±0.017 0.0904±0.030* 
Collinsella aerofaciens 0 0.275±0.1718 0.321±0.101 
Bacteroides caccae 2.596±0.157 3.274±1.507 2.825±0.747 
Bacteroides coprophilus 0.088±0.032 0.761±0.710 0.922±0.833 
Bacteroides eggerthii 0.105±0.011

8 
0.013±0.001 0.230±0.171 

Bacteroides fragilis  3.425±0.187 1.285±0.566** 0.413±0.168*** 
Bacteroides ovatus 0.582±0.070 1.767±0.555 1.750±0.318 
Bacteroides plebeius 0.473±0.059 0.409±0.355 0.777±0.750 
Bacteroides uniformis 5.085±0.367 2.122±0.670 9.681±1.380****,*

* 
Parabacteroides distasonis 4.642±0.230 1.407±0.645** 2.238±0.599* 
Prevotella copri 18.66±0.567 57.88±3.157 **** 23.86±2.791**** 
Prevotella stercorea 1.107±0.020

9 
10.95±1.199 18.13±5.677** 

Alistipes indistinctus 0.015±0.001
2 

0.068±0.0422 0.129±0.060 

Mucispirillum schaedleri 2.572±0.256 0.001±0.003**** 0.001±0.003**** 
Lactobacillus reuteri 0.457±0.108 0.047±0.050**** 0.015±0.0064***

* 
Lactobacillus ruminis 0 0.091±0.014*** 0.030±0.011** 
Streptococcus anginosus  0 0.034±0.007** 0.014±0.006* 
Clostridium citroniae 0 0.018±0.007 0.017±0.005 
Coprococcus catus 0.016±0.010 0.01±0.021* 0.086±0.021 
Coprococcus eutactus 0.39±0.048 0.37±0.126 1.158±0.392 
Dorea formicigenerans 0.014±0.009 0.175±0.015*** 0.166±0.040** 
Roseburia faecis 0 0.033±0.009* 0.0104±0.003 
[Ruminococcus] gnavus 1.335±0.172 0.864±0.323 1.054±0.344 
Butyricicoccus 
pullicaecorum 

0.031±0.013 0.067±0.025 0.445±0.211 

Faecalibacterium prausnitzii 23.35±0.177 11.59±1.337** 21.42±3.404** 
Ruminococcus bromii 4.358±0.358 0.885±0.387**** 0.966±0.444**** 
Ruminococcus callidus  0.269±0.059 0.036±0.006** 0.132±0.072 
Ruminococcus flavefaciens 1.220±0.107 0.001±0.004**** 0.007±0.002**** 
Veillonella dispar 0.393±0.032 0.824±0.211 0.591±0.163 
Asteroleplasma anaerobium 0.006±0.007 0.051±0.007 0.330±0.316 
Clostridium saccharogumia 0.503±0.092 0.001±0.001**** 0.007±0.003**** 
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[Eubacterium] biforme 0.034±0.012 0.295±0.044* 0.369±0.090** 
Victivallis vadensis 0.01364±0.0

08640 
0.002±0.001 0.8707±0.580 

 
Helicobacter apodemus 

 
6.051±0.337 

 
0.008±0.00242*
*** 

 
0.008±0.003**** 

Escherichia coli 0.368±0.048 1.333±0.73 1.836±1.129 
Actinobacillus 
parahaemolyticus 

0.0 0.208±0.021**** 0.0694±0.023*** 

Haemophilus 
parainfluenzae  

0.074 ±0.017 1.810±0.271**** 0.457±0.1225*** 

Akkermansia miciniphila 25.05±1.073 0.850±0.305**** 8.998±0.688****,*
*** 

Significances between WT-AIN vs TG-AIN are reported in black; WT-AIN vs TG-BF are reported in 
red, TG-AIN vs TG-BF are reported in green. Data represents mean ± S.E.M. *p < 0.05; **p < 0.01; 
***p < 0.001; ****p < 0.0001 

TABLE-5: Taxonomic classification of pyrosequences from bacterial 
communities at the Genus levels.  

GENUS WT-AIN TG-AIN TG-BF 
Propionibacterium 0.0107±0.005 0.01±0.002 0.002±0.001 

Bifidobacterium 0 0.289±0.034 0.736±0.297* 

Collinsella 0 0.170±0.109 0.161±0.050 

Slackia 0 0.013±0.006 0.018±0.012 

Bacteroides 21.37±0.648 12.57±1.227** 21.86±2.206*** 

Parabacteroides 3.507±0.131 1.918±0.893 
 

3.057±0.489 
 

Prevotella 8.69±0.684 42.53±1.775**** 23.00±3.709****, ** 

AF12 1.153±0.112 0.010±0.001**** 0.003±0.002**** 

Alistipes 0.004±0.002 0.040±0.026 0.059±0.03 

Rikenella 0.115±0.018 0.0002±0.0002**** 0.001±0.0008**** 

Butyricimonas 0.121±0.009 0.529±0.115* 0.371±0.106 

Odoribacter 3.255±0.121 0.726±0.127* 1.921±1.106 

Paraprevotella 1.095±0.030 0.961±0.377 1.886±0.686 

[Prevotella] 9.166±0.126 2.099±0.447**** 1.940±0.832**** 

Mucispirillum 0.647±0.075 0.006±0.002**** 0.0007±0.0007**** 

Granulicatella 0 0.013±0.003* 0.003±0.002 

Enterococcus 0.023±0.009 0.02±0.018 0.035±0.021 
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Lactobacillus 0.889±0.126 0.148±0.011**** 0.043±0.011**** 

Streptococcus 0.034±0.010 1.433±0.245**** 0.354±0.070*** 

Turicibacter 0.063±0.011 0.0002±0.0002**** 0**** 

Clostridium 0.147±0.013 0.072±0.029 0.109±0.026 

SMB53 0.383±0.032 0.062±0.022**** 0.022±0.02**** 

Dehalobacterium 0.631±0.047 0.006±0.002**** 0.002±0.001**** 

Anaerostipes 0.016±0.003 0.036±0.020 0.083±0.03 

Blautia 0.104±0.008 0.660±0.290 0.431±0.145 

Clostridium 0 0.010±0.004 0.007±0.002 

Coprococcus 0.809±0.052 0.927±0.108 1.531±0.420 

Dorea 0.044±0.005 0.423±0.038*** 0.333±0.093** 

Lachnobacterium 0.141±0.028 5.7101±0.341**** 1.99±0.298****,** 

Lachnospira 0.206±0.02 6.8±0.340*** 4.661±1.631* 

Roseburia 0.612±0.020 4.593±0.312*** 5.321±1.03*** 

[Ruminococcus] 0.481±0.055 1.516±0.271** 0.752±0.153* 

rc4-4 0.343±0.043 0.002±0.001**** 0.003±0.001**** 

Anaerotruncus 0.056±0.009 0**** 0**** 

Butyricicoccus 0.008±0.003 0.040±0.016 0.187±0.080* 

Faecalibacterium 4.810±0.053 3.706±0.561 7.999±0.531****,** 

Oscillospira 10.92±0.243 1.915±0.303**** 4.583±0.738**,**** 

Ruminococcus 4.502±0.135 1.033±0.265**** 2.381±0.406*,*** 

Dialister 0.123±0.023 1.094±0.314* 0.590±0.149 

Megasphaera 0.785±0.131 0.001±0.0005**** 0**** 

Phascolarctobacte

rium 

1.457±0.083 0.737±0.464 3.971±1.010**,* 

Veillonella 0.098±0.008 0.492±0.130* 0.288±0.084 

Allobaculum 0.112±0.019 0.001±0.0006**** 0.001±0.001**** 

Asteroleplasma 0.002±0.002 0.030±0.005 0.129±0.123 

Catenibacterium 0.01±0.008 0.112±0.013*** 0.047±0.019* 

Clostridium 0.126±0.023 0.0007±0.0004**** 0.003±0.001253***

* 

Holdemania 0.019±0.005 0.011±0.005 0.001±0.002 



59 
 

 

