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Abstract

Synthetic organic insecticides such as pyrethroids, organophosphates, neonicotinoids, and others have the potential to disrupt
ecosystems and are often toxic to humans. Thiamethoxam (TMX), a neonicotinoid insecticide , is a widely used insecticide
with neurotoxic potential. L-Carnitine (LC) is regarded as the “gatekeeper” in charge of allowing long-chain fatty acids into
cell mitochondria. LC is an endogenous chemical that is renowned for its prospective biological activity in addition to its
role in energy metabolism. This study investigated the protective effects of LC against TMX-induced neurotoxicity in male
Wistar rats. For 28 days, animals were divided into four groups and treated daily with either LC (300 mg/kg), TMX (100 mg/
kg), or both at the aforementioned doses. Our results revealed marked serum lipid profile and electrolyte changes, declines
in brain antioxidants and neurotransmitters (acetylcholine, dopamine, and serotonin levels) with elevations in thiobarbitu-
ric acid reactive substances and proinflammatory cytokine levels, as well as acetylcholinesterase and monoamine oxidase
brain activity in TMX-treated rats. TMX also increased the expression of caspase-3 and glial fibrillary acidic protein. In
contrast, pretreatment with LC attenuated TMX-induced brain injury by suppressing oxidative stress and proinflammatory
cytokines and modulating neurotransmitter levels. It also ameliorated the expression of apoptotic and astrogliosis markers.
It could be concluded that LC has antioxidant, anti-inflammatory, anti-astrogliosis, and anti-apoptotic potential against TMX
neurotoxicity.
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Introduction replaced organophosphorus, pyrethroid, and carbamate

insecticides (Distefano et al. 2022). NEOs are made up of

Neonicotinoids (NEOs), a class of acetylcholine receptor
inhibitors, are the most widely used pesticides, accounting
for 30% of the global insecticide market and being registered
in over 120 countries worldwide (Li et al. 2022). Because
of their advantages, such as high efficacy against suck-
ing insects, ease of use, and low cost, they have gradually
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seven compounds that are classified into three generations:
the first (imidacloprid, nitenpyram, acetamiprid, and thia-
cloprid), the second (thiamethoxam and clothianidin), and
the third (dinotefuran) (Li et al. 2022). With the increased
use of NEOs, they have been detected in a variety of envi-
ronmental matrices, including soil (Chen et al. 2022), water,
and food (Naumann et al. 2022), and have been linked to
adverse health effects in nontarget organisms (Zhang et al.
2021; Addy-Orduna et al. 2022). Despite the initial belief
that NEOs have low mammalian toxicity, there is growing
evidence that NEOs can cause a wide range of toxic effects
in animals and humans, including neurotoxicity, immunotox-
icity, hepatotoxicity, nephrotoxicity, and reproductive cyto-
toxicity in vertebrates and invertebrates (Wang et al. 2018;
Anadén et al. 2020). They effectively block acetylcholine
(Ach) binding and overstimulate cells at synaptic junctions,
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obstructing nerve impulse propagation and leading to cell
and/or individual paralysis and death (Almeida et al. 2021).

Thiamethoxam (TMX; 3-(2-chloro-1,3-thiazol-
5-ylmethyl)-5-methyl-1,3,5-oxadiazine-4-ylidene (nitro)
amine) is a representative second-generation neonicotinoid
(NEO) insecticide with a broad activity spectrum and high
target specificity against different types of insects, as well as
a low risk to nontarget mammalian species (Liu et al. 2018).
TMX is a WHO class III carcinogen with the liver and kid-
ney as its primary targets, and lifelong-fed mice have an
increased incidence of liver tumors (Yi et al. 2023). TMX,
as an agonist of nicotinic acetylcholine receptors (nAChRs)
in the nervous system, can cause neurological disorders and
systemic neurotoxicity by disrupting synaptic transmission
in the nervous system (Yang et al. 2023). TMX can also bind
to Ach receptors and reduce Ach-induced action potentials,
causing changes in cholinergic-related behavioral and bio-
chemical processes as well as increased anxiety in rats (Yi
et al. 2023).

L-Carnitine (LC; p-hydroxy-y-trimethyl-amino-butyric
acid) is a water-soluble antioxidant found in the liver, kid-
ney, and brain of most mammals (El-Sherbini et al. 2017;
Nouri et al. 2022). LC is derived from various foods (75%),
and the body synthesizes it using various essential amino
acids (25%), such as lysine and methionine (Hamza et al.
2020). The biologically active enantiomer LC mediates
the transport of long-chain fatty acids into the mitochon-
drial matrix for cellular energy metabolism and has anti-
oxidant and anti-inflammatory properties (Abdulidha et al.
2020; Sarzi-Puttini et al. 2021). LC is also important in
cell osmoregulation and in the stabilisation of cellular and
mitochondrial membranes, thereby preventing cell damage
(Tiirkyi1lmaz et al., 2010). Because LC is easily transported
through the blood-brain barrier via the organic cation/carni-
tine transporter novel family member 2 (OCTN2), its plasma
and cerebrospinal fluid concentrations increase after oral
administration (Sarzi-Puttini et al. 2021). Furthermore, LC
protects against neurotoxicity and decreases Ach activity and
thus cognitive abilities (Mahmoud et al. 2021). This was the
first study to investigate the effect of LC on TMX-induced
neurotoxicity in male rats. The current study aimed to inves-
tigate the effects of LC on oxidative stress, inflammatory
factors, and neurochemicals, and the expression of regula-
tory astrogliosis and apoptosis markers induced by TMX in
male Wistar rat brains.

Materials and methods
Chemicals

A 25% TMX (Actara®, Syngenta Canada Inc.) was pur-
chased from a local pesticide market. LC was purchased

@ Springer

from an Arab company for Pharmaceuticals and Medical
Plants (Egypt). All other chemicals used in our experiment
were of analytical grade.

Animal care

Wistar male rats weighing 180 + 20 g were obtained from
the animal house of the Medical Research Institute, Alexan-
dria University. The rats were group-housed in plastic cages
in normal laboratory conditions regarding humidity at a tem-
perature of 28 + 3 °C and a 12-h light/12-h dark cycle, fed a
standard pellet diet, and provided drinking water ad libitum.
All animals were accommodated in laboratory conditions
for 1 week before treatment and maintained under the same
conditions throughout the experiment. The study protocol
was approved by the Ethical Committee for the Use and Care
of Laboratory Animals established by Alexandria University
(Alexandria, Egypt). Animal experiments received approval
from the Ethical Committee (No. AU 04230427301).

Experimental design

Twenty rats were randomly divided into four groups with
five animals in each group as follows: control animals were
administered distilled water as a vehicle, LC (300 mg/kg),
TMX (100 mg/kg; 1/15.6 from LD50), and LC + TMX. LC
was administered first, and after 30 min, TMX was admin-
istered. The doses of TMX and LC were chosen according
to previous studies (Feki et al. 2019; Essawy et al. 2022,
respectively). The rats were treated orally for 4 weeks daily.

Blood and brain tissue preparation

At the end of the study period, all rats were sacrificed by
decapitation, under ketamine (100 mg/kg) and xylazine (20
mg/kg) anesthesia, and blood was withdrawn by intracardiac
puncture. The serum was immediately separated by centrifu-
gation at 3000 rpm for 15 min at 4 °C and stored at —80 °C.
The whole brain of each animal was rapidly dissected, thor-
oughly washed with ice-cold isotonic saline, dried, weighed,
and then divided into two portions. The first portion was
directly homogenized in ice-cold 10 mM phosphate buffer
(pH 7.4) to prepare a 10% (w/v) homogenate, which was
centrifuged at 5000 rpm for 10 min at 4 °C. The supernatant
was collected and stored at —80 °C and then utilized for bio-
chemical analyses. The second portion was frozen in liquid
nitrogen and stored at —80 °C for RNA extraction.

Blood lipid profile and electrolyte assays
Serum samples were assayed for lipid profiles (triglycerides

(TG), total cholesterol (TC), high-density lipoprotein cho-
lesterol (HDL-C), and low-density lipoprotein cholesterol
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(LDL-C)) using colorimetric kits from Bio-System Com-
pany (Egypt).

Serum electrolyte levels (Na* and Ca*?) were determined
by an automatic electrolyte analyzer (PL1000A).

Determination of oxidant/antioxidant capacity
biomarkers

Lipid peroxidation was measured using the thiobarbituric
acid reactive substances (TBARS) assay by Tappel and
Zalkin (1959). The TBARS concentration was calculated
using standard curves of increasing 1,1,3,3-tetramethoxypro-
pane concentrations and expressed as nmol/g tissue.

In addition, the levels of reduced glutathione (GSH) as a
nonenzymatic antioxidant biomarker were determined based
on the method of Jollow et al. (1974). Briefly, the superna-
tant was centrifuged with 5% trichloroacetic acid. To 0.1 ml
of homogenate, 2 ml of phosphate buffer (pH 8.4), 0.5 ml
of dithiobis (2-nitrobenzoic acid) (DTNB), and 0.4 ml of
double distilled water were added, and the absorbance was
read at 412 nm. The results were expressed as mg/g tissue.

Furthermore, three enzymatic antioxidants, superoxide
dismutase (SOD), catalase (CAT), and glutathione peroxi-
dase (GPx), were evaluated according to the methods of
Mishra and Fridovich (1972), Aebi (1984), and Flohé and
Giinzler (1984), respectively.

