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ABSTRACT: Imidacloprid (IMI) insecticide is rapidly metabolized
in mammals and contributes to neurotoxicity via the blocking of
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laboratory animals. In this context, aerial parts of O. majorana were
used to prepare the essential oil (OMO) and methanol extract
(OME). The potential neuroprotective impact of both OMO and
OME against IMI-induced neurotoxicity in rats was explored. Forty-
two rats were divided into 6 groups, with 7 rats in each one. Rats
were daily administered the oral treatments: normal saline, OMO,
OME, IMI, IMI + OMO, and IMI + OME. Our results revealed the
identification of 55 components in O. majorana essential oil, most
belonging to the oxygenated and hydrocarbon monoterpenoid group. Moreover, 37 constituents were identified in the methanol
extract, mostly phenolics. The potent neurotoxic effect of IMI on rats was confirmed by neurobehavioral and neuropathological
alterations and a reduction of both acetylcholine esterase (AchE) activity and dopamine (DA), serotonin (SHT), and y-aminobutyric
acid (GABA) levels in the brain. Exposure of rats to IMI elevates the malondialdehyde (MDA) levels and reduces the antioxidant
capacity. IMI could upregulate the transcription levels of nuclear factor-«B (NF-«B), interleukin-1 # (IL-1f), and tumor necrosis
factor (TNF-a) genes and express strong caspase-3 and inducible nitric oxide synthase (iNOS) immunostaining in most examined
brain areas. On the other hand, rats coadministered OMO or OME with IMI showed a marked improvement in all of the studied
toxicological parameters. In conclusion, cotreatment of O. majorana extracts with IMI can protect against IMI neurotoxicity via their
potent antioxidant, anti-inflammatory, and anti-apoptotic effects. Thus, we recommend a daily intake of O. majorana to protect
against insecticide’s oxidative stress-mediated neuroinflammatory stress and apoptosis. The molecular docking study of linalool,
rosmarinic acid, y-terpene, and terpene-4-ol justify the observed normalization of the elevated iNOS and TNF-a levels induced after
exposure to IML
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1. INTRODUCTION

Neonicotinoids constitute a major class of extremely effective

characteristics, extensive insecticidal usage, and highly specific
insecticidal activity.”

insecticides used to protect cotton, cereal, tea, and vegetable Although neonicotinoids are thought to have minimal

crops from piercing—sucking insects, as well as for flea control mammalian toxicity, several studies suggested that prolonged

in cats and dogs, and to control cockroaches, termites, turf imidacloprid exposure can induce various health problems in

pests, and ants in lawns, gardens, and homes. The most well-
known neonicotinoid is imidacloprid [IMI, 1-(6-chloro-3-
pyridylmethyl)-N-nitroimidazolidin-2-ylideneamine], an effec-
tive neurotoxic pesticide that acts as a selective agonist at the
nicotinic acetylcholine receptors (nAChRs) in insects. It was
initially introduced in the market in 1991 for veterinary usage
and crop protection.' It has become one of the most used
pesticides worldwide, accounting for 41.5 percent of the total
neonicotinoid market due to its low toxicity, great systemic
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animals and humans.”™> To date, previous studies have been
performed at the animal model, human population, and cellular
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levels, and they have revealed a variety of biological—chemical
reactions that may cause imidacloprid’s negative health
impacts. Moreover, in laboratory animals, IMI administration
may result in neurotoxicity, mutagenicity, teratogenicity,
immunotoxicity, reproductive toxicity, and infertilitgr. In
addition, it induces nephrotoxicity and hepatotoxicity.” IMI
also may serve as an endocrine disruptor by interfering with
steroid hormone synthesis.”

Plant-based medications may be useful in reducing oxidative
stress caused by environmental neurotoxicants. Consumption
of natural antioxidants derived from plants has been shown to
reduce the levels of numerous oxidative stress and/or
proinflammatory biomarkers.” In the category of natural
plant medicines, oregano, one of the active herbs and spices,
comprises a wide range of compounds with potent
pharmacological and biological effects.”' Tt is distributed
throughout the world but is most prevalent in the
Mediterranean,'' ™*® North Africa, and Eurasia."* Both fresh
and dry forms of oregano retain its great antioxidant
potential.15 Oregano leaves, the dried herb, and its essential
oil have been used to treat indigestion, rheumatoid arthritis,
and respiratory diseases.” Hydrocarbons or oxygenated
monoterpenes, which are the principal components of
oregano’s essential oil, are considered to be responsible for
its antibacterial, antioxidant, and anti-inflammatory character-
istics.'® Lately, oregano has received significant interest due to
its various pharmacological activities, including its potential
protection against neurodegenerative disorders and neuro-
toxicity. Therefore, oregano was chosen to counteract the
neurotoxic effect of IMI in the current study as a neuro-
protective agent against neuroinflammation and oxidative
stress with its associated dysregulated neurotransmitter as
well as neurobehavioral toxicity induced by IMIL

This study aims to evaluate the potentially hazardous effects
of IMI on different brain areas in rats and uncover the exact
mechanistic molecular pathway involved in counteracting these
detrimental effects via administering both Origanum majorana
L. oil and its methanol extract. Additionally, we compare their
phytochemical constituents and proposed neuroprotective
capability in vivo employing a rat animal model and in silico
using molecular docking.

2. MATERIALS AND METHODS

2.1. Chemicals. The commercial formulation of imidaclo-
prid was procured from Kafr El-Zayat Pesticides and
Chemicals Company (Kafr El-Zayat, Gharbia, Egypt). The
concentration of active ingredients of imidacloprid is 70%; its
IUPAC name is (NE)-N-[1-[(6-chloropyridin-3-yl)methyl]-
imidazolidine-2-ylidene] nitroamide and the chemical formula
CyH,(CIN;O,. The formulation was provided in the form of
wettable powder, which was freshly dissolved in deionized
water prior to administration.

Analytical-grade chemicals were used in this research; HPLC
grade formic acid and methanol (Sigma-Aldrich) for liquid
chromatography—mass spectrometry (LCMS) (LiChropur).
Double-deionized water with a conductivity of less than 18.0
MQ was acquired from a Milli-Q system (Merck KGaA,
Darmstadt, Germany).

2.2. Plant Collection and Extraction. O. majorana L.
(aerial parts) were collected from the Experimental Station of
Medicinal Plants, Faculty of Pharmacy, Cairo University, Giza,
Egypt, on May 2020. The plant was identified and verified at
the Faculty of Science Herbarium, Cairo University. The plant

was dried in the shade and then ground. Clevenger’s apparatus
was used for the hydrodistillation of small pieces of sliced aerial
parts of oregano to prepare the oregano oil. The distillation
lasted for 3 h; then, the collected oil was dried using anhydrous
sodium sulfate. For the preparation of the oregano extract, 1 kg
of the ground powder was successively extracted till exhaustion
with 80% methanol to give 178 g of a dark green residue. The
samples were stored at —20 °C in a freezer till analysis and
further biological activity evaluation.

2.3. Analysis of Oregano Samples. 2.3.1. GC/MS
Analysis of the Essential Oil. Shimadzu GCMS-QP2010
(Kyoto, Japan) containing an Rtx-SMS fused bonded column
(30 m X 0.25 mm i.d. X 0.25 ym film thickness) (Restek) and
a split—splitless injector was employed. The injector temper-
ature was laid at 250 °C. A successive ramp temperature
program was used for the analysis of volatiles. The beginning
column temperature was kept at 45 °C for 2 min., ramped at a
rate of 5§ °C/min. to 300 °C, and then retained at 300 °C for S
min. The carrier gas helium was used with a flow rate of 1.41
mL/min. A quadrupole mass spectrometer was activated in EI
mode at 70 eV with an ion source temperature of 200 °C and
an interface temperature of 280 °C. A scan range of m/z 40—
500 was applied. Diluted specimens (1% v/v) were injected in
split mode (split ratio 1: 15). Three repeats were analyzed for
the essential oil."”

