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ABSTRACT: High consumption of industrialized food with high fat content
is generally associated with insulin resistance, which in turn causes memory
impairment and cognitive decline. Nicotinamide and ascorbic acid are among
the promising neuroprotective molecules; however, an appreciable therapeutic OH
activity necessitates the administration of a large dose of either. Therefore, the
study aimed to assess if loading them in chitosan nanoparticles in doses 5—10
times lower than the unencapsulated forms would achieve comparable o
therapeutic results. Animals were fed a high-fat-high-fructose (HFHF) diet for AJ\
75 days. The vitamins in their conventional form (100 mg/kg) and the O |
nanoparticles under investigation (10 and 20 mg/kg) were given orally
concomitantly with the diet in the last 15 days. The intake of HFHF diet for
75 days led to an insulin-resistant state, with memory impairment, which was
verified behaviorally through the object recognition test. This was
accompanied by significant reduction in brain insulin-like growth factor 1 (IGF-1), increased acetylcholine esterase activity,
increase in the serotonin and dopamine turnover ratio, and increase in oxidative stress and 8-OHdG, indicating cellular DNA
fragmentation. Cellular energy was also decreased, and immunohistochemical examination verified the high immunoreactivity in
both the cortex and hippocampus of the brain. The administration of nanoparticulated nicotinamide or ascorbic acid with a 10 times
lesser dose than the unencapsulated forms managed to reverse all aforementioned harmful effects, with an even lesser
immunoreactivity score than the unencapsulated form. Therefore, it can be concluded that nicotinamide or ascorbic acid chitosan
nanoparticles can be recommended as daily supplements for neuroprotection in patients suffering from insulin resistance after
conduction of clinical investigations.
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1. INTRODUCTION

Higher consumption of industrialized food with high-fat
content, along with sedentary habits, is generally associated
with insulin resistance, which in turn has a hazardous impact on

effects in preclinical and human studies. However, high doses
reaching 1500 mg/kg in preclinical animal investigations and
22.4 mg daily intake in clinical studies are usually necessary to
get the requested response, which make multiple daily doses a

memory performance, increases cognitive decline, impairs
spatial learning, and causes signs of depression.' > Adolescence,
which is a significant age-related period, is usually accompanied
by major changes in brain architecture and performance.'
Nutrition, among several other factors, deﬁnitelzf exerts a strong
influence on adolescents’” mental development.

The central nervous system (CNS) is protected by a shielding
barrier: the blood—brain barrier (BBB), which is formed of
cellular tight junctions, as well as the extracellular matrix.® It
limits the entry of over 98% of small-molecular-weight drugs and
almost 100% of the large-molecular-weight drugs. Accordingly,
one of the main challenges facing the treatment of brain
disorders is delivering drugs across this barrier at an effective
concentration.”””

Nicotinamide (vitamin B3) has been previously reported to
improve cognitive defects and possess potential neuroprotective
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must and is probably accompanied by several undesired side
effects such as hot flushing, hepatotoxicity, as well as patient
noncompliance.”'® On the other hand, ascorbic acid (vitamin
C) is one of the strongest water-soluble antioxidants of major
significance for adequate brain functioning, but the human body
is incapable of its synthesis; therefore, its dietary supplementa-
tion is required to meet the brain’s demand.'' Doses ranging
from 500 to 2000 mg daily in humans and 100 mg/kg in rats
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have been used to protect against ischemic strokes, neuronal
damage, and the progression of Alzheimer’s.'”~"* Intracellularly,
ascorbic acid exhibits a vital role in maintaining integrity and
function of numerous brain processes such as neuronal
maturation and differentiation, synthesis of catecholamine,
and modulation of neurotransmission. Therefore, it has been
proposed that ascorbic acid may modulate the progression of
neurological diseases and display potential therapeutic roles.'

Chitosan is a naturally occurring cationic polysaccharide
polymer that possesses good biocompatibility, biodegradability,
mucoadhesivity, and low toxicity and has been approved by the
FDA for drug delivery.'®™"® Its ability to control drug release and
to combine with negatively charged material, cell surface, and
mucous membranes is advantageous in opening tight junctions
and improving absorption by extending the residence time at the
action site.'”””

Several approaches have been introduced to maximize the
therapeutic effectiveness of drugs, especiallzr nutraceuticals,
among which is the use of nanotechnology.”' ~** Particularly for
brain-related disorders, loading drugs in nanoparticles was
proven to maximize their concentration in the brain**** and
augment their neuroprotective properties.3’l Chitosan nano-
particles present a very promising approach for delivery of
neuroprotective drugs since chitosan itself as a polymer
possesses membrane-fusogenic properties, which rescues glial
cells from death.** Moreover, owing to the sustained release
nature of drugs from chitosan nanoparticles, they preserve the
antioxidant activity of the loaded drugs.”® Therefore, the target
of the present research was to demonstrate whether the
encapsulation of nicotinamide or ascorbic acid in chitosan
nanoparticles at a 5—10 times lesser dose than the unencapsu-
lated dissolved powders would achieve a comparable effect on
the cognition status and neurodegradation in juvenile male rats,
by studying behavioral, biochemical, and immunohistochemical
parameters.

2. EXPERIMENTAL SECTION

2.1. Materials. Nicotinamide, ascorbic acid, and sodium
tripolyphosphate were purchased from Sigma-Aldrich, Ger-
many. Highly pure chitosan (77 kDa) was kindly gifted by
Primex company, Iceland. Acetic acid was purchased as
analytical grade from Al-Nasr Company, Egypt.

2.2. Preparation and Characterization of Nicotina-
mide and Ascorbic Acid Chitosan Nanoparticles.
Nicotinamide and ascorbic acid chitosan nanoparticles were
prepared using the ionotropic gelation method as previously
described elsewhere.”* Four nanoparticle formulations were
prepared, of low concentration (2.5 mg/mL) of either
nicotinamide (NL) or ascorbic acid (AL) and another two of
high concentration (S mg/mL) of either drugs (NH and AH),
respectively. The formulations were characterized for particle
size, for surface charge using a Zetasizer device (Nano ZS 3600,
Malvern, U.K.), and for drugs’ entrapment after separation of the
unentrapped drugs by centrifugation (Hermle Labortechnik
GmbH, Germany) and spectrophotometric analysis at 262 and
265 nm for nicotinamide and ascorbic acid, respectively.”*

2.3.In Vivo Experiment. 2.3.1. Animals Used. Male Wister
albino rats weighing 60—70 g and aged 4—S5 weeks were
provided by the National Research Centre (Dokki, Giza, Egypt)
animal house. All animal experiments were approved by the
Research Ethics Committee of the National Research Centre
(approval number 16/313) and conducted according to the
National Guidelines and Regulations. The use of juvenile rats for

this model is particularly advantageous to mimic the brain
developmental status of children, who are known to highly
consume industrialized food with high fat content nowadays.
The use of juvenile rats for brain diseases is in accordance with
other authors.”> ™’

2.3.2. Experimental Design. Animals were randomly
assigned into eight groups (n = 18 per group) after 1 week of
acclimatization. They were fed either a high-fat-high-fructose
diet (HFHF; 60 kcal saturated fat/100 kcal diet) with 20%
fructose in the drinking water (HFHF control and treatment
groups)”® or a control diet (normal control) for 60 days. The
approximate food intake for a rat ranged from 10 to 11 g of food
each day for either the control or the treated group. On the 60th
day, insulin resistance (IR) was verified by measuring fasting
glucose and insulin levels and by calculating the fasting insulin
sensitivity indices.”” The nanoparticles under investigation were
orally given concomitantly with the HFHF diet for 15 days in
two dose levels (1/10 and 1/5 of the conventional dose). Two
groups ingested the treatments in their conventional forms
dissolved in distilled water. Therefore, the eight groups were
coded as follows: the normal group receiving the control diet
and daily distilled water at S mL/kg (normal), the group
receiving the HFHF diet and daily distilled water at S mL/kg
without treatment (HFHF), the group receiving ascorbic acid
powder dissolved in distilled water of dose 100 mg/kg (AC),*
the group receiving ascorbic acid nanoparticles of dose 10 mg/
kg (AL) and another group receiving a dose of 20 mg/kg (AH),
the group receiving nicotinamide powder dissolved in distilled
water at a dose of 100 mg/kg (NC),*" and the group receiving
nicotinamide nanoparticles at a dose of 10 mg/kg (NL) and
another group receiving a dose of 20 mg/kg (NH).

2.3.3. Behavioral Object Recognition Test. The apparatus
for this test was designed by Ennaceur and Delacour, 1988. For
each group, eight animals were randomly chosen, and 3 days
before testing, each rat was allowed to explore the apparatus for 2
min, while on the testing day (day 74 of the experiment), a trial
for each was allowed for 2 min. In the “sample” trial (T1), two
identical objects were placed in two opposing corners of the
apparatus. A rat was placed inside the apparatus and was left to
explore these two objects. Twenty-four hours later (day 75 of the
experiment), the “choice” trial (T2) was performed. In T2, a
new object (N) replaced one of the objects that were present in
T1, and rats were exposed again to two different objects: the
familiar (F) and the new one (N). The total exploration time of
the objects in T1 and T2 was calculated, and the discrimination
index (DI) was calculated as previously described elsewhere.*

2.3.4. Assessment of Biochemical, Pathological, and
Immunohistochemical Parameters. On day 75, rats were
fasted overnight and on day 76 all groups were randomly divided
(each group was divided into three subgroups: two subgroups
had eight rats each and the third subgroup consisted of two rats).
One subgroup was used for blood sample collection under
phenobarbital anesthesia to compute serum glucose, insulin, and
the Homeostatic Model Assessment-Insulin Resistance
(HOMA-IR). The second subgroup was sacrificed by
decapitation for the collection of brain samples. The cortex
and hippocampus were then isolated and kept at —80 °C for
further studies. The third subgroup (two rats) was stored in 10%
formalin for histopathological and immunohistochemical
examinations.

2.3.4.1. Serum Parameters. Determination of HOMA-L
After spectrophotometric determination of the serum fasting
glucose level™ and the insulin serum level by the enzyme-linked
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immunosorbent assay (ELISA) kit (Sceti Medical Lab K.K,
Tokyo, Japan),"* the HOMA-IR index was calculated.’”