Statistical differences between groups: WT-AIN vs TG-AIN are reported in black, WT-AIN vs TG-BF 
are reported in red, TG-AIN vs TG-BF are reported in green. Data represents mean ± S.E.M. *p < 
0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001; 

 

6.2.7. Propionate level and FFAR3 in brain:  As prefrontal cortex (PFC) is an area 

related to T-maze working memory performance, and we have observed working 

memory impairments in TG mice, we evaluated levels of propionate in this brain 

region. Propionate levels were larger in TG-AIN mice compared to WT-AIN and TG-
BF mice in PFC (Figure 22A). We also quantified SCFAs receptor FFAR3/GPR41 in 

same brain cortex. FFAR3 has a high affinity for propionate. We observed that 

FFAR3 was more abundant in TG-AIN mice compared to WT-AIN mice, whereas BF 

ingestion decreased those values in TG mice (Figure 22B).  

6.2.8. Lipopolysaccharide (LPS) levels in plasma:  LPS levels in plasma were 

larger in TG-AIN compared to WT-AIN mice (p<0.01), while BF ingestion lower LPS 
concentration in TG mice (p<0.05) (Figure 22C). 

[Eubacterium] 0.009±0.003 0.175±0.029** 0.182±0.05** 

Victivallis 0.003±0.002 0.001±0.0004 0.431±0.311 

Sutterella 5.560±0.265 2.758±0.336**** 2.083±0.386**** 

Burkholderia 0.005±0.002 0.025±0.009 0.026±0.011 

Bilophila 0.050±0.012 0.028±0.005 0.078±0.011** 

Desulfovibrio 0.088±0.014 0.015±0.008 0.134±0.07 

Helicobacter 2.585±0.091 0.025±0.005**** 0.008±0.003**** 

Succinivibrio 0.144±0.015 0.135±0.134 0 

Escherichia 0.09±0.010 1.597±0.501 2.060±1.031 

Klebsiella 0.073±0.011 0.043±0.008 0.339±0.179 

Actinobacillus 0 0.123±0.014**** 0.031±0.010**** 

Haemophilus 0.018±0.004 1.073±0.170**** 0.206±0.057*** 

Pseudomonas 0.375±0.044 0.027±0.009**** 0.024±0.009**** 

Anaeroplasma 5.452±0.219 0.008±0.002**** 0.003±0.002**** 

Akkermansia 8.438±0.561 0.49±0.162**** 3.501±0.274****,***

* 
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Figure 22. Bacterial products in brain and plasma samples.  A) Propionate levels in PFC were 
larger in TG-AIN compared to WT-AIN mice (p<0.05) and ingestion of BF reduced those levees 
(p<0.05). B) FFAR3 receptor levels were higher in TG-AIN mice compared to WT-AIN and TG-BF 
mice (p<0.01 and p<0.05, respectively). C) LPS plasma levels were higher in TG-AIN compared to 
WT-AIN and TG-BF mice (p<0.01 and p<0.05, respectively). ). Images below graphs are 
representative blots for each protein done by quadruplicated in pool samples. Data represents mean 
± S.D. **p < 0.01;*p < 0.05. 

 

6.2.9. Levels of short-chain fatty acids in feces of TG at different ages: Acetate, 

butyrate, and propionate are the most abundant SCFAs produced by GM (Ríos-

Covián et al., 2016). We observed an increase in propionate producing bacteria in 

TG-AIN mice compared to WT-AIN mice, an effect accompanied by increased 

propionate in brain tissue. Propionate is a potent neurotoxic agent. Then, we sought 

to evaluate whether propionate levels increased in an age-dependent manner 

according to the progression of the pathology. SCFAs levels (acetate, butyrate and 

propionate) were measured in feces from WT and TG mice along the ontogeny (3-, 

6- and 11-month-old). In WT mice, total SCFA concentration decreased at 6- and 11-

months of age in comparison to 3-months of age (both, p < 0.05), whereas in TG  
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Table 6 Levels of short-chain fatty acids in feces of TG at different ages 
  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In WT mice, total SCFA concentration decreased at 6- and 11-months of age in comparison to 3- 
months of age (both a>b, p<0.05), whereas in TG mice the total SCFA concentration decreased at 11 
months of age compared to 3- and 6-months-old mice (both a>b, p<0.01). Acetate concentration 
increased in WT mice at 11 months-of age compared to 6 months-of age (a>b,  p<0.05). Butyrate 
decreased in WT mice at 6 and 11months in comparison to 3months (a>b, p<0.05, and a>c, p<0.01). 
In TG mice, butyrate decreased at 11 months in comparison to 3 months and 6 months (a>b, 3 
months vs 11 months, by p<0.05; 6 months vs 11 months, p<0.01). Regarding genotype effect, we 
observed that propionate concentration increased in TG compared to WT mice at 6 months of age 
(*p<0.05). Data represents mean ± S.EM.  
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mice the total SCFA concentration had a age delay, as it decreased only in 11 month 

old mice compared to 3- and 6–month-old mice (both, p < 0.01). Regarding acetate 

concentration in WT, we observed an increase in 11-month-old mice compared to 

the 6-month-old group (p < 0.05). No changes in acetate concentration were 

observed in TG mice. Butyrate in WT mice decreased at 6- and 11-months of age in 

comparison to 3-months-old animals (p < 0.05 and p < 0.01, respectively). Notably, 

in TG mice, the decrease in butyrate was not as early as in WT, since differences 

were observed between 11- and 6-month-old mice versus 3-month-old group (p < 

0.05 and p < 0.01, respectively). Regarding the genotype effect, we observed that 

propionate concentration increased in TG compared to WT mice at 6 months of age 

(p < 0.05) (Table 6). 

 

CONCLUSION PART I.  
In study, we observed that female TG mice presented intracellular Aβ aggregates in 

cortex and tau hyperphosphorylation in cortex and hippocampus, along with 

increased astrocyte activation and SIRT1, synaptic and metabolic brain alterations 

compared to WT mice. Those events were accompanied by gut microbiota 

alterations, increased LPS and propionate concentration in feces and brain samples. 

