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Abstract
Attention deficit/hyperactivity disorder (ADHD) is a neurodevelopmental condition affecting cognitive and social func-
tions all over childhood. Monosodium glutamate (MSG) is a common food additive associated with ADHD-like symptoms 
in children. Nutraceuticals, like sesamol (SE) and astaxanthin (AST), or physical activity (PHA) were reported to possess 
beneficial effects on human health. Meanwhile, still their neuroprotective effect against ADHD has been poorly investigated. 
This study aimed to investigate the impact of SE, AST and PHA either separately or combined on ADHD-like behaviors 
induced by MSG in rat pups. Eighty-four male Sprague Dawley rat pups were randomly allocated into seven groups; control, 
MSG, (PHA + MSG), (SE + MSG), (AST + MSG), (SE + AST + MSG), and (COMB [PHA + SE + AST] + MSG) and treated 
for eight weeks. MSG-induced ADHD-like behavior was evaluated, via assessing behavioral outcomes; neurotransmitters’ 
levels; five pathway biomarkers, coupled with histopathological and immunohistochemical studies. Rats exposed to PHA 
or treated with SE or AST either separately or combined exhibited enhanced attention, locomotor, and cognitive abilities, 
compared to MSG-intoxicated group. All treatments remarkably improved MSG-induced abnormalities in neurotransmitters’ 
levels; biochemical markers; along with histological findings, via modulating HMGB1/RAGE/JAK-2/STAT-3, PI3K/AKT/
CREB/BDNF, AMPK/SIRT-1 and PERK/CHOP pathways. Nevertheless, the combination of PHA with nutraceuticals (SE 
and AST) elicited more favorable effects in all measured parameters and histological findings, compared to other treated 
groups. In conclusion, this study revealed the superiority of the combination of nutraceuticals with PHA, over other stan-
dalone treatments, in amelioration of MSG-induced ADHD-like behaviors in rat pups, via fine-tuning of HMGB1/RAGE, 
PI3K/AKT/CREB/BDNF, AMPK/SIRT-1 and PERK/CHOP pathways.
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Introduction

Attention deficit/hyperactivity disorder (ADHD), is a neu-
rodevelopmental ailment, which is instigated in childhood 
and recognized by impaired attention, hyperactivity and 
impulsivity (Jerome et al. 2020). It negatively impacts the 
cognitive and social functions during childhood, hence 
extensively affecting patients’ education and social life, 
producing grave socio-economical burdens (Li and He 

2021). Although the etiopathological mechanisms underly-
ing ADHD are not fully understood, yet the dysregulation 
in catecholamine neurotransmitters, including dopamine 
(DA) and norepinephrine (NE) within the prefrontal cor-
tex, hippocampus and striatum, which results in executive 
dysfunction, had been reported to be tightly linked with 
the pathogenesis of ADHD (Posner et al. 2020). Previous 
studies stated that disturbance in glutamatergic function 
throughout developmental phases is a major contributor to 
ADHD’s symptoms and pathophysiology. In fact, glutamate, 
the chief excitatory neurotransmitter in the central nervous 
system, controls learning and memory function and adjusts Extended author information available on the last page of the article
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the catecholaminergic activity that had been involved in 
ADHD’s etiopathology (Featherstone 2010). Remarkably, 
excessive glutamate levels are excitotoxic, where its elevated 
levels with the consequent activation of its receptors are the 
key contributors to excitotoxicity (Pan et al. 2012), the core 
hallmark documented in ADHD, which is accompanied by 
elevated intracellular calcium level, disruption of mitochon-
drial function, enhanced reactive oxygen species (ROS) lev-
els and neuroinflammation, hence ending up with neuronal 
apoptosis (Glaser et al. 2022).

Along with catecholaminergic dysregulation, perturbed 
redox status and enhanced neuroinflammation have been 
recognized as key players in the pathophysiology of ADHD 
(Leffa et al. 2018). Excessive ROS in the brain elicit a detri-
mental effect on the integrity of neurons, causing neuronal 
apoptosis (Smaga et al. 2015). Besides, elevated ROS also 
leads to the activation of astrocytes and microglia, along 
with the excessive generation of pro-inflammatory media-
tors (Solleiro-Villavicencio and Rivas-Arancibia 2018). One 
of the major contributors in the inflammatory cascades is 
the high mobility group box 1 protein (HMGB1), which is 
overexpressed during neuroinflammation. HMGB1 binds 
to its receptor, namely receptor for advanced glycation end 
products (RAGE) to trigger the downstream inflammatory 
response and produce various pro-inflammatory mediators, 
like tumour necrosis factor-alpha (TNF-α) and interleukin-
1beta (IL-1β), leading to neuroinflammation and neuronal 
apoptosis (Lotze and Tracey 2005).

