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Abstract
Alzheimer’s disease (AD) is the most common form of dementia that progressively disrupts neurocognitive function, which 
has neither cure nor effective treatment. Hypercholesterolemia might be involved in brain alterations that could evolve into 
AD. The present study aims to evaluate the potential of omega-3, Co-enzyme Q10 (Co-Q10), as well as their combination in 
ameliorating hypercholesterolemia-initiated AD-like disease. We adapted a hypercholesterolemic (HC) rat model, a model 
of oxidative stress-mediated neurodegeneration, to study AD-like pathology. Hypercholesterolemia resulted in increased 
lipid peroxidation coupled with declined nitric oxide production, reduced glutathione levels, and decreased antioxidant 
activities of glutathione-s-transferase (GST) and glutathione peroxidase (GSH-Px) in the brain. Moreover, hypercholester-
olemia resulted in decreased acetylcholine (ACh) levels and increased acetylcholine-esterase (AChE) activity, along with 
an increment of tumor necrosis factor and amyloid-β 42. Behaviorally, HC-rats demonstrated depressive-like behavior and 
declined memory. Treatment of HC-rats with omega-3 and Co-Q10 (alone or in combination) alleviated the brain oxida-
tive stress and inflammation, regulated cholinergic functioning, and enhanced the functional outcome. These findings were 
verified by the histopathological investigation of brain tissues. This neuroprotective potential of omega-3 and Co-Q10 was 
achieved through anti-oxidative, anti-inflammatory, anti-amyloidogenic, pro-cholinergic, and memory-enhancing activities 
against HC-induced AD-like disease; suggesting that they may be useful as prophylactic and therapeutic agents against the 
neurotoxic effects of hypercholesterolemia.
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Abbreviations
AD	� Alzheimer’s disease
AChE	� Acetylcholine-esterase
TNF-α	� Tumor necrosis factor-α
Aβ-42	� Amyloid-β 42
ACh	� Acetylcholine
EPA	� Eicosapentaenoic acid
DHA	� Docosahexaenoic acid
GST	� Glutathione-s-transferase
GSH-Px	� Glutathione peroxidase

Introduction

Alzheimer’s disease (AD) is the most common form of 
senile dementia, accounting for between 60 and 80% of all 
dementias; the number of cases of AD worldwide is esti-
mated to rise to approximately 40 million by 2020 and to 
100 million by 2050 [1]. AD is a multifactorial disorder with 
complex etiology; besides genetic factors, environmental 
factors have been identified including obesity, diabetes mel-
litus, hypertension, and physical inactivity [2]. Interestingly, 
most of the AD risk factors may also be correlated with 
obesity and resulting comorbidities [3]. Obesity is associated 
with elevated risk for the development of neurodegenerative 
disorders, such as Alzheimer disease (AD) [4].

Accordingly, hypercholesterolemia could be regarded 
as one of the underlying molecular mechanisms leading to 
neurocognitive impairment [3] in several neurodegenerative 
disorders such as Alzheimer’s disease (AD) [5] and Par-
kinson’s disease [6]. Hypercholesterolemia is capable of 
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inducing neuroinflammation [7], oxidative stress [8], mito-
chondrial dysfunction [9], and disturbing the balance of neu-
rotransmitters [10]. Besides, hypercholesterolemia disrupts 
blood–brain barrier (BBB) permeability [11] that might be 
an early event in the pathogenesis of AD [12]. In addition, 
cardiovascular disease is a known risk factor for developing 
neurocognitive decline and dementia [13]; it has been esti-
mated that 35% of coronary artery disease (CAD) patients 
may suffer from neurocognitive decline [14].

Unfortunately, there are not effective available drugs for 
completely cure AD, they can partially limit the symptoms 
but do not mitigate the progression of AD. Besides, choles-
terol-lowering drugs such as statins could cause undesirable 
side effects [15]. Therefore, there is a pressing need for "new 
complementary therapeutic approaches", thus, the modula-
tion of dietary habits and nutritional interventions could be 
an effective approach [16]. Neuroinflammation is involved in 
the development of neurodegenerative diseases [17]; there-
fore, anti-inflammatory therapeutic interventions could be 
used to manage hypercholesterolemia-related changes [18]. 
Thus, there is a great interest to explore the neuroprotective 
potential of natural antioxidants such as omega 3 polyun-
saturated fatty acids (PUFAs) and coenzyme Q10 (Co-Q10) 
against hypercholesterolemia-induced AD-like pathology. 
Furthermore, anti-oxidant based therapy is considered a 
promising low-risk therapeutic strategy for AD.

