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Abstract 

This project covers the findings regarding the impact of diet on lipocalin 2 (LCN2) and the 

effects it has on neuroinflammation Alzheimer’s Disease (AD). LCN2 is a protein that is critical 

to the functionality of mitochondria and inflammatory responses.  Evidence has shown that 

mitochondrial dysfunction is a potential central event in driving AD pathogenesis and 

contributing to formation of pathological hallmarks such as chronic inflammation. Furthermore, 

studies have shown that LCN2 can be deficient under metabolic conditions such as high-fat-diet 

(HFD). This study investigates if HFD induces LCN2 deficiency and increased 

neuroinflammation in an AD mice model. 
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Introduction 

Alzheimer’s Disease (AD) is a neurodegenerative disorder that is characterized by 

gradually progressive cognitive and functional decline as well as behavioral changes in 

individuals (Apostolova et al., 2016). The disorder is associated with common pathological 

hallmarks such as amyloid beta plaque formations and tau tangles. The common cognitive 

deficits expressed through this disorder include deficits in short-term memory, language, and 

executive functions (Silva et al., 2019). AD is the most common neurodegenerative disorder and 

the sixth most common cause of death in the United States. Even though the first clinical 

symptoms start to present themselves after the age of 65, evidence suggests that AD pathology 

starts depositing in the brain in midlife. AD prevalence has started to rapidly increase in large 

part due to the proportion of people 65 years and older. Between 1997 and 2050, the elderly 

population, defined as people 65 years of age and older is predicted to increase from 63 to 137 

million in America alone with similar large-scale increase in other parts of the world 

(Apostolova et al., 2016). Furthermore, in a nationally representative US data set, the Aging, 

Demographics, and Memory Study (ADAMS), it was estimated that 14% of people over age 71 

and older have dementia. AD dementia accounted for 70% of the dementia cases across this age 

population (Apostolova et al 2016). Although aging is the most prevalent risk factor for the onset 

of AD, there are other risk factors that can contribute to the prevalence of AD onset. Obesity is a 

risk factor that can increase the chance of individuals developing AD over time and one that is 

explored in this study, it has been shown that obesity in midlife can increase an individual's 

likelihood to develop Alzheimer’s drastically (Povova et al., 2012).  
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Effect of Diet 

Obesity is a worldwide health problem that affects many people due to excessive 

consumption of saturated fat and lack of exercise. It has been linked to cognitive deficits, 

impaired long-term potentiation, and synaptic plasticity along with a smaller brain volume 

(Flores-Cordero et al., 2022).  These changes result in an increased probability of developing AD 

and other forms of dementia.   

Neuroinflammation 

Obesity is known to cause a state of low-grade chronic inflammation that can lead to 

dysregulation of homeostatic systems and lead to development of various disease, including 

neurodegenerative disorders such as AD (Flores-Cordero et al., 2022) This is important because 

chronic neuroinflammation is one of the pathological hallmarks of AD. The chronic 

neuroinflammation is detrimental due to not only causing damage to healthy tissue but prolonged 

propagation of inflammation can become overwhelming and lead to exhaustion of the immune 

system, resulting in poor host defense. Additionally, it has been shown that obesity can have a 

negative effect on the propagation of neuroinflammation (Nam et al., 2017). Diets composed of 

high fatty acids have been shown to be capable of passing through the blood brain barrier and 

interacting with cells in the brain (Mitchell et al., 2011). Furthermore, it has been observed that 

LCN2 expression in adipocytes is highly inducible in response to inflammation and metabolic 

stressors such as high fat diet (HFD) feeding (Zhang et al., 2014). This is proposed to be a 

protective mechanism against overactivation of stress responses which could potentially cause 

the damage and inflammation of tissues. It has been demonstrated that HFD increases 

neuroinflammation and cognitive decline in rodent models of obesity (Duffy et al., 2019). The 

Duffy et…al 2019 was a study conducted previously by our lab and was done using a mice 
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model with a progressive orexin neuron loss. Orexin A(OXA) is a hypothalamic peptide that is 

important in obesity resistance and contributes towards neuronal protection. To assess the 

neuroprotective aspect of orexin, immortalized hypothalamic cell lines were pretreated with 