An ontogeny study revealed that butyrate concentration in feces decreased, while 

propionate levels increased with aging. SCFAs can be taken up by astrocytes as 

metabolic substrates, and we observed an increased SIRT1 in astrocytes, 

suggesting that these glial cells in TG mice have a preference for a mitochondrial 

metabolism. Therefore, we aimed to determine whether this propionate/butyrate ratio 

impact astrocyte metabolism by use of a mix cell-culture transfected with 

nanosensors-FRET to assess glycolytic metabolism, and lactate production. The 

results from this experiments are described in Part II.  
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PART 2 

 
7. Evaluating the differential effect of short-

chain fatty acids on the astrocyte metabolism 
by use of FRET nanosensors. 
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7.2 Methodology: 
Mixed F1 male mice (C57BL/6J) were used in this study. All experiments were 

approved by the Centro de Estudios Científicos animal Care and Use Committee, 

Chile. Mixed cortical cultures of neuronal and glial cells were prepared from 1- to 3-

day old neonatal mice. 
 
7.2.1. Isolation of astrocytes: 
Cover slips were immersed in alcohol, flamed to remove alcohol and were put in 

culture plate. Approximately 0.5 ml of Poly-Lysine was added on the cover slip and 

incubated for 15 minutes inside the hood. Poly-lysine was removed from the cover 

slip and recovered for reuse.  Plates were washed with 2 ml of sterile ultra-pure 

water two times. Plates were left with water in an oven at 37 ° C until the next day. 

Mouse was decapitated and brain was isolated.  Two hemispheres of the brain were 

separated. Meninges, hippocampus and ventricle remnants were removed. 

Dissected cortex was placed in falcon tube with 2ml Hank's solution.  To the Hank's 

solution and cortex, 2 ml of Trypsin-EDTA 1X was added and incubated for 5 min in 

a water bath at 37 °C. After 5 minutes, trypsinization was stopped by adding 

approximately 4 ml minimum essential medium (MEM) with 10% Fatal Bovine Serum 

(FBS). Medium was discarded and then 800μl of MEM with 10% FBS was added, 

then with a P1000 micropipette tips, the cortex was disintegrated by gently pipetting 

50 times and avoiding foam. Volume is made up to 2 ml with MEM 10% FBS. 

Disintegrated tissue was let to decant for 3-5 minutes then with a filter tip, material 

that was not disintegrated, was removed from the bottom of the tube (remnants of 

meninges, etc.). Then volume was made up to 4 ml (for two cortical hemisphere) 

with MEM 10% FBS. 1.5 mL of MEM 10% FBS and 500 μl of cell suspension was 

added to each poly-lysine coated covers slip. So that final volume is 2 ml of MEM 

10% FBS. Coverslips were incubated for one hour in an incubator at 37 °C, 5% CO2. 

Medium was changed with Neuro basal B27 without FBS and Coverslips were 

placed in an incubator at 37 °C, 5% CO2. Medium was changed every 3rd day. 

 

7.2.2. Treatment of astrocyte with short chain fatty acids (propionate and 
butyrate): 
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Cultures were maintained at 37°C in a humidified atmosphere of 5% CO2. 7 day old 

astrocytic culture was infected with FLII12Pglu700mΔ6 overnight. Next morning 

medium was changed and the culture was treated with different concentration of 

propionate (0.25 mM, 0.5 mM and 2mM), butyrate (0.125mM  and 2mM)  or  β 

hydroxyl-butyrate (2mM), as positive control, for 3 days. On 11th day fluorescence 

imaging is done (see 7.2.4 and 7.2.5).  

 
7.2.3. Lacatate measurement by Colorimetry: Lactate was measured in the 

culture medium of the cells. Lactate was  measured by an end point enzymatic 

method that uses lactate dehydrogenase to convert lactate to pyruvate with the 

concomitant reduction of NAD to NADH, which is then measured at 340 nm (Buttery 

et al., 1985).100 μl of the medium from primary culture treated with propionate and 

butyrate was collected and left in an Eppendorf tube at room temperature for 15-

20min.  2.8ml of the glycine-hydrazine buffer, 0.6ml of NAD+ and 0.2ml of water are 

placed in a well of 96 well plate and used as a blank. 2.8ml of the glycine-hydrazine 

buffer, 0.6ml of NAD+ (0.02M), 0.2ml of sample or standard was added. 0.4ml of 

lactate dehydrogenase (2mg / ml) was added to the each well, the mixture was left to 

incubate at 40 °C for 1 hour and then its absorbance was determined at 340nm. 

 

 
 

Figure 23: Lactate analysis by colorimetry: Lactate was analysed based on principle of conversion 
lactate and pyruvate by lactate dehydrogenase with the concomitant reduction of NAD to NADH, 
which is then measured at 340 nm. 
 

7.2.4. Imaging of astrocytes treated with short chain fatty acid 

Cultured cells treated with SCFA were imaged with with Olympus IX70 or BX51 

microscopes equipped with Optosplits and a Hamamatsu Orca camera. Cells were 

superfused at room temperature with a 95% air and  5% CO2-gassed solution of the 
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following composition (mM): 112 NaCl, 3 KCl, 1.25 CaCl2, 1.25 MgCl2, 2 glucose, 1 

Na-lactate, 10 HEPES and 24 NaHCO3, pH 7.4 (Valdebenito et al., 2015). During 

imaging we exposed astrocytes to zero glucose (no glucose on the medium), 

Cytochalasin B (20 μM) and Azide (5mM) solutions. We recorded changes in 

fluorescence intensity on exposure to this stimuli, florescence was then converted to 

glucose concentration. 
 

7.2.5. Genetically encoded Förster Resonance Energy Transfer (FRET) 
sensors: 
Genetically encoded intracellular fluorescent sensors are used to image intracellular 

concentration of many molecules. FRET sensors report changes in energy transfer 

between a donor and a acceptor fluorescent protein that occur when an attached 

sensor domain undergoes a change in conformation in response to ligand binding. 

The FRET efficiency depends not only on the distance and the relative orientation, 

but also on the overlap between the donor’s emission and the acceptor’s absorption 

spectra (Lindenburg and Merkx, 2014). 

 We used the FRET sensor AAV9-GFAP- FLII12Pglu700mΔ6 (Addgene 17866) for 

live intracellular glucose measurement in astrocytes.  It has Cyan Fluorescent 

Protein (CFP) and Yellow fluorescent protein (YFP) and domain for 

glucose/galactose-binding, glucose serves as the ligand. Glucose binding to 

glucose/galactose-binding protein causes a conformational change and 

consequently fluorophores move closer increasing FRET, which can be seen as 

increase in fluorescence intensity (Muhič et al., 2015). As the concentration of 

glucose changes in the cell, there will be changes in the fluorescence. In order to 

deliver sensor intracellularly adenovirus was used, and for astrocytic specific delivery 

it has GFAP promoter which is specific for astrocytes. Adenoviral vectors showed a 

very high selectivity for astrocytes over neurons, with a ratio >100. 
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Figure 24: Structure and principle of working of FRET sensor AAV9-GFAP- FLII12Pglu700mΔ6 for 
glucose detection. Expression of FRET sensor in astrocyte. 
 

7.2.6. Statistical analysis Data are expressed as the mean ± S.D. One-way 

ANOVA followed by Tukey´s test analysis as recommended by the Software 

(GraphPad v.6). All results were considered statistically significant at p<0.05. 

 

7.3 RESULTS 
7.3.1. Effect of different concentration of propionate on glucose consumption 
rate and glucose depletion:   
We calculated glucose consumption rate by blocking glucose transporter with 

Cytochalasin B (Cyto B), a specific glucose transporter (GLUT1) blocker (Fig. 25). 

