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I. Abstract 

Alzheimer’s disease (AD) is one of the most prevalent neuro-degenerative disorders in the world, with 

1 in 9 people age 65 years or older being affected. AD has been studied for comorbidities. A common 

comorbidity is type 2 diabetes mellitus (T2DM) which is characterized by prolonged levels of 

hyperglycemia. The purpose of this study was to investigate if under hyperglycemic conditions, would the 

combination of astaxanthin (ATX) and vitamin E (VE) result in decreased β-amyloid (Aβ) aggregation and 

promote growth of hippocampal cells, using an NE-4C cell line. The cells were analyzed for growth, Aβ 

fibril degradation, and mitochondrial reactive oxygen species (ROS) production. These variables were 

measured using XTT, Thioflavin T, and MitoSOX assays. Data was analyzed using ImagePro 6 and/or 

Excel (p<0.05). VE+ATX addition was expected to decrease hippocampal cell death while decreasing Aβ 

aggregation under hyperglycemic conditions in vitro. The results of this study concluded that hippocampal 

cells in the presence of Aβ did decrease ROS production at 5mM glucose+ATX+VE. In fact, the 

combination of ATX+VE decreased cell growth at all glucose concentrations. Decreased Aβ fibrilization 

was significant at 5mM, 10mM and 25mM glucose +ATX+VE when compared to control cell treatments 

that included the Aβ protein. Therefore, the results of this study suggest that patients with hyperglycemia 

may be able to take either ATX or VE or ATX+VE for neuroprotection. However, individuals with AD and 

hyperglycemia may not experience the same benefit, as the combination of ATX+VE may cause more harm 

to hippocampal cells then benefit when Aβ is present. 
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II. Introduction 

2.1 Alzheimer’s disease and β-amyloid  

Alzheimer’s disease (AD) is one of the most prevalent neuro-degenerative disorders in the world. 

As of 2022,  AD affects 6 million people above the age of 65 in the United States alone.1 The disease 

presents with late onset symptoms of neurologic and psychologic origin, identified by a slow decline in 

cognition. Cognition defects typically progress in a manner that cannot be controlled and eventually lead 

to a loss of higher brain function and total incapacitation.2 Pathologically, AD is irreversible and is 

characterized by the presence of β-amyloid (Aβ) plaque aggregation and hyperphosphorylation of tau 

protein to form neurofibrillary tangles.3 These polymorphous Aβ protein deposits (known as senile amyloid 

plaques) are a result of the mis-folding of native Aβ protein. Therefore, AD is a protein misfolding disorder, 

classified more specifically as amyloidosis. Amyloid precursor protein and its cleavage products follow the 

general outline of the research derived “amyloid hypothesis” which suggests that the amyloid aggregation 

is responsible for the neurotoxic affects observed in AD.  These Aβ proteins aggregations  range in size 

from microscopic plaques formed by oligomers to fibrils and the  formation of large degenerative 

neurotoxic Aβ plaques.3 These plaques contain aldehyde and 4-hydroxynonenal which is toxic to 

hippocampal cells.4 The presence of 4-hydroxynonenal leads to inflammation, mitochondrial dysfunction, 

and apoptosis of the neurons involved as well as the promotion of plaque formation.4 Currently, there is no 

resolution for the toxic effects of Aβ plaques, however researchers are investigating the use of lipid-soluble 

compounds, such as vitamin E (VE), in preventing β-amyloid aggregation. 

2.2 Hyperglycemia and AD 

AD has been studied for comorbidities. A common comorbidity is type 2 diabetes mellitus (T2DM), 

which is a metabolic disorder characterized by prolonged levels of high glucose (hyperglycemia).5 

Prolonged hyperglycemia leads to physiologic complications and cellular dysfunction. These 

hyperglycemic pathological effects of glucose are not observed until the level of glucose reaches 10mM in 



   
 

5 
 

the blood.5 The development of disease state resulting from prolonged hyperglycemia can be classified as 

a neurodegenerative disorder that has late onset in individuals.6 This is because glucose travels through the 

bloodstream affecting peripheral neurons and crosses the blood-brain barrier entering the brain with the aid 

of transporters. Therefore, with prolonged hyperglycemia, the resultant cellular toxicity impacts both 

peripheral and central neurons.5 The effects on the central nervous system are similar to what is observed 

in AD. 

Resembling AD, hyperglycemia may lead to protein misfolding which results in proteinaceous 

plaques with toxic effects.6 Protein misfolding occurs in a specific form of hyperglycemia, known as early 

onset diabetes, and is associated with mutations in the genes that respond to protein misfolding. 6 The toxic 

effect of β-sheet protein plaques has been linked to defects in angiogenesis, thereby resulting in chronic 

cerebral hypoperfusion and eventually neuronal dysfunction and degeneration.7 Furthermore, this neuronal 

damage can have long-term consequences presenting as cognitive impairment or dementia. Therefore, AD 

and hyperglycemia have similar end pathologies (protein misfolding and toxicity to the surrounding cellular 

environment) that lead to mitochondrial dysfunction, apoptosis, and potential cognitive defects. 