Another pathway implicated in neuroinflammation is 
janus kinase-2 (JAK-2)/signal transducer and transcrip-
tion-3 (STAT-3) cascade that is activated by the effect of 
pro-inflammatory mediators. JAK-2 enhances the phospho-
rylation of STAT-3, leading to astroglial activation and exag-
geration of inflammatory response in neurological disorders 
(Hou et al. 2017). Interestingly, neuroinflammation further 
fosters the production of ROS. Thus, neuroinflammation and 
oxidative stress are interrelated mechanisms in the ADHD 
pathophysiology (Leffa et  al. 2018). Further, oxidative 
damage is strongly related with the occurrence of neuroin-
flammation, enhanced endoplasmic reticulum (ER) stress, 
excessive apoptosis and impaired autophagy, where these 
mechanisms are interconnected with the pathophysiology 
of neurodevelopmental disorders, such as ADHD (Coulson 
et al. 2022).

Besides, pro-inflammatory mediators also hamper the 
production of brain-derived neurotrophic factor (BDNF), 
thus impairing BDNF signaling. Disrupted BDNF signaling 
has been linked with neurological disorders, such as ADHD 
and mood disorders. Indeed, BDNF is essential for several 
aspects of brain activity, including neurological develop-
ment, neuronal growth and neuronal plasticity (Rossi et al. 
2006). Noteworthy, the activation of BDNF signaling is 
under the control of the phosphoinositide 3-kinase (PI3K)/

protein kinase B (AKT) pathway. Upon activation of PI3K/
AKT cue, activated PI3K phosphorylates and activates AKT, 
with consequent activation of cyclic adenosine monophos-
phate (CAMP) response element-binding protein (CREB), 
which enhances the generation of BDNF (Luo et al. 2021). 
Subsequently, BDNF binds with its receptor tropomyosin 
receptor kinase B (TrkB), to regulate memory and neuronal 
survival (Mir et al. 2017). Of note, activated AKT results 
in halting neuroinflammation, oxidative stress and neuronal 
apoptosis (Luo et al. 2021). Thus, PI3K/AKT/CREB/BDNF/
TrKB hub may be regarded as a striking therapeutic objec-
tive for the amelioration of neurodevelopmental disorders, 
like ADHD.

In addition to enhanced oxidative stress and neuroin-
flammation, defective autophagy is a common feature in 
the pathophysiology of neurodevelopmental maladies, like 
ADHD, where suppressed autophagy, results in neuronal 
loss (Abdulghani et al. 2023). Undoubtedly, autophagy is 
indispensable in the selective degradation of damaged orga-
nelles and misfolded proteins, thereby repressing neuronal 
injury, improving cognitive function and enhancing neuronal 
survival (Cerri and Blandini 2019). AMP-activated protein 
kinase (AMPK)/Sirtuin-1 (SIRT-1)/mechanistic target of 
rapamycin (m-TOR) cue is the chief path for regulating 
the autophagic processes, as the activation of both SIRT-1 
and AMPK stimulates autophagy, whereas m-TOR inhibits 
autophagy (Garcia and Shaw 2017). AMPK, a modulator 
of autophagy, elicits its actions through the activation of 
SIRT-1 to enhance autophagy and halt apoptosis (Meijer and 
Codogno 2007). Moreover, activation of AMPK and SIRT-1 
boosts autophagy by repression of m-TOR. Consequently, 
modulation of the AMPK/SIRT-1/m-TOR pathway has been 
proposed as an attractive approach for promoting autophagy 
and enhancing neuronal survival (Curry et al. 2018).

Alongside impaired autophagy, excessive ER stress 
possesses a pivotal part in the pathogenesis of neurologi-
cal diseases including, neurodevelopmental disorders, as 
it enhances neuronal apoptosis (Coulson et al. 2022). ER 
is important for protein synthesis and appropriate protein 
folding, together with maintaining calcium homeostasis 
(Anelli and Sitia 2008). Nevertheless, stressful condi-
tions, including exaggerated oxidative stress, inflamma-
tion, impaired autophagy and heightened glutamate level, 
are believed to be linked with abnormal protein misfolding 
and accumulation of misfolded proteins and calcium, with 
the resultant enhanced ER stress. Thus, instigating unfolded 
protein response (UPR) to relieve ER stress or otherwise 
induce apoptosis (Zhang et al. 2018). Among the UPR sen-
sors accountable for the activation of ER stress pathway is 
protein kinase RNA-like ER kinase (PERK), where during 
ER stress, glucose-regulated protein 78 (GRP78) separates 
from PERK, thus activating PERK (Kudo et  al. 2008). 
Upon prolonged ER stress, the UPR pathway fails to restore 
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ER homeostasis, thereby the overactivation of UPR shifts 
toward the apoptotic pathway, where PERK stimulates the 
pro-apoptotic C/EBP homologous protein (CHOP) expres-
sion to initiate ER stress-induced apoptosis (Huang et al. 
2019). Subsequently, hindering ER stress could alleviate 
neuronal apoptosis and promote neuronal survival.

