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ABSTRACT

Objective(s): Neurodegenerative diseases affect over 50 million people worldwide. Unfortunately, there are
no cures for these diseases, so finding effective treatments to improve human health is crucial. Resveratrol
(Res) has neuroprotective effects due to its antioxidant and anti-inflammatory properties. However, Res is
limited by poor water solubility and bioavailability. Therefore, the current study aimed to overcome Res’s
limitations using recent nanotechnology.

Materials and Methods: Resveratrol was loaded onto a nanoemulsion of cumin seed oil (CSONEs). The
CSONEs and Res-CSONEs were characterized. Additionally, we investigated the neuroprotective effects
of Res-loaded CSONEs in mice with Trimethyltin (TMT)-induced neurodegeneration. Thirty mice were
divided into control, vehicle, TMT, TMT-CSONEs, TMT-Res, and TMT-Res-CSONEs. Each group received
intraperitoneal treatment six times per week for two weeks. oxidative stress biomarkers, DNA damage extent,
and histopathological evaluations were assessed in brain and liver tissues. In addition, the mRNA expression
of apoptotic and inflammatory genes (Bax/Bcl2 and il-1p) and immunohistochemical staining of tau protein
were evaluated in the brain tissues.

Results: The Res-CSONEs improved cellular homeostasis by increasing GSH, and SOD, and decreasing
MDA levels while decreasing the DNA damage parameters. They also decreased the expression of apoptotic
and inflammatory genes and reduced the aggregation of tau protein. Histopathological examination of the
studied tissues showed improvement in Res and Res-CSONEs compared to TMT.

Conclusion: Loading Res on CSONE:s resulted in promising neuroprotective effects due to its solubility and
bioavailability enhancement. Combining the antioxidant and anti-inflammatory properties of both Res and
CSONE:s resulted in perfect neuroprotective effects on the brain tissues of mice.
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INTRODUCTION

Neurodegenerative  diseases  such  as
Alzheimer’s disease, Parkinson’s disease, and
Huntington’s disease have had a highly negative
impact on both global health and the economy.
According to Alzheimer’s Disease International, in
2021, an estimated 50 million people have been
affected by Alzheimer’s disease. It is also the sixth
leading cause of death worldwide, causing around
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1.6 million deaths in 2020 [1, 2]. Parkinson’s
disease, the second neurodegenerative disorder
after Alzheimer’s disease, affects over 6 million
people worldwide [3]. The economic impact of
Alzheimer’s disease and other dementias has
reached $1 trillion, while for Parkinson’s disease,
the economic cost was over $52 billion in 2019
[2, 4]. This has placed a significant burden on
healthcare systems and economies globally [1].
These statistics highlight the global burden of
neurodegenerative diseases and emphasize the
need for ongoing research, innovative therapies,
and worldwide efforts to reduce the social,
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economic, and healthcare challenges associated
with these debilitating conditions.

Resveratrol (Res) is a polyphenolic non-
flavonoid compound naturally present in several
plants such as red grapes, peanuts, green tea, and
mulberries [5]. Administration of Res has been
linked to a variety of therapeuticimpacts, including
analgesic, anti-inflammatory, anticarcinogenic, and
antioxidant evidence [6]. As a result, Res has been
investigated as a therapeutic agent for numerous
diseases such as cardiovascular disease, obesity,
diabetes, and more recently, neurological disorders
such as brain tumors (gliomas), Alzheimer’s (AD),
and Parkinson’s (PD) diseases [6-8]. Several recent
studies illustrated the neuroprotective effect of
RES against various neurodegenerative diseases
via suppression of B-amyloid aggregation and
oxidative stress suppression, and the prevention
of apoptosis [9-11].

Although Resveratrol possesses enormous
therapeutic promise, it suffers from several limitations
due to its poor bioavailability, rapid metabolism and
clearance, chemical instability, high photosensitivity,
and poor water solubility [12, 13]. Due to its limited
bioavailability, Res cannot reach the target tissue at
the required amount for effective therapy [5]. Then,
new approaches are necessary to overcome Res’s
limitations and realize the great benefits of its usage.
Drug delivery systems, such as nanoparticles or
nanoemulsions, can protect Res from metabolism and
enhance its stability [13]. These delivery systems can
also improve the solubility of Res, allowing for better
distribution and accumulation in the target tissue [12].