The omega 3 precursor α-linolenic acid is metabolized 
into eicosapentaenoic acid (EPA; 20:5n-3) and docosahexae-
noic acid (DHA; 22:6n- 3), which are the two major omega 
3 fatty acids [19]. Omega 3 mediates different neural func-
tions, such as signal transduction, neurotransmission, mem-
brane fluidity, and myelination [20]. DHA is one of the most 
abundant lipids in the brain [21], it constitutes about 30% of 
the phosphoglycerides in the gray matter of the brain [22], 
suggesting that its action is essential for neural functioning 
[23]. Dietary intake of omega-3 is vital for normal neurode-
velopment and brain health [24], as brain DHA levels tend 
to decrease with ageing and in AD-patients [25].

Coenzyme Q10 (Co-Q10) or ubiquinone, is a precursor of 
endogenous cholesterol and other metabolites [26], and acts 
as an electron carrier in the mitochondrial electron transport 
chain [27]. Ubiquinol, the reduced form of Co-Q10, is a 
potent lipophilic antioxidant, in the mitochondria, that par-
ticipates in tocopherol and ascorbate resurrecting as antioxi-
dants [28]. Disruption in levels of Co-Q10 might contribute 
to the development of neurodegenerative diseases [29]; this 
demonstrates the potential therapeutic use of Co-Q10 in AD-
like pathology.

This study explores the possibility of using omega 3 and 
Co-Q10 for treatment of hypercholesterolemia-induced neu-
rotoxicity in rats since most studies have concentrated on 
the peripheral tissues. Therefore, this study aimed to inves-
tigate the effect of hypercholesterolemia on brain alterations 

at behavioral, biochemical and morphological levels and to 
evaluate the neuroprotective potential of supplementation 
of omega 3 and/or Co-Q10 to HC-rats. It is important to 
investigate whether these brain alterations are reversible and 
thus whether the pathological mechanisms might be targeted 
by “nutritional or pharmacological interventions”.

Materials and Methods

Drugs

Omega-3 oil was purchased from (SEDICO Pharmaceuti-
cal Co., Egypt), in the form of soft gelatin capsules con-
taining 1000 mg omega-3 fish oil (eicosapentaenoic acid 
(EPA) minimum 13% and docosahexaenoic acid minimum 
9% (DHA)). Coenzyme Q10 (Co-Q10) powder was obtained 
from (MEPACO Pharmaceutical Co., Egypt).

Chemicals

The following ELISA kits were used: Amyloid-β peptide-42 
(Aβ-42) ELISA kit was purchased from CUSABIO (USA), 
acetylcholinesterase (AChE) and acetylcholine (ACh) 
ELISA kit were purchased from MyBioSource (USA), tumor 
necrosis factor-α (TNF-α) was purchased from Biovision 
(USA), and Other chemicals were purchased from Sigma‐
Aldrich Chem. (St. Louis, MO, USA). Determination of 
brain tissue levels of malondialdehyde (MDA), glutathione 
reduced (GSH), nitric oxide (NO), glutathione-s-transferase 
(GST) and glutathione peroxidase (GSH-Px) was performed 
using assay kits from Biodiagnostic Company (Egypt).

Animals and Grouping

Thirty Male Wistar rats (6–8 weeks) weighing 120 ± 10 g 
were obtained from the Animal House of the National 
Research Center (NRC), Egypt. Rats were allowed to accli-
mate for 1 week prior to experimental use. Rats were group-
housed (6 rats/cage) and maintained at a constant tempera-
ture (22 ± 1.0 °C) and humidity (55 ± 5%), on an artificial 
12 h light/dark cycle with lights on at 06:00 a.m. Rodent 
Chow and tap water were available ad libitum.

Induction of Hypercholesterolemia

Hypercholesterolemia was induced in rats according to the 
method of Adaramoye [30], cholesterol was orally adminis-
trated at a dose of (30 mg/0.3 ml olive oil /1 kg animal) five 
times a week, and feeding rats a high fat "lard-based" diet 
for three consecutive months.
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Experimental Design

After a 7-day acclimatization period, the 30 rats were ran-
domly assigned to five groups (6 rats/group): Group (1): 
Negative control group. Group (2): Hypercholesterolemic 
(HC) rats served as positive control group and administrated 
high-fat diet and cholesterol (30 mg/0.3 ml olive oil /1 kg 
animal) for three months. Group (3): (HC-omega 3): HC-
rats, after the 3-month-lasting diet, received an oral dose of 
omega-3 for 30 consecutive days at a dose 500 mg/kg body 
weight, according to Lakhwani et al. [31]. Group (4): (HC-
CoQ 10): HC-rats, after the 3-month-lasting diet, received an 
oral dose of CoQ10 for 30 consecutive days at a dose 10 mg/
kg body weight, according to Coldiron et al. [32]. Group 
(5): (HC-omega 3-CoQ 10): HC-rats, after the 3-month-
lasting diet, treated orally with a combined treatment of both 
omega-3 (500 mg/kg body weight) and CoQ10 (10 mg/kg 
body) for 30 consecutive days.

