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Sesamum Indicum L. Seed Oil Synergistically Enhances The Effectiveness of
Acetylcholine Esterase Inhibitor in Managing Scopolamine-Induced
Neurological Dysfunction in Rats
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Abstract

This study evaluated the potential synergetic efficacy of sesame oil (SSO) and the acetylcholine esterase inhibitor donepezil in attenuating
scopolamine (SCO)-induced neuropathological dysfunction in rats. Thirty-five male Sprague-Dawely rats were assigned into five groups at
random. Group 1, the negative control, was given saline. Group 2, the positive control, was given SCO (one mg/kg/day, intraperitoneally).
Groups three to five received donepezil, sesame oil, or their combination concomitant with SCO for five weeks. SSO's antiradical and anti-
inflammatory activities, levels of tocopherols, phytosterols, lignin, and fatty acid composition were also investigated using DPPH radical,
membrane stabilization, and high-performance liquid and gas chromatography methods. Oral administration of donepezil, sesame oil, or their
combination to SCO-treated rats decreased acetylcholinesterase activity with a concomitant increase in the acetylcholine content, mitigated
the SCO-induced amyloid beta (AB) accumulation and restored the reduced brain-derived neurotrophic factor (BDNF) levels in the brains of
SCO-treated rats. Furthermore, the tested therapies increased the levels of GSH and Bcl-2 and reduced MDA levels, along with the notable
reverting of the elevated pro-inflammatory cytokines, TNF-a, IL-18, and IL-6. The group that received combined SSO and donepezil therapy
showed more pronounced neuroprotective effects than those treated with SSO or donepezil alone, indicating the prominent synergistic impact
of the combination. Sesame oil synergized with donepezil in modulating scopolamine-induced cholinergic dysfunction, amyloidopathy,
oxidative stress, and neuroinflammation. It can offer a safe and efficient option for a therapeutic combination that may be very beneficial in

clinical practice for the practical management of neurological disorders.
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1. Introduction

Age-related neurological disorders, such as Alzheimer's disease (AD), Parkinson's disease, multiple sclerosis, and stroke, are
widespread clinical problems linked to accelerating dysfunction and structural abolishing of functional neurons that cause
neuronal cell death, leading to memory impairment and cognitive dysfunction [1]. One of the primary factors contributing to
cognitive decline is cholinergic neurotransmission disturbance in the brain [1, 2], such as the increased activity of
acetylcholinesterase (AChE) and comparatively reduced acetylcholine (ACh) release in the central nervous system
(CNS). Other neurotoxic factors responsible for the deterioration of cognitive impairment are amyloidopathy, inflammatory
mediators' expression, mitochondrial dysfunction, and oxidative stress [1-3]. Amyloid-B (AB) accumulation induces several
lesion events such as tau pathology, synaptic malfunction, inflammation, oxidative stress, and apoptosis, causing
neurotoxicity and, eventually, damage to neurons and impairment of cognitive function [4]. Currently, the primary treatment
for degenerative brain diseases such as AD is a cholinergic replacement therapy, represented by FDA-approved AChE
inhibitors, donepezil, galantamine, and rivastigmine [5]. However, these drugs only provide symptomatic alleviation and have
various side effects [6]. Accordingly, research on safer alternative and complementary therapies is ongoing.

Several plant products and their active ingredients have recently attracted considerable interest as possible neuroprotective
agents [7]. Sesame (Sesamum indicum L.) is a seasonal oilseed crop that grows in Africa and Asia. Sesame seeds are a
valuable source of high-quality oil for both human nutrition and the economy due to the high concentrations of beneficial
phytochemicals, like lignans (sesamin, sesamol, sesamolin), tocopherols, phytosterols, and unsaturated fatty acids [8-9]. These
bioactive compounds are capable of inhibiting inflammation [10], counteracting oxidative stress [11-12], and exerting
neuroprotective effects in various neurotoxic conditions [9-13]. In particular, sesamol, sesamin, and sesamolin are potent
antioxidants that protect the rat brain from hypoxia and mitigate ultraviolet- and Fe3*/ascorbate-induced lipid peroxidation
[12-13]. Furthermore, long-term sesaminol administration prevented pathogenic AB's accretion in the brain of the senescence-
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accelerated mouse-prone 8 [14-15]. Sesaminol also reduces the hyperactivity of the monoamine oxidase enzyme linked tage-
related neurological problems, stroke, Alzheimer’s, and other neurodegenerative diseases [16].

Both phytochemicals and pharmaceutical agents have unique pharmacological properties. Their combination may enhance
each other's effects and maximize the therapeutic benefits while minimizing the adverse effects of pharmaceutical agents [17].
Given that sesame oil and its bioactive constituents can reduce oxidative stress and inflammation and eventually could
decrease the accumulation of pathogenic AP [14-16] and that acetylcholinesterase inhibitors (donepezil) can inhibit AChE
activity [5], the current investigation hypothesis was that the combination of sesame oil and AChE inhibitor drugs might have
synergistic effects on the management of neurological ailments. Consequently, this study aimed to investigate the potential
synergistic effects of sesame oil and AChE inhibitor drugs on neuroprotection in a scopolamine-treated rat. We also appraised
whether this probable neuroprotective effect is mediated through modulation of the cholinergic system and mitigating
oxidative stress and inflammation. Sesame oil's fatty acids, tocopherols, phytosterol composition, and antioxidant and anti-
inflammatory in vitro capacities were evaluated.

2. Materials and Methods

2.1. Cold-Pressing Sesame oil extraction

Sesame seeds were kindly provided from the Field Crops Institute, Agricultural Research Center, Egypt. Sieves were used to
separate impurities, including dirt, sand, stones, spoiled seeds, and other surplus materials. Then, an oil presser (Dulong DL
ZYJ-06, Jiangxi, China) was used to squeeze sesame seeds (1 kg) at 40 °C. The resultant oil was preserved in brown glass
bottles impervious to light and kept cold at 4 °C until needed [18].