HOMA — IR = [fasting glucose(mg/dL)
X fasting insulin(¢IU/mL)]/40S

2.3.4.2. Brain Biochemical Assessments. Determination of
the Brain IGF-1 (ng/100 mg Tissue) Level. Brain cortex and
hippocampus levels of IGF-1 were determined by rat IGF-1
(insulin-like growth factor 1) CLIA ELISA kit Elabscience.
HPLC Assessment. After homogenization of the cortex or
hippocampus in phosphate buffer and separation of the
supernatant, samples were compared to reference standards
and assessed using Agilent HP 1200 series HPLC apparatus.
Determination of Brain Acetylcholine Esterase: Brain cortex and
hippocampus levels of acetylcholine esterase were determined
according to the method of some authors*® with modification.*®
Determination of Brain Serotonin and Dopamine: Brain cortex and
hippocampus contents of dopamine (DA), serotonin (S-HT),
and their metabolites, S-hydroxyindoleacetic acid (S-HIAA),
3,4-dihydroxyphenylacetic acid (DOPAC), and homovanillic
acid (HVA), were calculated as previously described else-
where."”
Determination of Brain Oxidative Stress Parameters: Brain cortex
and hippocampus contents of NOx (nitrates + nitrites),* the
MDA level,” ™" and the ratio of thiol compounds of oxidized
(GSSG) and reduced (GSH) glutathionesz’53 were calculated.
Determination of the 8-OHdG Amount (pg/g Tissue): Cortex and
hippocampus 8-hydroxy-2-deoxyguanosine (8-OHdG) con-
tents were quantified.”*
Determination of ATP, ADP, and AMP: Brain cortex and
hippocampus adenosine contents of tri-, di-, and mono-
phosphate (ATP, ADP, and AMP) were quantified, and the
total adenylate energy charge (AEC) was calculated as
previously described.” >’

_ ATP + 0.5 ADP
ATP + ADP + AMP

2.3.4.3. Histopathological Examination. Brain samples were
fixed in 10% formalin/saline. The tissue sections were placed on
glass slides, deparaffinized, and stained by hematoxylin and eosin
(H&E) for microscopic inspection and photography at 100X
magnification, 20 ym scale bar.

2.3.4.4. Immunohistochemical Examination. For AMP-
activated protein kinase semiquantitative assessment, the slides
were incubated overnight at 4 °C with primary AMPK
antibodies in the concentrated form consisting of rabbit IgG
in phosphate buffer saline (free from Mg** and Ca®"), pH 7.4,
150 mM NaCl, 0.02% sodium azide, and 50% glycerol.
Detection was carried out using a Vector ABC kit (Vector
Laboratories, CA) and DAB reagent (Dako Comp, Japan). All
slides were examined as described in Section 2.3.4.3.

The proportions of positive cells were also calculated, and
ranges were assigned from 10 to 100%. The intensity of staining
was given scores of 0 (negative), 1 (very weak), 2 (weak), 3
(moderate), and 4 (intense). Lastly, the immunoreactivity score
was calculated as a percentage of positive cells multiplied by the
intensity of staining.>®

2.4, Statistical Analysis. Graph Prism software (version 8)
was used for statistical analysis of the effect of different
treatments in the object recognition test using Student’s t-test,
while all other statistical analyses were carried out using one-way

ANOVA followed by Tukey’s multiple comparisons test (P <
0.05).

3. RESULTS

3.1. Preparation and Characterization of Nicotina-
mide and Ascorbic Acid Nanoparticles. Being water-soluble
molecules, both nicotinamide and ascorbic acid were encapsu-
lated in chitosan nanoparticles, with particle sizes ranging from
103 to 175 nm. The nanoparticles exhibited a positive charge
ranging from +22 to +30 mV, with a high entrapment potential
for both drugs, ranging from 75 to 86%.

3.2. Behavioral Object Recognition Test. As shown in
Figure 1A, the memory impairment caused by HFHF did not
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Figure 1. Effect of different treatments on the (A) exploration time in
T1 (sample trial) and T2 (choice trial) and the (B) exploration time in
T2 for the familiar object (F) versus the novel object (N) in the HFHF-
induced memory-impaired model using the object recognition test.
Asterisk represents significant difference from N (P < 0.05).

significantly affect the total exploration time in T1 and T2. Oral
administration of different treatments did not also show any
difference in the total exploration time in T1 and T2. As shown
in Figure 1B, during T2, HFHF-induced memory-impaired rats
did not reveal any significant difference in the exploration time
of N as compared to their exploration time of F. HFHF-induced
memory-impaired rats explored N and F objects similarly, while
rats treated with different treatments explored the N object
significantly more than F except for NL. DI indicated that all
rats, except for HFHF rats, significantly discriminated N better
than F (Figure 2).

3.3. Effect on HOMA-IR. Serum fasting blood glucose and
insulin were measured to determine HOMA-IR. Results
revealed that HFHF diet ingestion for 75 days resulted in
significant elevation in HOMA-IR compared to normal control.
Concomitant administration of all treatment groups with the
diet during the last 15 days resulted in a significant decrease in
HOMA-IR as compared to the HFHF control (Table 1).
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Figure 2. Effect of different treatments on DI of HFHF-induced
memory impairment using the object recognition test. * represents
significant difference from the normal control, # represents significant
difference from the HFHF control (P < 0.05).

Table 1. HOMA-IR Values for the Different Treatment
Groups

group HOMA-IR
normal 0.89 + 0.018
HFHF 2.64 + 0.076°
AC 1.19 + 0.045%"
AL 1.20 + 0.045%°
AH 1.08 + 0.037”
NC 0.97 + 0.042°
NL 1.02 + 0.0298"
NH 0.93 + 0.0289"

“Significantly different from the normal control. bSigniﬁcantly
different from the HFHF control (P < 0.05).

3.4. Brain Biochemical Assessment. 3.4.1. Effect on the
Brain IGF-1 Level. The HFHF diet significantly reduced IGF-1
in both brain regions. Both dose levels of the ascorbic acid
formulations normalized the IGF-1 cortical level, while
nicotinamide formulation was effective only at the higher dose
level. All of the treatments under investigation normalized the
IGF-1 level in the hippocampus region (Figure 3).

3.4.2. Effect on Brain Acetylcholine Esterase Activity. As
shown in Figure 4, the acetylcholine esterase enzyme activity
increased in both regions with the HFHF diet. The most
prominent observations were that ascorbic acid formulations at
both dose levels significantly reduced the acetylcholine esterase

activity in the hippocampus, and the higher dose level
normalized the enzyme activity in the cortex region. On the
other hand, nicotinamide groups normalized the enzyme activity
in both regions.

3.4.3. Effect on Brain Serotonin and Dopamine. As shown
in Figure 5 and Table S1, the HFHF diet significantly decreased
serotonin and dopamine levels. Moreover, it increased both
cortical and hippocampal serotonin and dopamine turnover as
compared to the normal control. Both formulations under
investigation had a significant impact on the serotonin and
dopamine turnover ratio.

3.4.4. Effect on Brain Antioxidant Activity. HFHF induced a
significant oxidative stress status represented by an elevation in
both cortical and hippocampal MDA, NOx, and GSSG values in
comparison with the normal control, with an increase in the
GSSH/GSH ratio and a decrease in the level (Figures 6 and 7).

3.4.5. Effect on 8-OHdG. HFHF caused a significant elevation
in the 8-OHdG content compared to the normal control, while
both formulations caused a significant reduction in 8-OHdG in
comparison with the HFHF control (Figure 8).

3.4.6. Effect on Cellular Energy Status. HFHF caused a
significant decline in AEC as well as a significant elevation in
both AMP/ATP and ADP/ATP ratios compared to the normal
control. Both formulations improved the cellular energy status
(Figure 9).

3.5. Histopathological and Immunohistochemical
Examination. The observations recorded after histopatho-
logical examination of brain tissues in both the cortex and
hippocampus for the different groups and the corresponding
photographs are tabulated in Table 2.

Upon immunohistochemical examination of tissue slides, the
normal group revealed negative staining for AMPK and the
HFHEF group exhibited the highest immune-reactivity score. All
treatments resulted in reduction of the immune-reactivity score,
and particularly AL and NL groups resulted in the lowest
immune-reactivity score: T = 20 at both regions under
investigation. Results are shown in Tables 3 and 4.

4. DISCUSSION

Nowadays, diets in countries are characterized by a high fat
content and are usually associated with excessive energy
intake.” Excessive caloric intake is considered one of the
major reasons contributing to the increased risk of developing
memory and cognitive impairment as well as neurodegenera-
tion.
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Figure 3. IGF-1 levels in cortex and hippocampus brain regions for different groups. * represents significant difference from the normal control, #

represents significant difference from the HFHF control (P < 0.05).
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Figure 4. Acetylcholine esterase activity in cortex and hippocampus brain regions for different groups. * represents significant difference from the
normal control, # represents significant difference from the HFHF control (P < 0.05).
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Figure S. Turnover of serotonin and dopamine in the cortex and hippocampus brain regions for different groups. * represents significant difference
from the normal control, # represents significant difference from the HFHF control (P < 0.05).
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Figure 6. MDA and NOx levels in cortex and hippocampus brain regions for different groups. * represents significant difference from the normal
control, # represents significant difference from the HFHF control (P < 0.05).

In the present work, the consumption of HFHF diet for 75
days led to a significant elevation of serum HOMA-IR,
indicating an insulin-resistant state (IR). This IR state led to
memory impairment, which was verified behaviorally through
the object recognition test. Furthermore, IR significantly
reduced brain insulin-like growth factor 1 (IGF-1) and
significantly increased the acetylcholine esterase activity along
with a significant decrease in the neurotransmitter levels
accompanied by a pronounced elevation in both serotonin
and dopamine turnover. Oxidative stress was demonstrated,
alongside a significant increase in 8-OHdG, indicating cellular
DNA fragmentation. Cellular energy was reduced, as confirmed
by the significant reduction in AEC as well as the significant
increase in the ADP/ATP and AMP/ATP ratios. Finally, AMPK
was increased as confirmed by immunohistochemical examina-
tion.

HFHEF diet has previously been implicated in the progression
of insulin resistance, which in turn is positively correlated to
neurodegeneration, as well as the increase in monoamine
turnover, and generalized brain oxidative stress status. It was
previously demonstrated that ingestion of high fat with added
sugars such as sucrose and fructose is a major causative factor for
cognitive impairment.él Moreover, oxidative stress and neuro-
inflammation are considered to be crucial mediators of such
mental disorders.”” In addition, the brain is regarded as an
insulin-sensitive organ since insulin is crucial for normal brain
functioning as well as for stimulating the release of neuro-
transmitters like catecholamines.®” The binding of insulin to

receptors induces a complex intracellular signaling cascade
affecting several neural functions such as learning and memory.
Development of brain-insulin resistance has been confirmed to
be a major contributor in cognitive disorders. On the contrary,
renovation of brain-insulin signaling may improve cogni-
tion.””%*

The insulin superfamily of peptides was delineated as an
essential key element in the growth and development of the
central nervous system (CNS). Insulin-like growth factor 1
(IGF-1) is one vital member of this family and is a potent growth
factor in the CNS.%® It is expressed in the cerebral cortex and
hippocampus and is strongly involved in neurogenesis and
synaptogenesis. Moreover, it has been previously marked as a
neuroprotective agent in brain injuries.”*”*® Altered insulin
and/or IGF-1 signaling in the brain is connected with increased
risk for Alzheimer’s disease, premature cognitive decline, and
dementia.”’

