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ABSTRACT

proteasome activity in the hippocampus.

Objective: Neurodegenerative diseases are life-threatening disorders that occur when cells in peripheral nervous system or brain lose function
over time and ultimately die. Our study aimed to establish a high cholesterol fed rabbit model to investigate the status of endoplasmic reticulum
(ER) stress, proteasome activity and apoptosis as well as the beneficial role of a-tocopherol on hippocampus.

Methods: Hypercholesterolemic rabbit model was established by feeding on 2% cholesterol diet for 8 weeks, and a-tocopherol supplementation
was applied with intramuscular injections. Alterations of Grp78, Grp94, Bax, Bcl-2 and BACE1 levels in hippocampus tissue were determined by
western blotting, while proteasome activity was measured by fluorometric detection.

Results: Cholesterol containing diet for 8 weeks increased well-known parameters of ER stress and apoptosis, together with no chance in
proteasome activity. On the other hand, a-tocopherol supplementation in rabbits fed two percent cholesterol containing diet significantly
down-regulated certain ER stress and apoptosis parameters along with an increase in proteasome activity.

Conclusion: Our results underline a novel function of a-tocopherol in reducing cholesterol induced ER stress and apoptosis by increasing
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1. INTRODUCTION

Neurodegenerative diseases are progressive neurologic
disorders characterized by neuronal loss and affecting
millions of people each year (1). Hypercholesterolemia,
a well-defined risk factor for neurodegeneration, is a
common feature in general population. (2). Animal studies
reported that cholesterol containing diets induce neuronal
accumulation of amyloid B (AB) and also activates oxidative
stress, inflammation and apoptosis signaling (3-5), while
clinical studies revealed the positive correlation between
plasma cholesterol levels and Alzheimer’s disease (AD) (6, 7).
Despite all these studies, the underlying mechanisms by which
cholesterol causes the development of neurodegenerative
diseases remain unclear.

Accumulation of free cholesterol is known to enhance the
induction of oxidative and endoplasmic reticulum (ER) stress
signalings (8). ER is a crucial organelle in folding of proteins,
homeostasis of calcium and signaling mechanisms of cell
death. Unfolded protein response (UPR) is a preventive
process triggered by ER dysfunction leading to ER stress. UPR

induction enhances the ER resident chaperones including
glucose-regulated proteins 78 (Grp78) and Grp94 which
eliminate misfolded or unfolded proteins (9). Therefore, ER
plays a crucial role in neurodegenerative disorders which are
defined by misfolded protein accumulation (10). Proteasome
has a crucial partin the degradation of intracellular misfolded
and damaged proteins. Ability of oxidative stress mediated
protein aggregates to inhibit proteasome activity has been
identified in many studies and accepted as a primary cause in
neurodegenerative disease development (11).

Increased production, oligomerization and aggregation of
AB plaques formed by the cleavage of amyloid B-precursor
protein (APP) by the B-secretase 1 (BACE1l) enzyme is
one of the major hallmarks of AD (12). Recent studies
have shown that ER stress involves in AD development via
increasing BACE1 levels (13). However, activation of UPR in
the hippocampus suggests the increased presence of Grp78
and Grp94 in AD neurons. Prolonged ER stress developed
in neurodegenerative diseases also causes an increase in
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neuronal apoptosis by activation of Bcl-2 family proteins (14).
The Bcl-2 protein family consists of proapoptotic (Bax and
Bak) and anti-apoptotic (Bcl-2, Bcl-xL and Mcl-1) members.
Members of the proapoptotic Bcl-2 family, known as BH3
proteins, activate the intracellular apoptotic pathway in the
presence of cellular stress.

Alpha-tocopherol is the most active form of vitamin E.
Although the mechanisms of action of a-tocopherol in
neurodegenerative diseases are unclear, its critical role
in maintaining neurological health has been reported
(15). Multiple studies have shown the suppressive role of
a-tocopherolinneurodegeneration development viaregulating
various genes (16-18). For instance, oxidative stress and
neuronal cell death in hippocampus tissue were significantly
reduced in epileptic rats supplemented with a-tocopherol
(19). Another in vivo study found that a-tocopherol reduced
amyloid oligomers, oxidative stress, and interleukin-1 (IL-1)
and IL-6 production (20). a-Tocopherol also acts as a regulator
of inflammatory pathways in neuroglia and a cytoprotective
factor in hippocampal neurons (21). This literature information
support the hypothesis that a-tocopherol might be a critical
protective agent in neurodegenerative disorders. However,
the effects and mechanisms of a-tocopherol in cholesterol
induced brain injury remain poorly understood.