Monosodium glutamate (MSG), a flavor enhancer, is 
commonly utilized to improve the palatability of many types 
of foods, including soups, salads and chips (Gürgen et al. 
2021). Despite its extensive usage, MSG's health safety as 
a food chemical is still highly debatable, where previous 
studies had reported that MSG intake was associated with 
adverse outcomes on multiple organs, including cardiotox-
icity, hepatotoxicity and neurotoxicity (Eid et al. 2019). 
In the context of neurotoxicity, MSG intake is associated 
with various neurological conditions, including depression 
and ADHD (Kazmi et al. 2017). MSG is a natural sodium 
salt of glutamic acid, where MSG exposure is linked with 
excitotoxicity through the binding of glutamate to its recep-
tors, leading to overexcitation of the nerve cells, along 
with enhancing calcium influx, thereby inducing neuronal 
apoptosis in various brain regions, such as the hippocam-
pus (Khafaga et al. 2021). Unquestionably, elevated level 
of circulating glutamate had been interconnected with the 
excessive production of ROS and the generation of inflam-
matory mediators (Gaffen and Liu 2004). Earlier reports 
revealed that MSG remarkably disrupted catecholamine 
neurotransmitters’ levels, as it lessened NE and DA levels in 
the brain (Liu et al. 2022). Furthermore, excitotoxicity due 
to the disruption of glutamatergic neurotransmission with 
the perturbations in the levels of catecholamine neurotrans-
mitters resulting from MSG contributed to the appearance 
of various behavioral deficits including, impaired memory 
and cognitive function, together with anxiety-like behav-
iors and hyperactivity, which are core symptoms of ADHD 
(Rosa et al. 2015). Of note, the major contributors to MSG 
neurotoxicity are excitotoxicity, disruption of catecholamine 
neurotransmission, oxidative stress, activation of inflamma-
tory cascades, and neuronal apoptosis (Seiva et al. 2012). 
Hence, MSG exposure resulted in pathophysiological events 
and symptoms that mimic those of ADHD. In this respect, 
MSG had been reported to be used in inducing ADHD-like 
symptoms in experimental animals to study the pathophysi-
ological mechanisms contributing to ADHD and to investi-
gate the effectiveness of therapeutic agents in amelioration 
of ADHD-like symptoms (Khaled Abd et al. 2021).

In view of the notion that ADHD’s pathophysiology is 
tightly linked with dysregulation in catecholamine neuro-
transmission. So far, dextroamphetamine and methylpheni-
date are the most commonly used medications for control-
ling ADHD symptoms, via restoring catecholamine levels 
(Brown et al. 2018). Nonetheless, the long-term use of these 
medications had been associated with the incidence of many 

adverse events, such as headache, dry mouth and liver injury 
(Ahn et al. 2016). Hence, there is an increased demand to 
find safer therapeutic strategies capable of ADHD ameliora-
tion. Since oxidative stress and inflammation are two main 
interrelated mechanisms involved in the pathological process 
of ADHD. Consequently, the usage of phytochemicals with 
antioxidant and anti-inflammatory activities is mandatory 
in ameliorating ADHD with its associated neuronal apop-
tosis (Ding et al. 2022). Amongst, sesamol (SE), a dietary 
natural phenolic component derived from sesame lignans, 
possesses antioxidant, free radical-scavenging, anti-hyper-
lipidemic, anti-inflammatory and anti-apoptotic properties 
(Kanimozhi and Prasad 2009; El‐Borai et al. 2022). Prior 
studies documented that SE exerted neuroprotective effects 
against different models of neurological diseases (Beheshti-
manesh and Rajaei 2023; Wang et al. 2023). In addition, 
astaxanthin (AST) is a natural red–orange carotenoid pig-
ment that is found in microalgae, crabs and shrimp. AST had 
been shown to possess potent antioxidant, anticancer, anti-
apoptotic, anti-inflammatory and neuroprotective properties 
(Kishimoto et al. 2016). Previous studies reported that AST 
displayed a marked neuroprotective effect against different 
models of neurological maladies (Adiguzel et al. 2023). 
Based upon the documented antioxidant and anti-inflam-
matory properties of SE and AST, we selected to study the 
effects of SE and/or AST, as potential candidates, against 
MSG-induced ADHD-like behaviors. Apart from the usage 
of phytochemicals, physical activity (PHA) had been docu-
mented to exert advantageous effects against neurological 
disorders and cognitive impairment, where regular exercise 
possesses favorable actions on brain function and memory, 
thus guarding against neuronal damage (Valenzuela 2008; 
Ali et al. 2017).