OXA for 24 hours followed by an additional 2hrs of incubation with palmitic acid in the 

presence or absence of OXA. Palmitic is a saturated fatty acid and is common in western diets. It 

was observed that reactive oxygen species (ROS) production is significantly increased following 

2hrs of palmitic acid exposure and that OXA treatment attenuated palmitic acid-induced ROS 

production (Duffy et al., 2016.) To test how diet would influence cognitive performance they 

utilized WT mice and Orexin-Ataxin-3(O/A3) mice (Duffy et al., 2019.) O/A3 mice lacked the 

neuroprotective peptide OXA. These two mice groups were kept on either a HFD treatment or on 

a normal-chow (NC) treatment for 4 weeks. The mice were assessed cognitively using a Two-

Way Active Avoidance (TWAA) task. The mice completed a spatial memory task where they 

were allowed to explore a box and received a 0.3 mA scrambled foot shock that was delivered 5 

sec later through the floor grid. The scrambled nature of the shock prevented the mice from 

finding a no-shock position on the floor. To avoid the shock, the mice learned that to avoid the 

shock they had to move to the other compartment. Upon analyzing the TWAA activity it was 

seen that O/A3 mice on a HFD treatment had significantly impaired long-term memory indicated 

by reduced shock avoidances and longer latency. It was also observed that HFD O/A3 mice had 

decreased locomotor activity compared to WT-O/A3 mice indicating that even with the same 

groups diet had a detrimental effect on performance levels. Furthermore, upon analyzing the 

effects of HFD on neuroinflammation, it was observed that there was an upregulation of ionized 

calcium binding adaptor molecule 1 (IBA1) markers in both HFD-WT and HFD-O/A3 mice. 

IBA1 is a marker for microglia which are the resident macrophages of the brain. They are 









EFFECTS OF DIET ON LCN2 IN AD 22 

DAB Staining 

 LCN2 expression was stained in 3 different brain regions of mice brains, specifically the 

cortex, hippocampus, and hypothalamus. Figure 3 contains the staining images and densitometry 

for the cortex at the top followed by the hippocampus and ends with the hypothalamus. 

Treatment groups were analyzed for significant difference in LCN2 expression, which is shown 

through the brackets linking groups and comparing if there was a significant difference or not. 

 DAB staining for IBA1 was conducted in the same 3 brain regions as LCN2 staining. 

Figure 4 includes staining images that indicate the expression level of IBA1 in each brain region 

followed by a densitometry graph comparing the treatment groups and indicating if calculated p-

value is significant or not through linking groups up in brackets 

Figure 3  

LCN2 Expression in Brain Regions 
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Figure 3 caption: Asterisks indicate the following p-values: *= P≤0.05, **=p≤0.01, ***= 

p≤0.00. N-values indicated in graphs, range from 3-5. 
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Figure 4:  

IBA1 Expression in Brain regions 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4 caption: Asterisks indicate the following p-values: *= P≤0.05, **=p≤0.01, ***= 

p≤0.001. N values of 5 for each treatment group. 
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Fluorescent Staining 

Fluorescent Co-stain showing expression level of LCN2 and IBA1 in the hippocampus of 

WT/NC and WT/HFD mice are shown in figure 5. Green fluorescent markers indicate LCN2 

expression while red fluorescent markers indicate IBA1 expression. Regions containing 

simultaneous expressions of LCN2 and IBA1 floures in yellow color. Figure 6 shows changes in 

fluorescent LCN2 expression in hippocampus of WT/NC and WT/HFD mice. The densitometry 

graph shows numerical representation and changes in marker density and indicate p-value. 

Figure 7 shows changes in fluorescent IBA1 expression in hippocampus of WT/NC and 

WT/HFD mice. The Densitometry graph shows changes in IBA1 expression based on treatment 

diet and represents this change numerically. Preliminary fluorescent staining images of AD/NC 

and AD/HFD treatment groups are shown in Figure 8. 