2.2. In vitro analysis

2.2.1. Fatty acids evaluation using gas chromatography (GC)

The detection and quantification of fatty acids in the sesame seed oil were conducted using the GC flame ionization
detection (GC FID) method. Fatty acid methylation was accomplished by reacting fats and methanol with 2M potassium
hydroxide [19]. Then, fatty acid methyl esters (FAMEsS) were investigated utilizing a gas chromatograph (Agilent
Technologies 7890B GC) outfitted with an FID. The Zebron ZB-FAME column (0.25 mm internal diameter x 60 m x 0.25
um film thickness) was used to separate the FAMEs. Hydrogen gas was used as a carrier at a 1.8 mL/min flow rate at a split-
1:50 mode, with an injection volume of one pL. The temperature program was 100 °C for 3 min, rising at 2.5 °C /min to 240
°C and held for 10 min. The injector and detector (FID) were held at 250 °C and 285 °C, respectively. The relative peaks of
the fatty acids were identified by comparing the fatty acids' retention times with those of the reference mixture that underwent
the same analytical process. The entire area was determined and used to compute the percentage of each area beneath every
peak, corresponding to each fatty acid.

2.2.2. Phytochemicals analysis

2.2.2.1. Saponification

Ethanolic potassium hydroxide was used to saponify the lipids in the sesame oil sample. The unsaponifiable fraction was
removed using 1:1 diethyl ether to petroleum ether extraction and evaporated at 40°C [20].

2.2.2.2. Sample derivatization

The unsaponifiable fraction was reacted with 50 pL pyridine and 50 pL silylation reagent [bis (trimethylsilyl)
trifluoroacetamide (BSTFA) + trimethylchlorosilane (TMCS), 99:1] to derivatize the functional groups in the sample to
trimethylsilyl groups (TMS), before GC analysis.

2.2.2.3. GC/MS analysis

The Agilent GC-MS system was fitted with a 7890B gas chromatograph and a 5977A mass spectrometer detector. The
column in GC was DB-5MS (film thickness: 0.25 um and 30 m x 0.25 mm internal diameter). Hydrogen was utilized as the
carrier gas with a one mL/min flow rate and one pL volume for spitless injection. The temperature schedule was 60 °C for 1
minute, increasing at 10 °C /min to 320 °C and continued for 10 minutes. The temperature of the injector and detector was
maintained between 300 and 320 °C. Mass spectra were produced using electron ionization (EI) at 70 eV, employing an m/z
50-600 spectrum range and a six-minute solvent delay. The mass temperature was 230°C while Quad was 150 °C. Various
components were identified by matching the Wiley and NIST Mass Spectral Libraries' data with the spectrum fragmentation
pattern [21].

2.2.3. Vitamin E analysis

Vitamin E in sesame oil was measured using an Agilent HPLC system (HP 1200 series, USA) that had an HPLC pump (Maxi-
Star K-1000 from Knauer, Berlin, Germany), an auto-injector (Spark, AJ Emmen, The Netherlands), an ultraviolet
spectrophotometer detector (Knauer, Berlin, Germany), and Computer programs (Version 1.6 of Euro Chrom 2000, Knauer,
Berlin, Germany). Vitamin E was analyzed by infusing 20 pL of diluted oil aliquots into the C18 Agilent Column (4.6 mm X
250 mm internal diameter, 5 pum). The column was eluted isocratically with the mobile phase (35:65 acetonitrile: methanol) at
a 1.2 mL per minute flow rate. The diode-array detection (DAD) adjustment was at 325 nm. The Fluorescence detector was
set at wavelength 290/330 nm (Excitation/Emission), and the column temperature was constantly kept at 40 °C [22]
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2.2.4. Sesame oil scavenging activity against 1,1-diphenyl-2-picrylhydrazyl radical (DPPH)

The potential of sesame oil to scavenge free radicals was assessed by 1,1-diphenyl-2-picrylhydrazyl radical (DPPH) [23].
Three milliliters of varying concentrations of sesame oil in ethanol (3.9, 7.8, 15.6, 31.2, 62.5, 125, 250, 500, 1000 pL/mL)
was mixed with one milliliter of 0.1 mM solution of DPPH in ethanol. After thoroughly shaking, the mixture was set aside
for 1/2 an hour at ambient temperature. After that, a UV-VIS Milton Roy spectrophotometer was used to measure absorbance
at 517 nm. Ascorbic acid was utilized as the reference standard, and the experiment was performed in triplicate. The sample
concentration required to neutralize 50% of the DPPH free radical (The 50% inhibitory concentration, 1C50) was computed
using the curve of logarithmic dose inhibition. The DPPH scavenging % was estimated using the following equation:

A0-A1

A0
A0 indicates the absorbance of the control reaction, and Al denotes the absorbance when the ascorbic acid or sesame oil was present.

x 100

Percent inhibition or DPPH scavenging (%) =

2.2.5. In vitro anti-inflammatory activity of sesame oil

2.2.5.1. Preparation of erythrocyte suspension

Fresh whole blood (3 mL) samples were drawn into heparinized tubes from healthy human participants who hadn't taken
Nonsteroidal Anti-Inflammatory Drugs (NSAIDs) for at least three weeks before the collection date. The whole blood was
added to the same volume of Alsever solution (0.5 % citric acid, 0.42 % sodium chloride, 2 % dextrose, and 0.8 % sodium
citrate) and then kept at 4°C for a day. After that, the mixtures underwent a 3000 xg centrifugation for ten minutes.The packed
cell volume was reconstituted with(10 mM,pH 7.4) phosphate-buffered saline to obtain a 40% (v/v) RBC suspension at 30 °C.