Additionally, acetylcholine plays an important role in the
regulation of cognition and behavior.”” The brain level of
acetylcholine esterase (AChE), which is the enzyme responsible
for breaking down acetylcholine, is usually considered as a
reliable marker enzyme of the cholinergic activity.”® An
increased AChE activity in the brain triggers memory deficits
and oxidative stress. It has been previously reported that during
insulin signaling disorders, the AChE level is increased.””~"!

Adding to this cascade, neurotransmitters are important for
learning and memory processes. A decrease in dopamine and
serotonin contents has been proposed to cause memory
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Figure 9. Cellular energy status in cortex and hippocampus brain regions for different groups. * represents significant difference from the normal
control, # represents significant difference from the HFHF control P < 0.05.

N 61,72 N
impairment,””’” and enhancement of dopaminergic 51gnahn§

has been implicated in the regulation of cognitive flexibility.”
Serotonergic transmission was proven to modulate decision
making, working memory, and attention. Low brain serotonin
levels were found to be associated with poor memory.”*”*
Oxidative stress and cellular oxidative DNA fragmentation
have previouslzr been positively correlated with IR and HOMA-
IR elevation.® In the brain, an increased oxidative stress can
induce lipid peroxidation, hence producing the MDA and
numerous free radicals and leading to neuronal cell membrane
deformation causing cell death and resulting in long-term
complications and cognitive decline. Thus, elevated MDA levels
indicate neuronal degeneration and, similarly, an altered ratio of

the total GSH to oxidized GSH is biologically utilized to indicate
oxidative cell damage.”””®”” Overproduction of nitric oxide was
also proven to be implicated in cellular oxidative stress, potential
mitochondrial damage, and apoptotic neuronal cell death.”®””
Finally, 8-OHdG, which is a repair product of oxidized guanine
lesions, has been linked to increased oxidative stress or disease
states and can be taken as a reliable biomarker of oxidative DNA
and RNA damage and repair.*’~**

The AMP-activated protein kinase (AMPK) is indicative of
the cellular energy status. It is activated by an increase in AMP/
ATP or ADP/ATP ratios as a result of cellular energy status
disruption in response to metabolic stress that either interferes
with ATP production or accelerates ATP consumption.*’
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Table 2. Histopathological Examination of the Cortex and Hippocampus Brain Regions of Different Treatment Groups

Group

Findings

Cortex

Hippocampus

Normal

Normal appearance of
cortex, and hippocampus
with nerve cells and fibers
completely arranged and
density of neuronal fibers
well maintained

HFHF

Both  regions  showed
neuronal damage with
increased  number  of
pyknotic  nuclei  and
neurons at various stages
of degeneration as well as
vacuolated ones especially
at hippocampus level

AC

Variable  degrees of
neuronal damage including
eosinophilic degeneration
and  fragmentation  of
nuclei

AL

Few pyknotic nuclei at
cortical and hippocampus
levels

AH

Light edema at cortical
level with degenerated
neurons at variable stages.
Gemistocytic cell
recognition is indicative of
prolonged  inflammatory
status.

NC

Vacuolation and
eosinophilic degeneration
of neurons as well as
pyknotic nuclei on both
cortical and hippocampus
areas

NL

Few damaged nerve cells
with subsequent pyknotic
nuclei and few fragmented
ones

NH

Cortical edema and
degenerated neurons most
of them showing pyknotic
nuclei and areas of gliosis.
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Table 3. Percentage of Positively Stained Cells, Intensity of Staining, and Immune-Reactivity Score of the Cortex and

Hippocampus Brain Regions of Different Groups

cortex

hippocampus

group % of positively stained cells intensity of staining immunoreactivity score % of positively stained cells intensity of staining immunoreactivity score

normal

HFHF 25% 4 T =100
AC 25% 3 T=75
AL 10% 2 T =20
AH 15% 3 T =4S
NC 30% 3 T =90
NL 10% 2 T=20
NH 20% 3 T =60

40% 3 T =120
20% 3 T =60
10% 2 T =20
30% 3 T =90
30% 3 T=90
10% 2 T=20
20% 3 T =60

AMPK activation is also mediated by reactive oxygen species
(ROS) independent of the ADP/ATP ratio.**

Previous investigations have reported that ascorbic acid is vital
for attenuating oxidative stress as well as neuronal differ-
entiation, maturation, myelin formation, and modulation of the
cholinergic and catecholamininergic systems. It also controls
catecholamines’ release and reuptake, hence serving as a cofactor
for neurotransmitters’ synthesis and inducing synaptic release of
acetylcholine (Ach). Moreover, it was reported to increase
thymidine incorporation into the DNA and potentiate the
stimulatory effect of IGE-1 on cellular DNA synthesis.*>~*’
Ascorbic acid was proven to be effective in the recovery of
memory impairments, with prevention of neurodegeneration
and neuroinflammation especially in high doses. Patients
administrated ascorbic acid supplements presented a reduced
risk of cognitive decline,”**™" and although it is generally
reported that ascorbic acid is safe, large doses of ascorbic acid
could result in GIT disturbances (nausea, pyrosis, and diarrhea)
and increased frequency of urination with burning sensation. By
prompting severe urine acidification, such high doses of ascorbic
acid impair the excretion of weak acids and bases, leading to the
precipitation of cystinate and urate deposition in the urinary
tract and the formation of renal calculi. Hence, it would be
favorable to find a way to decrease such a dose while keeping the
favorable neuroprotective effect.””

Nicotinamide is another antioxidant molecule that has been
reported as a probable neuroprotective agent in cellular, animal,
and human studies. In the body, it serves as the precursor of
nicotinamide adenine dinucleotide (NAD(+)), which is a key
coenzyme in the production of adenosine triphosphate (ATP)
or cellular energy. It also inhibits polyADP-ribose polymerase-1
(PARP-1), an enzyme activated by DNA damage, causing
depletion of both NAD+ and ATP. Consequently, treatment
with nicotinamide could be favorable to reduce cell death.””” Tt
was previously reported that administration of nicotinamide
elevated brain tissue ATP concentrations and attenuated the
ATP depletion as well as 5-HT and dopamine depletion,
reduced the MDA and nitrite levels, and increased GSH, thus
reversing the neurodegenerative effects of several neurotoxins
such as amphetamines, 1-methyl-4-phenyl-1,2,3,6-tetrahydro-
pyridine (MPTP), and 3-nitropropionic acid (3- NP).”*~"’
Unfortunately, the body could absorb a limited amount of
nicotinamide at a time, hence requiring the administration of
multiple daily doses,'® which could cause neurotoxicity instead
of neuroprotective actions if administered at high doses. It worth
mentioning that nicotinamide hypervitaminosis toxicity state is
common if the dose is not maintained.”®

Therefore, in an attempt to decrease the doses of both
ascorbic acid and nicotinamide, they were formulated in

chitosan nanoparticles in the current study, to a dose up to 10
times less than that of the conventional dissolved powder dose.

The discrimination indices assessed during the object
recognition test indicated that all rats, except HFHF rats,
discriminated N significantly better than F, indicating that
ascorbic acid and nicotinamide ameliorated HFHF-induced
memory impairment in rats. HOMA-IR was significantly
reduced, leading to improvement of all biochemical, patho-
logical, and immunohistochemical assessments. Interestingly,
despite administering the nanoparticles of ascorbic acid and
nicotinamide at a dose of S or 10 times less than that of the
conventional dissolved powder, a comparable effect was
achieved in terms of behavioral response. Similarly, this
correlated with a comparable decrease in HOMA-IR, increase
in brain IGF-1 levels, decrease in brain acetylcholine esterase
activity, decrease in the brain serotonin and dopamine turnover
ratios, decrease in oxidative stress, and increase in cellular
energy. The nanoparticles were even superior in decreasing the
immune-reactivity score compared to the conventional
dissolved powder. This improved therapeutic efficacy of
chitosan nanoparticles containing a low dose of nicotinamide
and ascorbic acid compared to the high conventional dose is
probably attributed to their small particle size, which enables
them to permeate in a better way across the intestinal
membranes, in addition to their mucoadhesive potential,
which intimates contact with the mucus layer of the intestinal
epithelium, hence leading to enhancement in the absorption of
the drugs.'® Chitosan as such being a positively charged polymer
is well-reported to decrease the transepithelial electrical
resistance of cells, in addition to increasing the paracellular
permeability by interaction with tight junction proteins.””'*’
Regarding chitosan in nanoparticles, they were reported to be
even more efficient in enhancing epithelial uptake than chitosan
solution.'”’ ~'%* The penetration of the enterocytes’ mucus layer
by chitosan nanoparticles and their internalization in intestinal
cells were confirmed and reported,'® probably following the
clathrin-dependent endocytosis uptake mechanism,'**'"” with
the possibility of being absorbed in an intact form to the
systemic circulation.'® Taking into consideration the possibility
of reaching the systemic circulation intact, chitosan nano-
particles were also reported to cross the blood—brain barrier by
virtue of their positive charges, which interact with the
negatively charged sites on the cell membranes and tight
junctions, hence facilitating their crossing across the blood—
brain barrier.'**'% It was reported that chitosan is specifically
able to interact with the tight junctions of the brain endothelial
cells''” and to be internalized via adsorptive mediated
transcytosis.'''7'"? All of the aforementioned discussions
suggest that chitosan nanoparticles could be a valuable delivery
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Table 4. Inmunohistochemical Morphological Appearance
of the Cortex and Hippocampus Brain Regions of Different
Groups

Group Cortex
Normal

Hippocampus

HFHF

AC

AL

AH

NC

NL

NH

system for enhancing the bioavailability and therapeutic efficacy
of nicotinamide and ascorbic acid.

5. CONCLUSIONS

The overall results of the present study revealed that
encapsulation of nicotinamide and ascorbic acid in nanoparticles
was proven to achieve comparable and in some instances
superior therapeutic effects over the unencapsulated drugs in
counteracting insulin-resistance-induced cognitive and neuro-
degenerative defects, presumably by increasing their bioavail-
ability. There were no significant differences detected in the
results obtained from both dose levels investigated for either
ascorbic acid or nicotinamide. Hence, a daily supplement of
single-dose (10 mg/kg) nanoencapsulated formulation in the
management of insulin resistance would be recommended for
further clinical investigations.

Bl ASSOCIATED CONTENT

@ Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsomega.0c05096.