SOD activity was assayed by the inhibition of epinephrine
auto-oxidation in an alkaline medium (pH 10.2) to adreno-
chrome, which is markedly inhibited by the presence of
SOD. Epinephrine was added to the assay mixture, contain-
ing tissue supernatant, and the change in extinction coef-
ficient was followed at 480 nm in a spectrophotometer. The
enzyme activity was expressed as U/g.

CAT activity in brain supernatants was determined by
the decomposition of hydrogen peroxide according to Aebi
(1984) using a reaction mixture consisting of hydrogen per-
oxide (H,O,; 10 mmol/l final concentration) in phosphate
buffer (pH 7.0) as the substrate. Changes in absorbance due
to H,0, degradation were monitored spectrophotometrically
at 240 nm for 1 min, and the enzyme activity was expressed
as U/g tissue.

GPx activity was measured using cumene hydroperoxide
as a substrate. The assay method is based on monitoring the
generation of GSH from glutathione disulfide (GSSG) by the
action of glutathione reductase in the presence of reduced
nicotinamide adenine dinucleotide phosphate (NADPH).
The absorbance at 340 nm was recorded. The enzyme activ-
ity was expressed as mU/g tissue.

Determination of inflammatory markers

To evaluate neuroinflammation in brain tissue treated
with TMX and/or LC, proinflammatory markers such as

tumor necrosis factor-a (TNF-a), interleukin-6 (IL-6),
interleukin-1p (IL-1f), and nuclear factor kappa B (NF-xB)
were measured by enzyme-linked immunosorbent assay
(ELISA) kits obtained from ABclonal and Biosourse (USA),
respectively, according to the manufacturer’s instructions for
TNF-a (ABclonal, cat no. RK00029), IL-6 (Biosourse, cat
no. MBS726707), IL-1p (Biosourse, cat no. MBS825017),
and NF-kB (Biosourse, cat no. MBS453975).

Neurochemical biomarkers

Acetylcholinesterase (AchE) activity was assessed by using
commercial rat ELISA kits obtained from Elabscience (cat
no. E-EL-R0355) according to the manufacturer’s instruc-
tions. Enzyme activity was determined using a molar extinc-
tion coefficient of 412 nm.

The activity of monoamine oxidase (MAQO) was estimated
using p-tyramine hydrochloride as a substrate according to
the method of Sandler et al. (1981).

The levels of Ach (cat no. CEA912Ge), dopamine (DA,
cat no. DOP31-KO01), and serotonin (5-HT, cat no. CSB-
E08364r) were estimated in the brain by using commercial
rat ELISA kits obtained from Cloud-Clone Crop, Eagle Bio-
sciences Inc, and Cusabio (USA), respectively. The opti-
cal density was read at 450 nm in a microplate photometer
within 15 min according to the manufacturer’s protocol.

Quantitative real-time polymerase chain reaction
(qRT-PCR)

Total RNA was extracted from 30 mg of brain tissue sam-
ples using TRIzol reagent (Invitrogen, cat no. 15596-026).
The extracted RNA concentration was quantified using Nan-
oDrop spectrophotometry (Thermo Fisher Scientific, USA);
then, 110 ng of total RNA was transcribed using RNA
reverse transcriptase kits (cat no. K0251, Thermo Fisher
Scientific, USA). The thermal cycler was programmed at
25 °C for 10 min, 37 °C for 120 min, 85 °C for 5 min, and 4
°C for 20 h. Prepared cDNA was used in the qPCR analyzer
(StepOne, Applied Biosystems, Singapore) using MAXIMA
SYBR Green gPCR Master Mix with the following program:
1 cycle at 95 °C for 10 min; 40 cycles of 95 °C for 15 s, 60
°C for 30 s and 72 °C for 30 s; and one cycle at 95 °C for 15
s, 60 °C for 1 min and 95 °C for 15 s. The primer sequences
used and the sizes of caspase-3 and glial fibrillary acidic
protein (GFAP) housekeeping p-actin are shown in Table 1.
Duplicate plates were tested for each condition and were
compared to assess the reproducibility of the results. The
threshold cycle (Ct) for each well was recorded, and data
analysis was performed by the 2724€T method with normali-
zation to f-actin expression.
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Table 1 Primer sequences specific for the analyzed genes

Name Size (bp) Accession no. Forward Reverse

B-Actin 81 NC_051347.1 ATGTGGCTGAGGACTTTGATT ATCTATGCCGTGGATACTTGG
Caspase-3 160 NC_051351.1 CTTGGAACGCGAAGAAAAGT AGCCCATTTCAGGGTAATCC
GFAP 121 NC_051345.1 GAAGAAAACCGCATCACCAT CCGTCTTTACCACGATGTTC

Statistical analysis

Values are expressed as the means + SE. The normality of
data distribution was assessed using Shapiro-Wilk’s test.
Significant differences between values were analyzed by
two-way analysis of variance (ANOVA) followed by post
hoc Tukey’s multiple comparisons tests. P values < 0.05
were considered statistically significant. The study was car-
ried out using GraphPad Prism 6.0 Software (USA).

Results

Ameliorative effect of LC on TMX-induced changes
in the serum lipid profile and electrolyte ions

Serum levels of TG, TC, and LDL-C were significantly (P
< 0.05 vs. controls; 57, 48, and 158%, respectively) higher
in TMX-treated rats, while HDL-C was significantly lower
(Fig. 1A-D; —49%). Similarly, TMX-treated animals had
significantly lower ionic Na*™ (—8%) and Ca™? (—=41%) levels
than the control group (Fig. 2A, B). Oral administration of
LC and TMX, on the other hand, resulted in significant (P
< 0.05 vs. TMX group) decreases in TG, TC, LDL-C, and
elevated HDL-C levels (Fig. 1A-D; -9, —21, —39, and 69%,
respectively). Furthermore, when compared to the TMX-
treated group, administration of LC + TMX resulted in a
significant improvement in ionic electrolyte levels. Two-way
ANOVA revealed a significant interactive effect on TG (F
=1.012; P =0.001), TC (F = 3.196; P = 0.001), LDL-C (F
= 5.532; P = 0.001), and HDL-C (F = 4.401; P = 0.001)
levels. Furthermore, when compared to the TMX-treated
group, administration of LC + TMX resulted in a significant
improvement in ionic electrolyte (F Nat =2.701, P = 0.001;
F Ca*? =6.542, P = 0.001) levels.

Ameliorative effect of LC on TMX-induced oxidant/
antioxidant imbalance

Figure 3A and B depicts the effect of LC administration
on TMX-induced oxidative stress. TMX significantly (P <
0.05 vs. controls) increased the levels of TBARS (F (3, 16)
= 178.42; P < 0.001; 213%) while decreasing the levels of
GSH (F (3, 16) =409.06; P < 0.0001; —27%) in the exposed
rat brains. Coadministration of LC and TMX significantly
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improved the levels of TBARS and GSH (—28 and 23%,
respectively) in the brain compared to animals exposed to
TMX alone. Two-way ANOVA revealed a significant inter-
active effect of LC and TMX on TBARS (F =2.194; P =
0.001) and GSH (F = 3.572; P = 0.001) levels.

TMX-treated rats had significantly lower activities of
CAT (F (3, 16) = 137.80; P < 0.001; —47%), SOD (F (3, 16)
=16.75; P < 0.0001; —28%), and GPx (¥ (3, 16) = 28.86; P
< 0.0001; —64%). The significant decreases in antioxidant
status (44, 14, and 56%, respectively) caused by the coad-
ministration of LC and TMX were increased when compared
to rats treated with TMX (Fig. 3C-E). Two-way ANOVA
revealed a significant interactive effect of LC and TMX on
CAT (F =8.751; P =0.001), SOD (F = 2.437; P = 0.0001),
and GPx (F = 637.236; P = 0.0001).

Ameliorative effect of LC on TMX-induced
inflammatory stress

TMX alone significantly elevated NF-xB (F (3, 16) =
190.47; P < 0.0001; 128%), IL-1p (F (3, 16) = 354.45; P
< 0.0001; 64%), TNF-a (F (3, 16) = 142.93; P < 0.0001;
93%), and IL-6 (F (3, 16) = 1.03; P < 0.0001; 89%) lev-
els in contrast to the control. In contrast, rats treated with
LC had significantly lower levels of these proinflammatory
cytokines (—29, —30, —41, and —30%, respectively) in the
brain than the TMX-treated group (Fig. 4A-D). Two-way
ANOVA revealed a significant interactive effect of LC and
TMX on NF-kB (F' =4.793; P =0.0001), IL-1p (F = 2.338;
P =0.0001), TNF-a (F = 4.738; P = 0.0001), and IL-6 (F
=4.121; P =0.0001).