Nanoemulsions (NE) are emulsions that are
produced in nanometer sizes ranging from 10-200
nm and play an important role in the drug delivery
system [14, 15]. This is achieved by enhancing
the solubility of lipophilic drugs, improving the
permeability and bioavailability of the drug as
well as it can carry both hydrophilic and lipophilic
drugs and protecting the drug from hydrolysis and
oxidation [16-18]. Additionally, nanoemulsions
(NE) are thermodynamically and kinetically stable,
which renders them resistant to flocculation,
creaming, sedimentation, and coalescence, and
may be water-in-oil (w/o) or oil-in-water (o/w)
formed by applying high or low external shear [15].
According to previous studies, several oil types
are suitable in the preparation of nanoemulsions
such as olive oil, corn oil, soyabean oil, sesame oil,
coconut oil, rice bran oil, chia seed oil, cumin seed
oil, orange oil, grape seed oil [19-23].

Cumin seed oil is an essential oil extracted
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from herbaceous plant from the Apiaceae family,
characterized by a distinctive odor [24]. Cumin
seed exhibits several pharmacological aspects
such as antimicrobial, antidiabetic, antiepileptic,
anticancerous, hepatoprotective, neuroprotective,
antioxidant, anti-inflammatory, antifungal,
and antibacterial [24-28]. From the previously
illustrated benefits of cumin seed oil and Res,
we will load Res on cumin seed oil nanoemulsion
for the first time to combine their great benefits
against neurodegenerative disease.

Trimethyltin (TMT) is a potent neurotoxicant,
that causes neurodegeneration in the limbic
system, particularly in the hippocampus in
humans and animals [29, 30]. Exposure of both
humans and animals to TMT leads to several
neurodegenerative  disorders, disorientation,
ataxia, amnesia, aggressive behavior, and learning
impairment [30]. TMT has been shown to induce
neurodegeneration and cell death in certain brain
regions, especially in the hippocampus [31], so
it is used as a tool to investigate the cellular and
molecular mechanisms of neurodegenerative
diseases [32]. Therefore, in the current study, we
aimed to investigate the neuroprotective effects of
resveratrol-loaded cumin seed oil nanoemulsions
against neurodegeneration in mice.

MATERIALS AND METHODS
All Experimental procedures were performed
according to relevant guidelines and regulations.

Preparation of cumin seed oil nanoemulsions and
Resveratrol-loaded cumin seed oil nanoemulsions
Cumin seed oil nanoemulsions (CSONEs) were
prepared according to Nirmala, et al., method.
Briefly, one ml of cumin seed oil was added to 2 ml
of tween 80, then 13 ml water was added, the ratio
of oil: tween 80: water was 1:2:13, and the solution
was sonicated at 20 kHz for 10 min (probe-sonicator,
Hielscher UP400St ultrasonic processor) [22].

As for the Res-loaded cumin seed oil
nanoemulsions (Res-CSONEs), it was prepared
following the same oil: tween 80: water ratios but
with half the volume, according to Locatelli, et al.,
protocol. Briefly, 45 mg of resveratrol was added
to 0.5 ml of cumin seed oil, and the mixture was
sonicated using a water bath sonicator for 10 min.
Then, 1 ml tween 80 was added and vortexed for
10 min, and finally, 6.5 ml water was added and,
the solution was sonicated for 10 min using a
probe-sonicator [21].

Characterization of CSONEs and Res-CSONEs
A high-resolution transmission electron
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microscope (HR-TEM, Tecnai G20, FEI, Netherland)
was used to detect the size and morphology of
the cumin seed oil nanoemulsion and resveratrol-
loaded cumin seed oil nanoemulsion, on an
amorphous carbon-coated-copper grid and
magnification power up to 1,000,000 X for
imaging. TEM images were analyzed using Fiji
and the average size was estimated depending
on 60 particles from at least three different TEM
images. Dynamic light scattering (DLS) was used
to determine the hydrodynamic diameter of the
nanoparticles and surface zeta potential was
performed by Malvern Instruments Ltd, UK.

Experimental animals

A total of 30 mice ranging from 25-30 g in
weight were obtained from the animal house of
the National Cancer Institute in Egypt (NCI). Mice
were housed in well-ventilated and sterilized cages
(5 mice per group) under controlled temperature
(20-25 °C), humidity, 12-hr light/dark cycle, and
adapted for 6 days before the experiment. The
experimental animal studies were performed in
accordance with ARRIVE guidelines. In addition,
the experimental protocol was approved by the
Institutional Animal Care and Use Committee (CU-
IACUC) at the Faculty of Science, Cairo University,
with approval number (CU/I/F/16/21).