Effect of different treatments on serotonin, dopamine, and
their metabolites (Table S1) (PDF)

B AUTHOR INFORMATION

Corresponding Author
Maha Nasr — Department of Pharmaceutics and Industrial
Pharmacy, Faculty of Pharmacy, Ain Shams University, 11561
Cairo, Egypt; © orcid.org/0000-0002-0912-7011;
Email: drmahanasr@pharma.asu.edu.eg

Authors
Hend Abd-Allah — Department of Pharmaceutics and
Industrial Pharmacy, Faculty of Pharmacy, Ain Shams
University, 11561 Cairo, Egypt
Omar A. H. Ahmed-Farid — Department of Physiology,
National Organization for Drug Control and Research, 35521
Giza, Egypt
Salma A. El-Marasy — Department of Pharmacology, Medical
Research Division, National Research Centre, 12622 Giza,
Egypt
Rofanda M. Bakeer — Department of Pathology, Faculty of
Medicine, Helwan University, 11795 Helwan, Egypt; October
University of Modern Sciences and Arts (MSA) University,
12451 6th October City, Egypt
Rania F. Ahmed — Department of Pharmacology, Medical
Research Division, National Research Centre, 12622 Giza,
Egypt
Complete contact information is available at:
https://pubs.acs.org/10.1021/acsomega.0c05096

Funding

The research was funded by the National Research Centre
(NRC) (Dokki, Giza, Egypt) as a part of the fund provided to
Project No. 11010329. Project P.I: Dr. Rania F. Ahmed.
Notes

The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

The authors would like to thank Primex Company, Iceland, for
their kind supply of chitosan.

https://dx.doi.org/10.1021/acsomega.0c05096
ACS Omega XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/10.1021/acsomega.0c05096?goto=supporting-info
http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c05096/suppl_file/ao0c05096_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Maha+Nasr"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0002-0912-7011
mailto:drmahanasr@pharma.asu.edu.eg
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hend+Abd-Allah"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Omar+A.+H.+Ahmed-Farid"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Salma+A.+El-Marasy"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Rofanda+M.+Bakeer"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Rania+F.+Ahmed"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c05096?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c05096?fig=tbl4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c05096?fig=tbl4&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://dx.doi.org/10.1021/acsomega.0c05096?ref=pdf

ACS Omega

http://pubs.acs.org/journal/acsodf

B REFERENCES

(1) Vinuesa, A.; Bentivegna, M.; Calfa, G.; Filipello, F.; Pomilio, C.;
Bonaventura, M. M.; Lux-Lantos, V.; Matzkin, M. E.; Gregosa, A,;
Presa, J.; Matteoli, M.; Beauquis, J.; Saravia, F. Early Exposure to a
High-Fat Diet Impacts on Hippocampal Plasticity: Implication of
Microglia-Derived Exosome-like Extracellular Vesicles. Mol. Neurobiol.
2019, 56, 5075—5094.

(2) Kalyan-Masih, P.; Vega-Torres, J. D.; Miles, C.; Haddad, E.;
Rainsbury, S.; Baghchechi, M.; Obenaus, A.; Figueroa, J. D. Western
High-Fat Diet Consumption during Adolescence Increases Suscepti-
bility to Traumatic Stress while Selectively Disrupting Hippocampal
and Ventricular Volumes. eNeuro 2016, 3, No. ENEURO.0125-
16.2016.

(3) Woodie, L.; Blythe, S. The differential effects of high-fat and high-
fructose diets on physiology and behavior in male rats. Nutr. Neurosci.
2018, 21, 328—336.

(4) Mi, Y.; Qi, G.; Fan, R; Qiao, Q.; Sun, Y.; Gao, Y.; Liu, X. EGCG
ameliorates high-fat- and high-fructose-induced cognitive defects by
regulating the IRS/AKT and ERK/CREB/BDNF signaling pathways in
the CNS. FASEB J. 2017, 31, 4998—5011.

(5) Anderson, R. A; Qin, B.; Canini, F.; Poulet, L.; Roussel, A. M.
Cinnamon counteracts the negative effects of a high fat/high fructose
diet on behavior, brain insulin signaling and Alzheimer-associated
changes. PLoS One 2013, 8, No. e83243.

(6) Zhao, X.; Chen, R; Liu, M.; Feng, J.; Chen, J.; Hu, K. Remodeling
the blood—brain barrier microenvironment by natural products for
brain tumor therapy. Acta Pharm. Sin. B 2017, 7, 541—=553.

(7) Betsholtz, C. Double function at the blood—brain barrier. Nature
2014, 509, 432—433.

(8) Gao, H. Perspectives on Dual Targeting Delivery Systems for
Brain Tumors. J. Neuroimmune Pharmacol. 2017, 12, 6—16.

(9) Rennie, G.; Chen, A. C.; Dhillon, H.; Vardy, J.; Damian, D. L.
Nicotinamide and neurocognitive function. Nutr. Neurosci. 2015, 18,
193—-200.

(10) Vakilinezhad, M. A.; Amini, A.; Akbari Javar, H.; Zarandi, B. F. B.
B.; Montaseri, H.; Dinarvand, R. Nicotinamide loaded functionalized
solid lipid nanoparticles improves cognition in Alzheimer’s disease
animal model by reducing Tau hyperphosphorylation. Daru 2018, 26,
165—177.

(11) Harrison, F. E.; Bowman, G. L.; Polidori, M. C. Ascorbic acid and
the brain: rationale for the use against cognitive decline. Nutrients 2014,
6, No. 1752.

(12) Quinn, J.; Suh, J.; Moore, M. M.; Kaye, J.; Frei, B. Antioxidants in
Alzheimer’s disease-vitamin C delivery to a demanding brain. J.
Alzheimer’s Dis. 2003, S, 309—313.

(13) Ullegaddi, R;; Powers, H. J; Gariballa, S. E. Antioxidant
supplementation enhances antioxidant capacity and mitigates oxidative
damage following acute ischaemic stroke. Eur. J. Clin. Nutr. 2008, S9,
1367—-1373.

(14) Iwata, N.; Okazaki, M.; Xuan, M.; Kamiuchi, S.; Matsuzaki, H.;
Hibino, Y. Orally administrated ascorbic acid suppresses neuronal
damage and modifies expression of SVCT2 and GLUT1 in the brain of
diabetic rats with cerebral ischemia-reperfusion. Nutrients 2014, 6,
No. 1554.

(15) Kocot, J.; Luchowska-Kocot, D.; Kiefczykowska, M.; Musik, L;
Kurzepa, J. Does Vitamin C Influence Neurodegenerative Diseases and
Psychiatric Disorders? Nutrients 2017, 9, No. 659.

(16) Mohammed, M. A.; Syeda, J. T. M.; Wasan, K. M.; Wasan, E. K.
An Overview of Chitosan Nanoparticles and Its Application in Non-
Parenteral Drug Delivery. Pharmaceutics 2017, 9, No. 53.

(17) Radwan, N. H; Nasr, M.; Ishak, R. A. H.; Abdeltawab, N. F.;
Awad, G. A. S. Chitosan-calcium phosphate composite scaffolds for
control of post-operative osteomyelitis: Fabrication, characterization,
and in vitro-in vivo evaluation. Carbohydr. Polym. 2020, 244,
No. 116482.

(18) Abd-Allah, H,; Abdel-Aziz, R. T. A; Nasr, M. Chitosan
nanoparticles making their way to clinical practice: A feasibility study
on their topical use for acne treatment. Int. J. Biol. Macromol. 2020, 156,
262—-270.

(19) Yu, S.; Xu, X; Feng, J.; Liu, M.; Hu, K. Chitosan and chitosan
coating nanoparticles for the treatment of brain disease. Int. J. Pharm.
2019, 560, 282—293.

(20) Mouez, M. A.; Nasr, M.; Abdel-Mottaleb, M.; Geneidi, A. S.;
Mansour, S. Composite chitosan-transfersomal vesicles for improved
transnasal permeation and bioavailability of verapamil. Int. J. Biol
Macromol. 2016, 93, 591—599.

(21) Ramzy, L.; Metwally, A. A.; Nasr, M.; Awad, G. A. S. Novel
thymogquinone lipidic core nanocapsules with anisamide-polymetha-
crylate shell for colon cancer cells overexpressing sigma receptors. Sci.
Rep. 2020, 10, No. 10987.

(22) Abu-Azzam, O.; Nasr, M. In vitro anti-inflammatory potential of
phloretin microemulsion as a new formulation for prospective
treatment of vaginitis. Pharm. Dev. Technol. 2020, 25, 930—935.

(23) Nasr, M,; Al-Karaki, R. Nanotechnological Innovations
Enhancing the Topical Therapeutic Efficacy of Quercetin: A Succinct
Review. Curr. Drug Delivery 2020, 17, 270—278.

(24) Amer, S. S.; Nasr, M.; Abdel-Aziz, R. T. A.,; Moftah, N. H,; El
Shaer, A, Polycarpou, E; Mamdouh, W.; Sammour, O. Cosm-
nutraceutical nanovesicles for acne treatment: Physicochemical
characterization and exploratory clinical experimentation. Int. J.
Pharm. 2020, 577, No. 119092.

(25) Aldalaen, S.; Nasr, M.; El-Gogary, R. I. Angiogenesis and collagen
promoting nutraceutical-loaded nanovesicles for wound healing. J. Drug
Delivery Sci. Technol. 2020, 56, No. 101548.

(26) Al-Karaki, R; Awadallah, A.; Tawfeek, H. M.; Nasr, M.
Preparation, Characterization and Cytotoxic Activity of New
Oleuropein Microemulsion Against HCT-116 Colon Cancer Cells.
Pharm. Chem. J. 2020, 53, 1118—1121.

(27) El-Gogary, R. I; Gaber, S. A. A; Nasr, M. Polymeric
nanocapsular baicalin: Chemometric optimization, physicochemical
characterization and mechanistic anticancer approaches on breast
cancer cell lines. Sci. Rep. 2019, 9, No. 11064.

(28) El-Kayal, M.; Nasr, M.; Elkheshen, S.; Mortada, N. Colloidal
(—)-epigallocatechin-3-gallate vesicular systems for prevention and
treatment of skin cancer: A comprehensive experimental study with
preclinical investigation. Eur. . Pharm. Sci. 2019, 137, No. 104972.

(29) Nasr, M. Development of an optimized hyaluronic acid-based
lipidic nanoemulsion co-encapsulating two polyphenols for nose to
brain delivery. Drug Delivery 2016, 23, 1444—1452.

(30) Nasr, M.;; Wahdan, S. A. Neuroprotective effects of novel
nanosystems simultaneously loaded with vinpocetine and piracetam
after intranasal administration. Life Sci. 2019, 226, 117—129.

(31) Barakat, S. S.; Nasr, M.; Ahmed, R. F.; Badawy, S. S.; Mansour, S.
Intranasally administered in situ gelling nanocomposite system of
dimenhydrinate: preparation, characterization and pharmacodynamic
applicability in chemotherapy induced emesis model. Sci. Rep. 2017, 7,
No. 9910.