2.3.2. Ultraperformance Liquid Chromatography—Mass
Spectrometry (UPLC-MS)/MS Identification of the Oregano
Methanol Extract. The sample was dissolved using HPLC
grade methanol at a concentration of 100 yg/mL. Then, it was
filtered with a membrane disc filter (0.2 gm) before applying it
to LCMS analysis using a UPLC/ESI-MS, ACQUITY UPLC
System—Waters Corporation. The system was equipped with
an ACQUITY UPLC-BEH C18 (1.7 gm — 2.1 X S0 mm)
column, and the sample was injected at 10 uL. The solvent
system consisted of (A) water comprising 0.1% formic acid and
(B) methanol comprising 0.1% formic acid. Ramped mobile
phase elution was programed starting with 90% A: 10% B that
was maintained for 2 min, then reached 70% A after 5 min,
30% A after 15 min, 10% A after 22 min, and kept for 3 min
and then reached 100% B after 26 min and was upheld for 3
min and resumed to the first composition after 32 min., and
the flow rate: 0.2 mL/min. The analysis was conducted in
negative ionization mode with an XEVO TQD triple
quadrupole, Waters Corporation, Milford, MA01757 U.S.A,
mass spectrometer. The mass spectrometer was operated with
a cone voltage of 30 eV, capillary voltage of 3 kV, source
temperature of 150 °C, desolvation temperature of 440 °C,
desolvation gas flow rate of 900 L/h, and cone gas flow rate of
50 L/h. The mass spectral range in the electrospray ion (ESI)
was at m/z 100—1000. Masslynx 4.1 software was used for
peak and spectra processing, and metabolites were tentatively
identified by comparison of their retention times (R,) and mass
spectra with their counterparts reported in databases and the
literature.'®

2.4. Animals and Experimental Design. Forty-two adult
male Wistar rats, weighing 170—200 g, were used in this study.
The animals were obtained from the Department of Veterinary
Hygiene and Management’s Animal House. They were
maintained in plastic cages, fed a commercially balanced diet,
and given free access to water. Their health status was checked
regularly and adapted to the laboratory environment for 14
days before use. The experimental design was accepted by
Cairo University’s Institutional Animal Care and Use

https://doi.org/10.1021/acsomega.2c08295
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Table 1. Primer Sets of the Assessed Genes”

genes sense antisense amplicon accession no.
IL-15 TTGAGTCTGCACAGTTCCCC GTCCTGGGGAAGGCATTAGG 161 NM_031512.2
TNF-a ACACACGAGACGCTGAAGTA GGAACAGTCTGGGAAGCTCT 23S NM_012675.3
NF-xB ACCTGGAGCAAGCCATTAGC AGTTCCGGTTTACTCGGCAG 234 NM_199267.2
ACTB CCGCGAGTACAACCTTCTTG CAGTTGGTGACAATGCCGTG 297 NM_031144.3

“Abbreviations: IL-1f, interleukin-1/; TNF-a, tumor necrosis factor @; NF-kB, nuclear factor kB protein; and ACTB, actin biotin housekeeping

gene.

Committee (IACUC) (IACUC protocol number: Vet Cu
2009 2022489). Our experiment complies with the National
Institutes of Health (NIH) guidelines.

Male rats were randomly assigned into six groups (n = 7)
and were provided IMI and/or oregano samples via oral intake
every day for 60 days. Group 1 was given normal saline and
served as the control group. Groups 2 and 3 were given 200
mg/kg bwt/day of O. majorana oil (OMO) or methanol
extract (OME), respectively. The fourth group received 45
mg/kg bwt/day IMIL Groups S and 6 were given cotreatments
of IMI (45 mg/kg bwt/day) and 200 mg/kg bwt/day from
OMO or OME, respectively. The imidacloprid dose
exemplifying 1/10 LDSO was chosen in accordance with a
previous study,'” and the oregano sample dose was chosen
based on former studies.”’

2.5. Behavioral Parameters. 2.5.1. Open Field Test. The
open field is a commonly used measure for assessing both
anxiety-like behavior and locomotion.”" This test was carried
out in a wooden arena measuring 90 X 90 X 25 cm and coated
with formica to avoid rat urine absorption. The arena floor was
split into 36 squares by black lines (15 X 15 cm). The rat was
positioned randomly in a corner of the arena and permitted to
confront it freely for 3 min. During the test duration, the time
spent immobile, exploratory behavior in the form of squares
crossed and rearing against the wall, as well as nonexploratory
behavior in the form of fecal boli and urination, were recorded.

2.5.2. Forced Swim Test. The forced swim test is a
behavioral test used to assess the antidepressant potency of
new compounds as well as experimental manipulations
directed at providing or preventing depressive disorder.””
Rats were placed individually in a cylindrical bowl (20 X 50
cm) filled with water (20 + 2 °C). The water level (30 cm
height) prevents the rat from resting on its tail or climbing out
of the cylinder. For a 5 min test, the duration mobility period
(represented swimming and climbing) and the immobility
period (represented floating) were recorded during the last 4
min.>?

2.5.3. Spatial Y-Maze Memory Test. The Y-maze memory
test is conducted to evaluate spatial learning and short-term
memory in rodents.”* The Y-maze apparatus comprises three
arms labeled A, B, and C with 30 cm height, 15 cm width, and
40 cm length. Rats were positioned individually at one of the
arm’s ends and given S min to move freely through the maze.
The arm entry sequence was recorded (i.e., ABCABABCAC-
BAB), and the percentage of spontaneous alternation behavior
(a measure of short-term spatial memory) was determined as
the ratio of actual alternations to all possible alternations.”®

2.6. Sampling. Following behavioral evaluations, animals
were euthanized in order to collect the entire brain. Half of the
brain was kept at 80 °C to measure AchE, neurotransmitters,
and oxidative stress parameters and to conduct molecular
studies. The remaining half was preserved in 10% neutral

buffered formalin for histopathology and immunohistochem-
istry.

2.7. Assessment of Brain AchE Activity and Neuro-
transmitter Concentration. A known weighed brain sample
was homogenized with ice-cooled saline (0.9% NaCl) to
prepare a 20% w/v homogenate. The homogenate undergoes
centrifugation at 4000 rpm for 5 min. Neurotransmitters and
AchE activity in the whole brain tissue aliquot were then
determined. The determinations of cholinesterase activity were
done, as previously described by Ellman et al.*® with
modification by Gorun et al.”’ The procedure principle is
the measurement of the thiocholine formed when acetylcholine
is hydrolyzed. At 412 nm, the color was read immediately.
Dopamine (DA), serotonin (SHT), and y-(GEORGE)-amino-
butyric acid (GABA) were determined using HPLC. The
sample was immediately extracted from the trace elements and
lipids using a solid phase extraction Chromabond column NH2
phase, cat. No0.730031. Then, samples were directly injected
into an AQUA column 150 mm X S cm C18, purchased from
Phenomenex, under the following conditions: mobile phase 20
mM potassium phosphate, pH 2.5, flow rate 1.5 mL/min, UV
270 nm. After 12 min, dopamine and serotonin were separated.
The resulting chromatogram identified each monoamine
position and concentration from the sample as compared to
that of the standard (Sigma Chemical Co., St. Louis, MO).
Then, the concentration of each monoamine was measured as
pg/gram brain tissue finally according to Pagel et al.”® The
precolumn PITC derivatization technique was used to evaluate
y-aminobutyric acid (GABA) levels, as illustrated by
Heinrikson and Meredith.”