2.3 Oxidative Damage, ROS, and the Mitochondria 

The process of oxidative metabolism occurs primarily in the mitochondria and endoplasmic 

reticulum of eukaryotic cells via the electron transport chain. However, during this process, there is a regular 

base number of electrons that leak and react with molecular oxygen (O2) to create reactive oxygen species 

(ROS). ROS are byproducts from metabolic processes and are highly reactive compounds.8 Cells of the 

body contain a natural antioxidant defense capacity and when ROS level begins to outweigh the antioxidant 

system of the cells, they experience oxidative stress. Cells undergoing oxidative stress demonstrate cellular 

damage. Oxidative damage can lead to cell dysfunction, abnormal proliferation and apoptosis.8 The brain 

utilizes 20% of the oxygen that is consumed by the body, making it highly susceptible to oxidative damage 

due to the neurons high metabolic activity rate.9 Unlike other cells of the body, neurons hold less antioxidant 
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enzymes that can provide a natural self-defense against ROS production.  Therefore, neurons are more 

likely to experience damage from higher levels of ROS. 

Despite their reputation for inducing damage, ROS are important in the role of intracellular 

signaling of the vascular endothelium. Common ROS species include the radicals: superoxide (O2
−•), 

hydroxyl, hydroperoxyl, peroxyl, and alkoxyls.8 Moreover, ROS are continuously produced in cells under 

homeostasis; however, excess ROS production has been linked to dysfunction, degeneration, and 

inflammation in neurons under oxidative stress.9 Damage is induced by ROS having the ability to directly 

alter cellular molecules and impair their regular function. ROS can also stimulate inflammatory cytokines, 

such as TNF-alpha and IL-6, leading to apoptosis of selected neurons.  

Cells contain an internal detoxification defense system that consists of enzymes and antioxidants 

to regularly prevent damage from ROS.9 However, in situations of extreme oxidative stress such as an 

individual affected by hyperglycemia, there is an imbalance with the body’s natural antioxidant defense 

system. Therefore, oxidative stress can be simplified as the imbalance between the production of ROS and 

the activity of antioxidants in a cell’s defense system.10  Oxidative stress can be measured in cellular 

mitochondria due to its production along the inner mitochondrial membrane. The location of ROS 

production allows researchers to measure intracellular ROS formation via mitochondrial assays, such as the 

MitoSOX superoxide detector assay. The MitoSOX assay allows for superoxide detection by visualization 

through fluorescence microscopy. The MitoSOX superoxide indicator incorporates into live cells and 

selectively targets mitochondria. The indicator is oxidized by superoxide and ignores the homeostatic levels 

of other produced ROS species.11 

2.4 Vitamin E and Gamma-Tocotrienol (y-t3) Derivative 

 Research has shown that the tocotrienol-rich fraction (TRF) can modulate amyloid progression and 

pathology in mice.13 TRF is a palm oil derived mixture of VE analogs from the Elaeis guineensis tree. The 

lipid mixture is composed of tocotrienols and alpha tocopherol. TRF can accomplish this modulation by 
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inhibiting the formation of β-amyloid fibrils and oligomers in vitro via insertion of its bulky molecular 

structure.13 VE has been proven to decrease the degenerative progressions of AD.13 A study done by Ibrahim 

et. al. demonstrated that after a 22 to 24-hour incubation period, 30 μM of y-T3 significantly decreased the 

presence of Aβ42 fibrils compared to samples of Aβ42 without the y-T3 addition, as shown by Thioflavin T 

(ThT) assay fluorescence intensity.13 Furthermore, concentrations of VE derivatives in this past study were 

based on the study performed by Yang et al. Therefore, in this study the same standards were be used.14 

Research has demonstrated that these VE compounds can reduce β-amyloid aggregation by interfering in 

the pathway of structural conversion of the amyloid plaques via the presence of aromatic structures in the 

molecular structure of y-T3 causing a pi-pi stacking arrangement between the oligomers.14 The y-T3 also 

contains an aromatic ring in its structure, making it likely to prevent the pathogenesis of β-amyloid 

aggregation by creating the same pi-pi stacking interaction.  

 2.5 Astaxanthin and Alzheimer’s Disease 

 Astaxanthin (ATX) is a keto-carotenoid that is lipid-soluble and belongs to the class of 

xanthophylls.15 Carotenoids are red-orange pigments that are found in naturally derived sources.15 The most 

common source is from the microalgae species Haematococcus pluvialis, however ATX can also be isolated 

from shrimp, lobster, crustaceans, and other marine animals that contain red-orange pigment from ingesting 

the same algae as a food source.16 ATX is currently a popular topic of research in the realm of 

neuroprotective compounds. This is due to its lipophilic properties allowing for the antioxidant to 

incorporate into cell membranes and pass through the blood-brain barrier (BBB).16 Previous research has 

identified that ATX can prevent the negative effects of oxidative metabolism such as oxidative stress, 

inflammation, and apoptosis, which are common characteristics of AD.17 Alzheimer’s pathology 

development and progression stems from the increased amounts of oxidative stress in the neurons of the 

brain. Furthermore, ATX’s ability to cross the BBB provides an advantage in the potential treatment of AD 

derived oxidative stress found in hippocampal neurons.17 
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III. Materials and Methods 

3.1 General Materials and Methods 

A mouse neuronal stem cell line of NE-4C (ATCC) was used for this study. The NE-4C cells were 

cultured using Eagles Minimum Essential Medium (EMEM) (ATCC) and Fetal Bovine Serum (FBS) 

(ThermoFisher). EMEM was supplemented with an anti-microbial to reduce the risk of microbial 

contamination. The neuronal stem cells were differentiated into hippocampal cells using retinoic acid (RA) 

(Millipore Sigma). Cells were either cultured or immediately plated for experiments once thawed. 