(32) Chen, B; Lj, J.; Borgens, R. B. Neuroprotection by chitosan
nanoparticles in oxidative stress-mediated injury. BMC Res. Notes 2018,
11, No. 49.

(33) Ragusa, A; Priore, P.; Giudetti, A.; Ciccarella, G.; Gaballo, A.
Neuroprotective Investigation of Chitosan Nanoparticles for Dop-
amine Delivery. Appl. Sci. 2018, 8, No. 474.

(34) Abd-Allah, H.; Nasr, M.; Ahmed-Farid, O. A. H.; Ibrahim, B. M.
M.; Bakeer, R. M.; Ahmed, R. F. Nicotinamide and ascorbic acid
nanoparticles against the hepatic insult induced in rats by high fat high
fructose diet: A comparative study. Life Sci. 2020, 263, No. 118540.

(35) Abdel Jaleel, G. A.; Al-Awdan, S. A.; Ahmed, R. F.; Ahmed-Farid,
O. A. H; Saleh, D. O. Melatonin regulates neurodegenerative
complications associated with NAFLD via enhanced neurotransmission
and cellular integrity: a correlational study. Metab. Brain Dis. 2020, 35,
1251-1261.

(36) Ahmed, R. F.; El Awdan, S. A; Abdel Jaleel, G. A.; Saleh, D. O,;
Ahmed Farid, O. A. H. Correlation between brain neurotransmitters
and insulin sensitivity: Neuro-preservative role of resveratrol against
high fat, high fructose-induced insulin resistance. J. Appl. Pharm. Sci.
2020, 10, 26—36.

https://dx.doi.org/10.1021/acsomega.0c05096
ACS Omega XXXX, XXX, XXX—XXX


https://dx.doi.org/10.1007/s12035-018-1435-8
https://dx.doi.org/10.1007/s12035-018-1435-8
https://dx.doi.org/10.1007/s12035-018-1435-8
https://dx.doi.org/10.1523/ENEURO.0125-16.2016
https://dx.doi.org/10.1523/ENEURO.0125-16.2016
https://dx.doi.org/10.1523/ENEURO.0125-16.2016
https://dx.doi.org/10.1523/ENEURO.0125-16.2016
https://dx.doi.org/10.1080/1028415X.2017.1287834
https://dx.doi.org/10.1080/1028415X.2017.1287834
https://dx.doi.org/10.1096/fj.201700400RR
https://dx.doi.org/10.1096/fj.201700400RR
https://dx.doi.org/10.1096/fj.201700400RR
https://dx.doi.org/10.1096/fj.201700400RR
https://dx.doi.org/10.1371/journal.pone.0083243
https://dx.doi.org/10.1371/journal.pone.0083243
https://dx.doi.org/10.1371/journal.pone.0083243
https://dx.doi.org/10.1016/j.apsb.2017.07.002
https://dx.doi.org/10.1016/j.apsb.2017.07.002
https://dx.doi.org/10.1016/j.apsb.2017.07.002
https://dx.doi.org/10.1038/nature13339
https://dx.doi.org/10.1007/s11481-016-9687-4
https://dx.doi.org/10.1007/s11481-016-9687-4
https://dx.doi.org/10.1179/1476830514Y.0000000112
https://dx.doi.org/10.1007/s40199-018-0221-5
https://dx.doi.org/10.1007/s40199-018-0221-5
https://dx.doi.org/10.1007/s40199-018-0221-5
https://dx.doi.org/10.3390/nu6041752
https://dx.doi.org/10.3390/nu6041752
https://dx.doi.org/10.3233/JAD-2003-5406
https://dx.doi.org/10.3233/JAD-2003-5406
https://dx.doi.org/10.1038/sj.ejcn.1602248
https://dx.doi.org/10.1038/sj.ejcn.1602248
https://dx.doi.org/10.1038/sj.ejcn.1602248
https://dx.doi.org/10.3390/nu6041554
https://dx.doi.org/10.3390/nu6041554
https://dx.doi.org/10.3390/nu6041554
https://dx.doi.org/10.3390/nu9070659
https://dx.doi.org/10.3390/nu9070659
https://dx.doi.org/10.3390/pharmaceutics9040053
https://dx.doi.org/10.3390/pharmaceutics9040053
https://dx.doi.org/10.1016/j.carbpol.2020.116482
https://dx.doi.org/10.1016/j.carbpol.2020.116482
https://dx.doi.org/10.1016/j.carbpol.2020.116482
https://dx.doi.org/10.1016/j.ijbiomac.2020.04.040
https://dx.doi.org/10.1016/j.ijbiomac.2020.04.040
https://dx.doi.org/10.1016/j.ijbiomac.2020.04.040
https://dx.doi.org/10.1016/j.ijpharm.2019.02.012
https://dx.doi.org/10.1016/j.ijpharm.2019.02.012
https://dx.doi.org/10.1016/j.ijbiomac.2016.09.027
https://dx.doi.org/10.1016/j.ijbiomac.2016.09.027
https://dx.doi.org/10.1038/s41598-020-67748-2
https://dx.doi.org/10.1038/s41598-020-67748-2
https://dx.doi.org/10.1038/s41598-020-67748-2
https://dx.doi.org/10.1080/10837450.2020.1764032
https://dx.doi.org/10.1080/10837450.2020.1764032
https://dx.doi.org/10.1080/10837450.2020.1764032
https://dx.doi.org/10.2174/1567201817666200317123224
https://dx.doi.org/10.2174/1567201817666200317123224
https://dx.doi.org/10.2174/1567201817666200317123224
https://dx.doi.org/10.1016/j.ijpharm.2020.119092
https://dx.doi.org/10.1016/j.ijpharm.2020.119092
https://dx.doi.org/10.1016/j.ijpharm.2020.119092
https://dx.doi.org/10.1016/j.jddst.2020.101548
https://dx.doi.org/10.1016/j.jddst.2020.101548
https://dx.doi.org/10.1007/s11094-020-02133-x
https://dx.doi.org/10.1007/s11094-020-02133-x
https://dx.doi.org/10.1038/s41598-019-47586-7
https://dx.doi.org/10.1038/s41598-019-47586-7
https://dx.doi.org/10.1038/s41598-019-47586-7
https://dx.doi.org/10.1038/s41598-019-47586-7
https://dx.doi.org/10.1016/j.ejps.2019.104972
https://dx.doi.org/10.1016/j.ejps.2019.104972
https://dx.doi.org/10.1016/j.ejps.2019.104972
https://dx.doi.org/10.1016/j.ejps.2019.104972
https://dx.doi.org/10.3109/10717544.2015.1092619
https://dx.doi.org/10.3109/10717544.2015.1092619
https://dx.doi.org/10.3109/10717544.2015.1092619
https://dx.doi.org/10.1016/j.lfs.2019.04.014
https://dx.doi.org/10.1016/j.lfs.2019.04.014
https://dx.doi.org/10.1016/j.lfs.2019.04.014
https://dx.doi.org/10.1038/s41598-017-10032-7
https://dx.doi.org/10.1038/s41598-017-10032-7
https://dx.doi.org/10.1038/s41598-017-10032-7
https://dx.doi.org/10.1186/s13104-018-3162-7
https://dx.doi.org/10.1186/s13104-018-3162-7
https://dx.doi.org/10.3390/app8040474
https://dx.doi.org/10.3390/app8040474
https://dx.doi.org/10.1016/j.lfs.2020.118540
https://dx.doi.org/10.1016/j.lfs.2020.118540
https://dx.doi.org/10.1016/j.lfs.2020.118540
https://dx.doi.org/10.1007/s11011-020-00593-4
https://dx.doi.org/10.1007/s11011-020-00593-4
https://dx.doi.org/10.1007/s11011-020-00593-4
https://dx.doi.org/10.7324/JAPS.2020.102005
https://dx.doi.org/10.7324/JAPS.2020.102005
https://dx.doi.org/10.7324/JAPS.2020.102005
http://pubs.acs.org/journal/acsodf?ref=pdf
https://dx.doi.org/10.1021/acsomega.0c05096?ref=pdf

ACS Omega

http://pubs.acs.org/journal/acsodf

(37) Lalanza, J. F.; Caimari, A,; del Bas, J. M,; Torregrosa, D.;
Cigarroa, L; Pallas, M.; Capdevila, L.; Arola, L.; Escorihuela, R. M.
Effects of a post-weaning cafeteria diet in young rats: metabolic
syndrome, reduced activity and low anxiety-like behaviour. PLoS One
2014, 9, No. e85049.

(38) Sarega, N.; Imam, M. U.; Esa, N. M.; Zawawi, N.; Ismail, M.
Effects of phenolic-rich extracts of Clinacanthus nutans on high fat and
high cholesterol diet-induced insulin resistance. BMC Complementary
Altern. Med. 2016, 16, No. 88.

(39) Matthews, D. R.; Hosker, J. P.; Rudenski, A. S.; Naylor, B. A;
Treacher, D. F.; Turner, R. C. Homeostasis model assessment: insulin
resistance and beta-cell function from fasting plasma glucose and insulin
concentrations in man. Diabetologia 1985, 28, 412—419.

(40) El-Gendy, Z. A.; El-Batran, S. A; Youssef, S. A. H.; Ramadan, A ;
Hassan, A. H. M,; Ahmed, R. F. Potential hepatoprotective effect of
combining vitamin C and L-Carnitine against acetaminophen induced
hepatic injury and oxidative stress in rats. Int. J. PharmTech Res. 2016, 9,
33—47.

(41) Yang, S.J.; Choi, J. M.; Kim, L.; Park, S. E.; Rhee, E.J.; Lee, W.Y.;
Oh, K. W,; Park, S. W,; Park, C. Y. Nicotinamide improves glucose
metabolism and affects the hepatic NAD-sirtuin pathway in a rodent
model of obesity and type 2 diabetes. J. Nutr. Biochem. 2014, 25, 66—72.

(42) Ennaceur, A.; Delacour, J. A new one-trial test for neurobiological
studies of memory in rats. 1: Behavioral data. Behav. Brain Res. 1988, 31,
47-59.

(43) Trinder, P. Determination of blood glucose using an oxidase-
peroxidase system with a non-carcinogenic chromogen. J. Clin. Pathol.
1969, 22, 158—161.

(44) Grassi, J.; Pradelles, P. Compounds Labelled by the
Acetylcholinesterase of Electrophorus electricus. Its Preparation
Process and Its Use as a Tracer or Marquer in Enzymo-Immunological
Determinations. U.S. Patent USN1,047,3301991.

(45) Ellman, G. L.; Courtney, K. D.; Andres, V.; Featherstone, R. M. A
new and rapid colorimetric determination of acetylcholinesterase
activity. Biochem. Pharmacol. 1961, 7, 88—95.