Experimental design and sample collection
Animals were divided into 6 groups as the
following: Healthy control group, 2% ethanol
group (vehicle), TMT group intraperitoneally
administrated with 2.6 mg/kg TMT only once,
TMT-CSONEs group was treated with 2.6 mg/kg
TMT only once and 100 mg/kg of CSONEs one
week before TMT and for two weeks after TMT
administratiion, TMT-Res group was administrated
2.6 mg/kg TMT only once and 10 mg/kg of Res
one week before TMT and for two weeks after
TMT administtration, TMT-Res-CSONEs group

was treated with 2.6 mg/kg TMT only once and
10 mg/kg of Res-CSONEs one week before TMT
and for two weeks after TMT administration.
All treatments were performed six times per
week intraperitoneally [33-36]. 24 hr after the
last treatment, mice were anesthetized and
sacrificed by cervical dislocation. The brain and
liver were immediately dissected and stored in an
appropriate condition.

Assessment of oxidative stress biomarkers

According to the protocols outlined by Ohkawa
etal,Beutleretal., and Nishikimi et al, 0.30g—0.45g
of the examined tissues were homogenized in 50
mM phosphate buffer (pH: 7.4), centrifuged for 10
minutes at 3000 rpm at 4 °C, and the supernatants
were used to measure Malondialdehyde (MDA),
Superoxide dismutase (SOD) and Glutathione
(GSH) [37-39].

Assessment of DNA damage using comet assay

Alkaline single-cell gel electrophoresis (SCGE)
comet assay was used to measure the extent of DNA
damage in both brain and liver tissues as described
by [40, 41]. The prepared slides were examined
by using an epifluorescence microscope (Leica,
Germany) to image about 50 cells scored by using
TriTek Comet Score™ Version 1.5 software. The DNA
damage for each cell was determined according to
three parameters: Tail length (TL) used to measure
DNA damage that migrates from the nucleus, % of
DNA in the tail, and Tail moment (TM).

Gene expression analysis

The brain samples that were conserved in RNA
later (brand and company) and stored at-80 °C were
used to assess the expression of Bax, Bcl2, il-18 and
normalized using GAPDH as a housekeeping gene,
primers were synthesized by Invitrogen (Carlsbad,
CA, USA) and their sequences are shown in Table
1. Thermo Scientific GeneJET RNA purification kit

Table 1. Primers sequences used in quantitative real-time PCR analysis

Genes Primers Sequences (5'-3') Bp Accession No.

GAPDH Forward GTATCGGACGCCTGGTTAC 128bp NM_001289726
Reverse CTTGCCGTGGGTAGAGTCAT

il-18 Forward TGCCACCTTTTGACAGTGATG 138bp NM_008361.4
Reverse TGATGTGCTGCTGCGAGATT

Bax Forward GTCTCCGGCGAATTGGAGAT 100bp NM_007527.3
Reverse ACCCGGAAGAAGACCTCTCG

Bcl2 Forward CATCGCCCTGTGGATGACTG 95bp NM_009741.5

Reverse

GGCCATATAGTTCCACAAAGGC
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(Thermo Scientific, USA) was used to extract cellular
RNA from brain tissues of control and treated
groups, according to kit's protocol. RevertAid First
Strand cDNA Synthesis Kit (Thermo-Scientific, USA)
was used for cDNA synthesis.

Finally, gPCR was performed according to
kit instructions in a 25 pL reaction volume using
PowerUp ™ SYBER™ Green Master Mix (applied
biosystems) kit on a StepOnePlus Real-Time PCR
System (Applied Biosystem, Foster City, CA, USA).
The PCR program included an initial heat activation
step at 95 °C for 15 min followed by 40 cycles of
denaturation at 95 °C for 15 sec, annealing, and
elongation at 60 °C for 1 min. Samples were analyzed
in triplicates for each gene. Relative quantification of
all genes was performed using the Comparative Ct
method (AACT), which compares the expression of
all genes with the expression of the reference gene.

Immunohistochemistry of tau protein
Immunohistochemical examinations of Tau
protein were performed using the streptavidin-
biotin method. Paraffin-embedded brain tissue
sections, 5 microns thick, were prepared. The
tissue sections were deparaffinized and treated
with 0.3% H,0, for 20 min. The brain samples
were then incubated with anti-Tau protein (1:50
with TBS) for 2 hr. The tissue sections were
washed with PBS and incubated with mouse
horseradish peroxidase (HRP) [5 pg/ml (1:200)]
(MAP kit, Medimabs, Canada) for 1 hr, then with
diaminobenzidine (DAB) for 15 min. The sections
were washed with PBS, counter-stained with
hematoxylin, dehydrated, cleared in xylene, and
cover-slipped for microscopic examination [42].
Six non-overlapping fields were randomly selected
and scanned from the cortex and subiculum
regions of the brain of each sample by an examiner
histologist using a light microscope (Zeiss).