2.8. Oxidative Stress Evaluations. Frozen brain tissue
samples were homogenized using cold buffer (pH 7.5) and
then centrifuged at 4000 rpm for 15 min at 4 °C to obtain the
supernatant used for the Redox status assessment. The
malondialdehyde (MDA) level, reduced glutathione (GSH)
content, and catalase (CAT) activity were assessed following
the instruction of the producer kits obtained from
Biodiagnostic Co., Egypt.

2.9. Quantitative RT-PCR Analysis of IL-16, TNF-a,
and NF-kB Genes. The RNeasy Mini Kit (Qiagen Cat No./
ID: 74104) was used to isolate the T-RNA from the brain
tissues. Samples were used for cDNA synthesis at an optical
density of A260/A280 = 1.9—2.1. The SuperScript reverse
transcriptases (Thermo Scientific) were used to synthesize the
first-strand ¢cDNA, according to the manufacturer’s instruc-
tions. Quantitative real-time PCR was performed using the
SYBR Green PCR master mix (Thermo Scientific, Cat
number: 4309155) and the ABI Prism StepOnePlus Real-
Time PCR System (Applied Biosystems) according to the
manufacturer’s instructions. The primer sets of the assessed
genes were collected in Table 1. The QRT-PCR was
programmed as follows: initial denaturation of 10 min at 95
°C followed by 40 cycles of 20 s/95 °C, and 30 s/60 °C. The

https://doi.org/10.1021/acsomega.2c08295
ACS Omega 2023, 8, 18491—-18508


http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c08295?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

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

(A)

Origanum
F20 93 Sm (Mn, 2x3) Scan ES-
100- 13 BPI
| 1.32e7
BEA
....... ey Time
26.00 28.00 30.00

VYWD T A Wi en - ~n 25.0)
AL — =
100 4 -~ ST Mix DA & SHT
=
80 - &
-
60 /
40
20
o
VWADT A Wavelen - nm GOOOO0T . O)
™AL w

28 3 Brain sample
©

o i/ v

S = -
5 AN
T ¥ v v
2 4 [} 8 orin,
VWD T A, Wavelengih= 270 i (NEVENVE T ATEOOO025.0)
AL
100 - “
= -
B0 - - 2
-
&0
40
20
o o
VADT A Wavelength= 270 nm (NEVEN VE TW ATEGOO001 D)
mAL
26
20 -
15 =
10 4 b &
S -~
o A\
T T T T
2 4 6 8 ran
Figure 1. continued
18494 https://doi.org/10.1021/acsomega.2c08295

ACS Omega 2023, 8, 18491-18508


https://pubs.acs.org/doi/10.1021/acsomega.2c08295?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c08295?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c08295?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c08295?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c08295?fig=fig1&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c08295?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega http://pubs.acs.org/journal/acsodf
VWO T A, Wavelength=254 nn NEVENVETWG ABAGOOO02 . 0)
(C) ™AL o ST GABA
-9
800 - «©
600 l
400
ST GABA
200
0 evrmm— S —————————— —
v v T T v
o 25 s 7S 10 12.5 min
VWG T A, Wavelength= 254 nn (NEVENVE TS ABAGOO 008 U)
™AL
100 ¥ Brain sample
80 I
60 GABA
40
e M//k /\'
. - Y N S
o i I o S
T T ' v T
o 25 s 7S 10 12 min
VWO T A, Wavelength= 254 nmm (NEVENVETWGABAGOOOOZ 0)
mAL 7] T
~
4
800 g
600
400
200 +
0 - f o e — ——
T T T T "
) 25 =3 75 10 12.5 min
WG T A, Wavelengihe= 254 rn (NEVENVE TG ABAGGO 008 . 0)
m AL s
100
80
60
40 -
~ Y o U e
0 —_—
T v T T N
o 25 S 75 10 12.5 min

Figure 1. (A) Representative UPLC-MS base-peak chromatogram of the O. majorana aerial parts’ methanol extract in negative ionization mode and
some neurotransmitters (B) dopamine (DA), serotonin (SHT), and (C) GABA in the brain sample obtained from different treated groups.

melting curves were recorded in each reaction by regularly
raising the temperature from 65 to 90 °C. The assay was
generated using duplicates for each sample and included a no-
template control to screen DNA contamination. The ACTB
was used as an internal control to normalize the expression
values with the 2724t method.

2.10. Histopathological Examinations. Whole brain
hemispheres were collected, fixed for 48 h in 10% neutral
buffered formalin (pH 7.0), purified by alcohol and xylene,
embedded in paraffin wax on the dorsolateral side, sliced at 4.5
um to obtain sections to be stained with H&E, and examined
under an Olympus light microscope (28).

The degree of intensity of the detected microscopic changes
was evaluated using a multiparametric semiquantitative scoring
system (classical technique) based on the percentage of tissue
damage. The following scale: none (—), mild (+), moderate (+
+), severe (+++), and extensively severe (++++) was used and
corresponded to 0, <12, 12—25, 25—50, and >50% tissue
damage, respectively. In order to assess the following criteria,
gliosis, neuronal degeneration, edema, and bleeding, seven

18495

microscopic fields/S sections, which represented five rats per
group, were blindly examined.*

2.11. Immunohistochemical Staining. The protein
expression of inducible nitric oxide synthase (iNOS, a sensor
for oxidative stress damage and neuroinflammation) as well as
caspase-3 and bax (indicators for apoptosis) were localized by
immunohistochemical labeling in paraffin-embedded brain
tissue sections. Briefly, several primary antibodies were
incubated on brain slices (Abcam Ltd.) before the secondary
antibody and other reagents (Vectastain ABC-HRP Kit, Vector
Laboratories) were applied. Each slide is peroxidase-labeled
and DAB-chromogen substrate-colored (Sigma). According to
the procedure outlined by Khalaf et al., the mean percentage
area of various immunostaining positive reactions was
calculated using Image J software.’’

2.12. Statistical Analysis. Data are illustrated as the mean
+ standard deviation of the mean (SD). The recorded results
from various measurements were examined by one-way
analysis of variance (ANOVA) and post hoc Duncan’s test
using the statistical package program (SPSS version 25); P
values < 0.05 represent statistical significance between groups.