Physiologically normal and hyperglycemic glucose baths were prepared by using D-glucose 

(ThermoFisher) and 1x sterile PBS. Addition stocks were obtained from the following: ATX was purchased 

from ATCC, VE was purchased from Cayman Chemical, AΒwas purchased from ThermoFisher. 

Experimental analysis was performed using three assays: MitoSOX assay (ThermoFisher) was used to 

identify mitochondrial ROS production, XTT proliferation assay (ATCC) was used to measure 

hippocampal cell growth, and Thioflavin T assay (ThermoFisher) was used to measure the amount of Aβ 

fibrilization. Carl Zeiss fluorescence microscope and microplate reader were used to collect data. Data was 

analyzed using the software's ImagePro6 and Microsoft Excel. 

3.2 Cell Culture 

A mouse hippocampal cell line of NE-4C was cultured in EMEM and FBS supplemented medium.  

The medium was regularly prepared and warmed in either a 37 ˚C water bath or CO2 incubator. The cells 

were gently thawed and mixed with the EMEM/FBS medium to a final concentration of 15%. The medium 

was added to the cell solution drop-by-drop in a 1/10 dilution and mixed. Then, the cells were centrifuged 

at 1000rpm at 25˚C for 5 minutes until a pellet and supernatant layer were identified. The supernatant was 

removed by hood vacuum. Warm EMEM/FBS medium was added to the cell pellet, drop-by-drop, at a 1/8 

dilution and resuspended three times. The cells were either transferred back to a T-25 flask and then placed 
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in an incubator at 37˚C or used for plating the day of experimental trials. During cell culturing, medium 

was changed every 48-72 hours. Once the cells were populated, they were split and stored at -80o until use. 

3.3 Neuronal Differentiation 

The NE-4C cells were differentiated by using retinoic acid (RA). RA was added to the cells at a 

concentration of 10-7 M for 24 hours. Cells were suspended in EMEM/FBS media and placed in a 37˚C 

incubator. After 24 hours, the cells were washed with warm PBS at 37˚C and media was removed. Control 

and hyperglycemic baths were made using D-glucose and 1X sterile PBS warmed to 37˚C. Glycemic baths 

consisted of the following concentrations: 5mM, 10mM, 20mM and 25mM glucose groups containing 

additions of the following: astaxanthin (ATX), vitamin E (VE), or astaxanthin and vitamin E (ATX+VE),  

or glucose negative control (G) with no extra addition.  

The experimental groups were examined at the same glucose concentrations (5mM, 10mM, 20mM, 

25mM) as the control glucose groups; containing either only glucose, +ATX, +VE, or +ATX+VE, but 

included the addition of 10 μM β-amyloid. These groups are abbreviated as (Aβ), (ATX+ Aβ), (VE+ Aβ), 

and (ATX+VE+ Aβ). Each culture was exposed to their assigned conditions for 24 hours, then washed with 

PBS at 37˚C. Furthermore, XTT cell growth, MitoSOX assay, and ThT assay were performed to measure 

cell growth/viability in each condition or the level of oxidative stress that may be the result of the cell’s 

exposure to each condition, or to determine the aggregation levels of β-amyloid.  

For the experimental groups with Aβ , Aβ1-42 was obtained and dissolved in sterile DMSO to 

make a 0.5mM stock solution. Cells, in the appropriate groups, were incubated with Aβ1-42 at a 

concentration of 2μM for 24 hours. Astaxanthin was obtained and dissolved in sterile DMSO to make a 

0.1μM stock solution. Cells were incubated with ATX dissolved in DMSO at a working concentration of 

10nM, for 24 hours. Lastly, for VE additions, the gamma-+ (γ-T3) derivative was obtained and dissolved 

in ethanol/DMSO to make a 10mM stock solution which was stored in aliquots at -30 ˚C until use. Cells, 

in the appropriate groups, were incubated with γ-T3 at a concentration of 30μM for 24 hourss. 
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3.4 MitoSOX assay 

The Mitosox assay was performed using MitoSOX™ Mitochondrial Superoxide indicator for red 

fluorescence (Invitrogen).  This assay examines oxidation of the MitoSOX reagent by mitochondrial 

superoxide producing a red fluorescence. Briefly, cells for this assay were cultured onto 15mm round 

cover slips within falcon petri dishes. The cells were exposed to RA at 10-7 M for 24 hours in 

EMEM/FBS growth media. The RA was added directly to the cell suspension on the cover slips. The cells 

were plated in duplicate for each experiment and placed in the CO2 incubator for 24 hours. After the 

incubation period, the cells were washed with warm (37˚C) PBS.  PBS was removed and the designated 

control or experimental solution was added to the cells.  Cells were then incubated for 24 hours at 37˚C. 

A 5mM MitoSOX stock solution was prepared before the end of the incubation period. After 24 hours, 

the cells were washed with warm PBS and incubated with the 5mM MitoSOX solution for 10 minutes at 

37˚C. Cells were removed from the incubator and washed three times with PBS followed by being 

suspended in warm PBS.  Coverslips were removed from the falcon dish and fixed onto slides. Cell 

imaging was immediately performed using a fluorescent microscope. Images were taken at both 5x and 

10x objectives and non-biased 3-point analysis was performed. The images were analyzed with Image Pro 

6 using 3-point analysis and histogram analysis for red fluorescence. After imaging, the slides were 

placed in a freezer box and stored in 4˚C. 