Ameliorative effect of LC on the neurochemical
disturbance caused by TMX

Figure 5A and B depicts the data on the brain AchE and
MAO activity of rats treated with LC and/or TMX. TMX
administration resulted in a significant (P < 0.05 vs. con-
trols) increase in AchE (F (3, 16) = 115.66, P < 0.0001;
93%) and MAO (F (3, 16) =50.71, P < 0.0001; 64%) brain
activity, the key indicators of nervous system function in
the exposed rats. Furthermore, the reduction in Ach, DA,
and 5-HT levels after TMX exposure was worsened in
exposed animals (F (3, 16) = 42.04, P < 0.0001; -56%,
F (3, 16) = 265.81, P < 0.0001; —64%, and F (3, 16) =
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Fig. 1 Effect of L-carnitine (LC) on the levels of (A) triglycerides
(TG), (B) total cholesterol (TC), (C) high-density lipoprotein choles-
terol (HDL-C), and (D) low-density lipoprotein cholesterol (LDL-C)
in the serum of rats treated with thiamethoxam (TMX). Values are

12.38, P < 0.0001; —46%, respectively) compared to con-
trol animals (Fig. 5C-E). In contrast to TMX-treated rats,
the protective group treated with LC showed a significant
decrease in AchE (—51%) and MAO (—25%) activity and
a significant increase in Ach, DA, and 5-HT levels (117,
84, and 37%, respectively). Two-way ANOVA revealed a
significant interactive effect of LC and TMX on AchE (F
=3.101; P = 0.0001) and MAO (F = 3.397; P = 0.0001)
brain activity, and Ach (F = 1.588; P =0.0001), DA (F =
6.344; P =0.0001), and 5-HT (F = 761.262; P = 0.0001)
levels.

presented as mean + S.E.; n = 5 animals; different superscripts on
the columns are significantly different at P < 0.05. a, P < 0.05 vs.
control. b, P < 0.05 vs. LC. ¢, P < 0.05 vs. TMX. d, P < 0.05 vs. LC
+ TMX

Ameliorative effect of LC on TMX-induced caspase-3
and GFAP activation

The levels of caspase-3 and GFAP expression were meas-
ured in the experimental groups to investigate whether LC
has anti-apoptotic and anti-astrogliosis effects in the brain.
TMX-intoxicated rats had significantly higher expression
levels of cleaved caspase-3 (F (3, 16) = 105.83; P < 0.0001;
471%) and GFAP (F (3, 16) = 582.97; P < 0.0001; 85%)
than the control group. LC cotreatment with TMX, on the
other hand, significantly (P ©0.05 vs. TMX group) inhibited
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Fig.2 Effect of L-carnitine (LC) on the levels of (A) Na' and (B)
Ca™? in the serum of rats treated with thiamethoxam (TMX). Values
are presented as mean + S.E.; n = 5 animals; different superscripts

cleaved caspase-3 (—36%) and GFAP (—13%) expression in
the brain (Fig. 6A, B). Two-way ANOVA revealed a signifi-
cant interactive effect of LC and TMX on caspase-3 (F =
632.236; P = 0.0001) and GFAP (F = 2.399; P = 0.0001)
expression levels.

Discussion

The persistent use of chemical inputs such as pesticides
has caused significant environmental damage as well as
human illness. NEO intoxication has also been reported
in humans, with clinical signs such as sleepiness, diso-
rientation, dizziness, leukocytosis, muscular weakness,
hypothermia, and convulsions (Hussain et al. 2022). With
growing evidence of NEO neurotoxicity, there is an urgent
need for a better understanding of their negative effects
on nontarget organisms (Wang et al. 2018; Habotta et al.
2023). TMX is a potent NEO insecticide that has been
shown to affect a variety of physiological indices and his-
tological structures in albino rats (El-Din et al. 2023). LC
has already been shown to have a significant neuroprotec-
tive effect against aspartame (Hamza et al. 2020), atra-
zine (Aziz et al. 2018), bisphenol A (Edres et al. 2018),
and valproic acid (Nouri et al. 2022; Salimi et al. 2022)
toxicity. Furthermore, LC has been shown to have sig-
nificant antioxidant activity in animal models of depres-
sion (Martinotti et al. 2011), Alzheimer’s disease (Ahmed
2012), Parkinson’s disease (Salama and Elgohary 2021),
neuropathic pain (Sarzi-Puttini et al. 2021), and epilepsy
(Essawy et al. 2022). It was proven for the first time that
administration of LC potently ameliorates brain oxidative
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on the columns are significantly different at P < 0.05. a, P < 0.05 vs.
control. b, P < 0.05 vs. LC. ¢, P < 0.05 vs. TMX. d, P < 0.05 vs. LC
+ TMX

stress, neuroinflammation, astrogliosis, and apoptosis after
sequential 28-day TMX exposure in adult male rats.

Reactive oxygen species (ROS) produced from hazard-
ous substances influence energy molecules such as pro-
teins, lipids, and carbohydrates; the synthesis and utili-
zation of these molecules may change under toxic stress
(Kayis et al. 2019). Lipids are important in changing the
structure and composition of cellular membranes and are
also employed as energy sources during toxic biotrans-
formation (Kayis et al. 2019). The lipid profile of TMX-
exposed rats indicated a substantial increase in serum TC
and TG, probably due to lipoprotein lipase hypoactiv-
ity, which breaks down triglycerides. Furthermore, LDL
receptors become dysfunctional, increasing serum LDL-
C, while inhibition of HDL-C concentration in the blood
causes undesirable changes in lipid metabolism, producing
hypercholesterolemia (Yousef et al. 2020). Increased lev-
els of total lipids, cholesterol, and TG in this study could
indicate high lipid peroxidation, which is associated with
glycolipid metabolism disorders, loss of cell membrane
integrity, and increased energy demand, resulting in cell
damage, lipid accumulation, and apoptosis (Saad et al.
2022). Hyperstimulation of the nervous system causes
energy demands, which activate hormone-sensitive tri-
glyceride lipase in tissue, resulting in hydrolysis of stored
triglycerides from fat stores and mobilization of free fatty
acids in the bloodstream, resulting in increased serum
total lipid concentration (Pothu et al. 2019). These results
agreed with those of Wilkens et al. (2019) who found an
increase in TG and very low-density lipoprotein (VLDL)
levels in the plasma of bullfrog tadpoles exposed to two
herbicides (sulfentrazone and glyphosate).
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Fig.4 Effect of L-carnitine (LC) on the levels of (A) nuclear factor
kappa B (NF-kB), (B) interleukin-1p (IL-1B), (C) tumor necrosis
factor-a (TNF-a), and (D) interleukin-6 (IL-6) in the brain of rats
treated with thiamethoxam (TMX). Values are presented as mean +

LC is required for long-chain fatty acid transport metabo-
lism in mitochondria and consequently for energy metabo-
lism. As acyl-carnitine derivatives, fatty acids pass through
mitochondrial membranes and enter pathways for oxidation,
acylation, chain shortening, or chain elongation-desaturation
(Cha 2008). As a result, LC-dependent fatty acid transfer
is critical to lipid metabolism; dietary supplementation of
LC enhances fat utilization, resulting in a significant drop
in plasma TG levels (Amin and Nagy 2009). The hypotri-
glyceridemic effect of LC may be due to its effect on lipase
hyperactivity and antioxidant efficacy, which could lower
serum lipid levels. Our findings are consistent with those
of Gonzalez-Ortiz et al. (2008) and Salama et al. (2012),
who found that oral LC decreases blood TG, VLDL, TC,
and LDL-C; improves dyslipidemia; and inhibits oxidative
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S.E.; n = 5 animals; different superscripts on the columns are signifi-
cantly different at P < 0.05. a, P < 0.05 vs. control. b, P < 0.05 vs.
LC.c, P <0.05vs. TMX. d, P < 0.05 vs. LC + TMX

stress, as well as lowers cardiac parameters. LC treatment in
obese rats considerably reduces serum hypertriglyceridemia
via decreased triglyceride synthesis by the liver or suppres-
sion of triglyceride release from the liver (Rajasekar and
Anuradha 2007).

NEOs exert their neurotoxic insecticidal action by bind-
ing to and activating nAchRs on the postsynaptic membrane
of nerve cells (Duzguner and Erdogan 2012). They imitate
the effect of Ach by opening ion channels, allowing cations
such as Na* and Ca*? to enter and cause excitatory neu-
rotransmission in the central nervous system (Rose 2012).
The current results showed that the levels of those cations
were dramatically reduced in TMX-treated rats; however,
treatment with LC ameliorated these levels. The following
mechanisms may be proposed based on the findings of these
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Values are presented as mean + S.E.; n = 5 animals; different super-
scripts on the columns are significantly different at P < 0.05. a, P <
0.05 vs. control. b, P < 0.05 vs. LC. ¢, P < 0.05 vs. TMX. d, P <
0.05 vs. LC + TMX
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Fig.6 Effect of L-carnitine (LC) on the mRNA expression level of
(A) caspase-3 and (B) glial fibrillary acidic protein (GFAP) in the
brain of rats treated with thiamethoxam (TMX). The mRNA expres-
sion levels were normalized to the housekeeping gene (p-actin) and

diverse studies. A first hypothesis is that by attaching this
insecticide to the agonist binding site, the nAChRs confor-
mation is altered, blocking the open channel of the receptor
and thus reducing the influence of Na* and Ca*? ions on
the nerve cell. A second hypothesis is that this pesticide
reduces the conductance of open channels by binding to a
site within the channel pore, preventing Na* and Ca*? ions
from entering the nerve cell. A third hypothesis is that after
this pesticide binds, different nAChRs subunits are activated,
resulting in varying channel conductance levels (Akbas et al.
2014). Further investigations of channel characteristics, par-
ticularly the dose and voltage dependency of TMX effects,
are required to confirm whether these hypotheses are cor-
rect. Another hypothesis is that NEOs may cause endocrine
disruption in vertebrates (Habotta et al. 2021). Moreover,
hyperglycemia and hyperlipemia in rats moved water out
of the cells via hyperosmolarity and, as a result, dilutional
hyponatremia (lower blood sodium level) (Khattab et al.
2020).

The administration of LC with antioxidant and/or free
radical scavenging properties resulted in a considerable
improvement in serum ionic electrolyte levels via renal glo-
meruli regeneration, which improved the kidney filtration
process (Alabi et al. 2018). Furthermore, acetyl L-carnitine
(ALC) inhibits lipofuscin formation and modulates mem-
brane fluidity, potentially treating hyperglycemia and insulin
insufficiency (Masoumi-Ardakani et al. 2020).