Behavioral Assessments

The behavioral tests were performed 24 h after a 30-day 
treatment period to assess depression and memory perfor-
mance. The order of behavioral tests in each animal was 
the same: (a) forced swimming test (FST): on the 31st (pre-
test day) and 32nd day (test day), (b) rewarded T-maze test: 
The order consisted of three successive days of training 
(33rd–35th) followed by a test on day 4 (on 36th day).

Porsolt Test (Forced Swimming Test (FST))

Porsolt test was used to evaluate depression-like behav-
iors [33]. Animals were forced to swim individually in the 
water tank (22 cm in diameter × 40 cm in height) containing 
water of 20 cm in depth at 25 °C from which there was no 
escape. In FST, a 10-min pre-test was done 24 h before the 
test day. Three actions were recorded using a digital timer: 
(1) Immobility: lack of motion of the whole body, the ani-
mal remained floating motionless in the water, making only 
those movements necessary to keep the head above water. 
(2) Swimming: represented as horizontal movements of the 
forepaws. (3) Climbing (struggling): represented as vigorous 
vertical movements of the forepaws, directed against the wall 
of the tank. These actions were recorded (in seconds) in the 
first 2 min of the test for each rat.

Rewarded T‑Maze Test

The neurocognitive function and learning ability of rats were 
estimated by T-maze test (constructed in the NRC, Egypt) 
according to Deacon and Rawlins [34]. Before performing 

this experiment, the animals were left without food for 24 h, 
only with access to water. Behavioral observations were 
recorded (in seconds) at the end of the experiment.

Collection of Blood Sample

On 37th day, rats were fasted overnight, with free access to 
water; blood samples were collected from all groups just 
before sacrificing the rats (by cervical decapitation, to avoid 
the possible biochemical changes because of ischemia), 
under light anesthesia with diethyl ether. The blood was 
collected, before decapitation, from the sublingual vein of 
random rats in each group, the blood samples were left to 
clot in clean, dry test tubes for 30 min at room temperature 
and then centrifuged at 4000 RPM for 10 min. The clear 
supernatant serum was then frozen at − 20 °C for biochemi-
cal analysis of acetylcholine (ACh), acetylcholine esterase 
(AChE), amyloid-β 42 (Aβ-42), and tumor necrosis factor-α 
(TNF-α).

Brain Tissue Homogenate Sampling and Preparation

Rats were anesthetized and decapitated, with the head 
moved onto the dry ice, the whole brain was rapidly dis-
sected on an ice-cooled glass plate, thoroughly washed with 
isotonic saline, dried on a filter paper, and sagittally divided 
into two portions. The first portion was homogenized using 
an electrical homogenizer (Remi 8000 RPM), to give 10% 
(w/v) homogenate in ice-cold medium in 9 volumes (1:9 
w/v) of a 50 mM phosphate-buffered saline (PBS) pH 7.4 
containing 0.1 mmol/L ethylene-diamine-tetra-acetic acid 
(EDTA). The unbroken cells and cell debris were removed 
by centrifugation at 4000 RPM for 30 min at 4 °C to pre-
pare clear supernatants (10%). The obtained supernatant was 
used for biochemical analyses. The second portion of the 
brain (either right or left) was used for histopathological 
investigation.

Biochemical Analyses

Determination of Serum Acetylcholine (ACh)

Serum Acetylcholine (ACh) level was measured by ELISA 
according to the manufacturer’s instructions.

Determination of Serum Acetylcholinesterase (AChE)

Serum Acetylcholinesterase (AChE) level was estimated by 
ELISA according to the manufacturer’s instructions.
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Determination of Brain Oxidative Stress Biomarkers

Lipid peroxidation was expressed as MDA that was deter-
mined by measuring thiobarbituric acid reactive species 
(TBARS) according to Ohkawa et al. [35]. Brain glutathione 
reduced (GSH) content was determined using the method of 
Beutler et al. [36]. Brain nitric oxide (NO) level was deter-
mined according to Montgomery and Dymock [37].

Determination of Brain Antioxidant Enzymes Activities

The enzymatic activities of GST and GSH-Px were meas-
ured spectrophotometrically in the brain homogenates 
according to Habig et al. [38] and Paglia and Valentine [39], 
respectively. The enzymatic activities were expressed as U/g 
tissue.

Determination of Serum Tumor Necrosis Factor‑α (TNF‑α)

Serum tumor necrosis factor-α (TNF-α) level was measured 
by ELISA according to the manufacturer’s instructions.

Determination of Serum Amyloid‑β (Aβ‑42)

Serum amyloid-β (Aβ-42) was determined using a commer-
cially available ELISA kit, according to Selkoe [40].

Histopathological Investigations of the Brain

Sections of brain tissues were fixed in 4% buffered-saline 
formalin, dehydrated in graded ethanol and embedded in 
paraffin using standard procedures. Sections of 4-μm thick-
ness were stained with hematoxylin and eosin (H&E) for his-
topathological examination, using a light microscope [41].