GLUT1 transport glucose into and out of astrocytes, therefore, when GLUT1 is 

blocked there is no entry or exit of glucose from the cell. Under this condition, the 

decreased intracellular glucose concentration is due to consumption by the cell. The 

rate at which glucose concentration decreased was considered as glucose 

consumption rate.  

Glucose depletion rate was defined as rate the decrease in glucose concentration 

when mitochondrial oxidative phosphorylation is blocked.  We blocked mitochondrial 

oxidative phosphorylation with Azide (chemical anorexia due to inhibition of 
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mitochondrial function (Ishii et al., 2014). (Fig. 25). When oxidative phosphorylation 

is blocked, there is compensatory increase in glycolysis that leads to further 

decrease in intracellular glucose concentration. The rate at which glucose 

concentration decreases was considered as glucose depletion rate. 

We first perform a dose-response curve to assess the optimal dose of propionate to 

effect glucose consumption rate and glucose depletion. We used 0.25mM, 0.5mM 

and 2mM of propionate.  
Glucose consumption rate was significantly higher in cells treated with 0.25mM, 

0.5mM and 2mM propionate compared to control cells (p < 0.0001, for all) (Fig. 26A). 

Glucose depletion rate was significantly higher in cells treated with 2mM Propionate 

compared to control cells (p < 0.0001) and compared to 0.25mM, 0.5mM propionate 
treated cells (p < 0.01, p < 0.05) (Fig. 26B).  Thus, we define 2 mM propionate as 

optimal dose to induce changes in glycolytic and oxidative metabolism. 
 

 

 

 

 
 
 
 
 
Figure 25. Changes in intracellular glucose concentration in control and propionate treated 
cells on exposure to different stimuli. Changes in intracellular glucose concentration under zero 
glucose condition, in CYTO-B,Azide and Propionate treated cells. Each line represents data from 
individual astrocytes. We run 4 experiments for each condition, and 10-15 cells were used for 
analysis. 
 

Control cells Propionate treated cells 
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Figure 26: Effect of different concentrations of propionate on glucose consumption rate and 
glucose depletion: (A) Glucose consumption rate was significantly higher in cells treated with 
0.25mM, 0.5mM and 2mM Propionate compared to control cells (p < 0.0001, for all), (B) Glucose 
depletion was significantly higher in cells treated with 2mM Propionate compared to control cells (p < 
0.0001),and compared to 0.25mM, 0.5mM  propionate treated cells (p < 0.01, p < 0.05). Data are 
expressed as the mean ± S.D. Statistical analysis was performed using one-way analysis of variance 
(ANOVA) with a post-hoc Tukey's multiple comparison test (GraphPad). All results were considered 
statistically significant at p<0.05, ****p < 0.0001 **p < 0.01,*p < 0.05. 

 

7.3.2. Effect of different concentration of butyrate on glucose consumption 
rate and glucose depletion: 
We first run a dose-response curve to set the optimal dose of butyrate  the glucose 

consumption rate and glucose depletion. We used 0.125mM and 2mM of butyrate. Glucose 

consumption rate was significantly lower  in cells treated  with 0.125mM and 2mM butyrate 

compared to control cells (p < 0.0001, for both) (Fig. 27, 28A).  Glucose depletion was 

significantly lower in cells treated with 2mM butyrate compared to control cells (p < 0.0001) 

and compared to 0.125mM butyrate treated cells (p < 0.001) (Figure 27, 28B). 
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Figure 27. Changes in intracellular glucose concentration in control and butyrate treated cells 
on exposure to different stimuli. Changes in intracellular glucose concentration on exposure to zero 
glucose condition, CYTO-B and Azide in A) Control cells B) Butyrate treated cells. Each line 
represents data from a individual astrocytes. N for each condition was 4, 10-15 cells were used in 
each experiment. 

 

 
Figure 28: Effect of different concentration of butyrate on glucose consumption rate and 
glucose depletion: (A) Glucose consumption rate was significantly lower in cells treated with 
0.125mM and 2mM Butyrate compared to control cells (p < 0.0001 for both), (B) Glucose depletion 
was  significantly lower in cells treated  with 2mM Butyrate compared to control cells (p < 0.0001)  and 
compared to 0.125mM Butyrate treated cells (p < 0.001). Data are expressed as the mean ± S.D. 
Statistical analysis was performed using one-way analysis of variance (ANOVA) with a post-hoc 
Tukey's multiple comparison test (GraphPad). All results were considered statistically significant at p<  
0.05, ****p < 0.0001 ***p < 0.001. 

 
7.3.3. Glucose consumption rate in astrocytes treated with 2mM propionate, 
butyrate and β-Hydroxy-butirate: β-hydroxy butyrate (BHB) has been reported to 

decreases glucose consumption rate  in astrocytes, as it is utilized as alternative 

metabolic energy source (Valdebenito et al., 2015). We used BHB as reference 

control in the following experiments.  

Butyrate treated cells Control cells 
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We use 2mM BHB, as at this dose propionate and butyrate caused changes in 

glucose consumption rate and glucose depletion in our previous experiments, and at 

this dose BHB alters glycolytic rate in similar mixed neuron/astrocyte culture 

(Valdebenito et al., 2015). 

In cells treated with 2mM propionate, glucose consumption rate was significantly 

higher than control (p<0.001) (Fig.29A), whereas 2mM of butyrate and BHB results 

in lower consumption rate compared to control (p < 0.05 for both) (Fig.29B). 
 

 
Figure 29: Glucose consumption rate in astrocytes treated with propionate, butyrate  and β-
Hydroxy butyrate. (A) Glucose consumption rate was significantly higher in propionate compared to 
control cells (p < 0.001) and BHB treated cells (p < 0.001). (B) Glucose consumption rate was 
significantly lower in butyrate treated cells compared to control cells  and BHB treated cells (both, p < 
0.05). Data are expressed as the mean ± SD. Statistical analysis was performed using one-way 
analysis of variance (ANOVA) with a post-hoc Tukey's multiple comparison test (GraphPad). All 
results were considered statistically significant at p < 0.05, ***p < 0.001;*p < 0.05. 

 
7.3.4. Glucose depletion rate in astrocytes treated with 2mM propionate, 
butyrate and β-Hydroxy butrate:  
We assess glucose depletion rate in cells treated with 2 mM propionate, butyrate or 

BHB. Glucose depletion rate was significantly higher in propionate than control cells 

(p < 0.001) and butyrate (p< 0.05) treated cells, indicating that astrocytes pre-treated 

with propionate were more dependent on oxidative phosphorylation than those 

pretreaed with BHB or butyrate (Fig. 30A, 30B),  
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Figure 30: Glucose depletion in astrocytes treated with propionate, butyrate  and β-Hydroxy 
butyrate. (A) Glucose depletion was significantly higher in Propionate treated cells compared to 
control (p < 0.001) and BHB treated cells (p< 0.05). (B) Glucose depletion was significantly lower in 
butyrate (p < 0.001) and BHB (p < 0.01) treated cells compared to control cells. Data are expressed 
as the mean ± S.D. Statistical analysis was performed using one-way analysis of variance (ANOVA) 
with a post-hoc Tukey's multiple comparison test (GraphPad). All results were considered statistically 
significant at p < 0.05, ***p < 0.001;**p < 0.01;*p < 0.05. 
 