Oxidative stress caused by the overproduction of ROS and
reactive nitrogen species, as well as changes in antioxidant
enzyme activities, is implicated in NEO-induced injury to
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expressed as fold change (2722CT). Values are presented as mean +
S.E.; n = 5 animals; different superscripts on the columns are signifi-
cantly different at P < 0.05. a, P < 0.05 vs. control. b, P < 0.05 vs.
LC.c, P <0.05vs. TMX. d, P < 0.05 vs. LC + TMX

cellular molecules such as lipids, DNA, and proteins (Wang
et al. 2018; Abdel-Razik et al. 2022). In the present study,
brain oxidative damage was induced in TMX-exposed rats,
as demonstrated by high levels of TBARS and significant
inhibition of antioxidant enzymes. Similar findings of TMX-
induced oxidative damage and free radical induction in male
rat tissues have been reported (Habotta et al. 2021; Abd-
Allah et al. 2022). Reduced levels of GSH were observed in
this study due to its use in the conjugation process and/or
its antioxidant activity in scavenging free radical products
(Kati¢ et al. 2021). Furthermore, the decrease in SOD and
CAT activity suggests that TMX may considerably deplete
the endogenous antioxidant system in the metabolic deg-
radation of superoxide radicals and H,0, due to increased
oxidative stress (Kati¢ et al. 2021; Habotta et al. 2021).
LC, a quaternary amine with strong antioxidant proper-
ties, has been employed to treat toxin-induced tissue damage
(Edres et al. 2018). Because of its excellent free radical scav-
enging activity, its possible neuroprotective function against
the progression of neurodegenerative diseases has gained
much attention (Salama and Elgohary 2021). In our study,
coadministration of LC and TMX significantly enhanced
antioxidant status in the brain. The results are similar to
previous findings that dietary supplementation with LC
reduced malondialdehyde levels while increasing antioxi-
dant enzymes such as CAT, SOD, and GSH (Li et al. 2014,
Salama and Elgohary 2021). Aziz et al. (2018) found that
LC decreases oxidative stress by interfering with arachidonic
acid incorporation into phospholipids and the nicotinamide
adenine dinucleotide phosphate (NADPH) oxidase pathway
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mediated by protein kinase C. It is also hypothesized that
LC has antioxidant properties by removing harmful acetyl-
CoA from the intracellular environment. Four alternative
mechanisms might be used to explain how LC reduced
TMX-induced brain injury: (1) LC directly removed ROS,
suppressed brain cell lipid peroxidation, protected the cell
membrane from oxidative stress, and maintained normal cell
structure and functions; (2) LC indirectly scavenged free
radicals by activating antioxidant enzyme systems in brain
tissues to alleviate TMX-induced oxidative injury; (3) LC
improved energy metabolism by suppressing the release of
free electrons from the mitochondrial electron transport sys-
tem, a prerequisite reaction for the generation of free radicals
(Zaitone et al. 2012); and (4) LC chelated with metal ions by
forming complexes with lysine and methionine amino acids,
which are precursors for the first biosynthetic step of LC,
while metal ions directly affect LC transfer via inhibition of
carnitine acetyltransferase enzymatic activity (mitochondria)
or indirectly by mediating organic cation transporter 2 activ-
ity (gut absorption) (Tjale et al. 2022).

Neuroinflammation is primarily caused by astrocyte
and microglial activation and proliferation, activation, and
translocation of transcription factors such as NF-kB, and
increased production of cytotoxic cytokines such as TNF-a
and IL-1f (Afshin-Majd et al. 2017; Pajares et al. 2020).
The overproduction of free radicals in the brains of rats
may be linked to TMX-mediated neuroinflammation, which
activates the NF-xB signaling pathway. NF-kB increases
the expression of inducible nitric oxide synthase (iNOS),
proinflammatory cytokines (TNF-a and IL-6), and oxida-
tive stress indicators (Al-Brakati et al. 2021). Habotta et al.
(2023) found a significant increase in inflammatory cytokine
levels as well as mRNA expression of IL-6, IL-1p, TNF-a,
iNOS, and NF-xB in rat brain tissue exposed to TMX.

Controlling the degree of inflammatory reactions after
brain damage may be useful because it has been linked to
poor outcomes. In the present study, rats treated with LC
exhibited considerably lower levels of these proinflamma-
tory cytokines in the brain than TMX-treated rats. Support-
ing these findings, it has been demonstrated that LC can
reduce inflammatory processes caused by the neurotoxic
effects of 6-hydroxydopamine (6-OHDA), aspartame, and
potassium dichromate by lowering the levels of NF-«B,
TNF-a, and IL-6 (Afshin-Majd et al. 2017; Di Stefano et al.
2019; Salama and Elgohary 2021).

Neurotransmission is disrupted by NEO insecticides;
hence, the cholinergic neurotransmitter system is antici-
pated to be the most injured in mammals. This system is
critical for cognitive function control, and its malfunc-
tion has been associated with the onset of a variety of
neurodegenerative disorders (Hampel et al. 2018; Abdel-
Razik et al. 2022). Based on our findings, it is reasonable
to speculate that TMX (or its metabolites) functions as a

nicotinic agonist, activating nAChRs and changing cholin-
ergic transmission to restore normal activity (Khaldoun-
Oularbi et al. 2017). The current findings are consistent
with those of Abdel-Razik et al. (2022), who revealed a
significant increase in plasma AchE as a result of TMX
treatment. Monoamine concentrations were also observed
to be significantly lower in thiacloprid-exposed embryos.
These changes may suggest a nervous system functioning
deficit. These altered functions caused by TMX may be
due to the identified oxidative damage, and they are most
likely linked to neuronal dysfunction, as previously sug-
gested by Farag et al. (2022). According to Saied and Has-
san (2014), BPA (endocrine disruptor) such as TMX can
disrupt dopaminergic transmission by altering various pro-
cesses such as DA synthesis, release, and turnover, as well
as the expression of both DA transporters and receptors.
Decreased DA levels in the brain may impair metabolic
activities carried out by catechol-O-methyltransferase
(COMT) and MAO (Meiser et al. 2013). Changes in MAO
activity can lead to altered biogenic amine concentrations,
which can help individuals overcome stress (Abd Elkader
etal. 2021).

LC is a necessary cofactor in lipid metabolism and, as a
result, in the production of cellular energy. It participates in
fatty acid B-oxidation by promoting the transport of long-chain
fatty acids across the mitochondrial membrane (Ahmed 2012).
The LC-protective group alleviated the activities of AchE and
MAQO as well as neurotransmitter levels. These results are sup-
ported by El-Sherbini et al. (2017). In the brain, LC and ALC
play important roles in cerebral bioenergetics and neuroprotec-
tion via a variety of mechanisms, including antioxidant proper-
ties, modulation and promotion of synaptic neurotransmission,
particularly cholinergic neurotransmission, and their ability to
enhance neuronal metabolism in mitochondria (Ahmed 2012).
Astrocytes, the brain’s immune cells, may produce enormous
amounts of ketone bodies, which are thought to provide nearby
neurons with easily transportable substrates for energy synthe-
sis. The rate-limiting phase in astrocyte ketogenesis is the LC
absorption mechanism (Inazu and Matsumiya 2008). Carni-
tine and ALC are structurally similar to choline and Ach; it
has also been demonstrated that ALC has agonistic effects on
cholinergic receptors and is a strong inhibitor of AchE (Sarzi-
Puttini et al. 2021). ALC treatment increases DA and 5-HT
release and receptor activity while decreasing the 5-hydrox-
yindoleacetic acid (5-HIAA)/5-HT ratio, the latter represent-
ing lower 5-HT turnover (Sarzi-Puttini et al. 2021). This
could be due to increased mitochondrial membrane integrity,
which could improve MAO function (Alves et al. 2009). The
modulating effect of LC on the studied monoamines could be
attributed to its ability to prevent neuronal loss by inhibiting
ROS-mediated reactions via the reduction of microglial activa-
tion and the related production of oxygen intermediates and
inflammatory factors (Essawy et al. 2022).
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Although apoptosis is necessary for the control of normal
physiological function throughout life, it also leads to abnor-
mal cell death in pesticide-induced dementia (Ibrahim et al.
2015). There are two major apoptotic pathways, which differ
in how they begin: the extrinsic or death receptor pathway
and the intrinsic or mitochondrial pathway (Michelle et al.
2010). The current results showed that TMX-intoxicated rats
had considerably higher caspase-3 expression levels than the
control group. Previous studies have shown that independent
and combined treatments with imidacloprid and esfenvaler-
ate boosted caspase-3 activity in a dose-dependent manner
(Ibrahim et al. 2015). Similarly, Wu et al. (2015) observed
dramatically elevated apoptotic markers caspase-1 and cas-
pase-3 in bee brains treated with imidacloprid in a time- and
dose-dependent manner.

GFAP is an astrocyte intermediate filament protein that
is thought to be a specific marker of astrocyte activation
and/or injury after exposure to neurotoxic factors or other
neurologic diseases (Yang et al. 2022; Gust et al. 2023).
The current findings revealed substantial overexpression of
the GFAP gene in the TMX-intoxicated group. These find-
ings are consistent with previous studies that found elevated
GFAP expression to be a sensitive marker of neurotoxins
such as imidacloprid and thiacloprid (Kati¢ et al. 2021;
Forner-Piquer et al. 2021; Abomosallam et al. 2023). These
changes may indicate higher dopaminergic and serotoner-
gic turnover in the brain (Abd-Elhakim et al. 2018). Fur-
thermore, oxidative stress and free radical production are
increased because astrocytes, which maintain the integrity
of the blood-brain barrier, are targets of oxidative damage
(Carvajal-Flores et al. 2020; Fulton et al. 2021).