https://doi.org/10.1021/acsomega.2c08295
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Table 2. Peak Assignments of Metabolites in the 80% Methanol Extract of Aerial Parts of Origanum marjoram Using UPLC-MS

in Negative Ionization Mode

peak molecular RT precursor ion
no. assignment formula (min)  m/z [M — H]™
1 caffeic acid hexoside CysH 30y 0.67  341.1630
2 quinic acid C,H,,04 0.78  191.1080
3 arbutin CpH;60; 098  271.1387
4 syringic acid CoH ;05 1.19  197.1165
S dihydrocaffeic acid CoH,,0, 2.34  181.0608
6 syringic aldehyde CoH,,0, 4.75  181.0816
7 unidentified C,sH,50, 5.63  391.1824
8 caffeoyl-arbutin C, H,0y 5.82  433.1913
9 luteolin-glucuronide C, H 30y, 6.04  461.1433
10 rosmarinic acid hexoside CyHy6013 6.18  521.2296
11 sagerinic acid C3¢H3,006 643  719.2682
12 apigenin-glucuronide C, H ;O 6.58  445.1649
13 rosmarinic acid CsH,60g 6.75  359.1291
719.2636
(2M — H)~
14 lithospermic acid C,;H,,0y, 7.05  537.1879
15 tri-O-methylellagic acid C;H,04 7.31  343.1474
16  salvianolic acid A C,sH»,01 744  493.1915
17 methyl salvianolate H/I CysH,,04, 7.57  535.1453
551.2021
18 luteolin Ci15H,406 7.61 2851063
19  carnosol C,oH0, 7.96  329.1142
20  apigenin C;sH,005 841  269.1236
21 rosmanol methyl ether CsH60g 8.53  359.1480
22 trihydroxy octadecadienoic CsH3,054 8.74  327.2953
acid
23 trihydroxy octadecenoic acid CsH3504 930 3293123
24 eriodictyol C1sHp,0¢ 9.62 2872954
25 dihydrokaempferide C,sH,00, 9.72  301.1392
26  6-methylscutellarein CsH1,04 9.87  299.1133
27 sakuranetin CsH 1304 1096  285.1319
28  hydroperoxy octadecadienoic CgH3,0,4 11.87  311.3329
acid
29 hydroxylinolenic acid CsH300; 14.16  293.2877
30  hederagenin C;30Hy50, 1493 471.4283
31  hydroxyoctadecadienoic acid CsH3,0;5 1534 295.3028
(hydroxylinoleic acid)
32 unidentified C;,Hs,04 15.60  555.3713
33 unidentified C;35Hg, 06 16.43  577.4508
34 ursolic acid C;30Hy50; 19.11  455.4471
35 octadecatrienoic acid C3gH300, 1920  277.2989
36  octadecadienoic acid CsH3,0, 20.80  279.3151
37  hexadecanoic acid Ci6H3,0, 2240  255.3282

product ions MS/MS chemical class references

179, 161, 143, 119, 101 hydroxycinnamic acid 35

171, 127, 111 organic acid 35, 36
108 hydroquinone 68, 69
179, 135, 123, 73 hydroxybenzoic acid 36
137, 109 hydroxyphenyl 37
propanoic acid
153, 121 hydroxybenzaldehyde 38
281, 237, 221, 159, 137, 113, 109, 95, 71, 59
161, 109, 101 hydroxycinnamic acid 36
285, 179 flavone derivative 35, 39
359, 197, 179, 161, 71 hydroxycinnamic acid 40
derivative 41
359, 197, 179, 161, 135 cyclobutane lignan 41
269, 191, 149, 175, 113 flavone derivative 39, 41
197, 179, 161, 135 hydroxycinnamic acid 42, 43
493, 359, 295, 197, 161 hydroxycinnamic acid 36, 39, 40

241, 221, 201, 169, 137, 123
295, 179, 161, 135,109
321, 319, 249, 231, 218, 195

ellagic acid derivative 44
hydroxycinnamic acid 45
hydroxycinnamic acid 43

229, 213, 151 flavone 36
272, 269, 209, 173 diterpenoid 46
225, 197, 159, 151, 117 flavone 36

283, 214, 197, 179, 95
247, 211, 183, 171, 119, 85

hydroxycinnamic acid 47
fatty acid (oxylipid) 36

261, 247, 311, 293, 211, 197, 149, 113 fatty acid (oxylipid) 36

285, 135, 97 flavanone 43
165, 161, 135, 121, 109 flavanonol 36
284, 283, 266 flavone derivative 44
165, 145, 136, 119, 93, 65 flavanone derivative 36

223, 155, 127, 87 fatty acid (oxylipid) 36
273, 183, 171, 121

405, 393

277, 237, 223,137, 121, 43

fatty acid (oxylipid) 48
triterpenoid 44
fatty acid (oxylipid) 48

299, 225, 167, 135,

281

411, 251, 249, 248, 193, 162, 151 triterpenoid 44, 49
209, 185 fatty acid (oxylipid) 48
279, 211, 126 fatty acid (oxylipid) 18, 48

211, 191, 158, 152, 121, 59 fatty acid (oxylipid) 48

2.13. Molecular Docking. Computational studies were
carried out using Discovery Studio 4.1 for docking studies of
the tumor necrosis factor and MOE2010 software for docking
studies of inducible nitric oxide synthase. The crystal structure
of TNF-a with a small molecule inhibitor’*> was downloaded
from PDB with code: 2AZS, while the murine inducible nitric
oxide synthase oxygenase domain (Delta 114) 1-benzo[1,3]-
dioxol-5-ylmethyl-3S-(4-imidazol-1-yl-phenoxy)-piperidine
complex® was also downloaded from PDB with code: 20RT.
The structures of the four selected phytochemicals: linalool,
rosmarinic acid, y-terpene, and terpene-4-ol were downloaded
from PUBCHEM with the extension.sdf. The TNF-a protein
was cleaned and corrected for missing amino acids. Hydrogens
were added, and a simulation using CHARMm as the full
charge and MMFF as the partial charge was applied. Heavy
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atoms were created, and protein atoms were set rigid via fixed
atom constraints application. Minimization of proteins was
confined using the adopted basis NR protocol. The output was
then defined as a receptor, and the binding site was addressed
via the inhibitor complex attached. The four selected
compounds were then prepared as ligands together with the
complexed inhibitor. The application of a similar forcefield to
that of proteins was performed, except that the compounds to
be docked are set flexible. The C-docker protocol was adopted,
and the obtained 10 conformations of each compound were
sorted according to their —(c-docker interaction energy). The
two-dimensional (2D) and three-dimensional (3D) modes
were viewed via Discovery Studio view tools. Regarding the
nitric oxide synthase crystal structure downloaded from the
PDB, we added hydrogen atoms, removed water molecules

https://doi.org/10.1021/acsomega.2c08295
ACS Omega 2023, 8, 18491—-18508
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Table 3. Effect of Imidacloprid (IMI) and/or the O. majorana Essential Oil (OMO) or Methanolic Extract (OME) on Some

Neurobehavioral Parameters”

animal group test control OMO OME IMI IMI + OMO IMI + OME

Open Field Test

freezing 40.00 + 7.50° 40.20 + 7.58% 41.30 + 7.50° 156.00 + 9.27° 43.00 + 7.68% 50.60 + 7.07%

crossing no. 39.20 + 3.06° 40.80 + 3.17° 39.80 + 2.48° 13.20 + 5.26° 38.20 + 3.5° 36.20 + 2.76"

rearing 1.40 + 0.24° 1.20 + 0.20° 1.40 + 0.25° 6.40 + 0.74° 1.60 + 0.40° 2.60 + 0.68°

urination no. 0.40 + 0.25° 0.60 + 0.40° 1.00 + 0.32° 2.80 + 0.37° 0.60 + 0.24° 1.20 + 0.37°

defecation no. 1.00 + 0.45° 1.40 + 0.25° 1.20 + 0.37° 4.80 + 0.58" 1.00 + 0.45° 1.80 + 0.75°
Forced Swim Test

time spent swimming 218.20 + 2.00* 220.00+ 1.82° 219.00 + 2.07% 86.00 + 2.91° 207.20 + 2.31° 202.60 + 2.52°¢

time spent forced swimming 21.80 + 2.00° 20.00 + 1.82° 21.00 + 2.07° 156.00 + 4.30" 32.80 + 2.31° 37.40 + 2.52¢
Y-Maze Test
% alteration behav. 89.00 + 5.09° 91.80 + 5.56° 90.60 + 4.47° 5.60 + 1.21° 82.00 + 5.63° 83.60 + 5.08°

“Data are expressed as the mean =+ standard error of the mean (SEM) for 7 rats/group. a, b, c means having different superscript letters in the same

row differ significantly at (P < 0.05).

using the software and then, energy minimization was carried
out. After forcefield application, the receptor pocket and ligand
(Heme + complex inhibitor) was defined and selected for
docking. The enzyme was also set fixed and the downloaded
four compounds from PUBCHEM were opened as.moe files,
energy minimized, and set flexible for docking. The docking
protocol was performed using an «a triangle, and 30
conformations were produced for each ligand. The con-
formations were sorted according to the energy scores applied
and the 2D view was generated using MOE.