Estimation of histopathological alterations
Autopsy samples of the brain and liver were fixed
in 10% formalsaline for 24 hr. Aserial series of alcohol
was used for sample dehydration, then cleared in
xylene and embedded in paraffin wax. Specimen
blocks were sectioned at 4 microns thickness by
rotary LEITZ microtome. specimen sections were
collected on glass slides, deparaffinized, and stained
by hematoxylin & eosin stain [43]. A light electric
microscope (Zeiss, Germany) was used to examine
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slides for histopathological changes.

Statistical analysis

Statistical software package (IBM-SPSS) version
23 software was used to analyze the resultant
data. According to the Shapiro-Wilk test, the
data was normally distributed. Two-way ANOVA
was applied to study the effect of treatment and
their interaction with the studied variables. One-
way ANOVA was used to illustrate the effect of
treatment on the studied variables. Duncan’s
test was utilized to study the similarity among
the experimental groups. The least significant
difference (LSD) was used to check for significant
differences among the studied groups.

RESULTS
Characterization of nanoemulsions

CSONEs and Res-CSONEs were characterized
by using a transmission electron microscope
(TEM), which revealed an average size of CSONEs
and Res-CSONEs as 9.6 +2.1 and 10.2+2.3 nm,
respectively, and they appeared spherical in shape.
The hydrodynamic diameter of approximately
100% of CSONEs and Res-CSONEs were (11.7
and 14.76 d.nm) with (pdl 0.356 and 0.470)
respectively, which were determined by using
dynamic light scattering (DLS). The Zeta potential
of the nanoemulsions was -1.48 and -0.903 mV
with zeta deviation (3.12 and 3.65 mV) in both of
CSO-NEs and Res-CSONEs as in Fig. 1.

Ameliorative effect of Res-CSONEs on oxidative
stress

The oxidative stress biomarkers MDA, GSH,
and SOD were measured in the brain and liver
tissues of all examined groups (Fig. 2 and 3).
MDA levels were significantly (P<0.05) increased
in the TMT group compared to all examined
groups. In addition, the Res-CSONEs treated
group appeared to have a significant (P<0.05)
decrease in MDA level compared to both Res and
CSONEs groups in the brain, which was near the
control level. GSH content in the brain and hepatic
tissues illustrated a significant (P<0.05) decrease
in the TMT group compared to all groups, and a
significant (P<0.05) increase in GSH content in the
Res-CSONEs compared to CSONEs and Res group,
which reflects an improvement in the oxidative
stress environment due to the treatment with Res-
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Fig. 1. Characterization of nanoemulsions (a&b) representative TEM micrograph showing CSONEs and Res-CSONEs with an average
particle size= 9.6 +2.1 and 10.242.3 nm, respectively. (c&d) The hydrodynamic diameter of 100% CSONEs and Res-CSONEs (11.7
and 14.76 d.nm). (e&f) represents the zeta potential measurements (-1.48 and -0.903 mV) of CSONEs and Res-CSONEs respectively
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Fig. 2. The levels of malondialdehyde (MDA), glutathione (GSH), and superoxide dismutase (SOD) in the brain of the examined
groups. Data are displayed as mean + standard error. Bars labeled with the same superscript letters are insignificantly (P>0.05)
different, whereas those marked with different ones are significantly (P<0.05) different
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Fig. 3. The levels of malondialdehyde (MDA), glutathione (GSH),

and superoxide dismutase (SOD) in the liver of the examined

groups. Data are displayed as mean + standard error. Bars

labeled with the same superscript letters are insignificantly

(P>0.05) different, whereas those marked with different ones
are significantly (P<0.05) different

CSONEs. There is no significant (P>0.05) change in
SOD activity in all treated groups in both brain and
hepatic tissues.

Res-CSONEs reduced the extent of DNA damage
The amount of DNA damage in both brain and
liver tissues of all the experimental groups was
evaluated using the comet assay. In brain tissue,
comet parameters TL, % DNA, and TM levels were
significantly (P<0.05) increased in the TMT group
compared to all examined groups. In addition, Res-
CSONEs illustrated a significant (P<0.05) reduction
in all comet parameters compared to Res and
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Fig. 4. Representative fluorescent microscope photomicrographs
showing the extent of DNA damage using comet assay in brain
and liver tissues of the control group, the TMT group treated
with 2.6 mg/kg TMT only once, the TMT-CSONEs group treated
with 2.6 mg/kg TMT and treated with 100 mg/kg CSONEs one
week before TMT and two weeks after TMT, TMT-Res group
treated with 2.6 mg/kg TMT only once and treated with 5 mg/kg
Res one week before TMT and two weeks after TMT. The TMT-
Res-CSONEs group was treated with 2.6 mg/kg TMT only once
and treated with 5 mg/kg Res-CSONEs one week before TMT
and two weeks after TMT respectively at magnification (200x)

CSONEs groups, which reflects the positive effect
of Res-CSONEs (Fig. 4 and 5).