(46) Gorun, V.; Proinov, L; Baltescu, V.; Balaban, G.; Barzu, O.
Modified Ellman procedure for assay of cholinesterases in crude
enzymatic preparations. Anal. Biochem. 1978, 86, 324—326.

(47) Pagel, P.; Blome, J.; Wolf, H. U. High-performance liquid
chromatographic separation and measurement of various biogenic
compounds possibly involved in the pathomechanism of Parkinson’s
disease. J. Chromatogr. B 2000, 746, 297—304.

(48) Papadoyannis, I. N.; Samanidou, V. F.; Nitsos, C. C.
Simulatenous determination of nitrite and nitrate in drinking water
and human serum by high performance anion-exchange chromatog-
raphy and UV detection. J. Liq. Chromatogr. Related Technol. 1999, 22,
2023—-2041.

(49) Karatas, F.; Karatepe, M.; Baysar, A. Determination of free
malondialdehyde in human serum by high-performance liquid
chromatography. Anal. Biochem. 2002, 311, 76—79.

(50) Lazzarino, G.; Di Pierro, D.; Tavazzi, B.; Cerroni, L.; Giardina, B.
Simultaneous separation of malondialdehyde, ascorbic acid, and
adenine nucleotide derivatives from biological samples by ion-pairing
high-performance liquid chromatography. Anal. Biochem. 1991, 197,
191-196.

(51) Karatepe, M. Simultaneous Determination of Ascorbic Acid and
Free Malondialdehyde in Human Serum by HPLC—UV. LCGC Asia
Pac. 2004, 7, 36—38.

(52) Yoshida, T. Determination of reduced and oxidized glutathione
in erythrocytes by high-performance liquid chromatography with
ultraviolet absorbance detection. J. Chromatogr. B 1996, 678, 157—164.

(53) Jayatilleke, E.; Shaw, S. A high-performance liquid chromato-
graphic assay for reduced and oxidized glutathione in biological
samples. Anal. Biochem. 1993, 214, 452—457.

(54) Lodovici, M.; Casalini, C.; Briani, C.; Dolara, P. Oxidative liver
DNA damage in rats treated with pesticide mixtures. Toxicology 1997,
117, 55—60.

(55) Atkinson, D. E.; Walton, G. M. Adenosine triphosphate
conservation in metabolic regulation. Rat liver citrate cleavage enzyme.
J. Biol. Chem. 1967, 242, 3239—3241.

(56) Teerlink, T.; Hennekes, M.; Bussemaker, J.; Groeneveld, J.
Simultaneous determination of creatine compounds and adenine
nucleotides in myocardial tissue by high-performance liquid
chromatography. Anal. Biochem. 1993, 214, 278—283.

(57) Saleh, D. O.; El Awdan, S. A; Abdel Jaleel, G. A.; Ahmed, R. F.
Resveratrol attenuates hepatic complications associated with insulin
resistance: Implications on hepatic HAIR, LAIR, cell energy and DNA
fragmentation. J. Appl. Pharm. Sci. 2017, 7, 20—27.

(58) Li, C,; Liu, V. W.; Chiu, P. M.; Chan, D. W.; Ngan, H. Y. Over-
expressions of AMPK subunits in ovarian carcinomas with significant
clinical implications. BMC Cancer 2012, 12, No. 357.

(59) Xu,J.; Gao, H; Zhang, L.; Rong, S.; Yang, W.; Ma, C.; Chen, M,;
Huang, Q; Deng, Q; Huang, F. Melatonin alleviates cognition
impairment by antagonizing brain insulin resistance in aged rats fed a
high-fat diet. J. Pineal Res. 2019, 67, No. e12584.

(60) Lin, C. L; Shen, C. F; Hsu, T. H; Lin, S. H. A High-Fructose-
High-Coconut Oil Diet Induces Dysregulating Expressions of Hippo-
campal Leptin and Stearoyl-CoA Desaturase, and Spatial Memory
Deficits in Rats. Nutrients 2017, 9, No. 619.

(61) Nissankara Rao, L. S.; Kilari, E. K.; Kola, P. K. Protective effect of
Curcuma amada acetone extract against high-fat and high-sugar diet-
induced obesity and memory impairment. Nutr. Neurosci. 2019, 1—14.

(62) You, S,; Jang, M,; Kim, G. H. Mori Cortex Radicis Attenuates
High Fat Diet-Induced Cognitive Impairment via an IRS/Akt Signaling
Pathway. Nutrients 2020, 12, No. 1851.

(63) Dyer, A. H,; Vahdatpour, C.; Sanfeliu, A.; Tropea, D. The role of
Insulin-Like Growth Factor 1 (IGF-1) in brain development,
maturation and neuroplasticity. Neuroscience 2016, 325, 89—99.

(64) Bianchi, V. E.; Locatelli V.; Rizzi, L. Neurotrophic and
Neuroregenerative Effects of GH/IGFL. Int. J. Mol. Sci. 2017, 18,
No. 2441.

(65) Ozdemir, D.; Baykara, B.; Aksu, I; Kiray, M.; Sisman, A. R;;
Cetin, F.; Dayi, A.; Gurpinar, T.; Uysal, N.; Arda, M. N. Relationship
between circulating IGF-1 levels and traumatic brain injury-induced
hippocampal damage and cognitive dysfunction in immature rats.
Neurosci. Lett. 2012, 507, 84—89.

(66) Chen, B. H.; Ahn, J. H,; Park, J. H,; Song, M.; Kim, H.; Lee, T. K;
Lee, J. C,; Kim, Y. M.; Hwang, I. K,; Kim, D. W,; Lee, C. H.; Yan, B. C,;
Kang, I. J.; Won, M. H. Rufinamide, an antiepileptic drug, improves
cognition and increases neurogenesis in the aged gerbil hippocampal
dentate gyrus via increasing expressions of IGF-1, IGF-1R and p-CREB.
Chem. Biol. Interact. 2018, 286, 71—77.

(67) Soto, M.; Cai, W.; Konishi, M.; Kahn, C. R. Insulin signaling in
the hippocampus and amygdala regulates metabolism and neuro-
behavior. Proc. Natl. Acad. Sci. U.S.A. 2019, 116, 6379—6384.

(68) Kaizer, R. R; Spanevello, R. M.; Costa, E.; Morsch, V. M,;
Schetinger, M. R. C. Effect of high fat diets on the NTPDase, 5-
nucleotidase and acetylcholinesterase activities in the central nervous
system. Int. J. Dev. Neurosci. 2018, 64, 54—S58.

(69) Cohen, A. C.; Tong, M.; Wands, J. R;; de la Monte, S. M. Insulin
and insulin-like growth factor resistance with neurodegeneration in an
adult chronic ethanol exposure model. Alcohol. Clin. Exp. Res. 2007, 31,
1558—1573.

(70) Park, C. H.; Park, S. K.; Seung, T. W,; Jin, D. E.; Guo, T.; Heo, H.
J. Effect of Ginseng (Panax ginseng) Berry EtOAc Fraction on Cognitive
Impairment in CS7BL/6 Mice under High-Fat Diet Inducement.
Evidence-Based Complementary Altern. Med. 2015, 2015, No. 316527.

(71) Amri, Z.; Ghorbel, A.; Turki, M.; Akrout, F. M.; Ayadi, F.; Elfeki,
A.; Hammami, M. Effect of pomegranate extracts on brain antioxidant
markers and cholinesterase activity in high fat-high fructose diet
induced obesity in rat model. BMC Complementary Altern. Med. 2017,
17, No. 339.

(72) Cools, R.; Frobdse, M.; Aarts, E.; Hofmans, L. Dopamine and the
motivation of cognitive control. Handb. Clin. Neurol. 2019, 163, 123—
143.

https://dx.doi.org/10.1021/acsomega.0c05096
ACS Omega XXXX, XXX, XXX—XXX


https://dx.doi.org/10.1371/journal.pone.0085049
https://dx.doi.org/10.1371/journal.pone.0085049
https://dx.doi.org/10.1186/s12906-016-1049-5
https://dx.doi.org/10.1186/s12906-016-1049-5
https://dx.doi.org/10.1007/BF00280883
https://dx.doi.org/10.1007/BF00280883
https://dx.doi.org/10.1007/BF00280883
https://dx.doi.org/10.1016/j.jnutbio.2013.09.004
https://dx.doi.org/10.1016/j.jnutbio.2013.09.004
https://dx.doi.org/10.1016/j.jnutbio.2013.09.004
https://dx.doi.org/10.1016/0166-4328(88)90157-X
https://dx.doi.org/10.1016/0166-4328(88)90157-X
https://dx.doi.org/10.1136/jcp.22.2.158
https://dx.doi.org/10.1136/jcp.22.2.158
https://dx.doi.org/10.1016/0006-2952(61)90145-9
https://dx.doi.org/10.1016/0006-2952(61)90145-9
https://dx.doi.org/10.1016/0006-2952(61)90145-9
https://dx.doi.org/10.1016/0003-2697(78)90350-0
https://dx.doi.org/10.1016/0003-2697(78)90350-0
https://dx.doi.org/10.1016/S0378-4347(00)00348-0
https://dx.doi.org/10.1016/S0378-4347(00)00348-0
https://dx.doi.org/10.1016/S0378-4347(00)00348-0
https://dx.doi.org/10.1016/S0378-4347(00)00348-0
https://dx.doi.org/10.1081/JLC-100101783
https://dx.doi.org/10.1081/JLC-100101783
https://dx.doi.org/10.1081/JLC-100101783
https://dx.doi.org/10.1016/S0003-2697(02)00387-1
https://dx.doi.org/10.1016/S0003-2697(02)00387-1
https://dx.doi.org/10.1016/S0003-2697(02)00387-1
https://dx.doi.org/10.1016/0003-2697(91)90378-7
https://dx.doi.org/10.1016/0003-2697(91)90378-7
https://dx.doi.org/10.1016/0003-2697(91)90378-7
https://dx.doi.org/10.1016/0378-4347(95)00489-0
https://dx.doi.org/10.1016/0378-4347(95)00489-0
https://dx.doi.org/10.1016/0378-4347(95)00489-0
https://dx.doi.org/10.1006/abio.1993.1522
https://dx.doi.org/10.1006/abio.1993.1522
https://dx.doi.org/10.1006/abio.1993.1522
https://dx.doi.org/10.1016/S0300-483X(96)03553-6
https://dx.doi.org/10.1016/S0300-483X(96)03553-6
https://dx.doi.org/10.1016/S0021-9258(18)95956-9
https://dx.doi.org/10.1016/S0021-9258(18)95956-9
https://dx.doi.org/10.1006/abio.1993.1488
https://dx.doi.org/10.1006/abio.1993.1488
https://dx.doi.org/10.1006/abio.1993.1488
https://dx.doi.org/10.7324/JAPS.2017.70804
https://dx.doi.org/10.7324/JAPS.2017.70804
https://dx.doi.org/10.7324/JAPS.2017.70804
https://dx.doi.org/10.1186/1471-2407-12-357
https://dx.doi.org/10.1186/1471-2407-12-357
https://dx.doi.org/10.1186/1471-2407-12-357
https://dx.doi.org/10.1111/jpi.12584
https://dx.doi.org/10.1111/jpi.12584
https://dx.doi.org/10.1111/jpi.12584
https://dx.doi.org/10.3390/nu9060619
https://dx.doi.org/10.3390/nu9060619
https://dx.doi.org/10.3390/nu9060619
https://dx.doi.org/10.3390/nu9060619
https://dx.doi.org/10.1080/1028415X.2019.1616436
https://dx.doi.org/10.1080/1028415X.2019.1616436
https://dx.doi.org/10.1080/1028415X.2019.1616436
https://dx.doi.org/10.3390/nu12061851
https://dx.doi.org/10.3390/nu12061851
https://dx.doi.org/10.3390/nu12061851
https://dx.doi.org/10.1016/j.neuroscience.2016.03.056
https://dx.doi.org/10.1016/j.neuroscience.2016.03.056
https://dx.doi.org/10.1016/j.neuroscience.2016.03.056
https://dx.doi.org/10.3390/ijms18112441
https://dx.doi.org/10.3390/ijms18112441
https://dx.doi.org/10.1016/j.neulet.2011.11.059
https://dx.doi.org/10.1016/j.neulet.2011.11.059
https://dx.doi.org/10.1016/j.neulet.2011.11.059
https://dx.doi.org/10.1016/j.cbi.2018.03.007
https://dx.doi.org/10.1016/j.cbi.2018.03.007
https://dx.doi.org/10.1016/j.cbi.2018.03.007
https://dx.doi.org/10.1073/pnas.1817391116
https://dx.doi.org/10.1073/pnas.1817391116
https://dx.doi.org/10.1073/pnas.1817391116
https://dx.doi.org/10.1016/j.ijdevneu.2017.02.007
https://dx.doi.org/10.1016/j.ijdevneu.2017.02.007
https://dx.doi.org/10.1016/j.ijdevneu.2017.02.007
https://dx.doi.org/10.1111/j.1530-0277.2007.00450.x
https://dx.doi.org/10.1111/j.1530-0277.2007.00450.x
https://dx.doi.org/10.1111/j.1530-0277.2007.00450.x
https://dx.doi.org/10.1155/2015/316527
https://dx.doi.org/10.1155/2015/316527
https://dx.doi.org/10.1186/s12906-017-1842-9
https://dx.doi.org/10.1186/s12906-017-1842-9
https://dx.doi.org/10.1186/s12906-017-1842-9
https://dx.doi.org/10.1016/B978-0-12-804281-6.00007-0
https://dx.doi.org/10.1016/B978-0-12-804281-6.00007-0
http://pubs.acs.org/journal/acsodf?ref=pdf
https://dx.doi.org/10.1021/acsomega.0c05096?ref=pdf

