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Abstract

related to the electron transport chain and oxidative.

Alzheimer’s disease (AD) is a neurodegenerative disease involving the progressive loss of memory and mental
function along with brain atrophy. Approximately 5.8 million Americans age 65 and older are living with this disease,
and deaths from Alzheimer’s disease have increased 146%. AD is characterized by the presence of neurofibrillary
tangles containing tau and by the abnormal aggregation of Amyloid Plaques (AB) with prion-like protein mis-folding.
Metabolic changes that occur in AD brains are thought to be indicative of faulty mitochondrial energy production
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Introduction

One mechanism behind AP pathology is oxidative stress, a result of
the production of the Reactive Oxygen Species (ROS) due to AB
accumulation and subsequent to mitochondrial dysfunction [1-3].

Metabolic changes that occur in AD brains are thought to be
indicative of faulty mitochondrial energy production related to the
electron transport chain and oxidative phosphorylation [4-9]. AD
brains exhibit increased mitochondrial oxidative stress, generating
toxic ROS, and the AP peptides that accumulate in the brains are
known to increase ROS production in neuronal cells [10-13]. ROS,
superoxide and hydroxyl radicals, are produced as the consequence of
partially reduced O2 at the end of the electron transport chain. Under
normal conditions, these radicals are neutralized by cellular
antioxidants. Unfortunately, if ROS concentration increases too
rapidly in the cell, these antioxidant mechanisms cannot remove the
excess ROS effectively. ROS then can oxidize proteins, lipids, and
nucleic acids, disrupting cell homeostasis and increasing cell death
[14-16].

Increases in ROS production are closely tied to hyperglycemia, a
key pathology of untreated Diabetes Mellitus (DM) patients [6,17,18].
Hyperglycemia contributes to ROS production, oxidative stress, and
cell death; pathologies observed in type 2 diabetes patients [19-21].
AP formation, a hallmark of AD, is strongly linked to hyperglycemia
[22]. Patients with diabetes are at increased risk for AD, and certain
physio-pathological traits, such as oxidative stress and mitochondrial
dysfunction, could explain the comorbidity of AD and DM in many
patients [23-25].

Unfortunately, AD isn’t just linked to hyperglycemia, but also
hypoglycemia. An association between hypoglycemia and AD
including patients with DM has long been documented [26,27]. In fact
a single bought of hyperglycemia requiring a visit to the emergency
room increases the risk of dementia development by 26%, a second by
80% and by the third time (or more) 94% [28].

Literature Review

Glucose is necessary for ATP production by the mitochondria and
AD is classified as a mitochondriopathy, a disease where
mitochondrial impairment is a hallmark. Mitochondria not only play a
role in the maintenance of cell life, but also in cell death. Increases of
AP in the brains of patients with AD have been closely tied to
neurodegeneration by activating apoptotic death signals, specifically
caspase pathways [29-32]. During apoptosis, or programmed cell
death, the Bcl-2 regulatory proteins stimulate the release of molecules
from the intermembrane space that activate caspase proteases to
induce phagocytosis [33]. Mitochondria release cytochrome c, which
complexes with apoptosis-protease-activating factor 1 (Apaf-1), dATP,
and procaspase-9 to form the apoptosome, which activates caspase-9,
an initiator caspase, to trigger the executioner caspase-8 [34,35].
Mitochondrial ROS production plays a further vital role in the cell
death cascade. The upregulation of Tid 1, a gene that induces
mitochondrial fragmentation and increased ROS production, in AD
brains induces apoptosis and increased AP production [36].
Mitochondrial dysfunction therefore plays a key role in the
pathogenesis of AD and DM, as well as the increased cell death for
each condition.