3. RESULTS

3.1. Gas Chromatography—Mass Spectrometry (GC—
MS) Metabolite Identification in O. majorana Essential
Oil (OMO). The volatile constituents in the essential oil of O.
majorana grown in Egypt were detected with relative ratios as
recorded corresponding to their order of elution on Rtx-5MS
fused bonded columns in a previous study.”* This led to the
identification of a total of 55 components. The most abundant
volatile metabolites representative of OME were linalool
(17.76%), y-terpinen (14.26%), terpinen-4-ol (13.54%), a-
terpinene (8.21%), cis-sabinene hydrate (5.89%), sabinene
(5.62%), a-terpineol (4.74%), linalyl acetate (3.64%),
terpinolene (3.32%), and limonene (3.25%) all belonging to
the oxygenated and hydrocarbon monoterpenoid group.

3.2. UPLC-MS Qualitative Profiling of the O. major-
ana Methanol Extract. The base-peak chromatogram of the
methanol extract of O. majorana aerial parts is displayed in
Figure 1. Reversed-phase UPLC-MS analysis and associated
data previously stated in the literature led to the identification
of 37 constituents in the examined methanol extract
summarized in Table 2, according to their elution order
indicated with the numbers 1—37. The identified metabolites
were classified into four groups, including 10 phenolic acids, 8
flavonoids, 8 fatty acids, and 8 metabolites belonging to other
groups, and 3 unidentified metabolites. The extract was
analyzed in negative electrospray ion (ESI) mode, and the
compounds are documented with their retention times,
molecular formulae, [M — H]~, MS, and MS? data, and the
suggested identification and chemical classes of the com-
pounds. All of the found components in this work were
tentatively identified by their MS and MS? data, compared to
that reported in the literature.

3.2.1. Phenolic Metabolites. Ten phenolic acids belonging
to hydroxycinnamic, hydroxybenzoic, and hydroxyphenyl

propanoic acid subclasses were identified in the O.majorana
methanol extract. Hydroxycinnamic acid derivatives were
identified as follows: rosmarinic acid (peak 13) with molecular
masses of 359.1291 (M — H)™ and 719.2636 (2M — H)~ and
the MS? provided fragments at m/z 197, 179, 161, and 135
rosmarinic acid hexoside (peak 10) revealed a fragmentation
pattern by loss of 162 Da (glycosidic moiety), and this gave
rise to the aglycone rosmarinic acid (m/z 359). Lithospermic
acid peak 14 presented an ion at (M — H)™ m/z 537; it was
confirmed by its fragments at m/z 493, 359, 295, 197, and 161.
Caffeic acid hexoside (peak 1) with (M — H)~ 341.1630 and a
base peak of 179, caffeoyl-arbutin 8 (M — H)™ m/z 433), as
well as salvianolic acid A 16 ((M — H)™ m/z 493), methyl
salvianolate H/I 17 ((M — H)™ m/z 535), and rosmanol
methyl ether 21 (m/z 359) were identified. Syringic acid 4 was
the only detected hydroxybenzoic acid at m/z 197, showing
ms/ms fragments at 179, 135, 123, and 73. Dihydrocaffeic acid
5, a hydroxyphenyl propanoic acid, showed the (M — H)™ ion
at m/z 181.0608 and the MS” fragment at 137.

3.2.2. Flavonoids. Eight flavonoids were identified in the O.
majorana methanol extract belonging to flavones, flavanones,
and flavanonols. Flavone derivatives: luteolin-glucuronide
(peak 9, m/z 461) was identified by a fragmentation pattern
that gave a fragment ion at m/z 285 (luteolin) by loss of 176
Da (glucuronic acid). Peak 12 was identified as apigenin-
glucuronide by MS data (m/z 44S) and the fragmentation
pattern that gave a fragment ion at m/z 269 (apigenin) by
losing the glucuronic acid moiety [M-H-176]. Peak 18 was
identified as luteolin (m/z 285) and 20 as apigenin (m/z 269).
Peak 26, with the (M — H)™ ion m/z 299.1133, was
characterized as 6-methylscutellarein by the MS and MS/MS
data. The fragment ion at m/z 284 was due to the loss of CH;
(15 Da), whereas the fragment ion at m/z 266 was the result of
further loss of H,O (18 Da). Flavanone derivatives: Peak 24
was identified as eriodictyol (m/z 287), and 26 was identified
as sakuranetin (m/z 285). Flavanonol: Peak 25 (m/z 301) was
characterized as dihydrokaempferide based on fragments at m/
z 165 (“'A” ring fragmentation) and 135 (%A~ ring
fragmentation).

3.2.3. Fatty Acids. Eight fatty acids were detected in O.
majorana aerial parts’ methanol extract. Several unsaturated
hydroxy fatty acids: trihydroxy octadecadienoic 22, trihydroxy
octadecenoic 23, hydroperoxy octadecadienoic 28, hydrox-
ylinolenic 29, and hydroxyoctadecadienoic (hydroxylinoleic)
31 acids were identified by loss of a water molecule. In

https://doi.org/10.1021/acsomega.2c08295
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Table 4. Effect of Imidacloprid (IMI) and/or the O. majorana Essential Oil (OMO) or Methanolic Extract (OME) on AchE

and Some Neurotransmitter Levels”

animal group levels control OMO
AchE (moles/L/min X 10%/g tissue) 149 + 0.03° 1.48 + 0.04*
DA (ug/g tissue) 1.38 + 0.08* 1.42 + 0.05*
SHT (ug/g tissue) 0.83 + 0.02° 0.86 + 0.02°
GABA (ug/g tissue) 4.61 + 0.13° 4.29 + 0.10°

OME IMI IMI + OMO IMI + OME
1.47 £ 0.07* 0.73 + 0.04° 1.26 + 0.04° 1.25 + 0.07°
123 + 0.07° 0.58 + 0.02° 0.94 + 0.07° 0.92 + 0.05°
0.85 + 0.02° 0.45 + 0.01° 0.68 + 0.02° 0.65 + 0.02°
4.38 + 0.06" 2.54 + 0.12° 3.85 + 0.10° 3.75 + 0.10°

“Data are expressed as the mean + SEM for 7 rats/group. a, b, c means having different superscript letters in the same row differ significantly at (P
< 0.05). AchE, acetylcholine esterase; DA, dopamine; SHT, serotonin; and GABA, y-aminobutyric acid.
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Figure 2. Effect of IMI and/or the O. majorana extract on some oxidative stress markers. (a) MDA levels, (b) GSH content, and (c) CAT activity in
the brain homogenates of different groups. Data are expressed as the mean + SEM for 7 rats/group. a, b, c means having different superscript letters
in the same row differ significantly at (P < 0.05). IMI, imidacloprid; OMO, O. majorana essential oil; and OME, O. majorana methanol extract.

addition to two unsaturated fatty acids, octadecatrienoic 35
and octadecadienoic (linoleic) 36 acids and one saturated fatty
acid was identified as hexadecanoic acid (palmitic acid) (peak
37). All were tentatively identified from their mass spectra, as
displayed in Table 2.