3.5 Cell Growth XTT assay 

Cells were seeded at a density of 103 to 105 cells/well in EMEM/FBS culture medium and RA was 

added in appropriate amounts to the media prior to plating. Each experiment was run in triplicate using 96-

well plates. The cell plated plates were placed in a CO2 incubator at 37˚C for 20 minutes. During this 

incubation, XTT cell solution was prepared using cells suspended in EMEM/FBS with RA. After a 20-

minute incubation period, the 96-well plates were removed from the incubator and XTT cell solution was 
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added to the wells. The 96-well plate was covered, all four side edges of the plate were gently tapped. The 

plates were then placed in the incubator for 24 hours. After a 24-hour incubation period, the plates were 

removed from the incubator. The growth media was removed from the wells and replaced with the 

appropriate warm glucose bath. Glucose baths were assigned as rows on the 96-well plate: A= 5mM, 

B=10mM, C=20mM and D=25mM. Experimental additions of ATX, VE and ATX+VE were added to wells 

in triplicate, columns 1-3 remained as only glucose variables. Three wells in row E were used as blank 

media controls. Experiments were run in series of two plates, one control and one experimental, with 10μM 

aβ1-42 protein. Plates were returned to the incubator for 24 hours after conditions were applied. After the 

appropriate incubation time, XTT assay reagent and activation reagent were thawed and combined. XTT 

mixture was added to each well containing cells, as well as blank controls. The plates were set to incubate 

for 2-4 hours, optimized to 2.5 hours. After final incubation, well absorbance was measured at 450nm and 

630nm, by a microplate reader. Plates were also imaged for record. Absorbances were analyzed graphically 

with comparison of cell number to absorbance reading at 450nm and 630nm values from the 630nm 

wavelength were subtracted from the 450nm readings and plotted as absolute values of corrected data 

against experimental parameters or number of cells. 

3.6 Thioflavin T fluorescence assay  

Cells were seeded at a density of 103 to 105 cells/well in EMEM/FBS culture medium and RA was 

added in appropriate amounts to the media. 25uL of pure cell solution were cultured into 96-well plates. 

The plates were placed in a CO2 incubator at 37˚C for 20 minutes. During this incubation a new conical 

tube was created and labeled as “ThT cell solution,” containing cells suspended in EMEM/FBS, 

EMEM/FBS media and RA in DMSO. After the 20-minute incubation period, the 96-well plates were 

removed from the incubator and 100uL of ThT cell solution was added to the wells. Once the lid was placed, 

all four side edges of the plate were gently tapped. The plates were placed in the incubator for 24 hours. 

After 24-hour incubation the plates were removed, and the growth media was removed from the wells and 

replaced with 100uL of the appropriate glucose bath. Glucose baths were assigned as: A= 5mM, B=10mM, 
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C=20mM and D=25mM. Additions of ATX, VE and ATX+VE were added to wells in triplicate, three wells 

remained as only glucose variables. Experiments were run as two plates, one control plate and one 

experimental plate, with 10μM aβ1-42 protein. Plates were returned to the incubator for 24 hours. Following 

cell growth incubation, both control and experimental plates were removed from the incubator.  

Thioflavin T (ThT)  aliquots were made using DMSO and stored at -4˚C until use.  ThT was thawed 

and added to sterile 1X PBS to create a working concentration of 20μM. ThT working solution was added 

to each well containing cells and three blank wells of just ThT and PBS for use as blank controls. 96-well 

plates were returned to the incubator for 90-minutes. After incubation time, cells were analyzed on a 

microplate reader. Data collection was performed in the dark and Aβ1-42 fluorescence was determined by 

subtracting the 490nm values from the cell/protein-containing 450nm values.  

3.7 Data Analysis 

Data analysis was performed using ImagePro6 and/or Microsoft Excel. ImagePro6 was utilized to 

analyze the MitoSOX assay by determining mean fluorescence based off histogram values in the red 

spectrum (620-750nm). Microplate readings at 450nm and 630nm for the XTT cell growth assay and at 

450nm and 490nm respectively for the ThT aβ1-42 assay were obtained using Genesis5 software analysis. 

Alterations in cellular conditions caused by glucose, ATX and VE were compared via one-way analysis. A 

p-value of p < 0.05 was used to determine statistical significance between control data and experimental 

data for MitoSOX and XTT assays. Statistical significance for ThT assay was determined by comparison 

of each treatment group, at each glucose concentration, containing aβ1-42. 

 

 

 

 



   
 

13 
 

IV. Results 

4.1. MitoSOX Assay- Superoxide production 

The purpose of the MitoSOX assay was to measure excess ROS production. In this study, ROS 

production of control cell samples (in varying glucose concentrations) were compared to experimental cell 

samples under the same glucose concentrations in the presence of Aβ. Furthermore, the glucose samples at 

varying concentrations were treated with either ATX, VE or the combination of ATX+VE. Glucose 

concentrations were either at the physiologically normal blood glucose level of 5mM glucose or at 

hyperglycemic values of 10mM, 20mM, or 25mM glucose. These values were chosen since the effects of 

hyperglycemia are not observed until 10mM blood glucose levels and values of 20mM and 25mM have 

been used previously in studies conducted by the Kelly-Worden laboratory.  

