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Abstract  

Aims: The sporadic and late-onset form of Alzheimer’s disease (AD) constitutes the most 

common form of dementia. This non-familiar form could be a consequence of metabolic 

syndrome, characterized by obesity and the development of a brain-specific insulin resistance 

known as type III diabetes. This work demonstrates the development of a significant AD-like 

neuropathology due to these metabolic alterations. 

 Methods: C57BL/6J mice strain were divided into two groups, one fed with a diet rich in 

palmitic acid (high-fat diet, HFD) since their weaning until 16 months of age, and another 

group used as a control with a regular diet. The analyses were carried out in the dentate gyrus 

area of the hippocampus using a Thioflavin-S stain and immunofluorescence assays.  

Results: The most significant finding of the present research was that HFD induced the 

deposition of the βA peptide. Moreover, the diet also caused alterations in different cell 

processes, such as increased inflammatory reactions that lead to a decrease in the neuronal 

precursor cells. In addition, the results show that there were also dysregulations in normal 

autophagy and apoptosis, mechanisms related to βA formation.  

Conclusions: The present findings confirm that HFD favors the formation of βA depositions in 

the brain, a key feature of AD, supporting the metabolic hypothesis of sporadic AD. 

 

Abbreviations 

Aβ: β-amyloid  

AD: Alzheimer’s disease 

AMPK: AMP-activated protein kinase 

ANS: Autonomic Nervous System  
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BACE1: beta-site APP-cleaving enzyme 1 

BBB: Brain Blood Barrier  

CSF: Cerebrospinal fluid  

DIO: Diet-induced obesity  

HCD: High calorie diet  

HFD: High-fat diet  

IGF-1: Insulin-like growth factor-1 

MAPK: mitogen-activated protein kinase 

PTP1β: Protein tyrosine phosphatase 1β 

T2DM: Type 2 diabetes mellitus 

 

 

Introduction 

Diseases like type-II diabetes mellitus (T2DM), atherosclerotic cardiovascular disease and 

metabolic  syndrome are derived from population’s life expectancy continuous growth and the 

worsening of people’s life habits. These diseases together with other degenerative conditions 

have a metabolic origin and are associated with central/upper body fat accumulation, 

hypertension, dyslipidemia and hyperglycemia (McGill, A.-T., 2014). The development of 

obesity and metabolic syndrome is related to an excessive consumption of red meats, refined 

sugars, high fat foods and refined grains that contain high concentrations of saturated and 

trans-fatty acids (Freeman, 2014; McGill, A.-T., 2014). Metabolic syndrome is one of the most 

complex and heterogeneous diseases and affects many organs like liver, kidney, gut, pancreas 

and brain (Hristova, 2013).  
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Metabolic derangements resulting of obesity cause inflammation, insulin resistance, 

endoplasmic reticulum stress and impairment of cognitive functions (De Felice 2015); going so 

far as being related in epidemiological studies to Alzheimer’s disease (AD) (Julien, 2010; De 

Felice & Ferreira, 2014; Grillo, 2015). 

Given recent published findings that provide evidence that HFD causes obesity, insulin 

resistance and aggravates several AD markers, we chose this experimental approach as our 

method to study the mechanisms that lead to AD progression (Nuzzo, 2015). Previous results 

from our group in both C57BL/6J and APP/PS1 mice indicate that continuous feeding with HFD, 

starting at the time of weaning, is sufficient to induce a metabolic syndrome and appears to 

have direct effects on brain insulin regulation and mitochondrial function. Moreover, through 

the Morris Water Maze Test (MWM) and the Novel Object Recognition Test (NOR), a 

significant cognitive decline was evidenced in those animals (Giacco, 2011; Petrov, 2015).  

There is growing evidence to believe that obesity as it occurs in aging, promotes low-grade 

systemic inflammation, including the brain (Tucsek, 2014; Tang, 2015; Pistell, 2010). 

Macrophages, microvascular endothelial cells and adipocytes release a wide range of 

inflammatory mediators into the bloodstream, such as C-reactive protein (CRP), tumor 

necrosis factor-α (TNF-α), interferon-γ (IFN-γ), and interleukin (IL) -6 and -8 (Nousen, 2013). 