In the liver tissue, most of the studied comet
parameters were significantly (P<0.05) higher
in the TMT group compared to all other groups.
Moreover, the treatment with CSONEs and Res
and Res-CSONEs significantly (P<0.05) protected
the hepatic tissue against the hazardous effect
of TMT, and Res-CSONEs possess the greatest
advantage of all treated groups (Fig. 6).

Res-CSONEs reduced the expression of apoptotic
and inflammatory genes

The mRNA expression levels of the apoptotic
genes Bax and Bcl2, as well as the inflammatory
gene il-18, were assessed in the brains of all
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(TM) in the brain of the experimental groups. Data are

displayed as mean + standard error. Bars labeled with the

same superscript letters are insignificantly (P>0.05) different,

whereas those marked with different ones are significantly
(P<0.05) different

examined groups (Fig. 7). As compared to
the control and ethanol groups, TMT treated
group showed a significant decline (P<0.05) in
the expression level of Bcl2 associated with a
significant (P<0.05) upregulation in the mRNA
levels of il-18 and Bax. The mRNA levels of both
jl-16 and Bax of CSONEs, Res, and Res-CSONEs
groups were significantly downregulated (P<0.05)
compared to the TMT group. While the expression
of the Bcl2 gene was significantly upregulated
in TMT+CSONEs, Res, and Res-CSONEs groups
compared to the TMT group. Moreover, the
expression of Bcl2 was significantly different
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Fig. 6. The levels of tail length (TL), The percentage of DNA
damage in the tail (%DNA), and the levels of the tail moment
(TM) in the liver of all studied groups. Data are displayed as
mean * standard error. Bars labeled with the same superscript
letters are insignificantly (P>0.05) different, whereas those
marked with different ones are significantly (P<0.05) different

(P<0.05) in the Res-CSONEs group compared to
the Res and CSONEs groups. However, there is an
insignificant difference in the expression level of
Bax in CSONEs, Res, and Res-CSONEs groups.

Res-CSONEs downregulated the expression of Tau
protein

The expression level of Tau protein in the
cortical and subiculum regions of the brain
showed upregulation of Tau protein in the TMT-
treated group compared to control and ethanol
groups. In addition, there is a reduction in the
expression level of Tau protein in CSONEs, Res,
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Fig. 7. Gene expression levels B-cell leukemia/lymphoma 2 (Bcl2), interleukin 1-beta (il-1B), and Bcl-2-associated X protein (Bax) in
the brain of the experimental groups. Data are displayed as mean + standard error. Bars labeled with the same superscript letters are
insignificantly (P>0.05) different, whereas those marked with different ones are significantly (P<0.05) different

and Res-CSONEs compared to the TMT group. subiculum region compared to the cortical region
Moreover, the expression level of Tau protein of the Res-CSONEs group Fig. 8.
was significantly reduced and eliminated in the
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Fig. 8. Photomicrographs represent immunohistochemistry staining of Tau protein in cortex and subiculum regions. (a&g) the control

group, (b&h) ethanol group. (c&i) The TMT group was treated with 2.6 mg/kg TMT only once. (d&j) the TMT-CSONEs group treated

with 2.6 mg/kg TMT and treated with 100 mg/kg CSONEs one week before TMT and two weeks after TMT, (e&k) TMT-Res group

treated with 2.6 mg/kg TMT only once and treated with 5 mg/kg Res one week before TMT and two weeks after TMT. (f&l) The TMT-

Res-CSONEs group was treated with 2.6 mg/kg TMT only once and treated with 5 mg/kg Res-CSONEs one week before TMT and two
weeks after TMT respectively at magnification (800x)
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Res-CSONEs rehab histopathological alteration in
brain

Microscopic examination of the cortical
region of the brain showed no histopathological
alteration and intact nuclear details and structures
of the neurons in both normal control and treated
ethanol groups (Fig. 9a-b) respectively, while TMT
treated group showed degeneration in the neurons
and some neurofibrillary tangles were seen (Fig.
9¢). In addition, animals treated with TMT and
CSONEs showed degeneration and pyknosis in
some cortical neurons (Fig. 9d). The TMT-Res
group showed degeneration in some neurons and
some neurofibrillary tangles were seen (Fig. 9e).

On the other hand, the animal group treated with
TMT and Res-CSONEs showed degeneration in a
few neurons and most neurons are intact (Fig. 9f).

Additionally, the histopathological examination
ofthe subiculum region of the brain showed normal
histological structure in the neuronsin both normal
control and treated ethanol groups (Fig. 10a-b)
respectively, while TMT treated group showed
degeneration in neurons and neurofibrillary
tangles (Figu. 10c). Moreover, animals treated
with TMT and CSONEs showed degeneration in a
few neurons (Fig. 10d), in addition, the TMT-Res
group showed degeneration in some neurons and
few neurofibrillary tangles were seen (Fig. 10e).