Given the complex pathophysiology of ADHD, a com-
bination regimen targeting various pathways has become 
an attractive therapeutic approach. Accordingly, this study 
was designed to inspect the neuroprotective effects of SE, 
AST, or PHA either alone or in combination with each other 
against MSG-induced ADHD-like behaviors in rat pups. 
Besides, this study provided insights into the mechanistic 
targets through which these agents exerted their benefi-
cial actions, with highlighting the role of HMGB1/RAGE/
JAK-2/STAT-3, PI3K/AKT/CREB/BDNF/TrkB, AMPK/
SIRT-1/m-TOR, and PERK/CHOP/Bcl-2 cues, as possible 
contributors in ADHD’s pathophysiology.

Materials and Methods

Drugs and Chemicals

MSG, SE and AST were obtained from Sigma-Aldrich 
Chemical Co. in St. Louis, Missouri. They were freshly 
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prepared in distilled water and were provided orally (Kaur 
et al. 2012; Al-Amin et al. 2015; Onyesife et al. 2023). Other 
chemicals and solvents used in the study were commercially 
available and of utmost analytical grade.

Animals

Eighty-four healthy post-weaning male Sprague–Dawley rat 
pups (Postnatal around 21 days' age), weighing 20–25 g, 
were purchased from the Nile Co. for Pharmaceuticals and 
Chemical Industries, Cairo, Egypt. The rats were acclima-
tized for a week before the experiments. They were housed 
at the animal house facility in the Faculty of Pharmacy, 
Al-Azhar University "girls," under controlled conditions 
(temperature of 25 ± 1°C, humidity of 50 ± 5%, with 12-h 
light and dark cycles) in stainless steel cages. The animals 
had access to a normal pellet diet and water ad libitum. All 
experimental techniques were accepted and supervised by 
the Animal Care and Use Committee of the Faculty of Phar-
macy, Al-Azhar University, with ethical approval number 
429/2023. The handling of animals was following the guide-
lines outlined in the "Guide for Care and Use of Laboratory 
Animals," published by the National Institutes of Health 
(NIH Publications No. 8023, revised 1978).

Experimental Design

Animals’ Grouping

Following the one-week acclimatization period, rats were 
arbitrarily assigned into seven groups comprising 12 rats per 
group and treated in this way:

1.	 Control group: The rats received distilled water (2.5 ml/
kg/day), orally for 8 weeks.

2.	 MSG group: Rats received MSG (0.4 g/kg/day) 
(Mahmoud et al. 2020), orally for 8 weeks.

3.	 PHA + MSG group: Rats were exposed to physical activ-
ity (PHA), swimming for 30 min/day and 5 days/week 
for 8 weeks, and received MSG (0.4 g/kg/day).

4.	 SE + MSG group: Rats received sesamol (SE) (50 mg/
kg) (Singh et al. 2020), orally, daily, two hours before 
receiving MSG (0.4 g/kg/day), orally for 8 weeks.

5.	 AST + MSG: Rats received astaxanthin (AST) (150 mg/
kg) (Baburina et al. 2023), orally, daily, two hours before 
receiving MSG (0.4 g/kg/day), orally for 8 weeks.

6.	 SE + AST + MSG group: Rats received SE (50 mg/kg) 
and AST (150 mg/kg), orally, daily, two hours before 
receiving MSG (0.4 g/kg/day), orally for 8 weeks.

7.	 COMB + MSG: Rats in this group received a combina-
tion of SE (50 mg/kg) and AST (150 mg/kg), orally, daily 

and exposed to PHA, swimming for 30 min/day and 5 
days/week, along with receiving MSG (0.4 g/kg/day).

For 8 weeks, all drugs were given by oral gavage and 
behavior assessments were conducted one day after the last 
dose administration. 24 h after the termination of behavioral 
assessments, rats were anesthetized with an intraperitoneal 
injection of a ketamine (75 mg/kg, i.p.) and xylazine (10 mg/
kg, i.p.) mixture (Gowifel et al. 2020; El-Shoura et al. 2023; 
Khidr et al. 2023) and euthanized by cervical dislocation. 
Then, the brains were promptly removed for biochemical 
analyses and histopathological evaluations.