3.2.4. Others. Other detected metabolites were an organic
acid (peak 2) identified as quinic acid with [M — H]™ at m/z
191, arbutin, hydroquinone (peak 3) with [M — H]™ at m/z
271, syringic aldehyde, a hydroxybenzaldehyde m/z 181.0816
(peak 6), a cyclobutane lignan (peak 11) annotated as
sagerinic acid (m/z 719.2682), and tri-O-methylellagic acid 15
m/z 343, an ellagic acid derivative. In addition to a diterpenoid
19 identified as carnosol (m/z 329.1142) and two
triterpenoids, hederagenin (peak 30) [M — H]™ at m/z
471.4283 and ursolic acid 34 at m/z 455.4471 were identified.

3.3. Behavioral Assay. 3.3.1. Open Field. IMI exposure
resulted in an anxiogenic profile of behavioral changes, as
evidenced by more time spent freezing, number of rearing, as
well as higher urination and defecation scores with lower levels
of horizontal locomotion. However, coadministration of IMI
with either the oregano oil or methanol extract significantly
decreased levels of IMI-induced anxiety-like behavior since no
significant difference was found in any of the recorded
parameters compared to their control group (Table 3).

3.3.2. Forced Swim Test. Exposure to IMI caused a
significant elevation in the immobility period. However,
concurrent administration of IMI with either origanum oil or
the extract form could reduce the immobility period compared
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to the IMI-received group. Moreover, the administration of
oregano oil form significantly alleviated IMI-induced depres-
sive-like behavior than methanolic extract form, where rats in
the oil-ameliorated group had an antidepressant effect as their
control littermates (Table 3).

3.3.3. Spatial Y-Maze Memory Test. Exposure to IMI
caused a significant impairment of the short-term spatial
memory in the Y-maze, as indicated by reducing the
spontaneous alternation behavior percentages in comparison
with rats in all other treatments. However, rats coadministered
with either oregano oil or extract form significantly enhanced
spatial cognition ability compared to the IMI-received group.
Furthermore, the administration of oregano oil remarkably
mitigated IMI-induced spatial memory impairment than
methanolic extract form, with rats in the oil-ameliorated
group performing as well as their controls in the Y-maze test
(Table 3).

3.4. AchE Activity and Neurotransmitter Concen-
trations. The activity of AchE was significantly reduced after
exposure to IMI when compared to the control group, while
origanum administration, either the methanol or oil extract
showed significant amelioration if compared with the IMI
group. On the other hand, both treated groups showed a
substantial reduction if compared to the control group.
Concerning DA, SHT, and GABA levels, there was a
considerable reduction in the abovementioned neurotransmit-
ters in the brain of rats receiving IMI in comparison with the
control group. O. majorana administration, either methanol or

https://doi.org/10.1021/acsomega.2c08295
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Figure 3. Effect of IMI and/or the O. majorana extract on the transcriptase levels of the studied genes. (a) IL-1f, (b) TNF-q, (c) NF-«B in the
brain homogenates of different groups. Data are expressed as the mean + SEM for 7 rats/group. 4, b, c means having different superscript letters in
the same row differ significantly at (P < 0.05). IMI, imidacloprid; OMO, O. majorana essential oil; and OME, O. majorana methanol extract.
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Figure 4. Photomicrograph of brain tissue sections at different areas which stained with hematoxylin and eosin (H&E) and represented different
treatment groups. (a—e) Control group showed normal histological structure in different brain areas. (f—j) IMI receiving group showed neuronal
degeneration and necrosis (black arrows), gliosis (black triangles), inflammatory cells infiltration (black stars), congestion (red arrows), vacuolation
(red triangles), and extravasation of RBCs (red stars) in different brain areas. (k—o) IMI + OMO receiving group showed mild neuronal
degeneration (black arrows), gliosis (black triangles), congestion (red arrows), and vacuolation (red triangles), in some brain areas. (p—t) IMI +
OME receiving group showed moderate neuronal degeneration (black arrows), minimum gliosis (black triangle), and RBCs extravasation (red star)
in the neocortex while other brain areas showed normal histological structure. IMI, imidacloprid; OMO, O. majorana essential oil; and OME, O.
majorana methanol extract.

oil extract, revealed a significant elevation in these levels when observed in the O. majorana oil-treated group (Table 4 and
compared with the IMI group. However, the best results were Figure 1).
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Table S. Microscopic Lesion Scoring in Different Brain Areas of Treated Rats”

OMO

control

OME

Histological Grading of the Forebrain Lesions (Cerebrum)

neuronal degeneration - —
gliosis - -
edema - -
hemorrhage - -

Histological Grading of the Midbrain Lesions (Striatum and Hippocampus)

neuronal degeneration - -
gliosis - -
edema - -

hemorrhage - —

Histological Grading of the Hindbrain Lesion (Cerebellum)

neuronal degeneration - -
gliosis - —
edema - —

hemorrhage - —

IMI IMI + OMO IMI + OME
e+t ++
e+t ++
+++ - ++
+++ - -
++ + -
+ + -
+ + -
++ + +
++ - -
+++ - +
+ — _

“Histological lesion scoring was assessed as follows: (—) normal histology, (+) mild, (++) moderate, (+++) severe, and (++++) extensive severe
tissue damage. n = 7 rats/group. IMI, imidacloprid; OMO, O. majorana essential oil; and OME, O. majorana methanol extract.

IMI + OMO IMI control

IMI + OME

Figure 5. Photomicrograph representing Casp-3, Bax, and iNOS immunostaining of the cerebral cortex in different treatment groups. (a—c)
Control group showed negative expression of the above immune markers. (d—f) IMI receiving group showed strong positive immunoexpression of
the studied protein markers. (g—i) IMI + OMO receiving group showed mild to moderate Casp-3 and Bax immunoexpression with negative iNOS
expression. (j—1) IMI + OME receiving group showed moderate positive immunoexpression of the studied protein markers. IMI, imidacloprid;
OMO, O. majorana essential oil; and OME, O. majorana methanol extract.

3.5. Oxidative Stress Evaluations. A significant elevation
in MDA levels was associated with a significant reduction in
the GSH and CAT activity in the group receiving IMI
compared to the control group. On the other hand,
cotreatment with origanum either oil or methanolic extract
with IMI could markedly decrease MDA levels and increase
the GSH and CAT activity compared to the IMI group, but the
best results were observed in the oregano oil-treated group
(Figure 2).

3.6. Quantitative RT-PCR Analysis for IL-18, TNF-a,
and NF-xB Genes. The IMI administration resulted in a

18500

significant upregulation of NF-kB, IL-1, and TNF- mRNA
levels. This upregulation is markedly ameliorated in the O.
majorana oil and methanol extract-treated groups. Both the oil
and methanol extract provided potent protection against the
IMI. There was an insignificant difference between them
except for the NF-kB, such that the extract showed a significant
protective effect compared to the oil (Figure 3).