2.2.5.2. Hypotonic solution-induced erythrocyte hemolysis
The sesame oil's membrane stabilization activity was evaluated by inducing erythrocyte hemolysis with a hypotonic solution.
The sample was composed of 0.5 mL stock erythrocyte (RBCs) suspension added to five milliliters of hypotonic (50 mM )
sodium chloride solution in sodium phosphate-buffered saline (10 mM, pH 7.4) containing the oil in ethanol or indomethacin
(as positive control) in different concentrations. The negative control sample was composed only of 0.5 milliliters of RBCs
added to the hypotonic-buffered saline solution. After 10 min incubation at ambient temperature, they underwent a 10-minute
3000 x g centrifugation. The supernatant's absorbance has been identified at 540 nm. The percentage of membrane
stabilization or hemolysis inhibition was computed using the following equation:

Inhibition of hemolysis (membrane stabilization%) = OD1 — OD2/0ODI1 x 100 [24]
OD1 represented the hypotonic-buffered saline solution's optical density alone;OD2 represented the sample's optical density in
a hypotonic solution. The ICso value was the sample concentration needed to prevent 50% RBC hemolysis under
testconditions.

2.3. In vivo study

2.3.1. Animals

A total of 35 male Sprague-Dawley rats (180 g+20) were procured from the Medical Research Centre breeding unit (located

at Ain Shams University in Cairo, Egypt). Each animal resided in a metal cage at a temperature of 24+2°C and a 12-h light-

dark cycle. All rats had unrestricted access to lab chow and water for seven days as an adaptation period and during the trial

phase. The animal experiment had been carried out in compliance with the committee on institutional animal ethics. It was

endorsed by the Ethics Committee, Faculty of Women for Arts Science and Education, Ain Shams University (approval no.

ASU/W/Sci-1532309002).

2.3.2. Experimental design

Five groups of animals (7 rats/group) were assigned at random as follows:

1. Negative control group: Rats were injected intraperitoneally (i.p) with physiological saline (0.9% sodium chloride, 1 mL/
Kg body weight/ day).

2. Positive control group: Rats were injected intraperitoneally with scopolamine (1 mg/kg/ day, i.p) disintegrated in saline
daily [25].

3. Donepezil group: Rats received donepezil HCI at an oral dose of 3 mg/kg [26], afterward scopolamine (1 mg/kg/ day, i.p)
after 40 min.

4. Sesame oil group: Rats were given a 5 mL/kg body weight oral dosage of sesame oil [27], followed by scopolamine (1
mg/kg/ day, i.p) after 40 min.

5. Donepezil + sesame oil group: Rats received donepezil (3 mg/kg body weight/ day, p.o) and sesame oil (5 mL/kg body
weight, p.0), then scopolamine (1 mg/kg/ day, i.p).
The aforementioned treatments persisted for five weeks; the animals were then decapitated. The brain was separated on
ice and kept at -80°C until use.

2.3.3. Biochemical Analysis

2.3.3.1. Estimation of acetylcholine esterase activity, brain acetylcholine, and brain-derived neurotrophic factor

(BDNF) levels

The brain sample homogenate (10% W/V) was homogenized with 0.1 M phosphate-buffered saline (PBS) and chilled with

ice. Then, the homogenates underwent a 15000 g centrifugation. The supernatants were gathered to estimate AChE activity

and ACh and BDNF levels using ELIZA kits (Wkea Med Supplies Corp, China), adopting the manufacturer's instructions.

2.3.3.2. Estimation of brain amyloid-p
Brain tissue was homogenized using five volumes of extraction buffer (1% CHAPS in Tris-buffered saline (TBS), pH 7.6).
After homogenization, the mixture was left to stand for at least three hours on ice. Then, it was centrifuged for 20 minutes at
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4°C at 70,000 rpm. Subsequently, the supernatant was diluted using "4, EIA buffer" in the kit. After dilution, the supernatant
was used to measure amyloid-p using ELISA kits containing monoclonal antibodies specific to rat amyloid-p (IBL America)
based on the instructions provided by the manufacturer.

2.3.3.2. Estimation of tumor necrosis factor-a, interleukin-1i, and interleukin-6

To determine the brain inflammatory cytokines (TNF-a, IL-18, and IL-6), Two volumes of 0.01M PBS with 0.05% Tween-20
were used to homogenize 100 mg of brain tissue. After homogenization and 20 minutes of 10,000 g centrifugation at 4°C, the
resulting supernatant was collected. Then, TNF-o, IL-18, and IL-6 levels were measured utilizing ELISA kits (IBL Co., Ltd
Japan) containing TNF-o, IL-1B, and IL-6 rat-specific monoclonal antibodies in compliance with the manufacturer's
instructions.

2.3.3.3. Estimation of brain MDA, GSH, and Bcl-2:

In ice-cold tri-hydrochloride buffer (pH 7.2), an additional 100 mg of brain tissue was homogenized. The homogenate
underwent a ten-minute, 800 g centrifugation, and the supernatant was then centrifuged at 12,000 g for fifteen minutes. The
supernatant was used to determine GSH contents utilizing 5,5'-dithionitrobenzoic acid to produce the yellowish 5-thio-2-
nitrobenzoic acid that was colorimetrically measured at 412 nm [28]. The thiobarbituric acid assay was employed to
determine the MDA levels [29]. Bcl-2 levels were determined using ELIZA kits (IBL America), adopting the manufacturer's
guidelines.

2.3.3.4. Estimation of brain total protein:

Brain total protein was measured using typical spectrophotometric techniques reported by Henry et al. [30].