In our study, combining LC and TMX dramatically
reduced caspase-3 and GFAP expression in the brain. In
this study, some of the neuroprotective effects of LC were
related to its antiapoptotic and anti-inflammatory proper-
ties. The antiapoptotic action of ALC has previously been
described (Virmani et al. 2013, Afshin-Majd et al. 2017).
Dundar et al. (2016) found that ALC protected against doxo-
rubicin (DOX)-induced severe myocardial caspase-3 immu-
noreactivity. Sarkar et al. (2015) previously demonstrated
that ALC could reduce GFAP immunoreactivity in rotenone-
induced dopaminergic toxicity. Furthermore, ALC pretreat-
ment reduced GFAP expression in the striatum, which may
be connected to its anti-inflammatory action (Afshin-Majd
et al. 2017).

Conclusion

LC has a wide range of pharmacological actions, the major-
ity of which influence the neurological system. Our findings
show that LC can mitigate TMX-induced brain injury in rats
by reducing oxidative stress, modulating neurotransmission,
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and decreasing inflammation, astrogliosis, and apoptosis.
These data support the hypothesis that LC may have pre-
ventive properties for neurological diseases.

Authors Contributions Dr. H-T.A.E.A.E.: conceptualization, investi-
gation, writing—original draft, writing—review and editing, formal
analysis, software. Dr. M.M.H.: methodology. Prof. Dr. N.A.M.: writ-
ing—review and editing. Prof. Dr. H.M.A.: conceptualization, supervi-
sion, writing—review and editing. All authors analyzed the data and
approved the final manuscript. The authors declare that all data were
generated in-house and that no paper mill was used.

Funding Open access funding provided by The Science, Technology &
Innovation Funding Authority (STDF) in cooperation with The Egyp-
tian Knowledge Bank (EKB).

Data availability The data will be made available on request.

Declarations

Ethical approval All animal experiments and care were conducted
according to Alexandria University, Faculty of Medicine’s Research
Ethics Committee (license number: AU 04230427301).

Consent to participate Not applicable.

Consent for publication Not applicable.

Conflict of interest The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Abd-Allah ER, EL-Ghareeb AEW, Hafez OS, Abd EL-Rahman
HA (2022) Biochemical and histopathological evaluations of
thiamethoxam on the male reproductive system. Egypt J Chem
65:677-689. https://doi.org/10.21608/EJCHEM.2022.120399.540

Abd-Elhakim YM, Mohammed HH, Mohamed WA (2018) Imidaclo-
prid impacts on neurobehavioral performance, oxidative stress,
and apoptotic events in the brain of adolescent and adult rats. J
Agric Food Chem 66:13513-13524. https://doi.org/10.1021/acs.
jafc.8b05793

Abd Elkader HTAE, Abdou HM, Khamiss OA, Essawy AE (2021)
Anti-anxiety and antidepressant-like effects of astragaloside IV
and saponins extracted from Astragalus spinosus against the bis-
phenol A-induced motor and cognitive impairments in a postnatal
rat model of schizophrenia. Environ Sci Pollut Res 28:35171—
35187. https://doi.org/10.1007/s11356-021-12927-5


https://www.ingentaconnect.com/search;jsessionid=bih87i23je1so.x-ic-live-01?option2=author&value2=Mohammed,+Nema+A.
https://www.ingentaconnect.com/search;jsessionid=bih87i23je1so.x-ic-live-01?option2=author&value2=Abdou,+Heba+M.
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.21608/EJCHEM.2022.120399.540
https://doi.org/10.1021/acs.jafc.8b05793
https://doi.org/10.1021/acs.jafc.8b05793
https://doi.org/10.1007/s11356-021-12927-5

Naunyn-Schmiedeberg's Archives of Pharmacology (2024) 397:4365-4379

4377

Abdel-Razik RK, Mosallam EM, Hamed NA (2022) Deterioration of
cytochrome C content and mitochondrial dysfunction in brain of
male rats after sub-chronic exposure to thiamethoxam and protec-
tive role of N-acetylcysteine. Alex Sci Exch J 43:91-106. https://
doi.org/10.21608/asejaigjsae.2022.223119

Abdulidha NA, Jaccob AA, AL-Moziel MS (2020) Protective effects
of Co-Q10, Ginkgo biloba, and 1-carnitine on brain, kidney, liver,
and endocrine system against sub-acute heavy metals toxicity in
male rats. Toxicol Environ Health Sci 12:331-341. https://doi.org/
10.1007/s13530-020-00061-7

Abomosallam M, Hendam BM, Abdallah AA, Refaat R, Elshatory A,
Gad El Hak HN (2023) Neuroprotective effect of piracetam-loaded
magnetic chitosan nanoparticles against thiacloprid-induced neu-
rotoxicity in albino rats. Inflammopharmacol 31:943-965. https://
doi.org/10.1007/s10787-023-01151-x

Addy-Orduna L, Cazenave J, Mateo R (2022) Avoidance of neon-
icotinoid-treated seeds and cotyledons by captive eared doves
(Zenaida auriculata, Columbidae). Environ Pollut 304:e119237.
https://doi.org/10.1016/j.envpol.2022.119237

Aebi H (1984) Catalase in vitro. Methods in enzymology. Academic
press 105:121-126. https://doi.org/10.1016/S0076-6879(84)
05016-3

Afshin-Majd S, Bashiri K, Kiasalari Z, Baluchnejadmojarad T, Sed-
aghat R, Roghani M (2017) Acetyl-1-carnitine protects dopa-
minergic nigrostriatal pathway in 6-hydroxydopamine-induced
model of Parkinson’s disease in the rat. Biomed Pharmacother
89:1-9. https://doi.org/10.1016/j.biopha.2017.02.007

Ahmed HH (2012) Modulatory effects of vitamin E, acetyl-l-carni-
tine and a-lipoic acid on new potential biomarkers for Alzhei-
mer’s disease in rat model. Exp Toxicol Pathol 64:549-556.
https://doi.org/10.1016/j.etp.2010.11.012

Akbas D, Askin A, Comelekoglu U (2014) Influence of neurotrans-
mission in frog peripheral nerve by the neonicotinoid insec-
ticide imidacloprid: an electrophysiological study. Fresenius
Environ Bull 23:1816-1823

Alabi QK, Akomolafe RO, Olukiran OS, Nafiu AO, Adefisayo MA,
Owotomo OI, Omole JG, Olamilosoye KP (2018) Combined
administration of 1-carnitine and ascorbic acid ameliorates cis-
platin-induced nephrotoxicity in rats. J Am Coll Nutr 37:387-
398. https://doi.org/10.1080/07315724.2017.1409139

Al-Brakati A, Alsharif KF, Alzahrani KJ, Kabrah S, Al-Amer O,
Oyouni AA, Habotta OA, Lokman MS, Bauomy AA, Kassab
RB, Abdel Moneim AE (2021) Using green biosynthesized
lycopene-coated selenium nanoparticles to rescue renal damage
in glycerol-induced acute kidney injury in rats. Int J] Nanomed
16:4335-4349

Almeida EC, Passos LS, Vieira CED, Acayaba RD, Montagner CC,
Pinto E, dos Reis Martinez CB, Fonseca AL (2021) Can the
insecticide imidacloprid affect the health of the neotropical
freshwater fish Astyanax altiparanae (Teleostei: Characidae)?
Environ Toxicol Pharmacol 85:¢103634. https://doi.org/10.
1016/j.etap.2021.103634

Alves E, Binienda Z, Carvalho F, Alves CJ, Fernandes E, de Lourdes
BM, Tavares MA, Summavielle T (2009) Acetyl-L-carnitine
provides effective in vivo neuroprotection over 3, 4-methylen-
edioximethamphetamine-induced mitochondrial neurotoxicity
in the adolescent rat brain. Neurosci 158:514-523. https://doi.
org/10.1016/j.neuroscience.2008.10.041

Amin KA, Nagy MA (2009) Effect of carnitine and herbal mixture
extract on obesity induced by high fat diet in rats. Diabetol
Metab Syndr 1:1-14. https://doi.org/10.1186/1758-5996-1-17

Anadén A, Ares I, Martinez M, Martinez-Larrafiaga MR, Martinez
MA (2020) Neurotoxicity of neonicotinoids. Advances in neuro-
toxicology. Academic Press 4:167-207. https://doi.org/10.1016/
bs.ant.2019.11.005

Aziz RLA, Abdel-Wahab A, El-Ela FIA, Hassan NEHY, El-Nahass
ES, Ibrahim MA, Khalil ATA (2018) Dose-dependent ameliora-
tive effects of quercetin and l-carnitine against atrazine-induced
reproductive toxicity in adult male albino rats. Biomed Phar-
macother 102:855-864. https://doi.org/10.1016/j.biopha.2018.
03.136

Carvajal-Flores FN, Diaz A, Flores-Gémez GD, de la Cruz F, Flores G
(2020) Phenylbutyrate ameliorates prefrontal cortex, hippocam-
pus, and nucleus accumbens neural atrophy as well as synaptophy-
sin and GFAP stress in aging mice. Synapse 74:€22177. https://
doi.org/10.1002/syn.22177

Cha YS (2008) Effects of L-carnitine on obesity, diabetes, and as an
ergogenic aid. Asia Pac J Clin Nutr 17:306-308