3.7. Histopathological Examinations. Brain tissue
sections obtained from the control group and those receiving
both O. majorana oil and the methanol extract showed regular
histological organization in different brain areas, including the
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Figure 6. 2D interaction diagrams of linalool, rosmarinic acid, y-terpene, terpene-4-ol, and the reference inhibitor against TNF-a, and the 3D
interaction diagram of the most active rosmarinic acid (Discovery Studio software).

cerebrum cortex, white matter, hippocampus, and cerebellum
(Figure 4a—e). Otherwise, the IMI receiving group showed a
wide range of pathological alterations in different brain areas.
Meninges showed congestion, hemorrhage, and diffuse
inflammatory cell infiltration. Most neurons in the cerebral
cortex showed degeneration and necrosis accompanied by
neuronophagia and extensive gliosis (Figure 4f). The white
matter showed focal to diffuse gliosis and severe hemorrhage
(Figure 4g). The hippocampus showed disorganization and
widespread neuronal necrosis in different parts, especially DG,
CA2, and CA3 zones (Figure 4h,i). The cerebellum showed
vacuolation along with extensive neuronal necrosis and gliosis
in both the Purkinji and granular cell layers (Figure 4j).
Cotreatment of either the O. majorana oil or methanol extract
with IMI could improve the microscopic pictures of different
brain areas. Regarding the oil-treated group, the cerebral cortex
and white matter showed mild neuronal degeneration and
gliosis (Figure 4k1). The hippocampus displayed sporadic cell
necrosis and mild vacuolation in the DG, along with a normal
microscopic picture of the CA3 zone (Figure 4m,n).
Additionally, the cerebellum showed normal histological
organization (Figure 40). Likewise, the methanolic extract-
treated group nearly showed similar results to the oil-treated
group but differed in its degree of severity. Moderate neuronal
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degeneration and gliosis were observed in the cerebral cortex
along with a normal microscopic picture of other brain areas
(Figure 4p—t).

Table 5 shows a summary of the histopathological alteration
scoring that demonstrates the highest score in all parameters in
the IMI group. Otherwise, cotreatment of origanum, either oil
or methanolic extract with IMI, markedly reduced this score;
however, the best improvement was observed in the oil-treated
group.

3.8. Immunohistochemical Staining. The repeated oral
intake of IMI resulted in marked neuronal apoptosis
manifested by strong Casp-3 and Bax immunostaining
expression. Additionally, the strong immunopositivity of
iNOS was also recorded in the IMI receiving group. In
contrast to the IMI group, groups that were cotreated by either
O. majorana oil or the methanol extract along with IMI exhibit
weak positive to negative immunostaining responses of all of
the abovementioned immune markers in different brain
regions, mainly the cerebral cortex (Figure S).

3.9. Molecular Docking Study. The promising com-
pounds out of the addressed phytochemicals were selected as
linalool, rosmarinic acid, y-terpene, and terpene-4-ol and
utilized to investigate their possible mechanism of actions via
in silico molecular modeling studies. Two targets were selected
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for the study: TNF-a’> and iNOS.”” Both were downloaded
from PDB under codes: 2AZS and 20RT, respectively. The
molecular docking study was first applied between the four
compounds and TNF-a via Discovery Studio 4.1 utilizing the
C-docker protocol. The results were compared to that of the
reference ligand—small molecule inhibitor—already com-
plexed with the protein and downloaded from PDB: 6,7-
dimethyl-3-[ (methyl{2-[methyl({1-[3-(trifluoromethyl)-
phenyl]-1H-indol-3-yl}methyl) amino]ethyl} amino)methyl]-
4H-chromen-4-one. The reference showed (c-docker inter-
action energy) = —39.25 kcal/mol while the compounds were
in the range of —(39.25—20.72) kcal/mol, as shown in Table 6.
The four compounds were competitive to the reference at the
active site, as shown in Figure 6, with the priority to the most
active rosmarinic acid that showed equivalent interaction
energy and binding to key amino acids Tyr 119 and Leu 120.
On the other hand, the molecular docking study was applied
against iNOS using MOE2010 since it contains the heme
structure with iron metal, and Discovery Studio does not read
metal interactions. The complexed inhibitor reference: (35)-1-
(1,3-benzodioxol-S-ylmethyl)-3-[4-(1H-imidazol-1-YL)-
phenoxy|piperidine, showed an interaction score = —8.82
kcal/mol while the four compounds were in the range of
—(12.96—8.07) kcal/mo,l as shown in Table 6. As shown in
Figure 7, these compounds provided the metal complex/
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exposure to heme which strengthens the attachment in the
pocket active site for inhibition compared to a reference,
except for y-terpene, which showed no interaction. Rosmarinic
acid scored the best compared to the reference, and the arene
H-bond to the key amino acid Cys 194.

4. DISCUSSION

Behavior results from what happens in the neurological system
in both humans and animals; hence behavioral analysis is
crucial for evaluating neural function.”® The current study used
motor activity monitoring as an example of motivated
behavior, the most popular indicator of CNS dysfunction.”"
Three behavioral assays, the open field test, the forced swim
test, and the Y-maze test, were carried out to evaluate the
neurobehavior of rats after exposure to IMI and/or oregano,
either oil or methanolic extract. The open field is a commonly
used test for assessing emotionality-related conflict between a
rat’s exploratory tendency to wander into the center of the
arena and safety by remaining in a corner or along the
periphery.”” Herein, rats exposed to IMI displayed a significant
increase in their anxiety level and emotionality, visualized by
increased immobility and decreased horizontal locomotion.
Conversely to horizontal activity, higher levels of vertical
locomotion of IMI-treated rats were observed in the open
field’s corners and against the wall upon first exposure, and this
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could be attributed to novelty-induced more fear-related
behavior and also rats’ proclivity to escape.’® Furthermore,
elevated urination and defecation scores noticed in IMI-
intoxicated animals are also effective and sensitive indicators of
emotionality and anxiety.”">> The forced swim test has been
widely used to assess behavioral despair because immobility
demonstrates the level of depression.”® In our study, IMI-
administered rats showed decreased mobility time and
increased immobility duration, reflecting the depressive
condition in response to elevated stress levels.”” The Y-maze
assay is a behavioral test that depends on rats’ motivation to
explore novel habitats. Instead of returning to a previously
explored arm of the maze, rats investigate a new one.”*”” This
behavior is influenced by several brain regions, including the
prefrontal cortex, hippocampus, and basal forebrain.”” Our
findings revealed that rats treated with IMI had poor working
spatial memory, judging by a decline in the spontaneous
alternation percentage, a measure of rats’ natural propensity to
alternate among three different arms. These findings are in
accordance with those reported by Kara and colleagues,é1
asserting that IMI caused learning and memory impairment in
rats.

In the current study, the levels of neurotransmitters,
including serotonin (SHT), y-aminobutyric acid (GABA),
and dopamine (DA) were significantly reduced in IMI-exposed
rats. Neurotransmitters are among the neuronal molecules
likely to be affected by stress leading to neurobehavioral
disturbance. Depletion of neurotransmitters DA, GABA, and
SHT due to IMI administration was found to be in accordance
with the results documented by Abd-Elhakim et al.”> As the
brain has a weak antioxidant defense mechanism and is very
labile to oxidative stress threats due to its high lipid content
and high energy demand when it exceeds its capacity to
overcome free radicals and reactive oxygen species (ROS).*
Thus, it can eventually lead to significant neuronal impair-
ment.®* ROS and free radicals participate significantly in the
toxicity of pesticides and environmental chemicals, inducing
oxidative stress and alterations in antioxidants or free radical
scavenging enzymatic pathways.’” The current study revealed a
significant alteration in the brain redox status of the group
exposed to IMI associated with a significant elevation of brain
MDA level and a significant reduction in GSH and CAT
activity in the rat brain. The same dysregulated brain redox
status results associated with IMI were reported by Rawi et
al.”® Moreover, the oxidative damage of IMI was reported to be
caused by increasing the protein oxidation and lipid
peroxidation of the brain cells. In the case of oxidative stress,
highly reactive molecules such as superoxide, peroxynitrite, and
hydroxyl radical can accumulate in the body and cause
permanent damage, mitochondrial dysfunction, synaptic trans-
mission failure, and ultimately cell death.®® Therefore, GABA
reduction in the brain tissue of IMI-exposed rats could be
attributed to oxidative stress, as neural oxidative damage can
decrease the synthesis of GABA due to the imbalance in the
neuronal redox potential. Oxidative insults are suggested to be
associated with carbonyl modification of %lutamine synthase
and significant inhibition in its activity.”’ Similarly to the
synthesis of GABA, as oxidative stress gets enhanced, DA
synthesis is also inhibited, which is mediated by the reduction
of tyrosine hydroxylase, the synthesizing enzyme, and the rate-
limiting step of DA production through the formation of 3-
nitrotyrosine by peroxynitrite, which may downregulate the
activity of tyrosine hydroxylase.”° Also, S-HT levels were