Statistical Analysis

Data were presented as Mean ± SEM (Standard Error of the 
mean), for n = 6 rats of each group. Data were subjected to 
Simple one-way analysis of variance (ANOVA) using SPSS 
(2016). Duncan’s multiple range test were used to differenti-
ate between significant means at p < 0.05.

Results

The Effect of Omega 3 or/and CoQ‑10 
on Depressive‑Like Behavior in HC‑Rats During 
Forced Swimming Test (FST)

Immobility (Floating)

As shown in Fig. 1, HC-rats demonstrated a significant 
increase in time spent motionless (136.9%), as compared 
to control rats. Whereas, the mono-treatment with omega 3 
or Co-Q10 reduced significantly the duration of immobility 
by 47.5% and 66.3%, respectively, as compared to HC-rats. 
In addition, the co-treatment with omega 3 and Co-Q10 
resulted in a significant reduction in the duration of immo-
bility by 73.7%, as compared to HC-rats.

Mobility (Swimming and Climbing/Struggling)

As shown in Fig. 1, HC-rats demonstrated a significant 
reduction for time spent during swimming (41.2%) or 
climbing (23.6%), as compared to control rats. On the other 
hand, mono-treatment with omega 3 increased significantly 
the durations of swimming and climbing by 96.2% and 
8.2%, respectively. The same was for mono-treatment with 
Co-Q10; the durations of swimming and climbing were 

Fig. 1   The neuroprotective 
effect of omega 3, Co-Q10, 
and omega 3 + Co-Q10 on the 
time spent in the Porsolt test: 
immobility, swimming and 
climbing by HC-rats and dif-
ferent therapeutic groups. Data 
are presented as mean ± SEM, 
(n = 6). Mean with different 
superscripts (a, b, c, d, e) are 
significant at p ≤ 0.05. Groups 
having the same letter are not 
significantly different from 
each other, while those having 
different letters are significantly 
different from each other
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increased to 86.4% and 29.9%, respectively. The co-treat-
ment showed a significant increase by 110.4% for the dura-
tion of swimming and 25.8% for the duration of climbing, 
as compared to HC-rats.

The Effect of Omega 3 or/and Co‑Q10 on Memory 
Function in HC‑Rats in Behavior Stress Maze: T‑Maze 
Test

Our results in Fig. 2 showed a significant increase in time 
(90.5%) for HC-rats to reach the food in the T-maze, indi-
cating neurocognitive impairment and memory decline. 
Whereas treated HC-groups with either omega 3 or/and 
Co-Q10 demonstrated a significant decrease in transit time 
to attain food, in comparison to HC-induced group; denoting 
improved cognitive function and learning ability.

The Effect of Omega 3 or/and Co‑Q10 on Serum 
Acetylcholine (ACh) Levels and Acetylcholinesterase 
(AChE) Activities in HC‑Rats

In HC-rats, the serum ACh levels were significantly lower 
by 22.7%, as compared to negative controls (Fig. 3). A slight 
increase in serum ACh was demonstrated after mono-treat-
ment with omega 3 (8.8%) or Co-Q10 (5.6%), and (10.6%) 
for the combination treatment, as compared to HC-rats. On 
the other hand, by comparison to the control group, serum 
AChE activities in HC-rats were found to be higher than 
those of the control group, by 38.7%. However, treatment 
of HC-rats with omega 3, CoQ-10, or their combination 
resulted in a significant inhibition in serum AChE activi-
ties (11.3, 12.3 and 18.9%, respectively), as compared to 
HC-rats.

The Effect of Omega 3 or/and Co‑Q10 on Oxidative Stress 
Status in HC Rats

Induction of hypercholesterolemia in rats resulted in a sta-
tistically significant increase in lipid peroxidation marker 
(MDA) in the brain by 192.3%, whereas glutathione 
reduced (GSH) and nitric oxide (NO) were significantly 
declined by 49.1% and 70.9% respectively, as compared to 
control rats (Fig. 4a–c). In treated HC-rats, brain levels of 
MDA recorded a significant decrease (43.7%) for omega-3, 
(16.2%) for CoQ10 and (66.6%) for the co-treatment, as 
compared to HC-group. On the other hand, brain GSH and 
NO levels were significantly elevated by (27.9, 205.3%) for 
omega 3, (61.9, 225.6%) for Co-Q10 and (59.9, 355.1%) 
for the co-treatment, as compared with HC-rats. The 
results demonstrated a more significant anti-oxidative 
effect by the co-treatment than that of mono-treatment by 
omega 3 or Co-Q10.