Fig. 9. Photomicrographs represent the brain cortex tissues
of normal and treated groups of mice, (a) The normal control
group showed no histopathological alteration and intact
nuclear details in the neurons. (b) The treated group with 2%
ethanol showed normal histological structure in the neurons.
(c) The treated group with 2.6 mg/kg TMT only once showed
nuclear pyknosis and degeneration in the neurons (black
arrows) and some neurofibrillary tangles were detected (red
arrows). (d) The treated group with 2.6 mg/kg TMT and treated
with 100 mg/kg cumin seed oil nanoemulsion one week before
TMT and two weeks after TMT showed some neurons had
pyknosis and degeneration. (e) The treated group with 2.6 mg/
kg TMT only once and treated with 5 mg/kg resveratrol one
week before TMT and two weeks after TMT showed nuclear
pyknosis and degeneration in some neurons (black arrows) and
some neurofibrillary tangles were detected (red arrows). (f)
The treated group with 2.6 mg/kg TMT only once and treated
with 5 mg/kg resveratrol loaded cumin seed oil nanoemulsion
one week before TMT and two weeks after TMT showed few
neurons had nuclear pyknosis and degeneration (H & E X 400)
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Fig. 10. Photomicrographs represent the brain subiculum
tissues of normal and treated groups of mice, (a) The normal
control group showed no histopathological alteration and
intact nuclear details in the neurons. (b) The treated group
with 2% ethanol showed normal histological structure in the
neurons. (c) The treated group with 2.6 mg/kg TMT only once
showed nuclear pyknosis and degeneration in some neurons
(black arrows) and some neurofibrillary tangles were detected
(red arrow). (d) The treated group with 2.6 mg/kg TMT and
treated with 100 mg/kg cumin seed oil nanoemulsion one week
before TMT and two weeks after TMT showed few neurons had
pyknosis and degeneration. (e) The treated group with 2.6 mg/
kg TMT only once and treated with 5 mg/kg resveratrol one
week before TMT and two weeks after TMT showed nuclear
pyknosis and degeneration in some neurons (black arrows)
and few neurofibrillary tangles were detected (red arrows). (f)
The treated group with 2.6 mg/kg TMT only once and treated
with 5 mg/kg resveratrol-loaded cumin seed oil nanoemulsion
one week before TMT and two weeks after TMT showed no
histopathological alteration in the neurons (H & E X 400)
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However, there is no histopathological alteration
in the neurons in the animal group treated with
TMT and Res-CSONEs (Fig. 10f).

Res-CSONEs ameliorate TMT effect in the liver
No histopathological alteration in liver tissues
with the normal histological structure of the
central vein and surrounding hepatocytes in the
parenchyma in both normal control and ethanol-
treated groups (Fig. 11a-b), respectively. In
addition, TMT treated group showed dilatation of

Figure 11. Photomicrographs represent the liver tissues of
normal and treated groups of mice, (a) The normal control
group showed the normal histological structure of the
central vein (red arrows) and surrounding hepatocytes in the
parenchyma (black arrows). (b) The treated group with 2%
ethanol showed no histopathological alteration. (C) The treated
group with 2.6 mg/kg TMT only once showed inflammatory
cell infiltration surrounding the bile ducts at the portal area
(black arrow) associated with dilatation of the portal vein (red
arrow), degeneration in the hepatocytes in a diffuse manner
and cells proliferation (yellow arrow). (D) The treated group
with 2.6 mg/kg TMT and treated with 100 mg/kg cumin seed
oil nanoemulsion one week before TMT and two weeks after
TMT showed dilatation and hyperplasia in the bile ducts at the
portal area. (E) The treated group with 2.6 mg/kg TMT only
once and treated with 5 mg/kg resveratrol one week before
TMT and two weeks after TMT showed few inflammatory
cell infiltrations surrounding the bile duct in the portal area
(black arrow) associated with dilatation in the portal vein (red
arrow). (F) The treated group with 2.6 mg/kg TMT only once
and treated with 5 mg/kg resveratrol-loaded cumin seed oil
nanoemulsion one week before TMT and two weeks after TMT
showed dilatation in the portal vein (red arrow) and hepatic
parenchyma had degeneration in the hepatocytes (black
arrow) (H & E X 400)
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the portal vein and inflammatory cell infiltration
surrounding the bile ducts in the portal area
(Fig. 11c). Moreover, the animal group treated
with TMT and CSONEs showed dilatation and
hyperplasia in the bile ducts at the portal area
(Figure 11d), while the animal group treated with
TMT and Resveratrol showed few inflammatory
cell infiltrations surrounding the bile duct in the
portal area associated with dilatation in the portal
vein (Fig. 11e). Finally, the animal group treated
with  TMT and Res-CSONEs showed hepatic
parenchyma had degeneration in the hepatocytes
and dilatation in the portal vein (Fig. 11f).