Therefore, the aim of our study is to identify the impact
of high cholesterol diet on ER stress, proteasome activity
and apoptosis in hippocampus tissue, which are related to
pathological hallmarks for neurodegenerative diseases.
Furthermore, the influence of a-tocopherol on these
signalling was also observed.

2. METHODS

2.1. Rabbits and Treatments

All animal experiments were approved by Marmara
University Experimental Animals Research and
Implementation Committee (protocol number 49.2015.
mar). Starting at 2-3 months old, male albino rabbits were
fed with a-tocopherol poor diet or a-tocopherol poor diet
containing 2% cholesterol and divided into following groups;
i) control, ii) cholesterol, iii) cholesterol + a-tocopherol
and iv) a-tocopherol. Intramuscular injections of 50 mg/
kg of a-tocopherol (Evigen, Aksu Pharmaceutical) were
applied daily to cholesterol+a-tocopherol and a-tocopherol
groups. a-Tocopherol concentration used in the study was
determined in accordance with our previous studies (22, 23).
Rabbits were sacrificed eight weeks after feeding/treatment
period, and blood was collected to measure cholesterol and
a-tocopherol. Hippocampus was rapidly frozen and stored at
—80°C for immunoblotting.

2.2. Cholesterol and a-Tocopherol Measurement in Serum

Cholesterol levels in serum was identified by using Roche-
Hitachi Modular P800 Analyzer. To measure a-tocopherol levels
in serum, high-performance liquid chromatography (HPLC)

was established following the lipid extraction according to
Nierenberg and Nann (24). a-Tocopherol was obtained by C18
column (5um, 4.6x250mm), while MeOH:dH20 (95:5, v/v) was
the mobile phase and a UV detector (Thermo) at 294 nm was
used. a-Tocopherol level was calculated as pug/mL following the
comparison with the relative peak areas of standard.

2.3. Immunoblot Analysis

Fifteen mg of hippocampus was lysed in RIPA buffer (Cell
Signaling) via Ultra Turrax homogenizator in accordance
with manufacturer’s protocol. After the measurement of
total protein amount with Bradford using iMark Microplate
Reader (Bio-Rad), twenty pg of protein was loaded onto SDS-
PAGE gels, and immobilized on nitrocellulose membrane.
After the blocking with 5% skim milk in TBS, membranes
were incubated with primary antibodies as follows: Grp94
(Cell Signaling, 2104), Grp78 (Cell Signaling, 3177), Bcl-2 (Cell
Signaling, 2870), Bax (Abcam, ab115193), BACE1 (LifeSpan
Biosciences Catalog No: LS-A8893-50) and p-actin (Cell
Signaling, Catalog No: 4967). Following the HRP-conjugated
secondary antibody and chemiluminescence substrate
incubations, blots were photographed by ChemiDoc (Bio-
Rad) instrument and quantified by Image J.

2.4. Proteasome Activity Measurement by Fluorometry

Proteasome activity measurement was applied according
to our previous study (23). Briefly, hippocampus was
lysed in 1mM dithiothreitol at 4°C. After the centrifuge at
14000g, supernatants were collected and chymotrypsin-like
proteasome activity was determined by using fluorogenic
peptide succinyl-LLVY-methyl coumarin as substrate.
Following the incubation at 37 °C for 30 min, liberation
of methyl coumarin was determined by Enspire 2300
Multilabel Reader (PerkinElmer) at 360 nm excitation and
485 nm emission. Proteasome activity was determined after
the comparison with free methyl coumarin as standard.
Lactacystin was used in excluding other protease activities.

2.5. Statistical Analysis

Prism 4 (Graph-Pad) software was used in performing
statistical analysis. Statistical signifance was estimated using
One-Way ANOVA followed Student-Newman-Keuls test for
multiple comparisons. P-value less than 0.05 was considered
statistically significant.

3. RESULTS

3.1. Cholesterol and a-Tocopherol Levels in Serum

Dietary supplementation of two percent cholesterol in rabbits
increased cholesterol levels in serum compared to control
(Fig. 1A). Similarly, intramuscular injections of a-tocopherol
increased a-tocopherol levels in the serum of cholesterol+a-
tocopherol and a-tocopherol rabbits. In accordance with
our previous studies (23), a-tocopherol level in serum was

Clin Exp Health Sci 2022; 12: 439-444

DOI: 10.33808/clinexphealthsci.972222



Cholesterol and a-Tocopherol in Hippocampus

| Original Article |

also elevated in cholesterol group, which might be related
to increased LDL fraction transporting a-tocopherol in the
circulation (Fig. 1B).
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Figure 1. Serum cholesterol and a-tocopherol levels

Serum cholesterol (A) and a-tocopherol (B) levels in rabbits receiving eight
weeks of 2% cholesterol diet and/or a-tocopherol.