The Effect of Omega 3 or/and Co‑Q10 on Enzymatic 
Antioxidants in HC Rats

HC-rats demonstrated significant inhibition in the enzy-
matic activities of GST and GSH-Px in the brain by 35.4, 
61.3%, respectively, as compared to the control group 
(Fig. 5a, b). On the other side, treatment of HC-rats signif-
icantly increased the activities of these enzymes, as com-
pared to the HC-rats, by (34.2, 88.6%) for omega-3, (51.4, 
111.4%) for Co-Q10 and (57.5, 121.5%) for the co-treat-
ment. It is worthy to mention that the co-treatment showed 
the highest enzymatic activities of GST and GSH-Px.

Fig. 2   The neuroprotective 
effect of omega 3, Co-Q 10, 
and omega 3 + Co-Q 10 on the 
transit time spent in the T-maze 
by HC-rats and different rat 
groups. Data are presented as 
mean ± SEM, (n = 6). Mean 
with different superscripts (a, 
b) are significant at p ≤ 0.05. 
Groups having the same letter 
are not significantly different 
from each other, while those 
having different letters are 
significantly different from each 
other
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The Effect of Omega 3 or/and Co‑Q10 on TNF‑α Level 
in HC Rats

In HC-rats, hypercholesterolemia resulted in a significant 
increase in serum TNF-α level by 47.6%, as compared 
to negative controls. Treatment of HC-rats reversed the 
increase in serum TNF-α, by (7.3%) for omega 3, (7.0%) for 
Co-Q 10, and (13.1%) for the co-treatment, as compared to 
HC-rats (Fig. 6).

The Effect of Omega 3 or/and Co‑Q10 on Aβ(1–42) 
Levels in HC‑Rats

HC-induced rats demonstrated a significant elevation of 
serum amyloid-β protein that reached to 102.5%, as com-
pared to control rats. On the other hand, mono-treatment 

of HC-rats with omega 3 and Co-Q10 resulted in a signifi-
cant decrease in Aβ(1–42) production by 19.3 and 17.3%, as 
compared to the HC group. The co-treatment showed the 
most potent effect in this regard through reducing patho-
genic amyloid-β protein production by 27.9%, as compared 
to HC-rats (Fig. 7).

The Effect of Omega 3 or/and Co‑Q10 on Brain 
Histopathology in Different Experimental Groups

Histopathological examination of the brain in different 
experimental groups is shown in Fig. 8. The brain tissues 
of negative control group revealed normal well-preserved 
cellular histoarchitecture with intact cell membrane, with-
out histopathological alteration, and normal morphological 
structure of the cerebral cortex (Fig. 8a).

Fig. 3   The neuroprotective 
effect of omega 3, Co-Q10, and 
omega 3 + Co-Q 10 on serum 
levels of acetylcholine (ACh) 
and acetylcholine esterase 
(AChE) in HC-rats. Data are 
presented as mean ± SEM, 
(n = 6). Mean with different 
superscripts (a, b, c, d, e) are 
significant at p ≤ 0.05. Groups 
having the same letter are not 
significantly different from 
each other, while those having 
different letters are significantly 
different from each other
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On the other hand, the brain sections of HC-induced 
group (HC-brains), demonstrated congestion and hemor-
rhage in meninges with congestion in cortical blood vessels, 
spongy appearance, deposition of Aβ-plaques surrounded by 
astrocytes and microglia, fatty changes, loss of normal struc-
ture with vacuolations, and disruption of the cell membrane. 
The cerebral cortices showed focal gliosis and disorganiza-
tion in the pyramidal cellular arrangement (Fig. 8b).

On the contrary, the examination of the brain tissues 
of HC-rats received mono-treatment with either omega 3 
or Co-Q10 appeared more or less like normal sections but 
with some changes (Fig. 8c, d); the cerebella showed a well-
defined histoarchitecture, associated with "neuronophagia" 

in which the degenerated neurons appeared shrunken and 
surrounded by phagocytic cells. In addition, the brain sec-
tions of HC-rats treated with the co-treatment (Fig. 8e) 
revealed almost normal histological features.

Discussion

Hypercholesterolemia is strongly correlated with the ele-
vated risk of dementia [42]. This study sheds light on the 
neuroprotective potential of omega 3 and/or Co-Q10 against 
hypercholesterolemia-induced AD-like disease. In the cur-
rent study, a hypercholesterolemic (HC) rat model was 

Fig. 4   The neuroprotective 
effect of omega 3, Co-Q10, and 
omega 3 + Co-Q10 on brain 
levels of malondialdehyde 
(MDA), glutathione reduced 
(GSH), and nitric oxide (NO) 
in HC-rats. Data are presented 
as mean ± SEM, (n = 6). Mean 
with different superscripts (a, b, 
c, d) are significant at p ≤ 0.05. 
Groups having the same letter 
are not significantly different 
from each other, while those 
having different letters are 
significantly different from each 
other
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Fig. 5   The neuroprotective 
effect of omega 3, Co-Q 10, and 
omega 3 + Co-Q 10 on activities 
of GST and GSH-Px in the 
brain of HC-rats. Data are pre-
sented as mean ± SEM, (n = 6). 
Mean with different super-
scripts (a, b, c) are significant 
at p ≤ 0.05. Groups having the 
same letter are not significantly 
different from each other, while 
those having different letters 
are significantly different from 
each other