ACS Omega

http://pubs.acs.org/journal/acsodf

(73) Borwick, C.; Lal, R.; Lim, L. W.; Stagg, C.J.; Aquili, L. Dopamine
depletion effects on cognitive flexibility as modulated by tDCS of the
dIPEC. Brain Stimul. 2020, 13, 105—108.

(74) Chakraborty, S.; Lennon, J. C.; Malkaram, S. A.; Zeng, Y.; Fisher,
D. W,; Dong, H. Serotonergic system, cognition, and BPSD in
Alzheimer’s disease. Neurosci. Lett. 2019, 704, 36—44.

(75) Jenkins, T. A.; Nguyen, J. C; Polglaze, K. E.; Bertrand, P. P.
Influence of Tryptophan and Serotonin on Mood and Cognition with a
Possible Role of the Gut-Brain Axis. Nutrients 2016, 8, No. 56.

(76) Kim, J. M.; Park, C. H,; Park, S. K;; Seung, T. W.; Kang, J. Y.; Ha,
J. S;; Lee, D. S.; Lee, U,; Kim, D.-O.; Heo, H. J. Ginsenoside Re
Ameliorates Brain Insulin Resistance and Cognitive Dysfunction in
High Fat Diet-Induced C57BL/6 Mice. J. Agric. Food Chem. 2017, 65,
2719-2729.

(77) Kim, J. M.; Park, S. K.; Guo, T.].; Kang, J. Y.; Ha, J. S.; Lee, D. S ;
Lee, U.; Heo, H. J. Anti-amnesic effect of Dendropanax morbifera via
JNK signaling pathway on cognitive dysfunction in high-fat diet-
induced diabetic mice. Behav. Brain Res. 2016, 312, 39—54.

(78) Zhao, B. Nitric oxide in neurodegenerative diseases. Front. Biosci.
2005, 10, 454—461.

(79) Yui, K.; Kawasaki, Y.; Yamada, H.; Ogawa, S. Oxidative Stress
and Nitric Oxide in Autism Spectrum Disorder and Other Neuro-
psychiatric Disorders. CNS Neurol. Disord. Drug Targets 2016, 15, 587—
596.

(80) Abe, T.; Tohgi, H; Isobe, C.; Murata, T.; Sato, C. Remarkable
increase in the concentration of 8-hydroxyguanosine in cerebrospinal
fluid from patients with Alzheimer’s disease. J. Neurosci. Res. 2002, 70,
447—-450.

(81) Ahmed-Farid, O.; Ahmed, R.; Saleh, D. Combination of
resveratrol and fluoxetine in an acute model of depression in mice:
Prevention of oxidative DNA fragmentation and monoamines
degradation. J. Appl. Pharm. Sci. 2016, 6, 1-7.

(82) Bagnall-Moreau, C.; Chaudhry, S.; Salas-Ramirez, K.; Ahles, T;
Hubbard, K. Chemotherapy-Induced Cognitive Impairment Is
Associated with Increased Inflammation and Oxidative Damage in
the Hippocampus. Mol. Neurobiol. 2019, 56, 7159—7172.

(83) Hardie, D. G. AMPK: positive and negative regulation, and its
role in whole-body energy homeostasis. Curr. Opin. Cell Biol. 2018, 33,
1-7.

(84) Majd, S.; Power, J. H. T.; Chataway, T. K.; Grantham, H.J. M. A
comparison of LKB1/AMPK/mTOR metabolic axis response to global
ischaemia in brain, heart, liver and kidney in a rat model of cardiac
arrest. BMC Cell Biol. 2018, 19, No. 7.

(85) Schmid, C.; Ghirlanda-Keller, C.; Gosteli-Peter, M. Ascorbic acid
decreases neutral endopeptidase activity in cultured osteoblastic cells.
Regul. Pept. 2008, 130, 57—66.

(86) Travica, N.; Ried, K; Sali, A.; Scholey, A.; Hudson, I; Pipingas,
A. Vitamin C Status and Cognitive Function: A Systematic Review.
Nutrients 2017, 9, No. 960.

(87) Han, Q. Q; Shen, T. T.; Wang, F.; Wu, P. F; Chen, J. G.
Preventive and Therapeutic Potential of Vitamin C in Mental
Disorders. Curr. Med. Sci. 2018, 38, 1—-10.

(88) Olajide, O.J.; Yawson, E. O.; Gbadamosi, I. T.; Arogundade, T.
T.; Lambe, E.; Obasi, K,; Lawal, I. T.; Ibrahim, A.; Ogunrinola, K. Y.
Ascorbic acid ameliorates behavioural deficits and neuropathological
alterations in rat model of Alzheimer’s disease. Environ. Toxicol.
Pharmacol. 2017, 50, 200—211.

(89) Moretti, M.; Fraga, D. B.; Rodrigues, A. L. S. Preventive and
therapeutic potential of ascorbic acid in neurodegenerative diseases.
CNS Neurosci. Ther. 2017, 23, 921—929.

(90) Monacelli, F.; Acquarone, E.; Giannotti, C.; Borghi, R.; Nencioni,
A. Vitamin C, Aging and Alzheimer’s Disease. Nutrients 2017, 9,
No. 670.

(91) Nam, S. M,; Seo, M; Seo, J. S.; Rhim, H.; Nahm, S. S.; Cho, . H.;
et al. Ascorbic Acid Mitigates D-galactose-Induced Brain Aging by
Increasing Hippocampal Neurogenesis and Improving Memory
Function. Nutrients 2019, 11, No. 176.

(92) Rutkowski, M.; Grzegorczyk, K. Adverse effects of antioxidative
vitamins. Int. J. Occup. Med. Environ. Health 2012, 25, 105—121.

(93) Anderson, D. W.; Bradbury, K. A; Schneider, J. S. Broad
neuroprotective profile of nicotinamide in different mouse models of
MPTP-induced parkinsonism. Eur. J. Neurosci. 2008, 28, 610—617.

(94) Darvesh, A. S.; Gudelsky, G. A. Evidence for a role of energy
dysregulation in the MDMA-induced depletion of brain 5-HT. Brain
Res. 20085, 1056, 168—175.

(95) Tung, C. S.; Chang, S. T.; Huang, C. L.; Huang, N. K. The
neurotoxic mechanisms of amphetamine: Step by step for striatal
dopamine depletion. Neurosci. Lett. 2017, 639, 185—191.

(96) Xu,J.; Xu, S. Q; Liang, J.; Ly, Y.; Luo, J. H.; Jin, J. H. Protective
effect of nicotinamide in a mouse Parkinson’s disease model. J. Zhejiang
Univ.,, Med. Sci. 2012, 41, 146—152.

(97) Sidhu, A.; Diwan, V.; Kaur, H.; Bhateja, D.; Singh, C. K.; Sharma,
S.;; Padi, S. S. V. Nicotinamide reverses behavioral impairments and
provides neuroprotection in 3-nitropropionic acid induced animal
model ofHuntington’s disease: implication of oxidative stress- poly-
(ADP- ribose) polymerase pathway. Metab. Brain Dis. 2018, 33, 1911—
1921.

(98) Williams, A. C.; Hill, L. J. Nicotinamide and Demographic and
Disease transitions: Moderation is Best. Int. J. Tryptophan Res. 2019, 12,
No. 1178646919855940.

(99) Artursson, P.; Lindmark, T.; Davis, S. S.; Illum, L. Effect of
chitosan on the permeability of monolayers of intestinal epithelial cells
(Caco-2). Pharm. Res. 1994, 11, 1358—1361.

(100) Schipper, N. G.; Virum, K. M.; Artursson, P. Chitosans as
absorption enhancers for poorly absorbable drugs. 1: Influence of
molecular weight and degree of acetylation on drug transport across
human intestinal epithelial (Caco-2) cells. Pharm. Res. 1996, 13, 1686—
1692.