 

Figure 1. MitoSOX fluorescence output of ROS production at 5mM Glucose Concentration. This 

graph displays the mean fluorescence produced by cells under physiological glucose conditions of 5mM 

and their respective treatments. KEY: C= Control, AB= beta-amyloid, ATX= astaxanthin, VE= vitamin E 
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Figure 1 presents the results for the Mitosox assay at the 5mM glucose concentration. A significant 

difference was observed between the 5mM glucose with ATX+VE+ Aβ when compared to 5mM glucose 

with Aβ alone or 5mM glucose with ATX+VE (p<0.05). No other significance was observed. 

Though the effects of hyperglycemia are commonly observed at 10mM glucose, the Mitosox assay 

at 10mM glucose failed to demonstrate a significant change in ROS production as observed by mean 

fluorescence (Figure 2).  ROS production does appear to be greater when cells are treated with 10mM 

glucose in the presence of AB, than in the presence of either ATX+ Aβ or VE+ Aβ.  However, the 

combination of 10mM glucose with ATX+VE with or without Aβ gave the highest ROS production values. 

 

 
 

Figure 2. MitoSOX fluorescence output of ROS production at 10mM Glucose Concentration. This 

graph displays the mean fluorescence produced by cells under glucose conditions of 10mM and their 

respective treatments. KEY: C= Control, AB= beta-amyloid, ATX= astaxanthin, VE= vitamin E. 
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ROS production at the 20mM glucose concentration are displayed in Figure 3. There was a 

significant decrease (p<0.05) in ROS production when comparing cells in 20mM glucose alone to cells in 

20mM glucose with the addition of ATX, VE, or ATX+VE. Likewise, there was a significant decrease in 

ROS production when 20mM glucose and Aβ was compared to 20mM glucose with ATX+ Aβ or 20mM 

glucose with ATX+VE+ Aβ.  However, there was an unexpected significant increase in ROS production 

when VE and Aβ were combined at 20mM glucose (p<0.05). 

 

 
 
Figure 3. MitoSOX fluorescence output of ROS production at 20mM Glucose Concentration. This 

graph displays the mean fluorescence produced by cells under glucose conditions of 20mM and their 

respective treatments. KEY: C= Control, AB= beta-amyloid, ATX= astaxanthin, VE= vitamin E 
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Lastly, when the cell samples were exposed to 25mM glucose conditions (Figure 4), there was a 

significant decrease (p<0.05) in ROS production when comparing 25mM glucose alone to cell samples that 

contained the addition of either ATX or VE or ATX+VE.  Likewise, there was a decrease in ROS production 

observed when 25mM glucose with the addition of ATX+ Aβ was compared to 25mM glucose with Aβ.  A 

significant decrease occurred when VE was added to 25mM glucose in the presence of Aβ and with 25mM 

glucose and ATX+VE+ Aβ.  

 
 

Figure 4. MitoSOX fluorescence output of ROS production at 25mM Glucose Concentration. This 

graph displays the mean fluorescence produced by cells under glucose conditions of 20mM and their 

respective treatments. KEY: C= Control, AB= beta-amyloid, ATX= astaxanthin, VE= vitamin E 
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The results of these figures are summarized in Table 1. Cell samples that contained Aβ at 5mM 

glucose with the addition ATX+VE had the lowest ROS production as determined by the least amount of 

fluorescence levels. This decrease was significant when compared 5mM glucose alone or with 5mM 

glucose and Aβ.  Cells in solutions less than 20mM glucose in the presence VE displayed the most 

fluorescence. Therefore, under experimental conditions, 5mM glucose +ATX+VE displayed the least 

amount of fluorescence indicating the lowest level of mitochondrial stress.  

Table 1. Average Fluorescence Detected in Hippocampal Cells under Varying Conditions 

 C Aβ ATX Aβ+ATX VE Aβ+VE ATX+VE 
Aβ+ATX 

+VE 

5mM 
glucose 1.348 2.298 1.88 1.182 2.406 0.834 3.523 0.739 

10mM 
glucose 1.373 2.688 0.965 1.291 1.875 1.220 5.554 3.456 

20mM 
glucose 1.975 6.855 1.227 1.66 0.949 8.713 1.131 1.301 

25mM 
glucose 3.169 7.214 1.045 4.530 1.565 1.236 0.924 1.643 
KEY: C= Control, Aβ = beta-amyloid, ATX= astaxanthin, VE= vitamin E 
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4.2. XTT- Cell proliferation Assay 

The XTT assay was used for analysis of the amount of cell growth after 24hrs of treatment 

condition.  The same varying levels of glucose and treatment groups were used for this assay as the Mitosox 

assay, except the XTT assay was done using ELISA. Figure 5 represents cell growth under 5mM glucose 

conditions. There was no significant increases in cell growth within any of the 5mM glucose groups when 

compared to control. However, there was a significant decrease when 5mM glucose with ATX+VE+ Aβ 

was compared to 5mM glucose with Aβ and when compared to 5mM glucose with ATX+VE. 

 

Figure 5. XTT Cell Growth Assay at 5mM Glucose Concentration. Figure displays results of 

hippocampal cell growth under their respective treatments at physiological glucose concentration 5mM. 