Physical Activity (PHA)

Physical activity (PHA) was employed as a therapeutic 
method to lessen the neurotoxicity induced by MSG admin-
istration. PHA was acquired by subjecting the rats to a 
swimming exercise protocol encompassing 30 min/day and 
5 days/week for 8 weeks.

The Swimming Exercise Protocol  The followed swim-
ming exercise protocol was modified from the methods of 
Viboolvorakul and Patumraj (2014) and Muhammad et al. 
(2024). The swimming exercise protocol involves adaptation 
of rats to swimming in a cylindrical tank (80 cm diameter 
and 90 cm depth), filled with 60 cm water at temperature 
of 33–36 °C. The swimming exercise protocol consisted of 
training once daily for 10 min for two days then the duration 
was increased gradually till rats swam for 30 min, on the 5th 
day of first week and continued until the completion of the 
eight weeks with a rate of 5 days/week. A rest for 24 h was 
permitted prior rats were subjected to the behavioral tests.

Behavioral Tests

The following behavioral tests were performed.

Y‑Maze Test

Spontaneous alternation behavior is thought to assess spatial 
working memory (Hritcu et al. 2012). In this experiment, a 
black wood Y-maze having three arms (35 cm long, 25 cm 
high and 10 cm broad) with a symmetrical triangular middle 
region, was employed. The arms were designated A, B, or 
C. Animals were positioned at one arm’s edge and permit-
ted to roam freely around the maze for 8 min. Once the rat's 
hind paws were totally within the arm, it was considered an 
entrance. The following equation was used to calculate the 
spontaneous alternation percentage (SAP) based on the num-
ber of alternations and total arm entries: SAP (%) = [number 
of alternations/(total arm entries 2)] × 100.
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Open Field Test (OFT)

According to Cunha and Masur (1978), the experiment was 
conducted in an 80 × 80 × 40 cm square wooden box with red 
walls and a white polished floor split into 16 equal squares 
(4 × 4) by black lines. Each rat was placed in the center of 
the box and monitored for 3 min, where a video camera 
was located above the box to record the behavior. Numer-
ous parameters were evaluated and analyzed statistically, 
comprising the latency time (time taken by the rat to move 
from the center of the arena), grooming frequency (num-
ber of times the rat engaged in facial scratching, licking of 
forelimbs, and genital grooming), and ambulation frequency 
(number of squares traversed by the rat).

Tissue Sampling and Preparation

After the animals’ euthanasia, their brains were detached and 
washed with saline. Six brains from each group were fixed 
in 10% neutral buffered formalin overnight for consequent 
histopathological and immunohistochemical examinations. 
Each of the residual six brains in each group was divided 
into two equal parts. The first part was separately homog-
enized in ice-cold PBS (pH = 7.4) to get 10% homogenate 
(w/v). Afterward, the homogenate was centrifuged at 1800 g 
for 10 min at 4 °C, and the resultant supernatant was utilized 
for various biochemical measurements, including enzyme-
linked immunosorbent assay (ELISA). The other part was 
kept at −80°C to be used in real-time PCR analyses.

Biochemical Assessments

Colorimetric Analyses

Tissue homogenates were tested for oxidative stress bio-
markers in the brain, including malondialdehyde (MDA) 
(Satoh 1978; Ohkawa et al. 1979), superoxide dismutase 
(SOD) (Nishikimi et al. 1972), and total antioxidant capac-
ity (TAC) (Koracevic et al. 2001), which were evaluated 
by commercially available colorimetric assay kits (Biodiag-
nostic, Inc., Giza, Egypt), according to the manufacturer's 
instructions.

Enzyme‑Linked Immunosorbent Assay (ELISA) in Brain 
Tissues

ELISA kit purchased from MyBioSource (Southern Cali-
fornia, San Diego, USA) was used for the estimation of 
the brain content of glutamate (Cat. #: MBS756400). The 
brain inflammatory markers (TNF-α and IL-1β) were esti-
mated using an ELISA Kits supplied by Cusabio Biotech 
Co., China (TNF-α, Cat. #: CSB-E11987r) and Ray Biotech, 

Inc., China (IL-1β, Cat #: IQR-IL1b). BDNF was measured 
using an ELISA kit (Cat. #: EK0308) from Boster Biologi-
cal Technology (CA, USA). The procedures were followed 
precisely as instructed by the manufacturer.

Fluorometric Assays in the Brain

Brain monoamines (DA, NE and serotonin (5-HT)) were 
measured instantly according to Ciarlone (1978). As previ-
ously reported, monoamines were detected fluorometrically 
within samples at λex/λem 320/480 nm, 380/480 nm, and 
355/470 nm for DA, NE, and 5-HT, respectively (Ciarlone 
1978).