DISCUSSION

In the present study, we assessed the
protective effect of resveratrol-loaded cumin
seed oil nanoemulsions in mice with TMT-induced
neurodegeneration. Res-CSONEs showed a more
favorable neuroprotective effect on mice brain
tissue than Res alone. Specifically, Res-CSONEs
significantly decreased oxidative stress biomarkers
and DNA damage parameters,Also it reduced
the expression of il-168 and the apoptotic Bax/
Bcl2 ratio. Additionally, Res-CSONEs inhibited the
aggregation of Tau protein in both the cortex and
subiculum regions of the brain.

Severalstudieshave shownthe neuroprotective
effects of Res due to its antioxidant and anti-
inflammatory properties [44, 45]. However, Res
has limitations due to its low bioavailability,
poor water solubility, short half-life, and high
photosensitivity [46]. To increase Res’s solubility
and bioavailability, we utilized CSONEs, which
are known to enhance delivery to the brain due
to their lipid nature. Additionally, the small size of
this delivery system provides the added benefit of
crossing the blood-brain barrier (BBB), ultimately
improving the therapeutic effects of the drug [21].

Accordingly, small nanoemulsions were
prepared from cumin seed oil by keeping the
ratio of oil: Tween 80: water as 1: 2: 13, this ratio
showed droplet size around 10 nm which was
confirmed using TEM and DLS characterization
techniques. While the size distribution of NEs
was determined by dynamic light scattering
(DLS) analysis exhibited a marginal increase in
size compared to the corresponding dimensions
observed in transmission electron microscopy
(TEM) images. This divergence can be attributed
to the distinct techniques used: DLS calculates the
hydrodynamic diameter based on laser scattering
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intensity, while TEM directly examines the sample
using transmitted electron beams, offering an
assessment of droplet size and shape [47]. Using
small droplet size was important in our study as
it enhances the penetration of the nanoemulsion
through the BBB [48].

Moreover, in the current study, we selected
a special essential oil to load Res, cumin seed oil
extracted from the herbaceous plant Cuminum
cyminum. Numerous studies illustrated its
therapeutic effects such as hepatoprotective,
neuroprotective, antioxidant, antistress, and
anti-inflammatory properties [24-28]. Our study
demonstrated that CSONEs have neuroprotective
properties, as evidenced by their ability to reduce
oxidative stress and DNA damage parameters, as
well as to downregulate the expression of genes
associated with apoptosis and inflammation,
relative to the TMT groups. This is consistent
with the previous studies illustrated the anti-
inflammatory, and antioxidant effects of cumin
seed oil [49-51].

The highly toxic substance Trimethyltin causes
neurodegeneration by triggering oxidative stress,
inflammation, and apoptosis [52]. Studies indicate
that TMT raises ROS levels and hinders antioxidant
enzymes, leading to oxidative damage in neurons
[53]. Our data reported that TMT treatment
increased the level of MDA, the end product of
lipid peroxidation and decreased antioxidant
enzymes GSH and SOD compared to the untreated
group. On the other hand, Resveratrol acts as a free
radical scavenger that removes ROS and reduces
the level of MDA by inhibiting lipid peroxidation.
Moreover, Resveratrol increases the activity of
antioxidant enzymes [8]. Our data illustrated
more advantages in the Res-CSONEs group than
Res and CSONEs groups, which indicates the
promising antioxidant effect of the Res-CSONEs
drug formulation compared to Res alone.

TMT induces excessive free radical production,
and ROS attacks DNA, resulting in the single or
double-strand break, which leads to irreversible
oxidative DNA damage [54-56]. Our data showed
that TMT treatment increased all DNA damage
parameters tail length (TL), % DNA, and tail
moment (TM) in all examined tissues compared to
the control group. On the other hand, Resveratrol
can remove excess ROS and increase the activity
of antioxidant enzymes, which inhibits oxidative
DNA damage, reduces single and double-strand
breakage of DNA, and promotes DNA repairing
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mechanisms [10]. Our findings are in acceptance
with those of previous studies, which reported that
Res, CSONEs, and Res-CSONEs treatment shows a
significant decrease in all DNA damage parameters
in all examined tissues compared to TMT treated
group. The Res-CSONES group demonstrated a
notable decrease in all DNA damage parameters
in comparison to both the Res and CSONEs groups.
The study confirms that loading Res on cumin
seed oil provides synergistic benefits, resulting in
enhanced biodistribution and improved crossing
through the BBB for Res-CSONES. This is evidenced
by the observed oxidative stress and DNA damage
parameters.