KEY: C= Control, AB= beta-amyloid, ATX= astaxanthin, VE= vitamin E 
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The results of cell growth at 10mM glucose concentration are shown in Figure 6. At this 

hyperglycemic concentration, there was significant cell growth (p<0.05) when comparing the 10mM 

glucose with VE+ Aβ to the 10mM glucose with Aβ. There was a significant decrease in cell growth at 

10mM glucose with ATX+VE+Aβ when compared to 10mM glucose with Aβ and when compared to 

10mM glucose with ATX+VE. The results presented in this graph suggest that the presence of VE benefits 

cell growth. 

 
Figure 6. XTT Cell Growth Assay at 10mM Glucose Concentration. Figure displays results of hippocampal cell 

growth under their respective treatments at 10mM glucose concentration. KEY: C= Control, AB= beta-amyloid, 

ATX= astaxanthin, VE= vitamin E 
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The data in Figure 7 represents the results of cell growth at 20mM glucose. At this hyperglycemic 

condition there was significant cell growth (p<0.05) when comparing the 20mM glucose with ATX to cells 

with 20mM glucose only.  Significance was also observed when 20mM glucose was compared to 20mM 

with ATX+VE (p<0.05).  The only group where a significant increase in cell growth was observed in the 

presence of Aβ, was when ATX was present.  There was a significant decrease in cell growth in the presence 

of Aβ when ATX and VE were combined compared to cells exposed to just 20mM glucose and Aβ. 

 

 

Figure 7. XTT Cell Growth Assay at 20mM Glucose Concentration. Figure displays results of hippocampal cell 

growth under their respective treatments at 20mM glucose concentration. KEY: C= Control, AB= beta-amyloid, 

ATX= astaxanthin, VE= vitamin E. 
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In Figure 8, cell growth results for the 25mM glucose concentration are shown. At this glucose 

condition, there was a significant increase in cell growth (p<0.05) when comparing cells at 25mM glucose 

with ATX+VE compared to cells treated with glucose only.  In the presence of Aβ, there was a significant 

increase in cell growth (p<0.05) with the addition ATX, but not with the addition of ATX+VE.  At 25mM 

glucose with ATX+VE+ Aβ, there was a significant decrease in cell growth. 

 

Figure 8. XTT Cell Growth Assay at 25mM Glucose Concentration. Figure displays results of hippocampal cell 

growth under their respective treatments at 25mM glucose concentration. KEY: C= Control, AB= beta-amyloid, 

ATX= astaxanthin, VE= vitamin E. 
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4.3. Thioflavin T- Beta-Amyloid detection 

The Thioflavin T (ThT) binding assay was used for analysis of the amount of Aβ fibril formation 

after 24hrs of treatment condition.  The same varying levels of glucose and treatment groups were used for 

this assay as the Mitosox and XTT assays. The ThT assay was done using ELISA. Aβ fibrilization data was 

produced via excitation of 450nm and an emission of 490nm. Specific absorbance (OD) was calculated by 

normalizing the data by subtracting 490 values from 450 data values. The data in Figure 9 represents the 

results of  Aβ fibrilization at the 5mM glucose concentration. At this glucose level, there was a significant 

decrease (p<0.05) in Aβ fibrils detected when the addition ATX+VE is present compared to cells with just 

ATX or VE or neither. The additions of ATX or VE showed no significant changes to Aβ fibrilization. 

 

Figure 9 ThT assay results at 5mM Glucose Concentration. This figure displays the level of Aβ fibrilization 

detected in the NE4C hippocampal cell solution under normal physiological glucose concentrations. KEY: 

C= Control, AB= beta-amyloid, ATX= astaxanthin, VE= vitamin E. 
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The data in Figure 10 represents the results of  Aβ fibrilization at 10mM glucose concentration. At 

this hyperglycemic level, there was a significant decrease (p<0.05) in Aβ fibrils detected when the addition 

ATX+VE is present, when compared to cells with just ATX or VE or neither. The additions of ATX or VE 

showed no significant changes to Aβ fibrilization. 

 

Figure 10 ThT assay results at 10mM Glucose Concentration. This figure displays the level of Aβ 

fibrilization detected in solution with NE4C hippocampal cells under the hyperglycemic glucose 

concentration of 10mM. KEY: C= Control, AB= beta-amyloid, ATX= astaxanthin, VE= vitamin E. 
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In Figure 11, the results of  Aβ fibrilization at the 20mM glucose concentration are displayed. At 

this hyperglycemic level, there was no significant decrease in Aβ fibrils detected when the addition 

ATX+VE is present, when compared to cells with just ATX or VE or neither. The additions of ATX or VE 

showed no significant changes to Aβ fibrilization as well. However, with the addition of VE there was the 

most amount of Aβ fibrils detected. 

 
 
Figure 11 ThT assay results at 20mM Glucose Concentration. This figure displays the level of Aβ 

fibrilization detected in solution with NE4C hippocampal cells under the hyperglycemic glucose 

concentration of 20mM. KEY: C= Control, AB= beta-amyloid, ATX= astaxanthin, VE= vitamin E. 
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Figure 12 displays the results of Aβ fibrilization at the 25mM glucose concentration. At this 

hyperglycemic level, there was a significant decrease (p<0.05) in Aβ fibrils detected with the addition 

ATX+VE, when compared to cells with just ATX or VE or neither. The additions of ATX or VE showed 

no significant changes to Aβ fibrilization. 