Analysis of Gene Expression by Real‑Time Quantitative 
Polymerase Chain Reaction (RT‑qPCR)

By using Qiagen tissue extraction kit (Qiagen, Germantown, 
MD, USA) and following the manufacturer’s instructions, 
total RNA was isolated. Also, a sense-fast cDNA synthesis 
kit (Cat No. BIO-65053) was utilized to perform reverse 
transcription of the extracted mRNA. Data analyses were 
done by Applied Biosystem with software version 3.1 
(StepOneTM, Waltham, MA, USA). Transcripts of AKT, 
AMPK, B-cell lymphoma protein 2 (Bcl-2)-associated 
X protein (BAX), B-cell lymphoma 2 (Bcl-2), Beclin-1, 
CHOP, SIRT-1, CREB, GRP78, HMGB1, JAK-2, m-TOR, 
RAGE, PERK, PI3K, STAT-3, TrkB and the housekeeping 
gene (β-actin), were assessed in rat brain tissue by RT-qPCR 
using Applied Biosystems step one plus equipment. The 
relative expression of target genes was calculated using the 
following formula: 2^(−∆∆CT) (Livak and Schmittgen 2001). 
The forward and reverse sequences of the primers used for 
the PCR amplification are shown in Table 1.

Histopathological and Immunohistochemical 
Examinations

Histopathological Examination

Brain tissue samples in various groups were fixed in 
10% formalin for 1 day then washed with tap water. By 
an ascending sequence of ethyl alcohol, dehydration 
was done. In a hot air oven at 56 ºC for 1 day, clearing 
and  paraffin embedding  was done. For routine micro-
scopic examination with a light microscope, 5 µm sections 
were mounted on glass slides, deparaffinized, and stained 
with hematoxylin and eosin (H & E), then photomicro-
graphs at magnification of 40X were captured (Bancroft 
and Gamble 2008).
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Immunohistochemical Assessment

After sectioning and deparaffinization of the blocks of 
brain tissue using xylene, rehydration with alcohol in 
ascending concentrations was done. Subsequently, the 
sections were kept in 3% H2O2 for 10 min then 30 min in 
0.1% trypsin at 37 °C, for antigen retrieval. Afterwards, 
an overnight incubation at 4 °C with polyclonal rabbit 
antibodies against glial fibrillary acidic protein (GFAP) 
(1:800 dilution; servicebio, USA, Cat# GB12090) was per-
formed. Sections were treated at 37 °C for 30 min with the 
secondary antibody, biotinylated goat anti-rabbit (Invitro-
gen); stained with 3, 3-diaminobenzidine and eventually 
counterstained with hematoxylin. Finally, image analysis 

was carried out by assessing the area percent (A %) in 
10 microscopic fields, via ImageJ software (version 1.48). 

Statistical Analysis

Data are expressed as mean ± S.E.M. Multiple comparisons 
were performed using one-way ANOVA followed by Tukey 
Kramer as a post-hoc test. GraphPad Prism Software Ver. 5 
(ISI®, USA) was used to accomplish all statistical analysis 
and data visualization. The level of significance was con-
sidered at p < 0.05.

Results

Regarding the current study, beside the abovementioned 
seven studied groups, there are another additional five 
groups, which include; normal control group exposed to 
PHA; normal control group treated with SE; normal control 
group treated with AST; normal control group treated with 
both SE and AST; and normal control group treated with a 
combination of SE and AST along with exposure to PHA. 
Of note, the results of these additional five groups in all 
the measured parameters and the histopathological findings 
were non-significant, compared to those of the normal con-
trol group. Consequently, the findings of these additional 
five groups were not comprised in this study to sustain sim-
plicity of the presented data. 

Combination of SE and AST with PHA Enhanced 
Locomotor, Attention and Cognitive Functions 
Assessed by Open‑Field and Y‑Maze Tests 
in MSG‑Intoxicated Rats

Open‑Field Test

As displayed in Fig. 1, the results of the open-field test 
revealed that MSG affected the decision-making behavior 
in rats due to delayed latency (6.4-fold (F(6,35) = 140.3, 
p < 0.0001)) (Fig.  1A) with a substantial drop in the 
ambulation(Fig. 1B) and grooming (Fig. 1C) frequen-
cies (by 48.8% (F(6,35) = 173, p < 0.0001), and 73.6% 
(F(6,35) = 131.9, p < 0.0001), respectively), compared 
to the control group. In contrast, co-treatment of MSG-
intoxicated rats with PHA, SE, AST, (SE + AST), or 
COMB meaningfully lessened latency time (by 28.9%, 
51.1%, 55.6%, 71.1% and 84.4%, respectively), compared 
to MSG group (Fig. 1A). Regarding ambulation frequency, 
it was remarkably raised in (PHA + MSG), (SE + MSG), 
(AST + MSG), (SE + AST + MSG), and (COMB + MSG) 
groups (1.2-fold, 1.5-fold, 1.6-fold, 1.7-fold, and 1.9-
fold, respectively) versus MSG group (Fig. 1B). Con-
cerning grooming frequency, it was prominently 