One way to overcome the mitochondrial dysfunction is to increase
the presence of antioxidants. Astaxanthin (ATX) is an antioxidant
created by aquatic microorganisms that are consumed by marine
organisms, including salmon, shrimp, lobster, and crayfish [37].
Substantial research has shown the neuroprotective potential of
marine-sourced bio-compounds, including astaxanthin [38]. Unlike
larger drugs, ATX can cross the blood-brain barrier and scavenge ROS
in the brain, and ATX is able to accumulate in hippocampal cells as
early as four hours after a single dose [37,39]. While hyperglycemia
has been shown to compound the negative effects of AP on
hippocampal cells, ATX has been shown to increase cell growth and
return ATP usage and ROS production to normal levels even in AD
and DM conditions [40].

Our research has examined the protective role of ATX under both
hypoglycemic and hyperglycemic conditions. We have examined
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growth patterns, ATP production and ROS generation in hippocampal
cell groups treated with either hypoglycemic or normal conditions
with or without the presence of Amyloid Beta (AB) or ATX. We have
also examined whether ATX is able to prevent cell death or merely
promote cell growth. When hypoglycemic groups were treated with
ATX, their growth patterns were either comparable to or increased
under all hypoglycemic conditions. Likewise, cells treated with ATX
in the presence of Ap monomers also demonstrated an increase in their
growth pattern over hypoglycemic cell groups treated with AP
monomers and AP alone treated groups tended to have significantly
less growth than controls (p<0.05). As would be expected, analysis of
ATP production showed an overall low level of ATP in hypoglycemic
treated groups as determined by ATP assays. Cells cultured with AB
demonstrated low levels of average fluorescence output generated by
ROS production using a MitoSox assay. Cells exposed to ATX
actually produced higher to normal levels of ROS. Finally, cells grown
with A in the presence of ATX generally produced more ROS than
AP groups. Thus, hypoglycemia does appear to compound the effects
of AP monomers on hippocampal cells. Treatment of ATX
demonstrates promise with increased cell growth that promotes the use
of ATP by the cell, however, also the production of ROS.

When examining cells under normal conditions, cells exposed to
AP had increased cell death levels compared to those exposed to ATX
(Figure 1A). As expected, when ATX treatment was given in the
presence of AP an increase in cell life levels was observed as
compared to the those exposed to A alone, but also to those treated
with ATX when initial cell growth conditions where low, though this
was not the case when initial growth conditions were already higher
(Figure 1B). The cell life levels were lowest for the cells treated with
both ATX and AP groups under these conditions. In fact, under normal
glucose conditions, cell life for groups treated with either ATX or Af
is comparable to controls. The greatest difference is found in cell
death levels under the high initial growth conditions. Cell death is
increased in the AP groups while it is decreased in the group treated
with both ATX and AP (Figures 1A-1C).

A Death-5 mM B Cell Life/Death - 5 mM

it
i
III I I
G ATX B

AR ATK +AB
B Desth W Life

g 100 g 100

50 S s0

0 Z 9
G ATX Ap E

mDeath

Mean Fluorescen

Cell Life/Death - 5 mM

L.

AT +AB

2l

250
200

150
100
50
o

G

mDeath mlife

Mean Fluorescence Unit

Figure 1: Cell life/death assays at 5 mM glucose group. A. Under
low growth conditions, the mean cell death (red) was increased in the
AB Group. B. When following the same procedures for the cell Life/
Death Assay with higher fluorescent values using the 5 mM glucose
groups. C. Repeating these results demonstrated a similar pattern with
cell death lower than control.