Inflammation is a natural mechanism
that helps the body defend against damage.
Neuroinflammation is caused by the activation
of astrocytes and microglia, as well as the release
of inflammatory cytokines, which are related to
neurodegenerative diseases [57]. TMT treatment
induces neuroinflammation by activating microglia
and astrocytes and releasing inflammatory
cytokines such as il-18, which affects neurons
and leads to inflammatory injury and cell damage
[58]. Our data showed a significant increase in the
expression level of il-1B in all examined groups,
especially in the TMT group compared to the
untreated group. Resveratrol protects neurons
against inflammatory injury and neuronal damage
by reducing the production of pro-inflammatory
cytokines like il-1B and inhibiting the activation of
microglia, consistent with our findings [59].

As a result of increased ROS production,
elevated MDA level, disruption of antioxidant
enzymes, the incidence of DNA damage, and
release of inflammatory cytokines because of
TMT, all these events lead to neural injury and
induction apoptosis. In our study, TMT increased
the expression level of the pro-apoptotic gene Bax
and decreased the expression of the anti-apoptotic
gene Bcl2 and this agrees with the previous study
of [60]. In contrast, Res can inhibit apoptosis by
downregulating the pro-apoptotic gene Bax and
upregulating the anti-apoptotic gene Bcl2 [61].
Our data is in line with previous findings, which
showed Resveratrol treatment increases the
expression level of anti-apoptotic gene Bcl2 and
decreases the expression level of pro-apoptotic
gene Bax resulting in inhibiting apoptosis and
reducing neural damage. Moreover, both CSONES
and Res-CSONEs showed a significant reduction in
apoptotic genes due to a reduction in the Bax/Bcl2
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ratio and therefore more protection of neuronal
cells which indicates the advantages of new Res-
CSONEs formulation.

Furthermore, the evaluation of tau protein in
the brain (specifically the cortex and subiculum)
using immunohistochemistry showed that the
TMT-treated group had the highest accumulation
of tau neurofibrillary tangles compared to the
untreated group. This is consistent with previous
studies that have indicated that TMT induces
the phosphorylation of tau protein through
the excessive production of ROS and increases
the expression of inflammatory cytokines [62].
In contrast, Resveratrol has an anti-tauopathy
effect, which reduces the aggregation and
hyperphosphorylation of tau protein [63]. Our
findings also agree with this, as we observed only
a mild accumulation of tau neurofibrillary tangles
in the Res, CSONEs, and Res-CSONEs groups.

ROS production causes oxidative stress, leading
to damage to cell components and apoptosis
associated with TMT neurotoxicity. TMT treatment
results in nuclear pyknosis and degeneration of
neurons, but Resveratrol, CSONEs, and Res-CSONEs
decrease the number of degenerated neurons and
improve neurological rehabilitation. Resveratrol
restores damaged tissues by preventing apoptosis
and necrosis, promoting neuron survival, and
exhibiting antioxidant, anti-inflammatory, and
antiapoptotic properties that were observed in
the cortex and subiculum of the brain.

However, the histopathological examination
revealed inflammatory cell infiltration and
degeneration of hepatocytes in the liver, due to
TMT treatment. Previous studies have reported
that TMT toxicity causes oxidative stress,
increases ROS and MDA production, DNA damage,
inflammation, the release of inflammatory
cytokines, upregulation of pro-apoptotic genes,
and downregulation of anti-apoptotic genes
leading to apoptosis and cell death [64, 65]. On
the other hand, Res, CSONEs, and Res-CSONEs
have hepatoprotective properties due to their
antioxidant, anti-inflammatory, and anti-apoptotic
effects [66]. The histopathological examination of
liver tissue pretreated with Resveratrol showed
improved tissue structure and a decrease in
inflammatory cell infiltration.

CONCLUSION

Res-CSONEs have a better therapeutic impact
than Res alone, which returns to the synergistic
effect of both CSONEs and Res together. In
addition, the Res-CSONEs lipid nature and small
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particle size were equal to 10 nm, which helped in
the enhancement of Res-CSONEs biodistribution
and crossing the blood-brain barrier. Res-CSONEs
showed significant enhancement in neuronal cell
homeostasis approved with a significant decrease
in oxidative stress and DNA damage parameters,
downregulation of inflammatory gene, and
reduction in apoptotic Bax/Bcl2 ratio that was
accompanied by a reduction in Tau protein
aggregation compared to Res alone. Moreover,
the histopathological studies of both cortex
and subiculum illustrated improved histological
rehabilitation.
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