Fig. 6   The neuroprotective 
effect of omega 3, Co-Q 10, and 
omega 3 + Co-Q 10 on serum 
levels of tumor necrosis factor-α 
(TNF-α) in HC-rats. Data are 
presented as mean ± SEM, 
(n = 6). Mean with different 
superscripts (a, b, c, d) are 
significant at p ≤ 0.05. Groups 
having the same letter are not 
significantly different from 
each other, while those having 
different letters are significantly 
different from each other
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adapted. This is the first study that demonstrates the rela-
tion between hypercholesterolemia (as a depressant) and the 
effect of omega 3 and/or Co-Q10 (as anti-depressant) on the 
duration of immobility and active behavior (either swim-
ming or climbing) in HC-rats. In the current study, HC-rats 
demonstrated a significant increase in duration of immobil-
ity while concomitantly showing a significant decrease in 
time spent during swimming or climbing (struggling), and 
increased transit time in T-maze (90.6%) as compared to 
controls, indicating depression-like behavior and displaying 
cognitive decline. This runs in agreement with several stud-
ies [43–45]. In contrast, Lavin et al. [46] and Nguyen et al. 
[47] observed that hypercholesterolemia has insignificant 
behavioral changes. This contradiction might be attributed to 
several factors including age and species of the animal, qual-
ity, quantity, and type of administrated fat [43], for example, 
lard-based fats were reported to induce a cognitive decline 
in HC-animals [45]. In this study, the "lard-based fat" was 
employed to induce hypercholesterolemia (HC) in rats.

The cholinergic function seems to be vulnerable to HC-
induced neurotoxicity. HC-rats demonstrated cholinergic 
dysfunction represented by a significant decrease in serum 
ACh levels along with a significant elevation in serum 
AChE activity, as compared to the control group. This 
increased AChE activity accelerates the hydrolysis of ACh 
and resulted in its scarcity at the synaptic connections [48]. 
Besides, the deterioration of cholinergic activity might be 
related to the reduction of choline acetyltransferase activity 
and the disruption of acetyl Co-A synthesis that depends 
on pyruvate formation through energy-dependent glycoly-
sis [48, 49]. This proves the assumption that hypercholes-
terolemia can disrupt the balance of neurotransmitters and 
induces changes in neurotransmission [50]

On the other hand, supplementation of omega 3 and/or 
Co-Q10 to HC-rats demonstrated anti-depressive behav-
ior by significantly decreasing the duration of immobility. 

Omega 3 reduced depression-like behaviors, this runs in 
accord with several studies [51, 52]. In contrast, Jackson 
et al. [53] showed an insignificant effect of omega 3 on 
depression-related behavior or learning. Similarly, Co-Q10 
demonstrated antidepressant-like behavior, this runs in 
agreement with Aboul-Fotouh [54] and Ashkani-Esfahani 
et al. [55]. Therefore, the omega 3 and Co-Q 10 demon-
strated their the pro-cholinergic and anti-cholinesterase 
potentials via promoting cholinergic transmission, either 
through increasing ACh synthesis/release or inhibition of 
AChE activity, that finally results in preventing behavio-
ral despair and neurocognitive decline. Both Omega 3 and 
Co-Q10 are capable of modulating cholinergic function, 
up-regulating mitochondrial function, and protecting neu-
rons against neurotoxicity [56–58]. The neuroprotective 
activity of Co-Q10 is strongly co-related with its ability to 
cross BBB [59]. This explains the possible use of omega 3 
and/or Co-Q10 as a therapeutic intervention in HC-induced 
neurotoxicity.

Besides, hypercholesterolemia induced oxidative stress 
in the HC-brains, manifested by elevated lipid peroxidation, 
depleted GSH content, decreased NO levels, and declined 
activities of GST and GSH-Px. This runs in parallel with 
several studies [60–63]. The declined activities of the anti-
oxidant enzymes might be ascribed to high demand for these 
enzymes to de-activate HC-induced ROS generation [63]. 
The brain, due to its high metabolic rate, is highly sensitive 
to oxidative stress [64]. Lipid peroxidation is an early event 
in the AD progression [65]. Moreover, the reduced GSH 
content, the main antioxidant in the brain, increased the vul-
nerability of neurons to oxidative damage [66]; changes in 
glutathione redox status have been regarded as a very sensi-
tive marker of oxidative stress [67], GSH antioxidant system 
is the main defense system against oxidative stress [68]. On 
the other side, the "NO depletion" is coupled with vascu-
lar dysfunction in HC-animals [69], and could represent a 