This systemic inflammation, could also affect most cells ability to progress in the cell cycle and, 

in turn, their ability to generate new ones. The positive or negative effects of pro- and anti-

inflammatory cytokines still need for further understanding but is an important point to be 

assessed (Borsini, 2015; Singh, 2012). The dentate gyrus (DG), a structural and functional part 

of the hippocampus involved in the formation of memory, is one of the brain areas that shows 

clear neurogenesis ability, allowing for the formation of new neurons, that later migrate into 

other areas of the tissue. As it is later glimpsed in this research, this neurogenesis system is 

indeed negatively affected by the neuroinflammation derived of the development of a 

metabolic syndrome. 
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Another cellular mechanism that would be affected by the metabolic syndrome is 

autophagy (Lipinski, 2010). This cellular process allows for the recycling of cellular components 

to sustain the viability of cells when they have been outstripped of their exogenous nutrient 

supply and it allows for the renewal of cellular components. Also, a link exists between insulin 

resistance and autophagy (Yoshizaki, 2012). As it has been previously reported in several 

papers through the study of these mechanisms in multiple mice models, the appearance of 

insulin resistance causes the suppression of autophagy, although the mechanism through 

which it occurs is yet to be clear. In this line, p53 is a protein identified to be involved in the 

autophagy program. Autophagy and p53 have a negative feedback loop in which p53 induces 

autophagy, which then limits p53 activation (Kruiswijk, 2015). The B-cell lymphoma 2 (BCL-2) 

also regulates autophagy and is part of an interplay in which p53 inhibits BCL-2 through its 

phosphorylation and, in turn, BCL-2 inhibits several proteins downstream of the activation of 

p53, like the p53 upregulated modulator of apoptosis (PUMA), the neuro-oncological ventral 

antigen (NOVA), the BCL-2-like protein 11 known as BIM and the BCL-2-like protein 4 known as 

BAX (Maiuri, 2010). Moreover, BCL-2 inhibits the BECLIN1, a protein that participates in the 

formation of the autophagosome (Park, 2009; Lorin, 2010).  

Since our group has already published data on several alterations due to short-term feeding 

of HFD (Petrov, 2015). In the present study, we tried to discern the negative consequences of a 

long-term feeding on a HFD and its implications in the alteration of multiple cell processes. The 

results obtained through histochemical stains and immunofluorescence techniques supported 

the link between metabolic alterations and the appearance of βA deposit together with glial 

reactivity. The analyses of different proteins related to apoptosis and to autophagy suggested 

that these alterations would be the result of impairment in cellular process such as apoptosis 

and autophagy activity. Moreover, the negative impact of the metabolic syndrome would also 

have consequences on the progression of neurogenesis mechanisms. 
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Materials and Methods 

Animals 

16-months old wild-type C57BL/6J mice were used in this study. They were separated in 

two study groups: those fed with regular control diet (CT) and those fed with a HFD. Animals 

were maintained under standard animal housing conditions with a 12-h dark–light cycle with 

free access to food and water. Animal procedures were conducted according to ethical 

guidelines (European Communities Council Directive 2010/63/EU) and approved by the local 

ethical committee (UB). Every effort was made to minimize animal suffering and to reduce the 

number of animals used. 

Diet 

HFD was purchased from Research Diets, Inc. (Product D08061110). It is made out of 

hydrogenated coconut oil. The contents of this diet are shown in Table 1. Both CT and HFD 

were fed to the animals from their weaning until they were sacrificed at 16 months of age. 

Antibodies 

The primary and secondary antibodies used in this study have been listed in Tables 2 and 3. 

Immunofluorescence  

Mice used for immunofluorescence studies were anesthetized by intraperitoneal injection 

of ketamine (d=100mg/kg) and xylazine (d=10 mg/kg) and perfused with 4% paraformaldehyde 

(PFA) diluted in 0.1M phosphate buffer (PB). Brains were removed and stored in the same 

solution overnight at 4oC and 24 hours later, they were cryoprotected in 30% sucrose-PFA-PB 

solution. Coronal sections of 20 μm of thickness were obtained by a cryostat (Leica 

Microsystems).  