Chen Y, Wu R, Zhang L, Ling J, Yu W, Shen G, Du W, Zhao M (2022)
High spatial resolved cropland coverage and cultivation category
determine neonicotinoid distribution in agricultural soil at the
provincial scale. J] Hazard Mater 430:e128476. https://doi.org/
10.1016/j.jhazmat.2022.128476

Di Stefano G, Di Lionardo A, Galosi E, Truini A, Cruccu G (2019)
Acetyl-L-carnitine in painful peripheral neuropathy: a system-
atic review. J Pain Res 12:1341-1351

Distefano GG, Zangrando R, Basso M, Panzarin L, Gambaro A,
Ghirardini AV, Picone M (2022) The ubiquity of neonicotinoid
contamination: residues in seabirds with different trophic hab-
its. Environ Res 206:e112637. https://doi.org/10.1016/j.envres.
2021.112637

Dundar HA, Kiray M, Kir M, Kolatan E, Bagriyanik A, Altun Z,
Aktas S, Ellidokuz H, Yilmaz O, Mutafoglu K, Olgun N (2016)
Protective effect of acetyl-L-carnitine against doxorubicin-
induced cardiotoxicity in Wistar albino rats. Arch Med Res
47:506-514. https://doi.org/10.1016/j.arcmed.2016.11.008

Duzguner V, Erdogan S (2012) Chronic exposure to imidacloprid
induces inflammation and oxidative stress in the liver & cen-
tral nervous system of rats. Pestic Biochem Physiol 104:58-64.
https://doi.org/10.1016/j.pestbp.2012.06.011

Edres HA, Taha NM, Mandour AEWA, Lebda MA (2018) Impact of
L-carnitine on bisphenol A-induced kidney damage in rats. Alex
J Vet Sci 56:11-17. https://doi.org/10.5455/ajvs.28374

El-Din MAEDS, Ghareeb AEWE, El-Garawani IM, El-Rahman
HAA (2023) Induction of apoptosis, oxidative stress, hormo-
nal, and histological alterations in the reproductive system of
thiamethoxam-exposed female rats. Environ Sci Pollut Res
30:77917-77930. https://doi.org/10.1007/s11356-023-27743-2

El-Sherbini ES, El-Sayed G, El Shotory R, Gheith N, Abou-Alsoud
M, Harakeh SM, Karrouf GI (2017) Ameliorative effects of
L-carnitine on rats raised on a diet supplemented with lead ace-
tate. Saudi J Biol Sci 24:1410-1417. https://doi.org/10.1016/j.
$jbs.2016.08.010

Essawy AE, El-Sayed SA, Tousson E, Abd El-gawad HS, Alhasani
RH, Abd Elkader HTAE (2022) Anti-kindling effect of Ginkgo
biloba leaf extract and L-carnitine in the pentylenetetrazol
model of epilepsy. Environ Sci Pollut Res 29:48573-48587.
https://doi.org/10.1007/s11356-022-19251-6

Farag MR, Alagawany M, Moselhy AA, Said EN, Ismail TA, Di
Cerbo A, Pugliese N, Ahmed MM (2022) The neonicotinoid
thiacloprid interferes with the development, brain antioxidants,
and neurochemistry of chicken embryos and alters the hatch-
ling behavior: modulatory potential of phytochemicals. Biol
11:1-17. https://doi.org/10.3390/biology 11010073

Feki A, Jaballi I, Cherif B, Ktari N, Naifar M, Makni Ayadi F, Kal-
lel R, Boudawara O, Kallel C, Nasri M, Ben Amara I (2019)
Therapeutic potential of polysaccharide extracted from fenu-
greek seeds against thiamethoxam-induced hepatotoxicity
and genotoxicity in Wistar adult rats. Toxicol Mech Methods
29:355-367. https://doi.org/10.1080/15376516.2018.1564949

@ Springer


https://doi.org/10.21608/asejaiqjsae.2022.223119
https://doi.org/10.21608/asejaiqjsae.2022.223119
https://doi.org/10.1007/s13530-020-00061-7
https://doi.org/10.1007/s13530-020-00061-7
https://doi.org/10.1007/s10787-023-01151-x
https://doi.org/10.1007/s10787-023-01151-x
https://doi.org/10.1016/j.envpol.2022.119237
https://doi.org/10.1016/S0076-6879(84)05016-3
https://doi.org/10.1016/S0076-6879(84)05016-3
https://doi.org/10.1016/j.biopha.2017.02.007
https://doi.org/10.1016/j.etp.2010.11.012
https://doi.org/10.1080/07315724.2017.1409139
https://doi.org/10.1016/j.etap.2021.103634
https://doi.org/10.1016/j.etap.2021.103634
https://doi.org/10.1016/j.neuroscience.2008.10.041
https://doi.org/10.1016/j.neuroscience.2008.10.041
https://doi.org/10.1186/1758-5996-1-17
https://doi.org/10.1016/bs.ant.2019.11.005
https://doi.org/10.1016/bs.ant.2019.11.005
https://doi.org/10.1016/j.biopha.2018.03.136
https://doi.org/10.1016/j.biopha.2018.03.136
https://doi.org/10.1002/syn.22177
https://doi.org/10.1002/syn.22177
https://doi.org/10.1016/j.jhazmat.2022.128476
https://doi.org/10.1016/j.jhazmat.2022.128476
https://doi.org/10.1016/j.envres.2021.112637
https://doi.org/10.1016/j.envres.2021.112637
https://doi.org/10.1016/j.arcmed.2016.11.008
https://doi.org/10.1016/j.pestbp.2012.06.011
https://doi.org/10.5455/ajvs.28374
https://doi.org/10.1007/s11356-023-27743-2
https://doi.org/10.1016/j.sjbs.2016.08.010
https://doi.org/10.1016/j.sjbs.2016.08.010
https://doi.org/10.1007/s11356-022-19251-6
https://doi.org/10.3390/biology11010073
https://doi.org/10.1080/15376516.2018.1564949

4378

Naunyn-Schmiedeberg's Archives of Pharmacology (2024) 397:4365-4379

Flohé L, Giinzler WA (1984) Assays of glutathione peroxidase.
Methods in enzymology. Academic Press 105:114-120. https://
doi.org/10.1016/S0076-6879(84)05015-1

Forner-Piquer I, Klement W, Gangarossa G, Zub E, De Bock F,
Blaquiere M, Maurice T, Audinat E, Faucherre A, Lasserre F,
Ellero-Simatos S (2021) Varying modalities of perinatal expo-
sure to a pesticide cocktail elicit neurological adaptations in
mice and zebrafish. Environ Pollut 278:e116755. https://doi.
org/10.1016/j.envpol.2021.116755

Fulton RE, Pearson-Smith JN, Huynh CQ, Fabisiak T, Liang LP,
Aivazidis S, High BA, Buscaglia G, Corrigan T, Valdez R,
Shimizu T (2021) Neuron-specific mitochondrial oxidative
stress results in epilepsy, glucose dysregulation and a striking
astrocyte response. Neurobiol Dis 158:¢105470. https://doi.org/
10.1016/j.nbd.2021.105470

Gonzalez-Ortiz M, Hernandez-Gonzalez O, Hernandez-Salazar E,
Martinez-Abundis E (2008) Effect of oral L-carnitine admin-
istration on insulin sensitivity lipid profile in type 2 diabetes
mellitus patients. Ann Nutr Metab 52:335-338. https://doi.org/
10.1159/000151488

Gust J, Rawlings-Rhea SD, Wilson AL, Tulberg NM, Sherman AL,
Seidel KD, Wu QV, Park JR, Gardner RA, Annesley CE (2023)
GFAP and NfL increase during neurotoxicity from high base-
line levels in pediatric CD19-CAR T-cell patients. Blood Adv
7:1001-1010. https://doi.org/10.1182/bloodadvances.2022008119

Habotta OA, Ateya A, Saleh RM, El-Ashry ES (2021) Thiamethoxam-
induced oxidative stress, lipid peroxidation, and disturbance of
steroidogenic genes in male rats: palliative role of Saussurea
lappa and Silybum marianum. Environ Toxicol 36:2051-2061.
https://doi.org/10.1002/tox.23322

Habotta O, Ateya A, Saleh RM, El-Ashry ES (2023) Thiamethoxam
evoked neural oxido-inflammatory stress in male rats through
modulation of Nrf2/NF-kB/iNOS signaling and inflammatory
cytokines: neuroprotective effect of Silymarin. NeuroToxicol
96:28-36. https://doi.org/10.1016/j.neuro.2023.03.004

Hampel H, Mesulam MM, Cuello AC, Farlow MR, Giacobini E,
Grossberg GT, Khachaturian AS, Vergallo A, Cavedo E, Sny-
der PJ, Khachaturian ZS (2018) The cholinergic system in the
pathophysiology and treatment of Alzheimer’s disease. Brain
141:1917-1933. https://doi.org/10.1093/brain/awy 132

Hamza RZ, Al-Eisa RA, El-Shenawy NS (2020) L-carnitine acts
as a neuroprotecor against aspartame injury in Wistar albino
rat. J Basic Appl Zool 81:1-14. https://doi.org/10.1186/
$41936-020-00157-z

Hussain S, Ayub F, Talib M (2022) Thiamethoxam induced oxida-
tive stress and histopathological alterations in male patients. Int
J Curr Sci Res Rev 5:1272-1279. https://doi.org/10.47191/ijcsrr/
V5-i4-50