Table 1   List of primer sequence sets used for RT-qPCR analysis in 
rat tissues

Gene Forward and backward sequences

PI3K F: 5′-GCC​CAG​GCT​TAC​TAC​AGA​C-3′
R: 5′-AAG​TAG​GGA​GGC​ATC​TCG​-3′

AKT F5’-ATG​GAC​TTC​CGG​TCA​GGT​TCA-3’
R: 5’-GCC​CTT​GCC​CAG​TAG​CTT​CA −3’

CREB F: 5′-CAG​ACA​ACC​AGC​AGA​GTG​GA-3′
R: 5′-CTG​GAC​TGT​CTG​CCC​ATT​G-3′

TrkB F: 5′- CCT​CCA​CGG​ATG​TTG​CTG​A-3′
R: 5′-GGC​TGT​TGG​TGA​TAC​CGA​AGTA-3′

AMPK F: 5′ -AAA​GAA​CCC​TAG​CCT​GAA​GAGG-3′
R: 5′-ACC​TTC​CGA​GAT​GAA​TGC​TTTT-3′

SIRT 1 F: 5′- GGC​ACC​GAT​CCT​CGA​ACA​AT-3′
R: 5′-CGC​TTT​GGT​GGT​TCT​GAA​AGG-3′

m-TOR F:5’TTG​AGG​TTG​CTA​TGA​CCA​GAG​AGA​A-3’
R:5’TTA​CCA​GAA​AGG​ACA​CCA​GCC​AAT​G-3’

Beclin-1 F: 5′-AGC​ACG​CCA​TGT​ATA​GCA​AAGA-3′
R: 5′-GGA​AGA​GGG​AAA​GGA​CAG​CAT-3′

PERK F: 5′-GCC​GAT​GGG​ATA​GTG​ATG​-3′
R: 5′-GCA​GCC​TCT​ACA​ATG​TCT​TCT-3′

CHOP F: 5′-TCT​GCC​TTT​CGC​CTT​TGA​G-3′
R: 5′-GCT​TTG​GGA​GGT​GCT​TGT​G-3′

GRP78 F:5′-TAA​TCA​GCC​CAC​CGT​AAC​-3′
R:5′-GTT​TCC​TGT​CCC​TTT​GTC​-3′

BAX F: 5’-CAC​GTC​TGC​GGG​GAG​TCA​-3’
R: 5’-TAG​GAA​AGG​AGG​CCA​TCC​CA-3’

Bcl-2 F: 5′-GGA​TGA​CTT​CTC​TCG​TCG​CTAC-3′
R: 5′-TGA​CAT​CTC​CCT​GTT​GAC​GCT-3

HMGB1 F: 5′-CAC​CCT​GCA​TAT​TGT​GGT​AGG-3′
R: 5′-CGC​TGG​GAC​TAA​GGT​CAA​CA-3′

RAGE F: 5′-GAG​TCC​GAG​TCT​ACC​AGA​TTCC-3′
R:5′-GGT​CTC​CTC​CTT​CAC​AAC​TGTC-3′

JAK-2 F: 5′-AGC​TCC​TCT​CCT​TGA​CGA​CT-3′
R:5′-GCA​CGC​ACT​TCG​GTA​AGA​AC-3′

STAT-3 F: 5′-CAA​AGA​AAA​CAT​GGC​CGG​CA-3′
R:5′-GGG​GGC​TTT​GTG​CTT​AGG​AT-3′

β-actin F: 5′-CCG​TAA​AGA​CCT​CTA​TGC​CA-3’
R: 5′-AAG​AAA​GGG​TGT​AAA​ACG​CA-3’
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elevated in (PHA + MSG), (SE + MSG), (AST + MSG), 
(SE + AST + MSG), and (COMB + MSG) groups (1.2-
fold, 1.4-fold, 1.5-fold, 1.6-fold, and 1.7-fold, respec-
tively) compared to MSG group (Fig. 1C). Of note, the 
co-administration of a combination of PHA and SE with 
AST restored the latency time in addition to ambulation 
and grooming frequencies back to normal values. 