2.3.4. Statistical Analysis

Statistical analysis was carried out by adopting a one-way analysis of variance (ANOVA) and Tukey's multiple comparisons
test. Significantity was defined as P < 0.05. GraphPad Prism software, version 9, was used for all statistical tests. The values
were presented as meanstSEM. Pearson's correlation study employed the same software program where the difference was
considered significant at P <0.0001.

3. Results

3.1. Fatty acid composition

The fatty acid (FA) composition of sesame oils is displayed in Table (1). The results revealed that the sesame oil's main fatty
acids are linoleic (42.36%), oleic (40.21), palmitic acid (9.58%), and stearic acid (5.99%). Similar levels of FAs content in
sesame oils were also documented in previous studies [31-32]; the authors reported that the sesame oil's FAs content included
linoleic acid (39-46%), oleic acids (36-43%), palmitic acid (8.2-10.3%), stearic acid (4.63-6.4%). Figure (1) illustrates the
GC-FID chromatogram obtained for sesame seed oil fatty acids.

Table 1: Fatty acid composition in sesame oil

Peak RT* Name C Area Area Sum %
1 26.886 Palmitic acid C16:0 6178436.14 9.58
2 28.003 Palmitoleic acid Cl6:1 80251.15 0.12
3 29.591 Margaric acid C17:0 38371.2 0.06
4 32.469 Stearic acid C18:0 3863865.65 5.99
5 33.318 Oleic acid Ci8:1 25922915.2 40.21
6 35.024 Linoleic acid C18:2 27310910.75 42.36
7 36.957 Linolenic acid C18:3 229229.05 0.36
8 37.396 Avrachidic acid C20:0 439047.14 0.68
9 38.087 cis-11-Eicosenoic acid C20:1 117061.17 0.18
10 42.186 Behenic acid C22:0 101637.97 0.16
11 42.78 Erucic acid Cc22:1 113406.31 0.18
12 43.846 Eicosapentaenoic acid C20:5 5329.89 0.01
13 46.723 Lignoceric acid C24:0 70109.65 0.11

*Retention time
FID1 - A:Signal #1 Sasame oil.D
1.4 e 35.02¢
1.2 </ me
1
0.8
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0.4 |
02 . E 306 s =00
0 28.003 1 3 42.780

27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46
Response Units (%) vs. Acquisition Time (min)

Figure 1. GC-FID chromatogram obtained for sesame seed oil fatty acids
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3.2. Lignins and phytosterol composition in sesame oil

Table (2) lists the unsaponifiable matters identified in sesame oil. The major phytosterols identified in sesame oils are beta
sitosterol trimethylsilyl ether, campesterol, isofucosterol, phytol, stigmasterol, trimethylsiloxycitrostadienol, and
brassicasterol. The two lignins, Sesamol and (+)-sesamin, were also detected in sesame oil. The total ion chromatograms of
the unsaponifiable materials in sesame oils are highlighted in Figure (2).

Table 2: The unsaponifiable matter (USM) identified in sesame oil

Peak RT Name Formula Area TS
Sum %
1 9.271  Sesamol, TMS derivative C10H1403si 942117.14 4
2 17.697 Phytol, TMS derivative C23H480Si 1741537.46 7.4
3 23.965 Gamma.-Tocopherol, TMS derivative C31H5602Si 137503.41 0.58
4  25.222 (+)-Sesamin C20H1806 310449.17 1.32
5 25.541 Brassicasterol, TMS derivative C31H540Si 237820.17 1.01
6 25.591 Campesterol, TMS derivative C31H560Si 2986003.59 12.69
7 25.735 Stigmasterol, TMS derivative C32H560Si 918847.81 3.9
8  26.123 Beta.-Sitosterol trimethylsilyl ether C32H580Si  14091188.57 59.88
9  26.204 Isofucosterol, O-TMS C32H560Si 1791611.1 7.61
10  26.523 9,19-Cyclolanost-24-en-3-ol, (3.beta.)-TMS  C33H580Si 64572.55 0.27
derivative
11  26.705 Androstane-11,17-dione, 3-[(trimethylsilyl) oxy]-, C29H43NO3Si 47626.92 0.2
17-[O-(phenylmethyl)oxime], (3.alpha.,5.alpha.)-
12 27.068 Trimethylsiloxycitrostadienol C33H580Si 263007.37 112

The compounds are displayed according to elution order in the DB-5MS column. The identification process
involved comparing the mass spectrum (MS) data and retention indices (RI) with the NIST Mass Spectral Library
(2011), Wiley Mass Spectral Data Registry, Eighth Ed.

x10 2 |+ TIC Scan Sesame unsap.D

1 26.123 1
0.8
0.6
0.4
0.2 17.697

9.271
ol Lo L Lokl L .l \'.] SN | ,2,3'?65 - Jll | P
8 10 12 14 28 30 32 34 36

16 18 20 2 24 26
Counts (%) vs. Acquisition Time (min)

Figure 2. Total ion chromatogram of unsaponifiable matter detected in sesame oil.

3.3. Vitamin E content in sesame oil
Figures (3 A and B) demonstrate the HPLC chromatogram of vitamin E standard and sesame oil. The HPLC analysis revealed
that Vitamin E content in sesame oil is 13.84 pg/mL.