 

Figure 12 ThT assay results at 25mM Glucose Concentration. This figure displays the level of Aβ 

fibrilization detected in solution with NE4C hippocampal cells under the hyperglycemic glucose 

concentration of 25mM. KEY: C= Control, AB= beta-amyloid, ATX= astaxanthin, VE= vitamin E. 
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The data in Figure 13 provides the results of Aβ fibrilization as a summary of all glucose levels; 

providing a comparison of additions ATX, VE, or ATX+VE from the physiologically normal glucose 

concentration (5mM) to the hyperglycemic values of 10mM, 20mM and 25mM glucose. At 5mM and 

10mM glucose levels there were no significant changes in Aβ fibrilization with the addition of ATX or VE 

when compared to glucose control. When ATX and VE are combined, there was a significant decrease 

(p<0.05) of Aβ fibrilization when compared to glucose, ATX or VE additions. Within the 20mM glucose 

data set, there was a decrease in Aβ fibrilization at the glucose, ATX and ATX+VE additions when 

compared to the 5mM and 10mM glucose concentrations. However, these decreases were not of statistical 

significance. At the hyperglycemic 25mM glucose concentration cells with Aβ and glucose or ATX had a 

decrease in Aβ fibrilization when compared to the 5mM and 10mM glucose values. Cells with VE had a 

decrease in Aβ fibrilization when compared to the 5mM, 10mM and 20mM glucose concentrations. Finally, 

when combining the addition of ATX and VE to cells at 25mM glucose concentration, there was a 

significant decrease (p<0.05) in Aβ fibrilization compared to controls.  

 

Figure 13 ThT assay Results Summarized. This figure displays the level of Aβ fibrilization detected with 

hippocampal cells under all glucose conditions that were tested. 5mM, 10mM, 20mM and 25mM glucose. 

KEY: C= Control, AB= beta-amyloid, ATX= astaxanthin, VE= vitamin E 

0

0.5

1

1.5

2

2.5

3

5 10 20 25

M
ea

n
 F

lu
o

re
sc

en
ce

Cell Treatment Groups

Beta-Amyloid Fibrilization Summary Graph

G +AB ATX+AB VE+AB ATX+VE+AB



   
 

27 
 

 

V. Discussion and conclusion 

AD is a neuro-degenerative disorder commonly present in aging adults. Hyperglycemia, a comorbidity 

of AD, is likewise prevalent in aging adults. These disorders have similar end pathologies of protein mis-

folding and cellular toxicity. The effects of hyperglycemia may allow for the pathology of AD to be 

amplified. Previous studies by the Kelly-Worden laboratory sought to understand the effects of the 

antioxidant, ATX, and its effects on the growth of the hippocampal cell model NE4C.18 The previous work 

found that ATX successfully aided in the growth of hippocampal cells in vitro. Unfortunately, ATX was 

unable to decrease cell death while increasing cell growth.  The cell death observed was believed to be the 

result of Aβ plaques. This led to a search for a compound that could potentially eliminate plaque formation. 

 VE has been documented to promote the degradation of Aβ plaques.3 Therefore, the purpose of this 

study was to see if combining the effects of ATX and VE on hippocampal cells in the presence of Aβ under 

hyperglycemic conditions would result in an increase in cell growth along with a decrease in Aβ 

fibrilization.  The current study measured these factors by looking at the following assays: cell growth, 

mitochondrial superoxide production, and Aβ degradation.  

The ability of ATX to promote hippocampal cell growth was verified and supported by our 

experimental results. In this study, the cell growth is significantly different under the 20mM glucose 

conditions comparing cells without Aβ in glucose only conditions versus cells receiving ATX. Under 20mM 

glucose there is also significant cell growth under the protection of ATX when Aβ plaques are present. 

Interestingly, under 10mM glucose the study shows that the addition of VE provides this same neuro-

protective cell growth. However, VE showed no significance on promoting cell growth under any other 

glucose condition. Most importantly, when the additions of ATX and VE were combined under 

experimental trial, there was no increased cell growth. In fact, the results display the opposite, there was 

almost a 50% reduction in cell growth when compared to control data. Therefore, the addition of VE to 

ATX is inhibitory to cell growth.   
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Mitochondrial ROS production was also analyzed in this study to determine if the additions of ATX or 

VE would decrease ROS production. Previous research from the Kelly-Worden laboratory has shown that 

ATX does decrease ROS levels, however at lower glucose concentrations. The effect of the combination of 

ATX+VE on experimental cells was predicted to result in reduced ROS production, at any of the given 

hyperglycemic concentrations. The results of this current study showed that with ATX+VE, under 

physiological glucose concentrations (5mM) there is a significant decrease in ROS production when 

compared to cells in 5mM glucose only with and without the presence of Aβ.  

At 10mM glucose, there is an increase in mitochondrial ROS production when the additions of 

ATX+VE are compared to cells in 10mM glucose only, with and without beta-amyloid. At the 20mM 

glucose level, there is an unexpected increase in ROS production when VE is added to cells in glucose 

containing Aβ. Finally, at the highest glucose level, 25mM, the additions of ATX, VE, and ATX+VE 

showed a significant decrease in ROS production compared to their glucose only conditions without the 

presence of Aβ. Moreover, when beta-amyloid was included, ROS production increased for all variables 

except cells in glucose with VE. 

The current study presented that the addition of ATX reduced ROS production at physiologically 

normal glucose levels. The addition of VE alone did not reduce ROS production to a significant value for 

any glucose concentration, and resulted in about 8 times the amount of ROS production at the 

hyperglycemic condition of 20mM glucose. Interestingly, all other conditions at 20mM glucose were 

significantly different from control.  In fact, the combination of ATX+VE also showed statistically 

significant reduction of ROS production at 25mM glucose of cells both with and without Aβ.  