Figure 5  

WT Fluorescent Co-stain 
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Figure 6   

Fluorescent LCN2 in WT Hippocampus 

 

 

 Figure 6 caption: Asterisks indicate the following p-values: *= P≤0.05, **=p≤0.01, ***= 

p≤0.001. N values of 3 for each treatment group 
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 Figure 7  

Fluorescent IBA1 in WT Hippocampus 

 

Figure 7 caption: Asterisks indicate the following p-values: *= P≤0.05, **=p≤0.01, ***= 

p≤0.001. N-values of 3 for each treatment group 

 Figure 8  

Preliminary stains for AD mice 
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Discussion 

Behavioral Performance 

The goal of the present study was to investigate how diet would influence LCN2 

expression and the effects that would have on inflammatory response within WT and AD mice in 

the brain regions of interest. By looking at the results from the behavioral assessment we see 

how changes in LCN2 expression influence cognitive performance in male and female groups 

based on their treatment diet. The WT mice did considerably better compared to the AD mice 

overall in both the male and female groups in exploring the maze. However, when looking 

within the treatment groups we can see the effects that diet has on cognitive performance. In the 

WT mice groups, there is an observed decrease in cognitive performance shown in a decrease in 

the WT/HFD group. In fact, the WT HFD group performance was like the AD/NC in terms of 

cognitive performance of exploring the maze when introduced to new areas of the maze.  Despite 

the WT/HFD not being predisposed to developing AD symptoms, their performance was 

worsened considerably due to the HFD treatment only, indicating that even in healthy mice there 

can be cognitive decline because of diet. 

LCN2 Expression 

DAB staining for LCN2 markers in the AD and WT mice showed a significant difference 

in expression level between the two treatment groups. Overall, the WT mice expressed more 

LCN2 markers compared to the AD mice in all 3 brain regions of the tissues. This is primarily 

indicative of how the AD pathogenesis generally affects the LCN2 expression, especially when 

just looking at the NC treatment group of both the WT and AD mice. The AD NC animals have a 

significantly visual decrease in LCN2 graduation in the tissues which is also represented within 

the decrease in the densitometry value for that treatment group. Additionally, we can see how the 
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AD HFD treatment group has even less LCN2 expression compared to the AD NC treatment 

group. However, to see the impact of the HFD treatment, it is more evident in the difference 

between the WT treatment groups. Within the WT treatment groups, there is not a significant 

difference visually between the gradation of LCN2 in the tissue but through looking at the 

densitometry graphs we are able to see that there is indeed a difference, especially in the cortex 

region. The HFD treatment group in the WT mice are expressing significantly less LCN2 in the 

cortex region compared to the NC treatment group. The change in LCN2 between the AD mice 

is less noticeable due to the scale of the densitometry graph. However, the p-value test shows 

that there are significant differences in LCN2 expression, which are indicated through asterisk 

above brackets linking the treatment groups. There are similar trends observed in the 

hippocampus and hypothalamus in the AD mice, however the WT mice are showing a slightly 

different trend. The LCN2 expression in the hippocampus and hypothalamus of the WT/HFD 

mice don’t show any significant decrease or increase in expression level compared to the 

WT/NC groups. One possible reason for this could be due to a difference in experiment group 

size between the two treatment groups indicated by the n value. A smaller size group might have 

resulted in less variable data collected from this treatment group. Especially since the 

preliminary LCN2 fluorescent staining indicated that there was a significant difference in LCN2 

expression between the WT/NC and WT/HFD. Due to this, we would have to assess further 

experiments on the expression level of LCN2 in these brain regions and see whether diet 

treatment causes an impact on expression level or if there is some other explanation.  