Ibrahim K, El-Desouky M, Abou-Yousef H, Gabrowny K, El-Sayed
A (2015) Imidacloprid and/or esfenvalerate induce apoptosis and
disrupt thyroid hormones in neonatal rats. Glob J Biotechnol Bio-
chem 10:106—-112. https://doi.org/10.5829/idosi.gjbb.2015.10.03.
1121

Inazu M, Matsumiya T (2008) Physiological functions of carnitine
and carnitine transporters in the central nervous system. Nihon
Shinkei Seishin Yakurigaku Zasshi 28:113-120

Jollow DJ, Michell JR, Zampaglionic M, Gillete JR (1974) Bromoben-
zene-induced liver necrosis: protective role of glutathione and
evidence for 3,4-bromobenzene oxide as hepatotoxic metabolite.
Pharmacol 11:151-169. https://doi.org/10.1159/000136485

Kati¢ A, Kasuba V, Kopjar N, Lovakovi¢ BT, Cermak AMM, Mendas
G, Micek V, Mili¢ M, Pavi&i¢ I, Pizent A, Zunec S (2021) Effects
of low-level imidacloprid oral exposure on cholinesterase activity,
oxidative stress responses, and primary DNA damage in the blood
and brain of male Wistar rats. Chem Biol Interact 338:¢109287.
https://doi.org/10.1016/j.cbi.2020.109287

@ Springer

Kayis T, Altun M, Coskun M (2019) Thiamethoxam-mediated altera-
tion in multi-biomarkers of a model organism, Galleria mellonella
L. (Lepidoptera: Pyralidae). Environ Sci Pollut Res 26:36623—
36633. https://doi.org/10.1007/s11356-019-06810-7

Khaldoun-Oularbi H, Bouzid N, Boukreta S, Makhlouf C, Derriche F,
Djennas N (2017) Thiamethoxam Actara® induced alterations in
kidney liver cerebellum and hippocampus of male rats. J Xenobiot
7:25-30. https://doi.org/10.4081/xen0.2017.7149

Khattab HA, Moselhy SS, Aljafri AO (2020) Olive leaves extract alle-
viate diabetic nephropathy in diabetic male rats: impact on oxi-
dative stress and protein glycation. Int J Pharmaceut Res Allied
Sci 9:130-141

Li HT, Zhao ZH, Ding HY, Wang LX, Cao Y (2014) Effect of cra-
niotomy on oxidative stress and its effect on plasma I-carnitine
levels. Can J Physiol Pharmacol 92:913-916. https://doi.org/10.
1139/cjpp-2014-0149

Li L, Liang H, Zhao T, Liu Y, Yan S, Zhu W (2022) Differential
effects of thiamethoxam and clothianidin exposure on their tis-
sue distribution and chronic toxicity in mice. Chem Biol Interact
366:¢110149. https://doi.org/10.1016/j.cbi.2022.110149

Liu X, Zhang Q, Li S, Mi P, Chen D, Zhao X, Feng X (2018) Develop-
mental toxicity and neurotoxicity of synthetic organic insecticides
in zebrafish (Danio rerio): a comparative study of deltamethrin,
acephate, and thiamethoxam. Chemosphere 199:16-25. https://
doi.org/10.1016/j.chemosphere.2018.01.176

Mahmoud YK, Ali AA, Abdelrazek HM, Aldayel TS, Abdel-Daim
MM, El-Menyawy MAI (2021) Neurotoxic effect of fipronil in
male Wistar rats: ameliorative effect of L-arginine and L-carni-
tine. Biol 10:1-22. https://doi.org/10.3390/biology 10070682

Martinotti G, Andreoli S, Reina D, Di Nicola M, Ortolani I, Tedeschi
D, Fanella F, Pozzi G, Iannoni E, D’Iddio S (2011) Acetyl-1-car-
nitine in the treatment of anhedonia, melancholic and negative
symptoms in alcohol dependent subjects. Prog Neuro-Psychop-
harmacol Biol Psychiatry 35:953-958. https://doi.org/10.1016/j.
pnpbp.2011.01.013

Masoumi-Ardakani Y, Aminizadeh S, Fallah H, Shahouzehi B
(2020) 1-carnitine different doses affect serum and pancreas tis-
sue antioxidative defense and histopathology in STZ-induced
diabetic rats. Biologia 75:1415-1423. https://doi.org/10.2478/
s11756-020-00432-y

Meiser J, Weindl D, Hiller K (2013) Complexity of dopamine metab-
olism. Cell Commun Sign 11:1-18. https://doi.org/10.1186/
1478-811x-11-34

Michelle M, Randall D, Dimitri P (2010) Detection of apoptosis:
a review of conventional and novel techniques. Anal Methods
2:996-1004. https://doi.org/10.1039/COAY00247]

Mishra HP, Fridovich I (1972) The role of superoxide anion in the
autoxidation of epinephrine and a simple assay for superoxide
dismutase. J Biol Chem 247:3170-3175. https://doi.org/10.1016/
S0021-9258(19)45228-9

Naumann T, Bento CP, Wittmann A, Gandrass J, Tang J, Zhen X, Liu
L, Ebinghaus R (2022) Occurrence and ecological risk assessment
of neonicotinoids and related insecticides in the Bohai Sea and its
surrounding rivers. China Water Res 209:e117912. https://doi.org/
10.1016/j.watres.2021.117912

Nouri E, Karimi SA, Raoufi S, Zarei M (2022) Protective effects of
L-carnitine against valproic acid-induced memory impairment and
anxiety-like behavior in adult rat. Physiol Behav 253:e113853.
https://doi.org/10.1016/j.physbeh.2022.113853

Pajares M1, Rojo A, Manda G, Bosca L, Cuadrado A (2020) Inflamma-
tion in Parkinson’s disease: mechanisms and therapeutic implica-
tions. Cells 9:1-32. https://doi.org/10.3390/cells9071687

Pothu UK, Thammisetty AK, Nelakuditi LK (2019) Evaluation of cho-
linesterase and lipid profile levels in chronic pesticide exposed
persons. J Family Med Prim Care 8:2073-2078. https://doi.org/
10.4103/jfmpc.jfmpc_239_19


https://doi.org/10.1016/S0076-6879(84)05015-1
https://doi.org/10.1016/S0076-6879(84)05015-1
https://doi.org/10.1016/j.envpol.2021.116755
https://doi.org/10.1016/j.envpol.2021.116755
https://doi.org/10.1016/j.nbd.2021.105470
https://doi.org/10.1016/j.nbd.2021.105470
https://doi.org/10.1159/000151488
https://doi.org/10.1159/000151488
https://doi.org/10.1182/bloodadvances.2022008119
https://doi.org/10.1002/tox.23322
https://doi.org/10.1016/j.neuro.2023.03.004
https://doi.org/10.1093/brain/awy132
https://doi.org/10.1186/s41936-020-00157-z
https://doi.org/10.1186/s41936-020-00157-z
https://doi.org/10.47191/ijcsrr/V5-i4-50
https://doi.org/10.47191/ijcsrr/V5-i4-50
https://doi.org/10.5829/idosi.gjbb.2015.10.03.1121
https://doi.org/10.5829/idosi.gjbb.2015.10.03.1121
https://doi.org/10.1159/000136485
https://doi.org/10.1016/j.cbi.2020.109287
https://doi.org/10.1007/s11356-019-06810-7
https://doi.org/10.4081/xeno.2017.7149
https://doi.org/10.1139/cjpp-2014-0149
https://doi.org/10.1139/cjpp-2014-0149
https://doi.org/10.1016/j.cbi.2022.110149
https://doi.org/10.1016/j.chemosphere.2018.01.176
https://doi.org/10.1016/j.chemosphere.2018.01.176
https://doi.org/10.3390/biology10070682
https://doi.org/10.1016/j.pnpbp.2011.01.013
https://doi.org/10.1016/j.pnpbp.2011.01.013
https://doi.org/10.2478/s11756-020-00432-y
https://doi.org/10.2478/s11756-020-00432-y
https://doi.org/10.1186/1478-811x-11-34
https://doi.org/10.1186/1478-811x-11-34
https://doi.org/10.1039/C0AY00247J
https://doi.org/10.1016/S0021-9258(19)45228-9
https://doi.org/10.1016/S0021-9258(19)45228-9
https://doi.org/10.1016/j.watres.2021.117912
https://doi.org/10.1016/j.watres.2021.117912
https://doi.org/10.1016/j.physbeh.2022.113853
https://doi.org/10.3390/cells9071687
https://doi.org/10.4103/jfmpc.jfmpc_239_19
https://doi.org/10.4103/jfmpc.jfmpc_239_19

Naunyn-Schmiedeberg's Archives of Pharmacology (2024) 397:4365-4379

4379

Rajasekar P, Anuradha CV (2007) Effect of L-carnitine on skeletal
muscle lipids oxidative stress in rats fed high-fructose diet. Exp
Diabetes Res 2007:1-8. https://doi.org/10.1155/2007/72741

Rodrigues KJA, Santana MB, Do Nascimento JLM, Picango-Diniz
DLW, Maues LAL, Santos SN, Ferreira VMM, Alfonso M,
Duran R, Faro LRF (2010) Behavioral and biochemical effects
of neonicotinoid thiamethoxam on the cholinergic system in rats.
Ecotoxicol Environ Saf 73:101-107. https://doi.org/10.1016/j.
ecoenv.2009.04.021

Rose PH (2012) Nicotine and the neonicotinoids. Mammalian toxicol-
ogy of insecticides 12:184-220