Discussion

When examining all the data, the AB and ATX values were
significantly different (p<0.05). Cell life was significantly different
between the glucose control and the ATX and AB groups (p<0.05).
Cell life and cell death was also significantly different between the
glucose control and the ATX+AB groups. Cell death was also
significantly different between both the AB and the ATX groups as
compared to the ATX+AB groups. , however, mean cell life decreased.
The green fluorescence for the G and the ATX+AB groups are
significantly different (p<0.05). Under hyperglycemic conditions, the
results were consistent between the low and high growth conditions.
Interestingly, cell death was higher in the ATX treated groups
compared to the AP group. Likewise, cell life was also higher for ATX
under the low initial growth conditions. Cell life levels were increased
in the cells treated with both ATX and AP as compared to cells treated
with ATX or AB alone under both the low and high cell growth
conditions. Unfortunately, the combination of ATX and A also
presented increased cell death as compared to AP alone. Therefore
under normal glucose conditions in the presence of AP, ATX may
compensate by increasing cell growth. However, this doesn’t stop cell
death. There is a decrease in cell death levels but in doing so, it also
decreases cell life. For cells exposed to ATX under high growth
conditions (Figure 1B), the GApB have increased cell life compared to
the GABATX groups. While introducing these cells to GATX can help
reduce cell death, it also decreases cell life. For cells in the
hyperglycemic condition, ATX does increase cell life but it also
increases cell death. This increase in cell life could relate to greater
access to glucose, but as hyperglycemia increases mitochondrial
dysfunction and oxidative stress in this condition, the increased access
to growth materials and rapid growth parallels increased cell death.
Similar to previous research of the 5 mM glucose groups, the 5 mM
GABP group exhibited the least growth, indicating low ROS production
and low ATP production [40]. From this study, we discovered that the
cells do grow but cell death far exceeds cell life.

When examining new cell growth to determine if a decrease in cell
death actually occurred or if cell death was simply over powered by
the formation of new cells, under normal glucose and AB, ATX did
decrease cell death, but there was also decrease in cell life. For cells in
the normal glucose condition, cells with ATX from the last two cell
death assays (Figure 1B) show that the GAP have increased cell life
compared to the GABATX groups. While introducing these cells to
GATX can help reduce cell death, it also reduces cell life. For cells in
the hyperglycemic condition, ATX does increase cell life but at the
expense of cell death. This increase in cell life could relate to greater
access to glucose, but as hyperglycemia increases mitochondrial
dysfunction and oxidative stress in this condition, the increased access
to growth materials and rapid growth parallels increased cell death.
Similar to previous research done with 5 mM glucose groups, the 5
mM GAP group exhibited the least growth, indicating low ROS
production and low ATP production [40]. From this study, we
discovered that cells grow but cell death far exceeds cell life.

ATX is the most effective at increasing life among cells exposed to
the hyperglycemic condition (25 mM glucose), when they are exposed
to AB. Cells exposed with ATX without AB may actually be
undergoing more harm, especially in the hyperglycemic condition
where cells have more access to glucose resources needed for growth.
Research has shown that hyperglycemic groups demonstrated
increased growth and ATP production due to increased availability of
glucose but that this likewise leads to increased ROS. Under
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hyperglycemic conditions in the presence of AP, cells grew less as
compared to much higher growth for observed with ATX present
instead. This pattern was observed dominantly with repetition with
only one exception. During the second set of cell death assays one set
of cells grew similar to the control in the presence of A however,
with an increase in cell death observed. The overall set of cells
displayed very low cell growth, and this variation could be due to low
growth of the petri dish during the initial differentiation stages. Cell
death observed in the hyperglycemic condition with AB supports
previous findings of increased ROS in this group. Overall, however,
ROS production was low, but under hyperglycemic conditions cells
are producing more ATP as greater glucose is available [40].

Our research has shown that ATX does decrease neuronal cell
death, but it also decreases cell life. It appears that ATX has the best
effect for cells exposed to the hyperglycemic (25 mM glucose)
condition when these cells are also exposed to Ap. However, when
cells are exposed to the increased glucose without the presence of Af
and then treated with ATX, this leads to increased cell death. While
cell death is increased in cells exposed to AP and the hyperglycemic
solution, cell life is also increased, showing a promising result for
using ATX to reduce cell death in cells exposed to AP in patients with
hyperglycemia.

Conclusion

For this reason, ATX would be most effective for patients with both
AD and DM, but may cause the most damage for patients suffering
from hyperglycemia without AD because it seems to magnify the
cell’s ability to use the more abundant glucose. Therefore, there is a
link between blood glucose levels, Alzheimer’s disease and the
usefulness of antioxidants. Simple changes in blood sugar alter ATP
production and ROS production. The ability of an antioxidant to be
beneficial depends on the cells production of oxidants which is tied to
the health of the mitochondria within the cells.
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