The results of this assay imply that at higher glycemic concentrations, ATX+VE has stronger neuro-

protective effects when compared to glycemic concentrations closer to physiological glucose levels. 

Furthermore, the separate additions of ATX or VE appear to be more effective at lower glucose 

concentrations. As damage by ROS production would not be expected to occur at 5mM glucose and 10mM 
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glucose is only the beginning level for observed damage in cells attributed to hyperglycemia, the results are 

expected.  

Either ATX alone or VE alone results in aiding the cells antioxidant defense system.  Addition of either 

may alter damage or imbalance due to ROS production. Future research will need to be done to identify the 

whether an over-protective defense mechanism exists with the combination of ATX+VE at lower glucose 

concentrations.  

Lastly, the amount of Aβ fibrilization that remained after treatment with ATX, VE, or ATX+VE was 

analyzed. The NE4C model hippocampal cells when treated with Aβ protein at glucose concentration of 

5mM and 10mM plus the treatment of ATX+VE showed a statistically significant decrease in Aβ 

aggregations, when compared to untreated cells. Cells with Aβ at 20mM and 25mM did not show any 

significance decrease when compared to controls. Furthermore, the additions of ATX alone or VE alone 

did not result in a detected decrease of beta-amyloid fibrilization. This was surprising since a decrease in 

fibrilization was expected with VE treatment.  

The results of this analysis led us to further compare the additions of ATX+VE of experimental cells 

across all four glucose values. This analysis found that there is significance between the 5mM and 20mM 

conditions. Therefore, there was more fibrilization at 20mM glucose as VE didn’t lead to a decrease in 

fibrils at this concentration.  An increase in fibrils would promote an increase in mitochondrial dysfunction 

and ROS production.  This is verified by the increase in ROS observed in the Mitosox assay.  The cause 

the increase in fibril content at this concentration is unknown and resulted in no significant change in cell 

growth. Therefore, an individual diagnosed with both AD and hyperglycemia may experience more beta-

amyloid fibrillization, leading to more cell damage and overall cognitive decline. 

To understand our results, we must understand the neuronal cells.  Hippocampal cells are found in the 

brain, which is a high oxygen consuming system; making these cells more susceptible to oxidative damage 

and cell death. Antioxidants, specifically ATX, are able to lower ROS production and therefore the resulting 
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damage that would occur to the cell.  Research has shown that ATX has been a promising antioxidant with 

the ability to increase cell growth even in the presence of Aβ plaques. However, ATX doesn’t eliminate the 

damage experienced by cells exposed to Aβ plaques. Therefore, as cells were proliferating, other cells were 

experiencing toxicity and dying. The role of this study was to introduce a factor that allowed for both neuro-

protective properties of hippocampal cells and possible elimination of beta-amyloid plaque and potentially 

the damage the plaques induce.  

In order to understand address this problem, the following aims were investigated: a. to determine if 

under hyperglycemic conditions would the additions of ATX and VE decrease the production of ROS 

resulting from mitochondrial damage; b. to examine if the combination of ATX and VE would promote cell 

growth; and c. would the combination of ATX and VE decrease the amount of Aβ fibrillization. The results 

of this study found that in the presence of Aβ protein, ATX+VE only contribute to a decrease of ROS 

production at the 5mM glucose concentrations. The combination of ATX+VE decreases cell growth at all 

glucose concentrations. In the absence of Aβ all additions, ATX, VE, or both ATX+VE led to increased 

cell growth when compared to cells in glucose only with no additions. Aβ fibrilization was decreased at all 

glucose concentrations except for at 20mM glucose. 

The results of this study may suggest that the presence of Aβ in any form, not just as fibrils, may still 

promote damage to the surrounding cellular environment. Furthermore, studies would need to be performed 

to verify the results in humans.  The data suggests that individuals with hyperglycemia may be able to 

supplement with either ATX or VE or the combination of ATX+VE if blood glucose values are higher. 

However, individuals with AD (where Aβ plaques may be present) and hyperglycemia may not experience 

the same therapeutic benefit. The combination of ATX+VE may cause more harm to the neuronal cells of 

the hippocampal when beta-amyloid is present. The outcome of the data produced in this study, also sets a 

basis for future researchers in the Kelly-Worden lab, to continue to analyze the effects of vitamin E and 

hyperglycemia on using the NE4C hippocampal cell model. Future directions of this study may want to 

identify and understand why the combination of ATX+VE results in a decrease of hippocampal cell 
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survival. The study can continue by utilizing different concentrations of VE and/or ATX. Future directions 

should also investigate the exact glucose concentration where ROS production becomes significantly 

altered. Due to the changes observed in fibrilization at 20mM glucose, an investigation into the mechanism 

behind the lack of defibrilization at this concentration could be beneficial in understanding the differences 

observed with antioxidant response at varying glucose levels.  

In conclusion, this study allows for a small step in the advancement for a potential cure for Alzheimer’s 

pathology, and/or insight to mediating the rapid decline in Alzheimer’s patients’ cognitive health. A 

combination of ATX and VE may not be the solution in overcoming the deleterious effects of Aβ for 

individuals with hyperglycemia, but both ATX and VE may contribute separate benefits. Future research 

will need to be conducted to determine if these individual benefits will be observed in vivo. 
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