[] FLDTA Ex=290, Em=330 (VIT ASE 28-4-2024 2024-04-28 11-58-541001-0101.D)
Wi A
1204
1004
8- 4
] >
60 t
] 3
40+ <
04 ‘ A
o N— —1 . ——
% T T
T T — —T T T r T T
0 1 2 3 4 5 6 7 8 9
T FLDT A, Ex=290, Em=330 (VIT A&E 28-4-2024 2024-04-28 11-58-541004-0401.0)
w B
000 — 3
800 :
b f\
600 I\ |
400 ‘ I
200 \ |
1 SN _
[ . . e ; ; —
0 2 4 6 8

Figure 3. HPLC chromatogram of vitamin E in A) calibration standard solution and B) sesame oil sample
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3.4. DPPH radical scavenging activity of sesame oil

Data illustrated in Figure (4) show that sesame oil exhibited dose-dependent DPPH radical scavenging. The scavenging
potency was shown to increase with increasing sesame oil concentration. The greatest scavenging percent for sesame oil
(93.0%) was observed at a concentration of 1000 pL/mL, followed by 500 uL/mL (90%) and 250 pL/mL (85%), respectively.
On the other hand, the concentration of 1.95 pL/mL gave the lowest scavenging potency, with an average of 39.2%.
Meanwhile, ascorbic acid showed a 98.3% inhibition for 1000 pg/mL and 41.9% for 1.95 pg/mL. Sesame oil had an IC50
value of 5.47+0.41. However, ascorbic acid's ICso value was 5+0.47 pL/mL.

100

g%

DPPH scavengin

20

—+—sesame oil ——standaed
- 2 - - 2, = N )
S c S > N e SRR

Concentration (puL/mL)

Figure 4. Radical scavenging activity of sesame oil. Data are expressed as mean+SEM
3.5. In vitro anti-inflammatory activity of sesame oil
Figure (5) shows that sesame oil significantly stabilized RBC membranes at different concentrations (1000 to 3.9 uL/mL).
The percentage of hemolysis inhibition of sesame oil at a concentration of 1000 uL/mL was 99.8%, which was higher than
that of indomethacin (97%) at the same concentration. However, as the sesame oil or indomethacin concentrations decreased,
the percentage of inhibition of hemolysis was observed to be reduced. Indomethacin's IC50 value was 6.93+£0.91 pL/mL,
whereas sesame 0il's ICso value was 5.08+0.98 pL/mL.

120

L]

3.9 7.8 15.6231.2562.5 125 250 500 1000

Concentration (nmL/mlL)

Figure 5. In vitro anti-inflammatory activity of sesame oil. Data are expressed as mean+SEM

3.6. Effect of donepezil and sesame seed oil treatments, alone or in combination, on the cholinergic system in
scopolamine-treated rats

Scopolamine administration resulted in a remarkable decline in ACh levels (33.5%, p<0.001) and substantial elevation in
AChE activity (46%, p<0.001) in rat brain tissue compared to that in control. However, such alterations were mitigated by
donepezil, sesame oil, and combined donepezil and sesame oil administration, evidenced by the marked increase in ACh
levels (14.5%, 12.229% p<0.05, and 31%, p<0.001, respectively) and the significant suppression in AChE activity (15.6%,
12.7%, p<0.05 and 23%, p<0.001, respectively) compared to scopolamine-treated rats. Notably, the concomitant
administration of donepezil and sesame seed oil was more effective in protecting against scopolamine-induced cholinergic
dysfunction than the donepezil or sesame seed oil monotherapy (Figures 6A and B).

3.7. Effect of donepezil and sesame seed oil treatments, alone or in combination, on amyloid-f accumulation in
scopolamine-treated rats

Figure (6C) demonstrates that intraperitoneal scopolamine injection instigated a remarkable (p<0.0001) AP accumulation in
brain tissue (1.727-folds) compared to the negative control. Such pathological alteration was attenuated (p<0.01) in rats
treated with donepezil (34.33%) and sesame seed oil (29.49 %) compared to the positive control. Furthermore, rats who
received combined donepezil and sesame seed oil therapy exhibited a more remarkable reduction in A levels (38.6%) than
those who received the monotherapy.
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3.8. Effect of donepezil and sesame oil treatments, alone or in combination, on brain BDNF levels in scopolamine-
treated rats

Figure (6D) displays the alterations in the brain BDNF levels in the different experimental groups. The scopolamine-treated
group elicited a significant decline in the BDNF levels (31.27%, p<0.001) in the brain tissue compared to the negative control
group. Meanwhile, oral administration of donepezil, sesame oil, and their combination markedly alleviated such alterations as
demonstrated by the significant (p<0.01) increase in brain BDNF levels by 21.22%, 18.84%, and 21.9%,
respectively, compared to the positive control.
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Figure 6. (A) Acetylcholine esterase activity, (B) acetylcholine, (C) amyloid 8 peptide, and (D) BDNF levels in brain tissues
of negative control, positive control, donepezil, sesame oil (SSO), and donepezil + SSO groups. Data are expressed as

mean+SEM for seven rats/group. One-way ANOVA-Tukey’s multiple comparison tests were performed. ***p < 0.001
compared with the control group; #p < 0.05 and #p<0.01 other treated groups compared with the positive control group

3.9. Effect of donepezil and sesame oil treatments, alone or in combination, on the oxidative status in scopolamine-
treated rats

Data presented in Figures (7A and B) exhibit that scopolamine injection incited oxidative stress manifested by the elevation in
the brain MDA (84.3%, p<0.001) levels concomitant with a marked reduction (73.9%, p<0.001) in brain GSH levels as
compared to the negative control group. Oral administration of donepezil, sesame seed oil, and their combination attenuated
the scopolamine-induced oxidative stress, evidenced by the marked (p<0.001) reduction in brain MDA (21.11%, 19.21%, and
27.5%, respectively) and significant (p<0.001) enhancement in GSH levels (31.5%, 29.58% and 51.04%, respectively) as
compared to the positive control. It is worth mentioning that the co-administration of donepezil and sesame oil was more
efficacious in modulating the scopolamine-induced oxidative stress than the monotherapy.