On the first day, free-floating sections were washed three times with 0.1 mol/L PBS pH 7.35 

and after five times with PBS-T (PBS 0.1 M, 0.2% Triton X-100). Then, they were incubated in a 
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blocking solution containing 10% fetal bovine serum (FBS), 1% Triton X-100 and PBS 0.1M + 

0.2% gelatin for 2 hours at room temperature. After that, slices were washed with PBST (PBS 

0.1 M, 0.5% Triton X-100) five times for 5 minutes each and incubated with the primary 

antibody overnight. On the second day, brain slices were washed with PBS-T (PBS 0.1 M, 0.5% 

Triton X-100) 5 times for 5 minutes and incubated with the appropriate secondary antibody for 

2 hours at room temperature. Later, sections were co-stained with 0.1 μg/ml Hoechst 33258 

(Sigma-Aldrich, St Louis, MO, USA) for 15 minutes in the dark at room temperature and 

washed with PBS 0.1M. Finally, the slides were mounted using Fluoromount G (EMS) image 

acquisition was performed with an epifluorescence microscope fluorescence filter (BX61 

Laboratory Microscope, Melville, NY-Olympus America Inc.).  

 

Thioflavin-S Staining 

The stain solution was made of Thioflavin-S diluted with PBS 0.1 mol/L on a 0.0033% 

concentration. Brain coronal sections were incubated for 8 minutes in darkness at room 

temperature.  

 Quantification of results 

All images and quantifications shown in this paper were obtained from coronal sections 

from Bregma 1.34 – to Bregma 2.46 mm in the mouse brain. NESTIN and ULK1 positive cells 

quantification was obtained solely from the DG of at least 3 animals from each experimental 

group. For plaque quantification, similar and comparable histological areas were selected, 

focusing on having the hippocampus and the whole cortical area positioned adjacently. 

In order to quantify the differential fluorescence relative intensity in the images, ImageJ 

software was used. Relative intensity quantification numbers were obtained under the 

following formula: CTCF (Corrected Total Cell Fluorescence) = Integrated Density - (Area of 

selected cell X Mean fluorescence of background readings). 
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Statistical Analysis 

Statistical analysis was performed with unpaired t-test. Data are presented as means ± 

SEM, and differences are considered significant at p < 0.05 (*), p < 0.01 (**), p < 0.001 (***) 

and p < 0.0001 (****). 

 

 

Results 

βA peptide accumulation and increased glial reactivity  

The presence of βA peptide depositions is a hallmark of AD. Their presence was evaluated 

through the Thioflavin-S stain, used for the detection of fibrillar aggregates, and using the 12F4 

antibody to detect βA diffuse plaques. In both detection methods there was a significant 

appearance of deposits of the βA peptide in the HFD experimental group versus what occurred 

in controls (Figure 1). 

Two antibodies were used to analyze the glial response in the DG of the brain between 

those animals fed with CT and HFD. Astrogliosis, a feature observed in different brain 

pathologies, was identified using an antibody against glial fibrillary acidic protein (GFAP), the 

main constituent of the intermediate filament system of adult astrocytes, (Pekny, 2014). Also, 

with an antibody against ionized calcium-binding adapter molecule 1 (Iba1), the morphology of 

microglial cells was studied. (Deininger, 2002). An augment in astrocyte and microglial 

response was detected (Figures 2 and 3).  
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Reduction in neural precursors neurogenesis 

Using the anti-NESTIN antibody as a protein marker of neural stem cells, we visualized a 

decline of these cells in the subgranular zone of the DG (SGZ) of the hippocampus in mice fed 

with a HFD (Figure 4).  

 

 Reduction in the activation of apoptotic mechanisms 

A reduction in the apoptotic processes was observed using an immunofluorescence against 

p53 and BCL-2. Thus, by an anti-p53 antibody, a protein associated with tumor suppression, 

DNA damage and induction of apoptosis, we detected a reduction in the p53 transcription 

factor of the cytoplasm of different hippocampal neurons in HFD animals in comparison with 

CT mice (Figure 5). The immunofluorescence against BCL-2, which has a role in promoting 

cellular survival and inhibiting actions of pro-apoptotic proteins, revealed an increase of BCL-2 

immunopositive cells in HFD mice versus CT, mainly noticed in the dentate gyrus of the 

hippocampus. This observed data was supported with the analysis of fluorescence intensity 

(Figure 6).  