decreased in the IMI group, which could be attributed to the
destruction of brain regions with a high density of serotonergic
neurons due to oxidative damage induced by IMI admin-
istration.’® Interestingly, our study shows a significant
reduction in AchE activity due to IMI exposure. Our results
were found to be in accordance with Bhardwaj et al,” and
Vohra et al.”’ Brain AchE inhibition suggested that several
regions in the brain are subjected to significant damage.

All the previously mentioned findings were reconfirmed by
the histological examination demonstrating widespread neuro-
nal degeneration and neuronophagia accompanied by severe
congestions and extensive gliosis in most brain areas. The
observed lesions in the cerebral cortex, hippocampus, and
cerebellum may explain the imbalance, loss of memory, and
abnormal gait in rats, respectively. We suggest that these
alterations are attributed to oxidative stress. Imidacloprid, like
other pesticides, accelerated ROS generation in the brain tissue
via glial cell stimulation and promoted oxido-inflammatory
response and apoptosis via mitochondrial dysfunction.”!
Opening the mitochondrial transition pores and increasing
the cytosolic calcium levels lead to cytochrome-c release that
promotes the apoptosis mechanism.”””®> Both ROS and
cytochrome-c activate the proapoptotic proteins as Bax and
Casp-3, as well as they can downregulate the anti-apoptotic
proteins as Bcl2.”' Neuroinflammation is another mechanism
of IMI-induced neural toxicity and is also attributed to
oxidative stress. ROS overgeneration could induce neuronal
damage via peroxidation of membrane phospholipids and
degradation of cytoskeletal proteins. These can attract a huge
number of microglia cells to engulf the necrotic neurons.
Microglia cells release and activate proinflammatory cytokines
such as IL-1 and TNF-a and initiate the inflammatory
response via modulating the NF-xB signaling pathway.”*

This study showed that administration of O. majorana either
in oil or extract form improved the cognitive abilities of IMI-
exposed rats through significantly ameliorating effects in the
brain AchE activity, DA, S-HT, and GABA levels if compared
with the imidacloprid group. Those changes could be
correlated to the O. majorana antioxidant power. Moreover,
O. majorana essential oil reverses neuroinflammation,
apoptosis, and oxidative damage in rats.”> The antioxidant
properties of O. majorana have been previously confirmed.”® It
has been documented that antioxidants can block the reuptake
of 5-HT, thereby increasing its availability in synaptic clefts.””
The favorable impact of OMO improved the emotional
condition of the IMI-treated rats by alleviating most of the
adverse impacts caused by IMI due to its anxiolytic effect.”®
This result was proposed through the elevation of monoamine
compounds in humans.”” By studying the Origanum genus,
Mombeini et al.”’ suggested that oregano extract averts the
monoamine neurotransmitter degradation and increases
extracellular S-HT levels in the brain in a dose-dependent
manner in anxiolytic mice. Recently, a group of researchers
revealed that O. majorana essential oil exerted antidepressant-
like effects by modulating serotonergic, dopaminergic, and
noradrenergic systems.”” Our findings agree with those of
Amiresmaeili and his colleagues, who reported the anti-
depressant properties of oregano.”’

Moreover, Postu et al. suggested that O. majorana essential
oil promotes cognitive functions, reduces brain oxidative stress,
and enhances memory function in Aff1—42-treated rats.”" This
finding could explain our results about reducing MDA levels
and increasing the GSH and CAT activity in the brain of rats
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cotreated with either oregano oil or extract. Mossa and
Nawwar postulated that the antiacetylcholinesterase activity
might be due to the presence of terpenoids in oils which may
act synergistically with other constituents.*” Tunisian O.
majorana essential oil displayed anti-ACHE activity that was
assumed to be attributed to its high hydrocarbon or
oxygenated monoterpene content.”> Moreover, the chemical
composition, along with the anti-neurodegenerative, antibacte-
rial, and antioxidant activity of ethanol and aqueous extracts of
O. majorana originating from four different places, i.e., Egypt,
Greece, Libya, and Serbia, were investigated. The Egyptian
sample ethanol extract recorded the highest phenolic and
flavonoid contents. A high rosmarinic acid content, with the
highest quantity in the Egyptian plant ethanol extract, was
recorded using HPLC analysis. According to the previous
results, sweet marjoram from Egypt could be recommended as
a result of having the best antioxidant, antibacterial,
acetylcholinesterase, and tyrosinase inhibitory activity.**
Anticonvulsant and sedative activities for different extracts of
aerial parts of O. majorana were investigated it was assumed
that the occurrence of flavonoids, steroids, triterpenoids, and
essential oil might be responsible for these activities.®

Molecular docking was projected to investigate the probable
ligand-target interactions that might justify the perceived
neuroprotective effects of the essential oil (OMO) and
methanol extract (OME) against IMI-induced neurotoxicity
in rats. Previous studies revealed that iNOS and nitric oxide are
associated with neuroinflammatory reactions: Upregulation of
iNOS generates large amounts of proinflammatory cytokines
(Tumor necrosis factor-a, Interferon-y, and Interleukin-1).
TNEF-a employs pathophysiological and homeostatic functions
in the nervous system. TNF-a is a crucial part of neuro-
inflammatory reactions correlated with neurological disor-
ders.*® Our findings of the molecular docking study align very
well with a previous report that stated the ability of rosmarinic
acid to remarkably reduce the levels of inflammatory markers
(TNF-a and iNOS) in chronic constriction injury rats. The
neuroprotective actions of rosmarinic acid are attributed to its
antioxidant and anti-inflammatory activities.”” Similarly,
linalool has been reported to alleviate TNF-a and iNOS in
mice with a liver injury induced using lipopolysaccharide/d-
galactosamine. This effect is due to the ability of linalool to
inhibit the activation of NF-xB.*® These findings collectively
justify the normalization of the elevated iNOS and TNF-a
levels induced after exposure to IMI.

5. CONCLUSIONS

Our findings revealed that IMI is highly neurotoxic to
nontarget organisms and exerts its toxic action via oxidative
stress that mediates the mechanistic way of cellular apoptosis
and inflammation. Both O. majorana oil and methanol extract
have strong antioxidant, anti-inflammatory, and anti-apoptotic
properties, besides their neurotransmitters’ modulatory role,
which can effectively protect against IMI neurotoxicity. We
suggest using Origanum to safeguard against the neuro-
inflammation and oxidative stress induced by insecticide
exposure. The current study could help assess the risks of
neonicotinoid use to nontarget organisms, but there are major
knowledge gaps about its pharmacokinetics and pharmacody-
namics. A deeper analysis should concentrate on minimizing
the side effects of extensive insecticide use and their leakage
into the surrounding environment. Furthermore, searching for
new alternatives to the current insecticides with less hazardous

effects on the surrounding environment is very important in
the future.
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