3.10. Effect of donepezil and sesame oil treatments, alone or in combination, on the brain B-cell lymphoma (Bcl-2)
levels in scopolamine-treated rats

Figure (7C) shows that the levels of the antiapoptotic protein Bcl-2 dramatically declined (30.3%) in the scopolamine-
treated group compared with the negative control group. In contrast, the donepezil, sesame seed oil, and donepezil+SSO
groups exhibited significant protective effects against a scopolamine-induced decline in Bcl-2, manifested by significant
increases in Bcl-2 levels by 24.5%, 14.35%, and 28.15%, respectively, as compared to the positive control. These results
indicate that co-administration of donepezil and SSO produced a more prominent attenuation of apoptosis in the brains of
scopolamine-treated rats than monotherapy (Figure 7C).

3.11. Effect of donepezil and sesame oil treatments, alone or in combination,on inflammatory cytokines in rat brain
tissues

As shown in Figure (8), scopolamine treatment significantly provokes neuroinflammation, evidenced by the marked upsurge
in the concentrations of TNF-a (98.5%), IL-1B (10.19-folds), and IL-6 (1.117-folds) in rat brain tissues compared to the
positive control (p < 0.0001). Such alterations were significantly modulated by the tested therapy indicated by the substantial
reduction in TNF- o, IL-18 and IL-6 levels by oral administration of donepezil (27.7%, p<0.001, 42.37%, p<0.001, and
19.5%, p<0.01, respectively), sesame oil (26.4%, 39.03%, and 20.37%, respectively, p<0.001) and the combined donepezil
and sesame oil (31.27%, 58.7%, and 32.1%, respectively, p<0.001). Notably, the co-administration of donepezil and sesame
oil produced the most noticeable modulatory effects against scopolamine-induced neuroinflammation compared to the
treatment with donepezil or sesame oil alone.
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Figure 7. (A) Reduced glutathione (GSH), (B) malondialdehyde (MDA), and (C) B-cell lymphoma (Bcl-2) levels in brain
tissues of negative control, positive control, donepezil, sesame oil (SSO), and donepezil + SSO groups. Data are expressed as
mean+SEM for seven rats/group. One-way ANOVA-Tukey’s multiple comparison test was performed. ***p < 0.001
compared with the control group; #p<0.01 other treated groups compared with the positive control group.
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brain tissues of negative control, positive control, donepezil, sesame oil (SSO), and donepezil + SSO groups. Data are
expressed as mean+SEM for seven rats/group. One-way ANOVA-Tukey’s multiple comparison tests were performed. ****p

< 0.0001 compared with the control group; ##p<0.01 other treated groups compared with the positive control group
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3.12. Correlation studies

The correlation analysis exhibited a positive correlation between AChE activity and amyloid-B accumulation in brain tissues.
Furthermore, there was a positive correlation between AChE and the lipid peroxidation marker (MDA). A robust direct
correlation was also observed between AChE and the inflammatory cytokines in brain tissue. On the other hand, a negative
correlation was found between AChE and the levels of ACh, BDNF, GSH, and Bcl-2, Figure (9).

Figure (10) presents the possible correlations between brain ACh levels and the measured biochemical parameters. A positive
correlation was found between ACh and BDNF, GSH, and Bcl-2 levels in brain tissues. Meanwhile, a negative correlation
was found between the level of ACh in the brain and the MDA and inflammatory marker levels.

Additionally, the correlation between brain amyloid p accumulation and BDNF levels, oxidative stress markers, apoptosis,
and inflammation was analyzed and illustrated in Figure (11). Amyloid B was positively related to the brain MDA and the
inflammatory cytokines and negatively related to BDNF, GSH, and Bcl-2 levels. There are positive significant correlations
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between BDNF and GSH and Bcl-2 levels. Conversely, negative correlations are found between BDNF levels, lipid
peroxidation, and inflammatory indicators (Figure 12).
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Discussion

This study evaluated the potential synergetic efficacy of sesame oil and the acetylcholine esterase inhibitor donepezil to
attenuate scopolamine-induced neuropathological dysfunction in rats. The noteworthy finding of this study was that sesame
oil synergistically potentiated the neuroprotective effects of donepezil. This protective effect was mediated by modulation of
the cholinergic system, mitigation of amyloidopathy, increasing the neurotrophic factor, BDNF, inhibition of inflammation,
suppression of oxidative stress, and augmentation of the anti-apoptotic protein, Bcl-2, in a scopolamine-induced neurological
disorder rats model.

Scopolamine, a competitive muscarinic ACh receptor antagonist, affects the expression of several genes involved in
muscarinic receptor cascades, cell differentiation, and apoptosis in rodent brains. It, therefore, causes substantial memory
decline in animals and humans since deterioration and dysfunction of the cholinergic neurons are intimately linked to
cognitive impairments [33]. Accordingly, scopolamine has become widely accepted as an experimental model of
neurodegenerative disorders and is used to screen for neuroprotective drugs [34]. Thus, in this study, scopolamine (1 mg/kg
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body weight) was used to induce neurological dysfunction in rats. Donepezil (3 mg/kg body weight) was also used as a
reference conventional drug [26]. Donepezil is a reversible and specific AChE inhibitor that is currently accepted for the
symptomatic relief of AD; it is thought to prevent the neurotransmitter acetylcholine (ACh) from being broken down and
reimburses for the deficiency of ACh in the brain [35].