Autophagy impairment 

To analyze if the autophagic activity was altered by HFD mice, we studied the hippocampal 

distribution pattern of different proteins, such as ULK1 (Serine/threonine-protein kinase 1), 

LC3 (microtubule-associated proteins light chain 3) and β-catenin. No significant differences in 

ULK1 immunopositive cells were detected between the experimental animal groups (Figure 7). 

However, the levels of LC3 and β-catenin complexes were reduced in different areas of the 

hippocampus, such as DG (hilus, molecular and granular layers) and in the cornu ammonis 1 

(CA1) field, specifically in the stratum lacunosum-moleculare (slm) and stratum radiatum (sr). 

Quantification of relative fluorescence intensity values reaffirmed the results with a significant 
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decrease on the fluorimetric response on the WT HF experimental group (p value < 0.001). 

(Figure 8). 

 

Discussion 

The intent of this experimental work was to support the hypothesis on the link between the 

development of a metabolic syndrome associated with insulin resistance with sporadic AD. 

Interestingly, we focused on the role of and neuroinflammatory cellular processes with the 

reduction in neurogenesis along with the disruption of normal autophagic mechanisms that 

lead to the appearance of βA depositions in the brain. Overall, this distorted situation that had 

been reached after a long-life exposure to negative environmental exposure (long-term 

feeding with a HFD) would promote the development of neuropathological disorders (De 

Felice, 2013; Heni, 2015).  

In order to carry through the present study, we used mice fed with a HFD. The long term 

feeding of this diet lead to increases in body weight, peripheral hyperglycemia, 

hyperinsulinemia and insulin resistance together with a mitochondrial dysfunction (Khalyfa, 

2013; Takalo, 2014; Petrov, 2015). As members of our group had already described it, the 

feeding of this diet caused an increase on the concentration of soluble βA in the brain along 

with the development of memory deficits, supporting the association between metabolic 

disorders and AD. (Petrov, 2015). In addition, it had also been detected an increase in glial 

reactivity combined with an escalation in BACE-1 (β-site amyloid precursor protein cleaving 

enzyme 1) levels, a protein related with the cleavage of the APP peptide. All these data 

supported an induction of the amyloidogenic pathway in HFD mice as occur with familial AD 

(Glass, 2010; Lee, 2008; Patil, 2006; Nuzzo, 2015). Our results provide evidence that alterations 

in specific cellular processes induce the appearance of βA deposits. 
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One of the cellular mechanism that trigger this situation is the inflammatory response 

that occurs in the neuronal tissue of the brain (Figure 2 and 3), as a consequence of the 

alterations in intracellular signaling molecules. Among them, it has been reported that 

metabolic disorders affect the activity of c-Jun N-Terminal kinase (JNK), protein Kinase R (PKR) 

and the inhibitor of nuclear factor kappa –B Kinase (IKK). All these enzymes would initiate 

intracellular cascades that lead to the release of inflammatory mediators into the bloodstream 

(Nousen, 2013). This situation ends with the disruption of proper blood-brain barrier function 

making the brain tissue more sensible to outer metabolic alterations (Takeda, 2013).  

Park (2010) found that an increase in neuroinflammation affects the progression of neural 

progenitors within the brain. According to these results, we found a decline in the nestin 

immunopositive cells in the SGZ, a protein that has a role in the survival and self-renewal of 

neural stem cells. Consequently, it is suggested that HFD can cause a reduction in the neuronal 

renovation that affects brain’s plasticity and cognitive performance, parameters all decreased 

in the neuropathology of AD (Singh, 2012).  

The down-regulation in HFD-fed animals of LC3 that could form a complex with β-catenin 

promoting its degradation and enhancing autophagy, pointed out to an alteration in the 

autophagic system (Jia, 2014). The β-catenin blockade prevents the degradation of p62 and 

cellular components targeted to the autophagosome, thereby preventing completion of 

autophagy. This impairment of autophagy was supported with the reduction found in 

cytoplasmic p53 and an up-regulation of BCL-2 protein, molecules intervene as regulators in 

several steps on the formation of the autophagosome (Roussy, 2008). This process is 

important for an adequate regulation of protein homeostasis in neurons. It degrades damaged 

or unwanted components and recycles those destined for use in energy production and other 

biosynthetic reactions. Therefore, we can suggest that the increase of βA depositions in the 

cortex and hippocampus of the elder mice could be the result of a dysfunction of autophagy 
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(Takechi, 2010). Thus, we theorized that autophagy is involved in the aging of the brain and in 

age-related neurodegenerative disorders.  