**p < 0.01 vs. control group (n=>5).

3.2. ER Stress and Proteasome Activity in Hippocampus
Tissue

After the verification of our in vivo model, we next tried to
gain insight into the status of ER stress and proteasome. Grp78
and Grp94 are the most well-characterized ER chaperones and
well-defined ER stress parameters that participate the correct
folding of proteins. In the present study no significant change
in Grp94 protein level was observed between groups (Fig.
2A). Despite unchanged Grp94 levels, Grp78 was increased in
cholesterol group. Supplementation of a-tocopherol prevented
this cholesterol driven Grp78 activation (Fig. 2B). Besides
the enhancement of protein folding, activation of protein
degradation by proteasome is another process in maintaining
protein quality control (25). In this scope, we measured
the proteasome activity in rabbit hippocampus tissues by
fluorometric detection method. As a potential beneficial
effect against high cholesterol induced ER stress, rabbits
of cholesterol+a-tocopherol group exhibited significantly
increased proteasome activity, while no significant change was
determined in a-tocopherol group (Figure 2C).
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Figure 2. ER Stress and Proteasome Activity in Hippocampus Tissue
Hippocampus tissues were homogenized and expressions were me-
asured by western blotting. Protein bands were analyzed and nor-
malized to B-actin against Grp94 (A) and Grp78 (B) antibodies. 265
proteasome activity in hippocampus tissue lysates (C).

Data are expressed as mean + S.D.

**p < 0.01, vs. control group,

##p < 0.01, and #p < 0.05 vs. cholesterol group (n=>5).

3.3. Bax, Bcl-2 and BACE protein expressions in the
hippocampus tissue

As the proteins of Bcl family that induce apoptotic cell death,
Bcl-2 and Bax are well identified neuroapoptosis markers
(26). Therefore, we determined the levels of Bcl-2 and Bax by
immunoblotting. As a parameter of apoptosis induction, high
cholesterol diet rabbits elevated Bax and Bcl-2 levels (Figure
3A-B). Alpha-tocopherol supplementation was significantly
inhibited the induction of Bax (Figure 3A). We also examined
the brain injury in hippocampus tissue by measuring BACE
expression. As shown in Fig. 3C, high cholesterol diet
induced BACE levels, while a-tocopherol supplementation
reversed. We also evaluated the changes in Bax/Bcl-2 ratio
and observed a higher Bax/Bcl-2 ratio in cholesterol group
compared to control. In agreement with Fig. 3A and 3B,
a-tocopherol supplementation reversed this increase (Figure
3D). These results propose the effect of a-tocopherol on
high cholesterol diet mediated apoptosis and brain injury in
hippocampus tissue.
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Figure 3. Bax, Bcl-2 and BACE protein expressions in the hippocampus
tissue

Hippocampus tissues were homogenized and expressions were measured
by western blotting. Protein bands were analyzed and normalized to
B-actin against Bax (A), Bcl-2 (B) and BACE1 (C) antibodies. Based on the
densitometric quantification of the bands for Bcl-2 and Bax, Bax/Bcl-2 ratio
was calculated (D).

Data are expressed as mean + S.D.

**p < 0.01, and *p < 0.05 vs. control group,

##p < 0.01, and #p < 0.05 vs. cholesterol group (n=5).

4. DISCUSSION

A variety of studies has been reported hypercholesterolemia
as a serious risk factor in numerous disorders including
neurodegeneration and cardiovascular disease (27). Multiple
studies using in-vivo models of AD have found the capacity
of high cholesterol diet in increasing AB accumulation (28,
29). In this scope, rabbits fed high cholesterol diet exhibited
a considerable number of findings of AD similar to those
observed in patients with AD such as AP accumulation
in the hippocampus, apoptosis and microglia activation
(30, 31). Therefore, in the present study we established
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a hypercholesterolemic rabbit model to determine the
protective role of a-tocopherol against ER stress, BACE1
activity and apoptosis in hippocampus. Due to its lipophilic
ability, most of the a-tocopherol in serum is bound and
carried by circulating LDL and HDL. In our study, elevated
a-tocopherol levels determined in serum of cholesterol group
are possibly related to its enhanced release from adipose
tissue and uptake of LDL fraction (32). However, a-tocopherol
in cholesterol group was observed to be reduced by rationing
serum a-tocopherol to serum cholesterol, in accordance with
our previous studies performed in different rabbit groups
(22, 33).