Fig. 7   The neuroprotective 
effect of omega 3, Co-Q 10, and 
omega 3 + Co-Q 10 on serum 
levels of amyloid-beta (Aβ) in 
HC-rats. Data are presented 
as mean ± SEM, (n = 6). Mean 
with different superscripts (a, b, 
c, d) are significant at p ≤ 0.05. 
Groups having the same letter 
are not significantly different 
from each other, while those 
having different letters are 
significantly different from each 
other
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Fig. 8   The effect of Omega 3 or/and Co-Q10 on brain histopathology 
in different experimental groups (Color figure online). a Brain section 
of normal control group the cerebellum showed normal histologi-
cal features, a well-defined molecular (thin arrow), granular (presence 
of numerous closely packed small cells in the granular layer) (thick 
arrow) and Purkinje layers or Pyramid layer (large pyramid cells with 
vesicular nuclei) (dashed arrow) with normal structure of neuronal 
cells of the frontal cortex (white arrow), (H&E stain, ×200, ×400, 
×400). b Brain section of HC-induced group showed the cerebel-
lum with congestion and hemorrhage in meninges with congestion 
in cerebral cortical blood vessels (dashed arrow) with reduction in 
cellular size of the molecular layer (thin arrow), focal gliosis in cer-
ebral cortex (white arrow) also showed granular cell layer (rounded 
head). Scattered sparse cell distribution of Purkinje layers or pyramid 
cells with vesicular nuclei (thick arrow), perineuronal oedema with 
neuronal shrinkage, amyloid plaque surrounded by astrocytes and 
microglia cells (rounded head) (H&E stain, ×100, ×200, ×400, ×400). 
c Brain section of HC-rats treated with omega 3 the cerebel-
lum showed a well-defined molecular (thick arrow), granular (pres-
ence of numerous closely packed small cells in the granular layer) 
(white arrow) and Scattered sparse cell distribution of Purkinje lay-

ers or pyramid cells with vesicular nuclei (black arrow) with neuronal 
degeneration associated with neuronophagia in which the degener-
ated neurons appeared shrunken and surrounded by microglia cells 
(dashed arrow), Alzheimer type II astrocyte with enlarged nuclei of 
these astrocytes (rounded head). (H&E stain, ×200, ×400, ×400). 
d Brain section of HC-rats treated with Co-Q10 the cerebellum 
showed a well-defined molecular (dashed arrow), granular (pres-
ence of numerous closely packed small cells in the granular layer) 
(white arrow) and Scattered sparse cell distribution of Purkinje lay-
ers or pyramid cells with vesicular nuclei (black arrow) with neuronal 
degeneration associated with neuronophagia in which the degenerated 
neurons appeared shrunken and surrounded by microglia cells (thick 
arrow), focal gliosis with eosinophilic plaques (rounded head). (H&E 
stain, ×200, ×400, ×400). e Brain section of HC-rats treated with 
the combined treatment of both omega 3 and Co-Q10 the cer-
ebellum showed almost normal histological features, a well-defined 
molecular (thick arrow), granular (presence of numerous closely 
packed small cells in the granular layer) (white arrow) and Purkinje 
layers or Pyramidal layer (large pyramid cells with vesicular nuclei) 
(thin arrow) with normal structure of neuronal cells of the frontal cor-
tex (dashed arrow) (H&E stain, ×200, ×400, ×400)



1152	 Neurochemical Research (2020) 45:1142–1155

1 3

major player in the "early brain injury" through aggravating 
endothelial dysfunction, decreasing CBF and intensifying 
the brain injury [70].

Treatment of HC-rats with omega 3 and/or Co-Q10 
almost completely reversed the oxidative damage by restor-
ing the enzymatic activities, decreasing MDA levels, and 
increasing GSH and NO levels (Fig. 4.). The co-treatment 
demonstrated the best antioxidative potential. Omega 3 is 
able to inhibit lipid peroxidation in the brain [71] and to 
improve the complexes "I and IV" of the mitochondrial res-
piratory chain [72]. More interestingly, omega 3 reduced 
lipid peroxidation by increasing NO production that sub-
sequently increasing CBF and supply of nourishment and 
facilitating the removal of toxic metabolites from the brain 
[73].

Our findings revealed a significant increase in brain GSH 
content in HC-omega 3 treated rats, this run in accordance 
with de Mello et al. [74]. On the other side, the anti-oxida-
tive potential of Co-Q10 is accredited to its ability to revive 
antioxidants [75], to inhibit lipid peroxidation [76], and to 
increase endogenous brain Co-Q10 content [77]. Therefore, 
this anti-oxidative action of Co-Q10 and omega 3 could be a 
partial contributor to the enhancement of cholinergic activity 
and the subsequent anti-depressive and memory-enhancing 
activities. In a good connection with previous data, enhanc-
ing antioxidative activities could be employed as a therapeu-
tic strategy to prevent cognitive decline or even to reduce 
secondary brain injury.