7.3.5. Glucose clearance in astrocytes treated with 2mM propionate, butyrate 
and β-Hydroxy butrate: To calculated glucose clearance rate we removed glucose 

form the perfusion solution (Fig. 25 and 27). When glucose is removed from the 

perfusion solution, the intracellular glucose concentration decreases either due to 

consumption or due to extracellular transport to equilibrate the concentration. The 

rate at which glucose concentration decreases was considered glucose clearance. In 

cells treated with propionate, glucose clearance was significantly higher than control 

(p < 0.001) and BHB treated cells (p < 0.001). Moreover, BHB treated cells showed 

lower glucose clearance rate than control situation (p < 0.05) (Fig. 31A). Similarly, 

cells treated with butyrate showed a lowerglucose clearance compared to control (p 

< 0.001) (Fig.  31B). 
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Figure 31: Glucose clearance in astrocytes treated with 2Mm propionate, butyrate and β-
Hydroxy butyrate. (A) Glucose clearance was significantly higher in propionate treated cells 
compared to control and BHB treated cells(both, p< 0.001) .BHB treated cells had lower glucose 
clearance rate than control cells (p < 0.05). (B) Glucose clearance was lower in butyrate treated cells 
compared to control cells (p < 0.05). Data are expressed as the mean ± SD. Statistical analysis was 
performed using one-way analysis of variance (ANOVA) with a post-hoc Tukey's multiple comparison 
test (GraphPad). All results were considered statistically significant at p<0.05, ***p < 0.001;*p < 0.05. 

 
7.3.6. Lactate production in astrocytes treated with 2Mm propionate and 
butyrate: Lactate is the end product of glycolysis in astrocytes(Magistretti and 

Allaman, 2018). As we observed that under propionate condition there was an 

increased glucose consumption (either by glycolysis or oxidative metabolism) and 

increased glucose depletion rate (as response of blockage of mitochondrial function), 

we wanted to assess whether those effects may represent an increased glycolytic 

rate.  We analysed the concentration of lactate in the culture medium of the cells 

treated under different conditions. We observed that cells treated with 2mM 

propionate had no difference in lactate concentration compared to control cells (Fig. 

32A), whereas in 2mM butyrate treated cell’s culture medium there was significant 

decrease in lactate concentration compared to control cells (p < 0.05) (Fig. 32B). 
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Figure 32: Lactate concentration in  culture medium of astrocytes treated with 2Mm propionate 
and butyrate: (A) No significant difference were observed in lactate concentration between 
Propionate treated cells and control cells. (B) Lactate concentration was significantly lower in butyrate 
treated cells compared to control cells (p  < 0.05). Data are expressed as the mean ± SD. Statistical 
analysis was performed using one-way analysis of variance (ANOVA) with a post-hoc Tukey's 
multiple comparison test (GraphPad). All results were considered statistically significant at p<0.05, *p 
< 0.05. 

 

CONCLUSION PART II 
In this in-vitro study, we investigated the impact of propionate and butyrate on 

astrocyte metabolism. We utilized a well validated method to assess glucose 

metabolic fate in a mix neuron /astrocyte cell culture (Valdebenito et al., 2015). 

Under this conditions, we were able to resemble a physiological condition where 

neurons modulates astrocytes metabolism. As said before, astrocytes produces 

lactate, a metabolic product used by neurons as preferred metabolic source 

(Magistretti and Allaman, 2018). 

We incubated neuron/asctrocyte cell culture with propionate, butyrate or BHB (2mM) 

during 3 days. We observed that when mitochondrial function was blocked by Azide, 

propionate pre-treated astrocytes presented an increased glucose depletion rate. 

This means, pre-incubation with propionate enhance the metabolic rate in astrocytes 

(dependent on mitochondria function), but when mitochondria was blocked, a 

compensatory mechanism was needed in order to overdue this lack of metabolic 

machinery, resulting in an increased glycolysis. This scenario was different under 

butyrate and BHB pre-treatment, as under those conditions, the glycolytic rate was 

decreased along with a decreased lactate production, similar to previous reports 

(Valdebenito et al., 2015). BHB and butyrate pre-treatment affects astrocytes 



75 
 

metabolism on a similar manner, as they are used as metabolic substrates for lactate 

production in astrocytes. Contrastingly, propionate metabolism seems to rely more 

on mitochondria function (Nguyen 2007), with no changes in lactate production. This 

may have important physiological implications as those SCFAs differ only by 1 -2 

carbons (C2, C3, C4), but they may cause opposite effects on astrocyte metabolism.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 



76 
 

8. GENERAL DICUSSION  

In this study, we evaluated the neuroprotective effect of the ingestion of BF on a 

transgenic mice model of AD, and thereafter, we assess the impact of different 
SCFAs on astrocyte metabolism in an in-vitro cell culture.  

In the first part, we demonstrated that the ingestion of BF diminished the main 

pathological markers of AD, amyloid aggregates and hyperphosphorylation of tau in 

TG female mice. BF also diminished neuroinflammation, synaptic and metabolic 

alterations, and improved working memory in TG-BF compared to TG-AIN mice, 

effects associated with the reduction in pro-inflammatory gut bacteria and their 

products.  We used female 3xTg-AD mice as recent evidence indicates that women 

are at greater risk for developing the disease (Nebel et al., 2018), and females TG 

mice have more severe pathology compared to males (Wang et al., 2003; Clinton et 

al., 2007; Schäfer et al., 2007). Therefore, we aimed to evaluate BF´s effects on the 

more vulnerable gender. We concluded seven months of dietary treatment when 

female TG were 9 months-old, an age where they show neurogenic and neuroplastic 

deficits resulting in cognitive decline (Billings et al., 2005; Clinton et al., 2007; 

Mastrangelo and Bowers, 2008; Blanchard et al., 2010). However, at 9 months of 

age, the pathological hallmarks and cognitive impairment were moderately present in 

our 3xTg-AD strain (Morin et al., 2016a). Therefore, we assessed other markers 

which appear since early stages of the disease.  

Mitochondrial dysfunction and enhanced oxidative stress are factors leading to AD 

pathology (Reddy and Beal, 2008; Wang et al., 2015). Increased production of 

reactive oxygen species (ROS) is associated with age- and disease-dependent loss 

of mitochondrial function and reduced antioxidant defence system (Tönnies and 

Trushina, 2017). Lipid peroxidation refers to the process in which lipids are attacked 

by ROS (Wang et al., 2015). The BF used in this study showed a stronger 

antioxidant activity versus AIN93 as assessed by the ORAC method (Table 1). 

Furthermore, in TG mouse cortex we detected higher MDA level, a lipid peroxidation 

product, but BF ingestion reduced MDA levels to WT values (Appendix.  Figure 1). 

Thus, BF´s beneficial effects may be partially mediated by its potent anti-oxidant 

effect.  