A variety of stress conditions may enhance the misfolded
protein accumulation and trigger the ER stress. In vivo and
clinical findings have determined the interaction between
cholesterol and ER stress in the development of metabolic
disorders (8). ER contains abundant concentrations of folding
sensors and chaperone molecules involved in the quality
control process of proteins. Upregulation of Grp78 and Grp94
in brain samples of patients with AD revealed the importance
of UPR in disease development (34). Additionally, Lu and
colleagues (35) demonstrated the presence of ER stress in
the hippocampus of mice fed high cholesterol diet. Similarly,
Cai and colleagues (36) determined that rats fed high-fat
diet exhibit symptoms of neuronal plasticity together with
the induction of hippocampal ER stress. Tunicamycin, an ER
stress inducer, is also associated with the induction of Grp78
and Grp94 in cerebral cortex, hippocampus and cerebellum
of mice (37). Moreover, Onoda and colleagues (38) revealed
that particles derived from air pollution such as carbon black
induce misfolded protein accumulation and ER stress in mice
brain. In our study, despite the increase of Grp78 in rabbits
fed high cholesterol diet, no change was determined in Grp94.
This Grp78 increase emphasizes the possible impact of high
cholesterol diet in inducing ER stress response and protein
damage status. As a response to ER stress, UPR enhances two
major degradation systems, proteasome and autophagy, that
reduce misfolded/unfolded protein accumulation. Recent
studies have determined the reduction of proteasomal
activity associated with neurodegenerative diseases that
contributes to the failure of misfolded protein degradation
and the accumulation of protein aggregates (39). Our data
exhibited the increase of proteasome activity in hippocampus
tissue when a — tocopherol was supplemented with high
cholesterol diet. Thus, a-tocopherol may be effective in the
suppression of ER stress through mediating proteasome
mediated elimination of damaged proteins.

Uncontrolled and  overactivated ER  stress in
neurodegenerative disorders leads to an increase in
neuronal apoptosis, one of the pathological characteristics
of neurodegenerative diseases, via activating Bcl-2 family
proteins (40, 41). El-Sayyad and colleagues (42) observed an
increased neuronal apoptosis in rats fed high cholesterol diet.
Increased production and aggregation of AB in extracellular
area is considered as the major hallmark in AD development.
BACE1 is the major enzyme involve in the production of
AB from amyloid B-precursor protein (APP) which further

induces neuronal apoptosis. Related to this, BACE1 protein
expression was found to be induced in the majority of AD
patients. (43).Zhao and colleagues (14) determined increased
protein levels of Bax, Bcl-2 and BACE1 in hippocampus of
hyperlipidemic mice. In our study, we observed that the
hippocampus of rabbits fed high cholesterol diet exhibited
Bax and BACE1 induction. Early studies in animal models were
also demonstrated that a-tocopherol is an essential molecule
during the development and maintenance of nervous system
(44). Accordingly, a-tocopherol has been shown to protect
the synaptic plasticity and function by preventing apoptotic
cell death in the hippocampus (19). In a study with SH-
SY5Y neuroblastoma cells, a-tocopherol was reported
to downregulate Bax/Bcl-2 ratio (45). Despite all these
studies, the effect of a-tocopherol on cholesterol-mediated
apoptosis in brain tissue is unknown. In the present study,
Bax and BACE1, two well-studied parameters of apoptosis
and AD, were reduced by a-tocopherol supplementation
in hippocampus tissue. Our findings suggested that alpha
tocopherol may be important molecule in the development
of therapeutic strategies against neurodegenerative disorders
by targeting apoptotic cell death and BACEL1 levels.

5. CONCLUSION

In conclusion, we demonstrate an in vivo evidence that
the ER stress status and apoptotic activity in hippocampus
is likely to be induced in rabbits fed high cholesterol diet.
Our results identified the beneficial role of a-tocopherol in
cholesterol induced ER stress and apoptosis, possibly via
enhancing proteasome mediated degradation of damaged
proteins. However, further studies are needed to determine
the underlying mechanisms that enhance cholesterol
mediated ER stress activation, and the molecules in which
a-tocopherol increase proteasome activity in hippocampus.
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