Oxidative stress activates the inflammatory cascade with 
enhanced production of inflammatory mediators; the oxida-
tive stress and inflammation are enclosed in a vicious circle 
[78]. Hyperlipidemia-induced inflammation can damage the 
brain tissue and disrupts several neuronal functions [79]. 
That is why dyslipidemia and inflammation are currently 
regarded as risk factors for AD [80]. In this study, HC-
induced oxidative stress enhanced the production of TNF-α 
by 47.6%, in comparison to controls, indicating the pres-
ence of neuroinflammation in the HC-brains. This runs in 
agreement with Puig et al. [81]. More interestingly, TNF-α 
was found to be responsive to the reversal of high-fat intake, 
indicating markers that may be responsive to therapeutic 
intervention [82].

The treatment of HC-rats with omega 3 and/or Co-Q10 
antagonized the increment in TNF-α and mitigating the 
inflammatory state. Omega 3 showed its anti-inflammatory 
character through the direct interaction of DHA and EPA 
with inflammatory signaling pathways, inhibiting pro-
inflammatory cytokines production, and subsequent inhibi-
tion of NF-κB phosphorylation [83–85]. Whereas, Co-Q10 
was able to alleviate the inflammatory cascade through 
inhibiting the transcription of TNF-α genes, suppressing the 

activation of inflammatory signaling pathways and down-
regulating transcription factor NF-κB (nuclear factor kappa 
B), that up-regulates the pro-inflammatory TNF-α [86, 87]. 
Therefore, these potentials might play an essential role in the 
management of hypercholesterolemia and its involvement in 
the neuroinflammation. This study reinforces the beneficial 
effects of omega 3 and Co-Q10 even when eating too much-
saturated fat and without any diet changes, which is quite 
common for obese patients.

Hypercholesterolemia provoked the elevation of serum 
Aβ level in HC-rats by 102.5%, as compared to control rats. 
This runs in agreement with de Lima Oliveira et al. [82] and 
Park et al. [88]. Hypercholesterolemia boosts the severity of 
Aβ-induced pathologies by stimulating the amyloidogenic 
pathway, through enhancing β- and γ-secretase activities, 
facilitating abnormal Aβ-production and deposition [89], 
reducing clearance, or a combination of these factors [80]. 
Besides, astrocytic and glial activation plays a key role in 
amyloid degradation and enhanced microglial activation 
[90].

Mono-treatment of HC-rats with omega 3 or Co-Q10 
resulted in a significant reduction in serum Aβ levels by 
(19.3 and 17.3%), while the co-treatment showed the highest 
anti-amyloidogenic activity (27.9%), as compared to con-
trol rats. Treatment with omega 3 and Co-Q10 limits the 
overproduction and accumulation of neurotoxic Aβ through 
enabling the interaction of α-secretase with APP, to produce 
non-amyloidogenic and non-pathogenic products, attenuates 
Aβ-induced neurotoxicity, and suppresses neuroinflamma-
tion. This runs in agreement with several studies [91–94].

Meanwhile, the histopathological study supports the 
behavioral and biochemical findings. Neuroprotection has 
been found in the brain tissues following treatment with 
omega 3 and/or CoQ-10, signifying the structural and func-
tional roles of omega-3 through influencing the membrane 
fluidity and enzyme activity in the brain [95]. Similarly, 
Co-Q10 resulted in the improved histopathological structure 
of the brain and reduced Aβ formation [96].

Future Directions

Further studies, on the molecular level, in different brain 
regions are recommended to elucidate the underlying neu-
roprotective mechanisms against hypercholesterolemia-
induced neurotoxicity and to endorse the combination of 
omega 3 and Co-Q10 as a routine clinical treatment for AD-
like patients. Furthermore, this study aimed to provide a 
set of blood-based biomarkers that could predict cognitive 
decline in obese patients.
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Conclusion

This present study offered more evidence regarding the role 
of hypercholesterolemia as a risk factor for AD, and showed 
the potentials of omega 3 and/or Co-Q10 against hypercho-
lesterolemia-induced neurotoxicity. Treatment of HC-rats 
with omega 3 or Co-Q10 improved the selected parameters 
with variable degrees; however, the co-treatment showed 
the most promising outputs; through exerting synergistic 
"amplified" pro-cholinergic, anti-cholinesterase, anti-amy-
loidogenic, anti-oxidative anti-inflammatory potentials that 
resulted ultimately in the improvement of cognitive func-
tion. Omega 3 and Co-Q10 seems to be "attention-grabbing 
antioxidants" that merits supplementation in obese patients 
at high risk of developing AD.
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