To summarize, the observed βA peptide deposition in hippocampus of 16-months old wild-

type C57BL/6J mice should not be considered as a spurious observation but, as a signal of how 

many other systems are distorted, since it is accompanied with significant alterations of cell 

normal processes, such as increases in neuroinflammation, reduced neural proliferation and 

decline of autophagy.  
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Figure Legends 

Figure 1. Stain with Thioflavin-S and 12F4 antibody for the detection of βA fibrillar aggregates and 

diffuse plaques respectively in coronal hippocampal sections obtained from C57BL/6J 16-months old 

animals. Images A and B correspond to CT and HFD animals with a Thioflavin-S stain; Detection with 

12F4 is shown in images C and D. Comparison between both experimental groups shows presence of 

several deposits in the DG of the hippocampus in both detection methods. Tissue is also stained with 

Hoechst (blue). Arrows indicate the presence of the fibrillar aggregates or diffuse plaques. Graphic C 

shows statistical analysis of the quantification of βA depositions in both the hippocampus and cortex of 

CT and HFD experimental groups. Statistical analysis was obtained through unpaired Student’s t-test 

with p-value < 0.001. Scale bar represents 200 µm. Abbreviations: mol: molecular layer, gl: granular 

layer, h: hilus. 

Figure 2. Immunofluorescence against GFAP in coronal hippocampal sections obtained from C57BL/6J 

16-months old animals. Images A and B correspond to CT and HFD diets respectively. Comparison 

between A and B reveal that astrocytes (red) of HFD fed animals display higher reactivity (bigger size and 

more ramified profiles). Tissue is also stained with Hoechst (blue). Scale bar represents 100 µm. 

Abbreviations: mol: molecular layer, gl: granular layer, h: hilus. 

Figure 3. Microglial reactivity observed using an anti-Iba1 antibody (red) in the DG of the hippocampus 

after a 16-month feeding of a CT and HFD. Images A and B correspond to CT and HFD diets respectively. 

Comparison between experimental groups shows an increase in the microglial response in the HFD fed 

animals versus CT. Tissue is also stained with Hoechst (blue). Scale bar represents 100 µm. 

Abbreviations: mol: molecular layer, gl: granular layer, h: hilus. 

Figure 4. Detection of Nestin positive cells counterstained with Hoechst in the DG of the hippocampus 

from CT and HFD fed animals. Images A and B correspond to CT and HFD diets respectively. Comparison 

between A and B reveal that in the HFD-fed experimental group there would be a decrease in the 

fluorescence response both from NPCs in the granular layer (red). Nestin positive cells are indicated in 

the images with arrows. Graphic C shows a quantification of nestin positive cells in the DG of multiple 
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animals per group in similar and comparable Bregma areas. Scale bar represents 200 µm. Abbreviations: 

mol: molecular layer, gl: granular layer, h: hilus. 

Figure 5. Immunofluorescence against p53 in coronal hippocampal sections obtained from C57BL/6J 16-

months old animals. Images A and B correspond to CT and HFD diets respectively. The results reveal a 

fluorescence response in the cytoplasm of the cells in the CT groups that has nearly disappeared in the 

HFD fed animals. Tissue is also stained with Hoechst (blue). Graphic C shows statistical analysis of 

difference in relative fluorescence intensity between CT and HFD experimental groups. Statistical 

analysis was obtained through unpaired Student’s t-test with p-value < 0.0001. Scale bar represents 200 

µm. Abbreviations: mol: molecular layer, gl: granular layer, h: hilus. 

Figure 6. BCL-2 detection in coronal hippocampal sections obtained from C57BL/6J 16-months old 

animals. Images A and B correspond to CT and HFD diets respectively. Comparison between A and B 

reveal that HFD-fed mice have much higher relative fluorescence intensity against BCL-2 protein (green). 