In 3xTg-AD mice present a strong astrogliosis (Kamphuis et al., 2012) and at 7-

months of age they present an impaired astrocytic support system to fulfill the 
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neuronal metabolic demands (Sancheti et al., 2014). Glu is the predominant 

excitatory neurotransmitter in adult mammalian brain, and in excess it can cause 

neuronal hyperexcitability (Barker-Haliski and White, 2015). When astrocytes are 

chronically activated they  have impairment in Glu uptake, as the glutamate-

glutamine (Glu-Gln) shuttle becomes compromised (Giaume et al., 2007). This 

impaired Glu-Gln shuttle results in increased Glu levels in the synaptic cleft (El-

ansary et al., 2017), related to hyperactivity of neighbouring neurons (Busche et al., 

2008; Zilberter et al., 2013). Different TG mice strains (Palop and Mucke, 2010; 

Perez-Cruz et al., 2011a), including 3xTg-AD (Liu et al., 2018), are characterized by 

pro-convulsive seizures and neuronal circuit hyperexcitability since early stages of 

the disease. Increased neuronal firing (Busche et al., 2008; Arsenault et al., 2011), 

and faster release of Glu into the synaptic cleft (Sancheti et al., 2014) is associated 

with increase in Arc and PSD95 post-synaptic proteins in young TG mice (Palop and 

Mucke, 2010; Perez-Cruz et al., 2011a). In our present study, we also observed 

increased number of active astrocytes, an event accompanied by enhanced Arc and 

PSD95 levels in cortex of TG-AIN compared to WT-AIN mice. These data may 

indicate a state of neuronal over-excitation in TG mice, probably caused by impaired 

astrocytic function. Importantly, ingestion of BF was able to abate those synaptic 

alterations in hippocampus and cortex.  

AD is also characterized by an early hypometabolic brain phenotype, resulting in an 

impaired brain bioenergetics (Yao et al., 2011; Caldwell et al., 2014). SIRT1 is 

consider a regulator of mitochondria biogenesis (Rodgers et al., 2008)  by regulating 

PGC-1α, that represents an upstream inducer of genes of mitochondrial metabolism 

(Menzies and Hood, 2012). We measured SIRT1 immunoreactivity in different 

regions of the hippocampus, and observed stratum-specific alteration in TG mice. 

There was a an derease in SIRT1 immunoreactivity in st. Pyramidale (Appendix.  

Figure 2), whereas  there was a an increased SIRT1 immunoreactivity in st. radiatum 

but not in st. oriens. In the former one there were a greater number of active 

astrocytes in TG-AIN compared to WT-AIN mice. We assessed the content of SIRT1 

in those astrocytes, and found that in TG-AIN mice active astrocytes present 

increased SIRT1 levels compared to WT-AIN. SIRT1 has been mostly associated 

with beneficial effects, as improved cognition and neuronal plasticity (Gan and 

Mucke, 2008); however, less is known about its role in astrocytes. Previous reports 

indicate that promoting mitochondrial biogenesis – rather than glycolysis - in 
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astrocytes helps to protect them from Aβ 1-42 toxic effects (Aguirre-rueda et al., 

2015). Moreover, upregulation of SIRT1 attenuates oxidative stress in astrocytes via 

upregulation of superoxide dismutase 2 and catalase (Cheng et al., 2014), whereas 

LPS and interferon-γ induced activation of astrocytes results in increased 

mitochondrial biogenesis (Wang et al., 2014). In our current study we detected 

significant increases of LPS in plasma of TG-AIN mice, while BF inclusion reduced 

LPS levels. This body of data may suggest that enhanced SIRT1 reflects a 

preferential oxidative metabolism in astrocytes in order to protect them from harmful 

agents (i.e. Aβ, LPS), while BF was able to abate those alterations.  

We also measured GSK3β protein levels. GSK3β regulates mitochondrial energy 

metabolism in neurons and in glia. Activation of GSK3β also promotes tau 

hyperphosphorylation, neurofibrillary tangles, and amyloid plaques (Serenó et al., 

2009; DaRocha-Souto et al., 2012). Whereas, GSK3β inhibition (pGSK3β form) 

attenuates the production of pro-inflammatory cytokines (IL-1β and TNF-α) and 

augments the production of anti-inflammatory cytokines (IL-10) in vitro (Maixner and 

Weng, 2014). Here, we observed that p-GSK3β levels were dramatically increased in 

TG-BF mice after ingestion of BF. This enhanced p-GSK3β could be associated with 

reduced tau hyperphosphorylation in hippocampus and cortex, reduced 

neuroinflammation and oxidative damage (MDA) in TG-BF mice.  

As mentioned in the introduction, several clinical studies have highlighted the impact 

of a healthy diet against the onset of dementia (Masaki et al., 2000; Morris et al., 

2002, 2003; Zandi et al., 2004; Solfrizzi et al., 2006; Hughes et al., 2010). However, 

it is not clear how the ingestion of certain foods can damper the onset of brain 

pathologies.  

It is important to highlight the presence of pro-inflammatory bacteria and neurotoxins 

derived from bacterial membranes as LPS, in AD brains (Harris and Harris, 2015; 

Zhan et al., 2016; Cattaneo et al., 2017; Itzhaki, 2017). In addition, recent studies 

illustrated the role of GM in amyloid aggregation, as GM depletion by a germ-free 

condition (Harach et al., 2017), or by antibiotic treatment (Minter et al., 2016, 2017) 

reduced the amyloid burden and microglia activation in TG mice.  

In order to have a clearer picture of GM alterations in AD, we have compile all 

studies where GM composition analysis was done in TG mice and AD patients 

(Tables 7 and 8). GM analysis shows a strong variation between studies, depending 
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on the animal model and age of individuals. Age is an important factor that impact 

GM composition in AD (Harach et al., 2017), and it may help to explain the 

contradictory data between animal and human studies. At phylum level most of the 

TG models coincide with increase abundance of the phylum Firmicutes and a 

decrease in phylum Bacteriodetes (Table.7). Whereas at family and lower 

taxonomical levels there is no consistency in GM data. We observed important 

variations depending on the TG model used and the chronological stages of the 

pathology. Those two factors (age and mouse strain) may influences GM 

composition. GM might also be influenced by type of diet, gender and difference in 

environment and handling (Mueller et al., 2006; Hufeldt et al., 2010; Sanchez-Tapia 

et al., 2017). All these factors may explain discrepancies in AD´s GM published data.  

Currently, there are no reports of GM using female TG mice. Therefore, we were not 

able to match our current data with previous reports, as none have used female 

3xTgAD mice of 9 months of age. However, similarly to human data, we observed an 

increased abundance of pro-inflammatory bacteria in TG mice compared to WT 
controls. TG-AIN mice presented an increased abundance of L. ruminus, S. 

anginosus, H. parainfluenza, A. parahaemolyticus, and P. copri but a decrease in 

anti-inflammatory related bacteria, such as A. muciniphila, B. uniformis, F. prausnitzii 

in TG-AIN compared to WT-AIN mice.  
L. ruminis has stimulatory effects on the secretion of tumor necrosis factor (TNFα) 

(Taweechotipatr et al., 2009), while S. anginosus cause brain abscesses, meningitis, 

cerebral venous system thrombophlebitis, intracranial arteritis, and inflammation 

(Kragha, 2016). Actinobacillus species are Gram-negative bacteria responsible for 

several disease conditions of animals (Rycroft and Garside, 2000) and H. 

parainfluenzae is considered as a gut pathogen associated with irritable bowel 

syndrome (IBS) (Saulnier et al., 2011) and abundantly present in autistic children 