IBA1 Expression 

The DAB staining for IBA1 expression in WT and AD mice showed similar trends of 

increase across all brain regions. Primarily the AD mice had more IBA1 expression compared to 
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the WT mice in general. This could be due to the AD pathogenesis and the associated increase in 

inflammatory response due to neuronal cell death. However, within the two cohort groups there 

is an increase in IBA1 expression due to changes in diet treatment. The WT/HFD and AD/HFD 

group had a significant increase in IBA1 expression compared to the NC group of each cohort 

group. This indicates that the exposure to saturated fatty acids over a long period of time does 

result in increased inflammatory response, even within a healthy mouse. Like the Cortex, the 

IBA1 expression in the hippocampus and hypothalamus follows a similar trend as observed. The 

AD mice primarily have a greater expression of IBA1 markers compared to the WT due to the 

AD pathogenesis triggering the inflammatory response in the mice CNS. However, we can see 

that even a change of diet within the cohorts once again results in a significant increase in IBA1 

expression indicative of the effects that diet can have on the inflammatory response. In order to 

further assess the increased inflammatory response, future experiments could be focused on 

assessing activity of different cytokine of the microglial in these brain regions. The level of 

cytokines would indicate whether pro or anti-inflammatory cytokines are more upregulated. 

Conclusion 

 As of currently based on the fluorescent co-stain images we can observe that there are 

regions of the brain areas where LCN2 and IBA1 are expressed in proximity of each other. This 

can be seen in the yellow stained areas in figure 4. Since LCN2 is expected to play a role in the 

inflammatory response system it is expected to interact with the immune cells of the CNS in 

some aspect. Through these staining we can see that LCN2 and IBA1 are in proximity of each 

other and might have interactions occurring during inflammatory response activity. It is 

important to note that while microglial are one of the primary immune cells of the CNS, 

astrocytes also play a role in the immune system. Therefore, during future experiments, it would 
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be crucial to compare co-localization staining between LCN2/IBA1 and LCN2/GFAP (marker 

for astrocyte) in order to understand which immune LCN2 acts more upon during an 

inflammatory response system.  To further assess these interactions, utilization of DAPI staining, 

which stains the nucleus of cells, would allow for assessment of whether LCN2 is being 

expressed intracellular or extracellular of these immune cells. Furthermore, for future 

experiments we could do gene expression of different proteins and transcriptions factor based on 

LCN2 deficiency. Tracking which genes and proteins are downregulated when LCN2 expression 

is decreased would allow us to see which biological processes are impacted by this deficiency. 

Furthermore, since multiple proteins might contribute to one biological process, down regulation 

of these proteins could allow for investigation of new functions and roles of LCN2.  

Significance 

AD is a neurodegenerative disorder that currently affects a large portion of our 

population and is slated to increase as time goes on. However, there are still a lot of progressions 

and pathogenesis of the disorder that are still not fully elucidated making treatment option very 

ineffective. A lot of current AD treatments are focused on targeting the amyloid beta plaque 

deposits because they are seen as the causative factor of the neuronal loss and damage that 

patients experience (Castello et al., 2014).  Infact no new treatment drug has been approved by 

FDA for treatment of AD since 2003 (Yiannopoulou et al.,2019). There are many possible 

reasons for why these disease-modifying treatments (DMTs) for AD have not been effective in 

treating the disorder. The most prominent reasons are due to late initiation of treatments during 

the course of AD development (Yiannopoulou et al.,2019). It has been shown that clinical 

symptoms of AD do not present themselves until after 20-25 years of their first amyloid plaques 

formation in the brain (Betthauser et al., 2022). For this reason, there can be significant buildup 
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of amyloid plaques even before patients start to develop clinical AD symptoms and make 

treatment very hard and ineffective due to the buildup of plaque formations. Due to these 

complications along with potential issues with the drug dosage and lack of understanding the 

complex pathophysiology of AD, there has been very little effectiveness in treating AD. 

However understanding how LCN2 and diet can work together to cause an early on-set of AD 

prognosis could be beneficial in shifting the treatment approach for AD patients. Since Diet is a 

significant risk factor for AD development and a metabolic stressor that can result in 

dysregulation of LCN2 over time, treatments focused on this would be to enable preventative 

measurements to lower the risk of AD onset. Patients would be able to put on a more regulated 

diet that consists of less saturated fatty acids to reduce increased low-grade chronic inflammation 

along with disruption of LCN2 expression. Furthermore, contingent upon further studies there 

might even be a possibility for more effective drug treatments that can be initiated early on apart 

from making changes to patients’ diet and lifestyle.  
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