Saad EM, Elassy NM, Salah-Eldein AM (2022) Effect of induced sub-
lethal intoxication with neonicotinoid insecticides on Egyptian
toads (Sclerophrys regularis). Environ Sci Pollut Res 29:5762—
5770. https://doi.org/10.1007/s11356-021-15976-y

Saied NM, Hassan WA (2014) Long-term exposure to xenoestrogens
alters some brain monoamines and both serum thyroid hormones
and cortisol levels in adult male rats. J Basic Appl Zool 67:205—
211. https://doi.org/10.1016/j.jobaz.2014.09.001

Salama AF, Kasem SM, Tousson E, Elsisy MK (2012) Protective role
of L-carnitine and vitamin E on the kidney of atherosclerotic rats.
Biomed Aging Pathol 2:212-215. https://doi.org/10.1177/07482
33712472523

Salama A, Elgohary R (2021) L-carnitine and Co Q10 ameliorate
potassium dichromate-induced acute brain injury in rats targeting
AMPK/AKT/NF-kf. Int Inmunopharmacol 101:e107867. https://
doi.org/10.1016/j.intimp.2021.107867

Salimi A, Alyan N, Akbari N, Jamali Z, Pourahmad J (2022) Selenium
and L-carnitine protects from valproic acid-Induced oxidative
stress and mitochondrial damages in rat cortical neurons. Drug
Chem Toxicol 45:1150-1157. https://doi.org/10.1080/01480545.
2020.1810259

Sandler M, Reveley M, Glover V (1981) Human platelet monoamine
oxidase activity in health and disease: a review. J Clin Pathol
34:292-302. http://dx.doi.org/https://doi.org/10.1136/jcp.34.3.
292.

Sarkar S, Gough B, Raymick J, Beaudoin MA, Ali SF, Virmani A,
Binienda ZK (2015) Histopathological and electrophysiological
indices of rotenone-evoked dopaminergic toxicity: neuroprotective
effects of acetyl-1-carnitine. Neurosci Lett 606:53-59. https://doi.
org/10.1016/j.neulet.2015.08.044

Sarzi-Puttini P, Giorgi V, Di Lascio S, Fornasari D (2021) Acetyl-
l-carnitine in chronic pain: a narrative review. Pharmacol Res
173:¢105874. https://doi.org/10.1016/j.phrs.2021.105874

Tappel AL, Zalkin H (1959) Inhibition of lipid peroxidation in mito-
chondria by vitamin E. Arch Biochem Biophys 80:333-336.
https://doi.org/10.1016/0003-9861(59)90259-0

Tjale PM, Ghonimy A, Zhang DM, Wang QJ, Chen YK, Ma Y, Guo
7ZX, Zhao YL, Farouk MH (2022) Metal ions effect on L-carnitine
activity: a new research direction with a possible mitigating effect
of dietary cellulose. Aquac Res 53:5846-5856. https://doi.org/10.
1111/are.16107

Tiirkyilmaz C, Tiirkyilmaz Z, Onal E, Atalay Y, Soylemezoglu F,
Celasun B (2010) L-Carnitine pre-treatment reduces apoptotic

cell death in seven-day-old rats hypoxia ischemia. Restor Neurol
Neurosci 28:817-824. https://doi.org/10.3233/RNN-2010-0567

Virmani A, Pinto L, Binienda Z, Ali S (2013) Food, nutrigenomics, and
neurodegeneration neuroprotection by what you eat! Mol Neu-
robiol 48:353-362. https://doi.org/10.1007/s12035-013-8498-3

Wang X, Anadén A, Wu Q, Qiao F, Ares I, Martinez-Larrafiaga MR,
Yuan Z, Martinez MA (2018) Mechanism of neonicotinoid toxic-
ity: impact on oxidative stress and metabolism. Annu Rev Phar-
macol Toxicol 58:471-507

Wilkens ALL, Valgas AAN, Oliveira GT (2019) Effects of ecologi-
cally relevant concentrations of Boral® 500 SC, Glifosato® Bio-
carb, and a blend of both herbicides on markers of metabolism,
stress, and nutritional condition factors in bullfrog tadpoles.
Environ Sci Pollut Res 26:23242-23256. https://doi.org/10.1007/
s11356-019-05533-z

Wu YY, Zhou T, Wang Q, Dai PL, Xu SF, Jia HR, Wang X (2015)
Programmed cell death in the honey bee (Apis mellifera) (Hyme-
noptera: Apidae) worker brain induced by imidacloprid. J Econ
Entomol 108:1486-1494. https://doi.org/10.1093/jee/tov146

Yang A-W, Lin N-H, Yeh T-H, Snider N, Perng M-D (2022) Effects
of Alexander disease-associated mutations on the assembly and
organization of GFAP intermediate filaments. Mol Biol Cell.
https://doi.org/10.1091/mbc.E22-01-0013

Yang Y, Yu Q, Zhang C, Wang X, He L, Huang Y, Li E, Qin J, Chen L
(2023) Acute thiamethoxam exposure induces hepatotoxicity and
neurotoxicity in juvenile Chinese mitten crab (Eriocheir sinensis).
Ecotoxicol Environ Saf 249:e114399. https://doi.org/10.1016/].
ecoenv.2022.114399

YiL, Zhang S, Chen X, Wang T, Yi X, Yeerkenbieke G, Shi S, Lu X
(2023) Evaluation of the risk of human exposure to thiamethoxam
by extrapolation from a toxicokinetic experiment in rats and lit-
erature data. Environ Int 173:e107823. https://doi.org/10.1016/j.
envint.2023.107823

Yousef MI, Abdou HM, Abd Elkader HTAEA, Hussein HK, Abou
Samra WE (2020) Neuroprotective potential of Spirulina plat-
ensis against aluminium chloride-induced neural degeneration.
Curr Top Nutraceutical Res 18:310-318. https://doi.org/10.37290/
ctnr2641-452X

Zaitone SA, Abo-Elmatty DM, Shaalan AA (2012) Acetyl-L-carnitine
and a-lipoic acid affect rotenone-induced damage in nigral dopa-
minergic neurons of rat brain, implication for Parkinson’s disease
therapy. Pharmacol Biochem Behav 100:347-360. https://doi.org/
10.1016/j.pbb.2011.09.002

Zhang Y, Chen D, Du M, Ma L, Li P, Qin R, Yang J, Yin Z, Wu X,
Xu H (2021) Insights into the degradation and toxicity difference
mechanism of neonicotinoid pesticides in honeybees by mass
spectrometry imaging. Sci Total Environ 774:e145170. https://
doi.org/10.1016/j.scitotenv.2021.145170

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer


https://doi.org/10.1155/2007/72741
https://doi.org/10.1016/j.ecoenv.2009.04.021
https://doi.org/10.1016/j.ecoenv.2009.04.021
https://doi.org/10.1007/s11356-021-15976-y
https://doi.org/10.1016/j.jobaz.2014.09.001
https://doi.org/10.1177/0748233712472523
https://doi.org/10.1177/0748233712472523
https://doi.org/10.1016/j.intimp.2021.107867
https://doi.org/10.1016/j.intimp.2021.107867
https://doi.org/10.1080/01480545.2020.1810259
https://doi.org/10.1080/01480545.2020.1810259
https://doi.org/10.1136/jcp.34.3.292
https://doi.org/10.1136/jcp.34.3.292
https://doi.org/10.1016/j.neulet.2015.08.044
https://doi.org/10.1016/j.neulet.2015.08.044
https://doi.org/10.1016/j.phrs.2021.105874
https://doi.org/10.1016/0003-9861(59)90259-0
https://doi.org/10.1111/are.16107
https://doi.org/10.1111/are.16107
https://doi.org/10.3233/RNN-2010-0567
https://doi.org/10.1007/s12035-013-8498-3
https://doi.org/10.1007/s11356-019-05533-z
https://doi.org/10.1007/s11356-019-05533-z
https://doi.org/10.1093/jee/tov146
https://doi.org/10.1091/mbc.E22-01-0013
https://doi.org/10.1016/j.ecoenv.2022.114399
https://doi.org/10.1016/j.ecoenv.2022.114399
https://doi.org/10.1016/j.envint.2023.107823
https://doi.org/10.1016/j.envint.2023.107823
https://doi.org/10.37290/ctnr2641-452X
https://doi.org/10.37290/ctnr2641-452X
https://doi.org/10.1016/j.pbb.2011.09.002
https://doi.org/10.1016/j.pbb.2011.09.002
https://doi.org/10.1016/j.scitotenv.2021.145170
https://doi.org/10.1016/j.scitotenv.2021.145170

	The protective role of l-carnitine on oxidative stress, neurotransmitter perturbations, astrogliosis, and apoptosis induced by thiamethoxam in the brains of male rats
	Abstract
	Introduction
	Materials and methods
	Chemicals
	Animal care
	Experimental design
	 Blood and brain tissue preparation
	Blood lipid profile and electrolyte assays
	Determination of oxidantantioxidant capacity biomarkers
	Determination of inflammatory markers
	Neurochemical biomarkers
	Quantitative real-time polymerase chain reaction (qRT˗PCR)
	Statistical analysis

	Results
	Ameliorative effect of LC on TMX-induced changes in the serum lipid profile and electrolyte ions
	Ameliorative effect of LC on TMX-induced oxidantantioxidant imbalance
	Ameliorative effect of LC on TMX-induced inflammatory stress
	Ameliorative effect of LC on the neurochemical disturbance caused by TMX
	Ameliorative effect of LC on TMX-induced caspase-3 and GFAP activation

	Discussion
	Conclusion
	References