(Qiao et al., 2018). Furthermore, H. parainfluenzae has been reported to cause 

meningitis (Cardines et al., 2009). P. copri is a well-known propionate producing 

bacteria (Salonen et al., 2014; Chen et al., 2017). Propionate is considered a potent 

neurotoxic agent that generates neuroinflammation (De Almeida et al., 2006; 

Thomas et al., 2010; Shultz et al., 2015). It is known that genetic diseases that affect 

the function of the enzyme propionyl-CoA carboxylase (Propionic Acidemia), are 

characterized by high levels of propionate and high incidence of dementia (Grünert 

et al., 2013). 
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Table 7: Alterations in microbiota at phylum level in AD patients and AD mice 

Model Bacterial phylum 
INCREASED 

Bacterial phylum 
DECREASED 

Reference 

AD patients Bacteroidetes Firmicutes 

Bifidobacterium 

Vogt et al., 
2017 

AD patients Actinobacteria Bacteroidetes Zhuang et al., 
2018 

3xTg-AD mice 

24 months 

 Tenericutes 

Cyanobacteria 

Bonfili  et al., 
2017 

3XTG-ADmice 

8 month 

Firmicutes  Sanguinetti  et 
al., 2018 

5xFAD  mice 

9 weeks 

Firmicutes Bacteroidetes Brandscheid et 
al., 2016 

APP/PS1 mice 

8 months 

Firmicutes Bacteroidetes 

Proteobacteria 

Park et al., 
2017 

APP/PS1 mice                 
(1 month) 

Firmicutes Bacteroidetes Harach  et al., 
2017 

APP/PS1 mice             
(8 month) 

Bacteroidetes 

Tenericutes 

Firmicutes 
Verrucomicrobia 
Proteobacteria 
Actinobacteria 
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Table 8: Alterations in microbiota in AD patients and AD mice at level lower 
than phylum 

Model Bacterial Species 
INCREASED 

Bacterial Species 
DECREASED 

Reference 

AD patients Bacteroidaceae 
Rikenellaceae 
Gemellaceae 

Bilophila 

Ruminococcaceae 
Turicibacteraceae 

Peptostreptococcaceae 
Clostridiaceae 

Mogibacteriaceae 
Bifidobacteriaceae 

Vogt et al., 2017 

AD patients Ruminococcaceae 
Enterococcaceae 
Lactobacillaceae 

Lanchnospiraceae, 
Bacteroidaceae, 
Veillonellaceae 

Zhuang et al., 
2018 

3XTG-AD mice 

(24 months) 

 Tenericutes 
Cyanobacteria 

Anaeroplasmatales 
Anaerostipes 

Bonfili  et al., 
2017 

3XTG-ADmice 

(8 month) 

Enterococcaceae 

Turicibacteraceae 

S24.7 

Bifidobacteriaceae 

Sanguinetti  et 
al., 2018 

5xFAD  mice 

(9 weeks) 

Clostridium leptum  Brandscheid et 
al., 2016 

APP/PS1 mice 

(8 months) 

Aerococcaceae 
Leuconostocaceae   

Lactobacillacea 

Pseudomonadaceae 

Caulobacteraceae 

Cytophagaceae  
Sphingobacteriaceae 

Corynebacteriaceae 

Sphingomonadaceae , 
Comamonadaceae  
Rhodocyclaceae 

Flavobacteriaceae 

Park et al., 2017 

APP/PS1 mice             
(8 month) 

Rikenellacea) 
S24-7 

Allobaculum 
Akkermansia Harach  et al., 

2017 
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Moreover, intraventricular infusions of propionate increased reactive astrogliosis and 

activate microglia (Macfabe et al., 2006), while the incubation of propionate in 

cultured astrocytes leads to morphological changes and phosphorylation of GFAP 

(De Almeida et al., 2006). We observed higher propionate concentration in the brain 

tissue of TG-AIN compared to that of WT-AIN mice. This was consistent with the 

increase in the level of FFAR3/GPR41 in brain tissue, a receptor with a high affinity 

for propionate (Inoue et al., 2012; Yonezawa et al., 2013). Due to the dramatic 
increase in the relative abundance of P. copri in fecal samples and the propionate 

levels in brain of TG-AIN mice, we decided to determine if propionate was 

associated with the course of AD pathology. We measured SCFAs levels in fecal 

samples from 3, 6 and 9 months-old TG and WT mice. Overall, the total SCFA 

concentration decreased with aging in both, WT and TG mice; however, this 

reduction was less pronounced in TG mice. At 6 months of age, propionate levels 

were higher in TG compared to WT mice. It has been reported that several bacterial 

fermentation products, such as acetate and propionate were higher in plasma and 

saliva of AD patients (Figueira et al., 2016; Yilmaz et al., 2017), supporting our 

current results.  

The GM analysis also indicated that TG-AIN presented a reduced relative 

abundance of beneficial bacteria, such as A. muciniphila, B. uniformis, and F. 

prausnitzii. The role of Akkermansia on the gut barrier has been reported, as its 

presence is associated with increased mucus layer thickness alleviating metabolic 

endotoxemia (systemic inflammation caused by bacterial associated components, 

such as LPS) (Everard et al., 2013). Therefore, reductions in A. muciniphila in TG-

AIN mice may lead to increased gut barrier leakage and free passage of LPS, 

whereas A. muciniphila relative abundance increased after BF ingestion, that could 

help to restore membrane permeability and reducing LPS passage to blood 

circulation.  F. prausnitzii´s anti-inflammatory actions has been associated with the 

expression of a potent Microbial Anti-inflammatory Molecule(MAM) (Quévrain et al., 

2016; Breyner et al., 2017). Therefore, all this data may indicate that TG-AIN mice 

lives under a predominant pro-inflammatory microbiome, supporting recent 

hypothesis of an infectious aetiology for AD (Bhattacharjee and Lukiw, 2013; Little et 

al., 2014; Maheshwari and Eslick, 2015; Itzhaki et al., 2017). Remarkably, BF 

supplementation reduces the relative abundance of pro-inflammatory bacteria while 

increases the anti-inflammatory ones. 
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We can propose that pro-inflammatory bacteria released substances causes on the 

one hand, LPS-induced immune activation of glia cells. On the other hand, uptake of 

propionate by astrocytes as energy source induces SIRT1 increase; both events, 

can be associated with an impaired Glu-Gln shuttle, resulting in synaptic dysfunction 

and memory impairments in TG mice. All those alterations were restored in TG mice 

after ingestion of BF during 7 months.  

 

 

 

Figure 33: Proposed mechanism by which Bioactive food abates AD pathology: BF modifies 
microbiota and decrease LPS and propionate. This decreases inflammation in the brain resulting in2 
inactive astrocytes. Inactive astrocytes are metabolically less demanding, therefore there is decrease 
in Sirt1, astrocytes are functionally active, therefore there is decrease in synaptic protein. Overall this 
decrease amyloid beta accumulation. 