In accordance with earlier research, the results of this investigation verified that daily scopolamine injection increased AChE
activity and decreased ACh levels in brain tissue compared with the controls. Treating rats with donepezil and sesame oil
attenuated these scopolamine-induced neurochemical alterations. Noteworthy, sesame oil synergistically boosts the effect of
donepezil in restoring the balance of the cholinergic system in scopolamine-treated rats. Comparable results were formerly
reported concerning the effects of scopolamine [33-34], donepezil [26, 35], and sesame oil [9, 36]. Previous studies highlight
the improved impacts of sesame oil and its lignan on cholinergic system regulation. Mohamed et al. [36] noted that
administering sesame oil to rats intoxicated with AICIs significantly reduced the activity of AChE, followed by improved
locomotor activity, cognition, and memory function. Sesamin ameliorates cognitive function in lipopolysaccharide (LPS)-
induced neuroinflammation and rat models with diabetes by alleviating AChE levels [37]. Sesamol restrains cholinergic
system dysfunction by suppressing AChE activity and boosting ACh and choline acetyltransferase activity [38]. Consistently,
the results of this study suggest that sesame oil boosted the effect of donepezil in modulating the cholinergic system reactivity
in scopolamine-induced neurological disorders in rats [9, 39].

Accretion of amyloid-B (AP) results in oxidative stress and apoptosis and consequently harms neurons and deteriorates
cognition; it is one of the main pathogenic factors that cause AD [40]. AP is produced by the degradation of amyloid-
B precursor protein (APPP) by vy-secretase and B-site amyloid-B-protein precursor cleaving enzyme 1 (BACE-1)
[41]. Extensive insoluble amyloid fibril accretion results in amyloid plaque formation and propagation through the
brain. Interestingly, it has been observed that administering scopolamine to Wistar rats upregulates ABPP expression and
increases AP release [42]. Results obtained in the present study confirmed that scopolamine administration (1
mg/kg/day, ip for four weeks) increased amyloid deposition in brain tissue. Herndndez-Rodriguez et al. [43] reported that the
increased hippocampal A deposition in rats could be due to the increased BACE1 expression and activity. It was suggested
that the increased BACEL activity by scopolamine might be associated with the phosphorylation of glycogen synthase kinase
3 (GSK3pP9) [44-45]. Additionally, Koh et al. suggested that elevated AP production subsequently phosphorylates GSK-38,
which in turn raises Ap production. However, sesame oil and donepezil treatments substantially mitigated the scopolamine-
induced AP accumulation. Furthermore, sesame oil enhanced the effects of donepezil on reducing AB accumulation, as
demonstrated in the group that received the co-therapy (donepezil and sesame oil). The results of former studies corroborated
this finding [14, 36]. Similar results showed that sesame oil attenuated amyloid-B accretion in a rat model of AD
[36]. Sesamol and sesaminol improved learning and memory deficits caused by AP in the Morris water maze test [14]. Thus,
sesame oil in this study may have exerted a part of the neuroprotective effect through lowering AP in brain tissue.
Additionally, scopolamine administration demonstrably declined BDNF levels in rat brain tissue compared to the negative
control. Meanwhile, these alterations were attenuated by donepezil and sesame oil treatments. Trophic or growth factors,
including BDNF, are vital for neurogenesis, differentiation and survival of neurons, and synaptic plasticity [44]. It has been
reported that depletion of the cholinergic system leads to a reduced BDNF signaling and BDNF protein level [45]. Thus, the
impaired cholinergic system reactivity observed in this study could be related to the decline in BDNF levels in the brain tissue
of the scopolamine-treated rat. Furthermore, Oxidative stress, sparked by ROS generation, is assumedly implicated in BDNF
decline. Thus, the glutathione and lipid peroxidation alterations observed in this study could account, at least partly, for the
corresponding changes in brain BDNF levels. The correlation analysis in this study confirmed the perspective mentioned
above; the BDNF levels in rat brains were positively related to ACh levels and negatively related to the AChE and oxidative
stress parameters. On the other hand, the current study's results revealed that donepezil and sesame oil administration
postponed the decline in BDNF. This beneficial effect could be attributed to restoring cholinergic function [44-46]. A
preceding study has revealed that multifarious lignans (including sesamin) upregulate factors involved in neural regeneration.
Sesamin enhances BDNF expression in the hippocampal regions of mice exhibiting stress-induced depressive-like behaviors
[46]. These results suggest that sesame oil may promote neuroprotection by activating neurogenic factors such as BDNF in
scopolamine-treated rats.

Additionally, oxidative stress has been postulated as a potential cause of neurological disorders. The brain requires high
oxygen levels to perform its extensive synaptic functions and is highly vulnerable to oxidative stress [47]. Surplus production
of reactive oxygen species (ROS) contributes to the pathophysiology of neurodegenerative diseases by inducing neurotoxic
processes through lipid- and thiol-dependent peroxidation of cell membranes and suppression of hippocampus plasticity [47].
Furthermore, AB1-42 production can amplify the state of oxidative stress. It has been extensively shown that elevated AB
levels can cause oxidative stress by generating ROS. The generation of ROS by amyloid f results in lipid peroxidation, which
compromises membrane permeability and triggers excitotoxicity pathways due to elevated calcium (Ca?*) influx, leading to
neurotoxic consequences. Thisis thought to impact neurotransmission and cognitive processes profoundly
[48]. Additionally, it has been proposed that an elevated amount of free radicals and ROS in cells produces more AB
peptides, which further oxidatively stress and toxically insult neurons. [49]. In line with previous research, the current
investigation revealed that scopolamine considerably exacerbated oxidative stress in the rats, as evidenced by an upsurge in
MDA levels and a drop in GSH levels compared to the control group [50-51]. Conversely, donepezil and sesame oil reverted
the scopolamine-induced oxidative stress, as seen by increased GSH reserves and decreased brain lipid
peroxidation. The antioxidative role of sesame oil was established in our in vitro study, as shown by its capacity to scavenge
the DPPH radical in a dose-dependent manner. These antioxidant properties of sesame oil could be ascribed to the existence
of considerable amounts of potent antioxidants such as phytosterols, lignans, and tocopherols in the sesame oil, as evidenced
by the chromatographic analysis in this study [52-54]. Several lines of evidence have also indicated the antioxidative role of
sesame oil, where sesame oil decreased lipid peroxidation and augmented the antioxidant defense system [52-53].
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Inflammation is also a significant contributing factor in the pathogenesis of neurologic ailments. In agreement with many
previous studies, this investigation revealed that scopolamine-treated rats provoked intense neuroinflammation, demonstrated
by the dramatic upsurge in brain tissue's TNF-o, IL-1p, and IL-6 levels [55]. Robust evidence from human and animal models
indicates a close connection between oxidative stress, Af accumulation, and inflammation. Indeed, misfolded B-amyloid
directly disrupts the outer mitochondrial membrane stability, eliciting a surge in ROS generation [56]. Further, Ap stimulates
the production of pro-inflammatory cytokines, which is essential for the chain of events resulting in cell death [55].
Simultaneously, excessive levels of inflammatory cytokines and ROS have been shown to promote the formation and
accretion of AP fibrils and the death of neuronal cells. Collectively, these data point to a "vicious cycle" that may gradually
worsen the course of the disease and ultimately cause neuronal death. This cycle involves elevated oxidative stress, a surge in
inflammatory cytokines, and overproduction of AP, further perturbing ROS generation [56]. In light of the above
justifications, the results of the current investigation revealed a strong positive correlation between AP levels and oxidative
stress and inflammatory cytokines markers. On the contrary, sesame oil curtails the upsurge of inflammatory cytokines. Thus,
part of sesame oil's beneficial effect could be ascribed to its anti-inflammatory potential [57-58]. The results of the in vitro
experiment corroborated the sesame oil's in vivo anti-inflammatory properties, as sesame oil showed considerable stabilization
of RBC membranes at various concentrations. These anti-inflammatory properties could be attributed to a wealth of bioactive
phytoconstituents in sesame oil, as proved by GC-MS and HPLC oil analysis.