(101) Fernandez-Urrusuno, R.; Calvo, P.; Remufan-Lopez, C.; Vila-
Jato, J. L.; Alonso, M. J. Enhancement of nasal absorption of insulin
using chitosan nanoparticles. Pharm. Res. 1999, 16, 1576—1581.

(102) Pan, Y; Li, Y.].; Zhao, H. Y.; Zheng, J. M.; Xu, H.; Wei, G.; Hao,
J. S.; Cui, F. D. Bioadhesive polysaccharide in protein delivery system:
chitosan nanoparticles improve the intestinal absorption of insulin in
vivo. Int. J. Pharm. 2002, 249, 139—147.

(103) Ma, Z.; Lim, L. Y. Uptake of chitosan and associated insulin in
Caco-2 cell monolayers: a comparison between chitosan molecules and
chitosan nanoparticles. Pharm. Res. 2003, 20, 1812—1819.

(104) Ma, Z,; Lim, T. M; Lim, L. Y. Pharmacological activity of
peroral chitosan-insulin nanoparticles in diabetic rats. Int. J. Pharm.
2008, 293, 271-280.

(105) Takeuchi, H.; Matsui, Y.; Sugihara, H.; Yamamoto, H;
Kawashima, Y. Effectiveness of submicron-sized, chitosan-coated
liposomes in oral administration of peptide drugs. Int. J. Pharm.
2005, 303, 160—170.

(106) Li, Z.; Jiang, H.; Xu, C.; Gu, L. A review: Using nanoparticles to
enhance absorption and bioavailability of phenolic phytochemicals.
Food Hydrocolloids 2015, 43, 153—164.

(107) Madni, A.; Rehman, S.; Sultan, H.; Khan, M. M.; Ahmad, F.;
Raza, M. R; Rai, N,; Parveen, F. Mechanistic Approaches of
Internalization, Subcellular Trafficking, and Cytotoxicity of Nano-
particles for Targeting the Small Intestine. AAPS PharmSciTech 2020,
22, No. 3.

(108) Kaiser, M.; Pereira, S.; Pohl, L.; Ketelhut, S.; Kemper, B.;
Gorzelanny, C.; Galla, H. J.; Moerschbacher, B. M.; Goycoolea, F. M.
Chitosan encapsulation modulates the effect of capsaicin on the tight
junctions of MDCK cells. Sci. Rep. 2015, S, No. 10048.

(109) Cortes, H,; Alcala-Alcala, S.; Caballero-Floran, 1. H.; Bernal-
Chavez, S. A.; Avalos-Fuentes, A.; Gonzalez-Torres, M,; et al. A
Reevaluation of Chitosan-Decorated Nanoparticles to Cross the Blood-
Brain Barrier. Membranes 2020, 10, No. 212.

(110) Lien, C. F.; Molnar, E.; Toman, P.; Tsibouklis, J.; Pilkington, G.
J; Gorecki, D. C.; Barbu, E. In vitro assessment of alkylglyceryl-
functionalized chitosan nanoparticles as permeating vectors for the
blood-brain barrier. Biomacromolecules 2012, 13, 1067—1073.

(111) Georgieva, J. V.; Kalicharan, D.; Couraud, P. O.; Romero, L. A,;
Weksler, B.; Hoekstra, D.; Zuhorn, 1. S. Surface characteristics of
nanoparticles determine their intracellular fate in and processing by

https://dx.doi.org/10.1021/acsomega.0c05096
ACS Omega XXXX, XXX, XXX—XXX


https://dx.doi.org/10.1016/j.brs.2019.08.016
https://dx.doi.org/10.1016/j.brs.2019.08.016
https://dx.doi.org/10.1016/j.brs.2019.08.016
https://dx.doi.org/10.1016/j.neulet.2019.03.050
https://dx.doi.org/10.1016/j.neulet.2019.03.050
https://dx.doi.org/10.3390/nu8010056
https://dx.doi.org/10.3390/nu8010056
https://dx.doi.org/10.1021/acs.jafc.7b00297
https://dx.doi.org/10.1021/acs.jafc.7b00297
https://dx.doi.org/10.1021/acs.jafc.7b00297
https://dx.doi.org/10.1016/j.bbr.2016.06.013
https://dx.doi.org/10.1016/j.bbr.2016.06.013
https://dx.doi.org/10.1016/j.bbr.2016.06.013
https://dx.doi.org/10.2741/1541
https://dx.doi.org/10.2174/1871527315666160413121751
https://dx.doi.org/10.2174/1871527315666160413121751
https://dx.doi.org/10.2174/1871527315666160413121751
https://dx.doi.org/10.1002/jnr.10349
https://dx.doi.org/10.1002/jnr.10349
https://dx.doi.org/10.1002/jnr.10349
https://dx.doi.org/10.7324/JAPS.2016.60601
https://dx.doi.org/10.7324/JAPS.2016.60601
https://dx.doi.org/10.7324/JAPS.2016.60601
https://dx.doi.org/10.7324/JAPS.2016.60601
https://dx.doi.org/10.1007/s12035-019-1589-z
https://dx.doi.org/10.1007/s12035-019-1589-z
https://dx.doi.org/10.1007/s12035-019-1589-z
https://dx.doi.org/10.1016/j.ceb.2014.09.004
https://dx.doi.org/10.1016/j.ceb.2014.09.004
https://dx.doi.org/10.1186/s12860-018-0159-y
https://dx.doi.org/10.1186/s12860-018-0159-y
https://dx.doi.org/10.1186/s12860-018-0159-y
https://dx.doi.org/10.1186/s12860-018-0159-y
https://dx.doi.org/10.1016/j.regpep.2005.03.007
https://dx.doi.org/10.1016/j.regpep.2005.03.007
https://dx.doi.org/10.3390/nu9090960
https://dx.doi.org/10.1007/s11596-018-1840-2
https://dx.doi.org/10.1007/s11596-018-1840-2
https://dx.doi.org/10.1016/j.etap.2017.02.010
https://dx.doi.org/10.1016/j.etap.2017.02.010
https://dx.doi.org/10.1111/cns.12767
https://dx.doi.org/10.1111/cns.12767
https://dx.doi.org/10.3390/nu9070670
https://dx.doi.org/10.3390/nu11010176
https://dx.doi.org/10.3390/nu11010176
https://dx.doi.org/10.3390/nu11010176
https://dx.doi.org/10.2478/s13382-012-0022-x
https://dx.doi.org/10.2478/s13382-012-0022-x
https://dx.doi.org/10.1111/j.1460-9568.2008.06356.x
https://dx.doi.org/10.1111/j.1460-9568.2008.06356.x
https://dx.doi.org/10.1111/j.1460-9568.2008.06356.x
https://dx.doi.org/10.1016/j.brainres.2005.07.009
https://dx.doi.org/10.1016/j.brainres.2005.07.009
https://dx.doi.org/10.1016/j.neulet.2017.01.002
https://dx.doi.org/10.1016/j.neulet.2017.01.002
https://dx.doi.org/10.1016/j.neulet.2017.01.002
https://dx.doi.org/10.1007/s11011-018-0297-0
https://dx.doi.org/10.1007/s11011-018-0297-0
https://dx.doi.org/10.1007/s11011-018-0297-0
https://dx.doi.org/10.1007/s11011-018-0297-0
https://dx.doi.org/10.1177/1178646919855940
https://dx.doi.org/10.1177/1178646919855940
https://dx.doi.org/10.1023/A:1018967116988
https://dx.doi.org/10.1023/A:1018967116988
https://dx.doi.org/10.1023/A:1018967116988
https://dx.doi.org/10.1023/A:1016444808000
https://dx.doi.org/10.1023/A:1016444808000
https://dx.doi.org/10.1023/A:1016444808000
https://dx.doi.org/10.1023/A:1016444808000
https://dx.doi.org/10.1023/A:1018908705446
https://dx.doi.org/10.1023/A:1018908705446
https://dx.doi.org/10.1016/S0378-5173(02)00486-6
https://dx.doi.org/10.1016/S0378-5173(02)00486-6
https://dx.doi.org/10.1016/S0378-5173(02)00486-6
https://dx.doi.org/10.1023/B:PHAM.0000003379.76417.3e
https://dx.doi.org/10.1023/B:PHAM.0000003379.76417.3e
https://dx.doi.org/10.1023/B:PHAM.0000003379.76417.3e
https://dx.doi.org/10.1016/j.ijpharm.2004.12.025
https://dx.doi.org/10.1016/j.ijpharm.2004.12.025
https://dx.doi.org/10.1016/j.ijpharm.2005.06.028
https://dx.doi.org/10.1016/j.ijpharm.2005.06.028
https://dx.doi.org/10.1016/j.foodhyd.2014.05.010
https://dx.doi.org/10.1016/j.foodhyd.2014.05.010
https://dx.doi.org/10.1208/s12249-020-01873-z
https://dx.doi.org/10.1208/s12249-020-01873-z
https://dx.doi.org/10.1208/s12249-020-01873-z
https://dx.doi.org/10.1038/srep10048
https://dx.doi.org/10.1038/srep10048
https://dx.doi.org/10.3390/membranes10090212
https://dx.doi.org/10.3390/membranes10090212
https://dx.doi.org/10.3390/membranes10090212
https://dx.doi.org/10.1021/bm201790s
https://dx.doi.org/10.1021/bm201790s
https://dx.doi.org/10.1021/bm201790s
https://dx.doi.org/10.1038/mt.2010.236
https://dx.doi.org/10.1038/mt.2010.236
http://pubs.acs.org/journal/acsodf?ref=pdf
https://dx.doi.org/10.1021/acsomega.0c05096?ref=pdf

ACS Omega http://pubs.acs.org/journal/acsodf

human blood-brain barrier endothelial cells in vitro. Mol. Ther. 2011,
19, 318—325S.

(112) Scherrmann, J. M. Drug delivery to brain via the blood-brain
barrier. Vasc. Pharmacol. 2002, 38, 349—354.

(113) Wang, S.; Jiang, T.; Ma, M.; Hu, Y.; Zhang, J. Preparation and
evaluation of anti-neuroexcitation peptide (ANEP) loaded N-trimethyl
chitosan chloride nanoparticles for brain-targeting. Int. . Pharm. 2010,
386, 249-255.

https://dx.doi.org/10.1021/acsomega.0c05096
ACS Omega XXXX, XXX, XXX—XXX


https://dx.doi.org/10.1038/mt.2010.236
https://dx.doi.org/10.1016/S1537-1891(02)00202-1
https://dx.doi.org/10.1016/S1537-1891(02)00202-1
https://dx.doi.org/10.1016/j.ijpharm.2009.11.002
https://dx.doi.org/10.1016/j.ijpharm.2009.11.002
https://dx.doi.org/10.1016/j.ijpharm.2009.11.002
http://pubs.acs.org/journal/acsodf?ref=pdf
https://dx.doi.org/10.1021/acsomega.0c05096?ref=pdf