As we found increase in propionate concentration in the brain and increase 

propionate concentration in feces at 6 months of in TG mice compared to WT mice, 

we wanted to understand better the metabolic role of this SCFAs on astrocyte 

metabolism by use of cell culture.  
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A large portion of the glucose entering the glycolytic pathway in astrocytes is 

released as lactate in the extracellular space (Genc et al., 2011). Astrocyte-derived 

lactate is oxidized to pyruvate in neurons, a substrate for the pyruvate 

dehydrogenase complex that furnishes acetyl-CoA to the TCA (Magistretti, 2011), 

supplying neurons with substrates of energy. Under normal circumstances the brain 

utilizes exclusively glucose, but if alternative energy source is available (i.e. ketone 

bodies or SCFAs), they are efficiently utilized and a reduction of brain tissue glucose 

consumption is observed (Valdebenito et al., 2015). Barros and collaborators have 

observed in a mix neuron/astrocyte cell culture that incubation with BHB causes a 

reduction in glucose utilization by astrocytes. Astrocytes prefer to metabolize this 

ketone body releasing lactate, further use as energy substrate by neurons 

(Valdebenito et al., 2015). It is known that propionate is metabolized in astrocytes by 

oxidative phosphorylation (Nguyen et al., 2007) increasing mitochondrial function 

(Perry et al., 2016), but it is not known if butyrate and propionate affects astrocyte 

metabolism in a different manner. Thus, we determine the metabolic fate of 

propionate and butyrate in a mix astrocyte/neuronal culture. We observed that under 

propionate incubation, blockage of mitochondrial leads to an enhanced glucose 

clearance and glucose depletion in astrocytes. Alterations in glucose clearance could 

be due to changes in glucose transport or glucose consumption. Hence, we 

evaluated the glucose consumption rate and we observed an increased by 

propionate incubation. Glucose is metabolized in astrocytes by glycolysis producing 

lactate, however, in propionate treated astrocytes we did not observe changes in 

lactate production compared to control. This data indicate that glucose in propionate 

treated astrocytes is completely metabolized with no further production of lactate (no 

glycolysis). Significant increase in glucose depletion rate in propionate treated cells 

indicate that astrocytes were more dependent on mitochondrial metabolism 

(oxidative phosphorylation) and when mitochondria was blocked, there was an 

increased need to fulfil the increased metabolic demand caused by propionate 

incubation. Propionate is an agent that generates neuroinflammation (De Almeida et 

al., 2006; Thomas et al., 2010; Shultz et al., 2015). It has been previously observed 

that intraventricular infusions of propionate increased reactive astrogliosis and 

activated microglia (Macfabe et al., 2006), while incubation of propionate in cultured 

astrocyte leads to morphological changes and phosphorylation of GFAP (De Almeida 

et al., 2006).  
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Figure 34: Proposed mechanism for differential effects of propionate and butyrate on astrocyte-
neuron interaction. Propionate increases glucose metabolism in the astrocytes and it is metabolized 
completely by mitochondria in astrocytes. Whereas butyrate decrease glucose metabolism this 
decreases lactate formation, more glucose is supplied to neuron as astrocytes use butyrate for their 
energy needs.(Taken and modified from Valdebenito et al., 2015) 

Previous reports indicate that enhanced mitochondrial respiration (oxidative 

phosphorylation) in astrocytes limits the substrate supply from astrocytes to neurons 

(Jiang and Cadenas, 2014). Moreover, astrocytes coincubated with LPS and 

Interferon-γ showed increase in mitochondrial biogenesis (Wang 2014). In addition, 

astrocytes isolated from 5xFAD mice exhibited changes in the glycolytic pathway 

and TCA, compared to wild type cells (Gijsel-bonnello, et al., 2017). These body of 

data may indicate that propionate activates astrocytes causing an enhanced 

mitochondrial metabolism with no release of lactate. This will neglect neuronal 

metabolic demands, implicating an impaired Glu-Gln shuttle. 

On the other hand, we observed that butyrate pre-treatment decreased glucose 

clearance when glucose was depleted from culture medium. When evaluating the 

glucose consumption rate, we observed a strong inhibitory effect of butyrate on the 

consumption of glucose by astrocytes and on the capacity of astrocytic glycolysis to 

respond to physiological and pathological stimuli. In butyrate treated astrocytes, 

there was blunted response of astrocytic glycolysis to chemical anoxia, despite ATP 

depletion of similar extent to that observed in control cells. There was decrease in 

production of lactate in butyrate treated astrocytes compared to control astrocytes, 

parallel to decreased in rate of glucose consumption.  This data is similar to previous 
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reports using BHB (Valdebenito et al., 2015). Butyrate has been shown anti-

inflammatory and neuroprotective properties (Ricobaraza et al., 2012; Govindarajan 

et al., 2011).  In AD, decreased butyrate in feces and brain samples have been 

reported in TG mice compared to WT (Zhang et al., 2017a). Administration of 

probiotic increases the concentration of butyrate in 3XTG-AD mice an effect 

associated  with decrease in amyloid aggregation and neuroinflammation (Bonfili et 

al., 2017). In our present study we could not detect changes in butyrate in mice 

brains due to the low concentration present in our samples (Part I). 

All this previous data supports our observation that propionate impact astrocyte 

metabolism causing an increased metabolic need. This effect can be correlated to 

the increased SIRT1 in astrocytes from TG-AIN mice, whose brains were richer in 

propionate concentration than WT mice. Therefore, propionate can be consider a 

potent neurotoxic substance related to AD pathology.  

Overall the data indicates that propionate and butyrate have differential effect on 

metabolism of astrocytes, butyrate has similar effects as BHB, whereas propionate 

presented an opposite effect. 
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9. GENERAL CONCLUSION 

• Ingestion of BF was able to diminish the pathological markers of AD, 

reduced neuroinflammation, synaptic hyperactivity and improved working 

memory in TG mice. Importantly, BF´s effects were accompanied by 

restoration of GM and their released products (LPS and propionate).  

• Propionate and butyrate differentially alters astrocyte-neuron lactate 

shuttle by altering glycolysis in astrocytes. 

• Based on the present data we propose that a dietary intervention in early 

stage of pathology is an effective strategy to abate amyloid pathology, 

metabolic and synaptic alteration resulting in better cognitive outcome. 

 

10.  PERSPECTIVES 
 

• Inject propionate intraperitoneally in 3xTg-AD mice and evaluate if the 

pathology is exacerbated.  

• Treat astrocytic culture with butyrate and propionate and determine 

mitochondrial dynamics under an Agilent Seahorse XF Cell and evaluate 

cytokines release from medium. 

• Analyse the effect of butyrate and propionate in mixed astrocytes and 

neuronal culture from 3xTg-AD mice. 
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12. APPENDIX  

 
Figure 1 (Appendix 1). Protein levels of MDA in the brain cortex: MDA  

levels were higher in TG-AIN compared to WT-AIN (p < 0.001), while in TG-

BF mice MDA levels were even lower than TG-AIN (p < 0.01). Images below 

graphs are representative blots for each protein done five times, in pool 

samples. Data represents mean ± S.D. ***p <0.001. 
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Figure 2 (Appendix 1): Effect of bioactive food on SIRT1 in st. pyramidale of 
the hippocampus. Representative images of SIRT1 labelling in st. pyramidale.   Scale bar 100 

µm. In st. pyramidale.   TG-AIN mice had less number of SIRT1 particles compared to WT-AIN (p< 

0.01) and TG-BF (p<0.001). Data are expressed as the mean ± S.D. *p <0.05, **p < 0.001 
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