Apoptosis is one of the primary causes of neurodegeneration. ROS can directly lead to apoptosis responses. Inhibition of
apoptosis promotes cell survival, particularly in the aftermath of toxic insult, growth factor deficits, or hypoxia [59]; thus,
protective effects against apoptosis and oxidative damage in neurodegenerative diseases are essential in discovering new
therapeutic drugs. In this study, scopolamine administration declined the antiapoptotic protein Bcl-2; such alteration was
restored nearly to normal levels by treatment with the combined therapy of donepezil and sesame oil. These antiapoptotic
effects could be ascribed to sesame oil's marked antioxidant and anti-inflammatory activities [60].

There are several ways to extract oils from seeds, including pressing, solvent extraction, and supercritical fluid extraction.
However, these extraction processes could strongly influence oils' nutritional composition and bioactive compound content. In
this study, sesame oil was extracted using a cold-pressing method. This method is considered a green technology for
extracting edible oils, whereby the bioactive components are maintained because neither thermal nor chemical procedures are
used. Owing to possible variations in the composition, properties, and bioactivities of sesame oils extracted by varying
procedures, the sesame oil obtained by cold press was subjected to chemical analysis by GC-MS and HPLC to characterize its
bioactive constituents. Consistent with earlier research findings, the chromatographic analysis in the current study verified the
existence of tocopherols and phytosterols such as beta-sitosterol trimethylsilyl ether, campesterol, isofucosterol, phytol,
stigmasterol, trimethylsiloxycitrostadienol, and brassicasterol in sesame oil. The primary unsaturated fatty acids identified in
the oil were linoleic and oleic. Hence, we can assume that sesame oil's protective potential for treating neurodegenerative
disorders could be ascribed to these bioactive components [8-15]. Numerous in vitro and in vivo investigations have clearly
demonstrated the neuroprotective properties of vitamin E [61-63]. Tocopherols and tocotrienols shield tissue lipids from free
radicals by lowering chemical species, including singlet oxygen, peroxyl, hydroxyl, and superoxide radicals. A marked
reduction in ROS generation by a-tocopherol has already been shown in macrophages and is related to the suppression of
protein kinase C (PKC) [64]. The inhibition of PKC leads to the inhibition of NADPH-oxidase assembly [65] and, thus,
reduces the production of superoxide. Besides, numerous studies demonstrate that vitamin E markedly inhibited LPS-induced
microglia activation by decreasing nitric oxide production and inducing the expression of IL-1a, TNF-a, and inducible nitric
oxide synthase (iNOS) [63]. Furthermore, vitamin E has also been documented to interact with the pro-inflammatory signals
in BV2 cells through the cyclooxygenase-2 (COX-2) signaling pathway [66—67]. Furthermore, several reports have indicated
that phytosterols have intriguing anti-inflammatory and antioxidant properties. In vitro studies revealed that phytosterols
lowered iron-induced lipid peroxidation in platelet membranes [67]. Sesame lignan (including sesamin and sesamol)
possesses anti-inflammatory properties in several neuropathological conditions, including brain ischemia [69], seizures [70],
diabetic retinopathy [71], and scopolamine induction [72].

Conclusion

The current study shows that sesame oil synergistically boosted the effect of donepezil in restoring the cholinergic system,
preventing amyloid-beta accumulation, increasing the levels of neurotrophins (BDNF), the antioxidant (GSH), and the
antiapoptotic marker (Bcl-2) and prevented scopolamine-induced lipid peroxidation and inflammation in scopolamine-
induced neurological dysfunction rat model. This improvement may be attributed to the enhancements in the pharma-
dynamics or pharma-kinetics properties of donepezil in the presence of sesame oil. Furthermore, sesame oil’s bioactive
phytochemicals, such as lignins, phytosterols, and tocopherols, which were proven in our in vitro study, may act in parallel
with donepezil as coadjuvant agents for preventing and treating neurological disorders. The present study's findings may
justify the synergistic intervention between food therapy and pharmacotherapy to alleviate the increasing incidence of
neurodegenerative diseases.
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