Tissue is also stained with Hoechst (blue). Graphic C shows statistical analysis of difference in relative 

fluorescence intensity between CT and HFD experimental groups. Statistical analysis was obtained 

through unpaired Student’s t-test with p-value < 0.0001. Scale bar represents 200 µm. Abbreviations: 

mol: molecular layer, gl: granular layer, h: hilus. 

Figure 7. ULK1 positive cells were detected in coronal hippocampal sections obtained from C57BL/6J 16-

months old animals. Images A and B correspond to CT and HFD diets respectively. Comparison between 

A and B show higher relative fluorescence intensity in the HFD experimental group (green). Tissue is also 

stained with Hoechst (blue). Arrows indicate the presence of ULK1 positive cells in the tissue. Graphic C 

shows statistical analysis shows no significant differences between CT and HFD experimental groups. 

Statistical analysis was obtained through unpaired Student’s t-test with p-value < 0.0001. Scale bar 

represents 200 µm. Abbreviations: mol: molecular layer, gl: granular layer, h: hilus. 

Figure 8. Representative LC3 and β-catenin detection in coronal hippocampal sections obtained from 

C57BL/6J 16-months old animals. Images A-E and F-J correspond to CT and HFD diets respectively. From 

left to right we see in the first column (A and F) immunohistochemistry against LC3 (red), next (B and G) 

immunohistochemistry against β-catenin (green), next (C and H) Hoechst stain (blue) and lastly, merge 
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of all three colors (D and I, E and F). Scale bar for images A-D and F-I represents 200 µm. Scale bar for E 

and J represents 20 µm. There is a reduction in the relative fluorescence response in the HFD animals, in 

both LC3 and β-catenin, in contrast with CT. Abbreviations: mol: molecular layer, gl: granular layer, h: 

hilus. 
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Table 1. Description of caloric content of the CT diet versus HFD diet 

 

 

 

 

 

 

 

 

  

 CT HFD 

 Kcal % Kcal % 

Protein 24.0 16.4 

Carbohydrate 58.0 38.6 

Fat 18.0 45.0 

Total 100.0 100.0 

   

Ingredients  Kcal 

Casein, 30 Mesh  912 

Maltodextrin 10  680 

Corn Starch  1424 

Soybean Oil  225 

Coconut Oil  2277 

Vitamin Mix V10001  40 

Total  5558 
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Table 2. List of primary antibodies used in the immunofluorescence procedure. 

 

 

  

Primary Antibody Reference Company Antigen Source Concentration 
 

Anti-GFAP 
 

ab7260 
 

Abcam 
 

Glial Fibrillary Acidic Protein 
 

Rabbit 
 

1:1000 

Anti-Iba1 019-19741 Wako Microglia Rabbit 1:500 

 Anti-LC3 A/B 
 

ab128025 Abcam Microtubule-associated protein 

1A/1B-light chain 3 
Rabbit 1:200 

Anti-Nestin MAB353 Chemicon Nestin Mouse 1:200 

Anti-ULK1 Ab128859 Abcam ULK1 Rabbit 1:200 

Bcl-2 (N-19) sc-492 Santa Cruz B-cell lymphoma 2 Rabbit 1:500 

p53 (C-11) sc-55476 Santa Cruz p53 Mouse 1:200 

β-catenin 
 

sc-1496 Santa Cruz β-catenin Goat 1:200 

12F4 SIG-39142 BioLegend β-Amyloid 1-42 peptide Mouse 1:1000 
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Table 3. List of secondary antibodies used in the immunofluorescence procedure. 

Secondary Antibody Reference Company Antigen Source Concentration 
 

AlexaFluor 594 
 

A11005 
 

Life Technology 
 

Mouse IgG 
 

Goat 
 

1:200 

AlexaFluor 594 A11012 Life Technology Rabbit IgG Goat 1:200 

AlexaFluor 488 A11055 Life Technology Goat IgG Donkey 1:200 
 

AlexaFluor 488 
 

A21202 
 

Life Technology 
 

Mouse IgG 
 

Donkey 
 

1:200 
 

 

AlexaFluor 488 
 

 

A21206 
 

 

Life Technology 
 

 

Rabbit IgG 
 

 

Donkey 
 

 

1:200 