Y‑Maze Test

MSG induced a marked reduction of spontane-
ous  a l ternat ion percentage (SAP) (by 43.1% 
(F(6,35) = 434.7, p < 0.0001)), compared to the con-
trol group (Fig. 1D). However, SAP was pronouncedly 
upsurged in (PHA + MSG), (SE + MSG), (AST + MSG), 
(SE + AST + MSG), and (COMB + MSG) groups (1.2-
fold, 1.4-fold, 1.55-fold, 1.6-fold, and 1.7-fold, respec-
tively) versus MSG group (Fig.  1D). Remarkably, 

co-administration of a combination of PHA and SE 
with AST elevated SAP to be as near as normal values 
(Fig. 1D). 

Combination of SE and AST with PHA Alleviates 
MSG‑Induced Changes in Monoamine 
Neurotransmitters and Glutamate Content 
in the Brain

As illustrated in Fig. 2, the brain monoamine levels (DA, NE 
and 5-HT) were remarkably diminished upon MSG admin-
istration (by 70.3% (F(6,35) = 1025, p < 0.0001) (Fig. 2A), 
53.4% (F(6,35) = 4596, p < 0.0001) (Fig. 2B), and 70.9% 
(F(6,35) = 917.9, p < 0.0001) (Fig. 2C), respectively), while 
brain glutamate content was noticeably increased (23.2-fold 
(F(6,35) = 2118, p < 0.0001)) (Fig. 2D), relative to the con-
trol group. Contrariwise, exposure to PHA, or administra-
tion of either SE, or AST elicited a prominent elevation in 
DA (1.5-fold, 2.1-fold and 2.3- fold, respectively) (Fig. 2A), 

Fig. 1   Effects of SE, AST 
and PHA on MSG-induced 
behavioral changes in (A) 
Latency Time, (B) Ambulation 
Frequency and (C) Grooming 
Frequency in open-field test and 
(D) Spontaneous alteration per-
centage in Y-maze test. The data 
are presented as means ± S.E.M 
(n = 6). Significance (a): rela-
tive to the control group, (b): 
relative to MSG group, (c): 
relative to PHA + MSG, (d): 
relative to SE + MSG, (e): 
relative to AST + MSG, and (f): 
relative to SE + AST + MSG. 
P-value < 0.05. Monosodium 
glutamate (MSG); Physical 
activity (PHA); Sesamol (SE); 
Astaxanthin (AST); COMB 
(SE + AST + PHA); Spontane-
ous alteration percentage (SAP)
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NE (1.3-fold, 1.5-fold and 1.6- fold, respectively) (Fig. 2B) 
and 5-HT (1.3-fold, 1.9-fold, and 2.1- fold, respectively) 
(Fig. 2C), while glutamate levels were considerably reduced 
(by 30.8%, 53.2%, and 58.1%, respectively) (Fig. 2D), com-
pared to MSG group. When SE and AST were combined, 
the brain monoamines’ levels (DA, NE and 5-HT) were 
pronouncedly amplified (2.5-fold, 1.8-fold and 2.4-fold, 
respectively) (Fig. 2A, 2B and 2C), in addition to marked 
hampering in the glutamate level (by 69%) (Fig. 2D) as 
compared to MSG group. Interestingly, the combination of 
SE and AST along with PHA showed maximum protective 
effects by elevation of DA (2.8-fold) (Fig. 2A), NE (1.9-fold) 
(Fig. 2B), and 5-HT (2.8-fold) (Fig. 2C), together with a dec-
rement in glutamate content (by 80.3%) (Fig. 2D) compared 
to MSG group.

Combination of SE and AST with PHA Mitigates 
Oxidative Stress Biomarkers in the Brain 
of MSG‑Intoxicated Rats

As displayed in Fig. 3, MSG-intoxicated rats exhibited 
profound oxidative damage as evidenced by a noticeable 
increase in MDA brain content (16.7-fold (F(6,35) = 1052, 
p < 0.0001)) (Fig. 3A), coupled with a marked diminution 
in SOD activity(Fig. 3B) and TAC (Fig. 3C) level (by 84.8% 

(F(6,35) = 501, p < 0.0001) and 78.7% (F(6,35) = 1635, 
p < 0.0001), respectively in the brain tissue compared 
to the control group. On the other hand, (PHA + MSG), 
(SE + MSG), (AST + MSG), (SE + AST + MSG), and 
(COMB + MSG) groups demonstrated a substantial reduc-
tion in the brain MDA content (by 22.1%, 51.4%, 57.8%, 
68.5% and 80.3%, respectively) (Fig. 3A), along with a 
marked elevation in SOD activities (2.4-fold, 3.6-fold, 
3.9-fold, 4.7-fold and 5.4-fold, respectively) (Fig. 3B) and 
TAC levels (1.9-fold, 2.9-fold, 3.2-fold, 3.6-fold and 3.9-
fold, respectively) (Fig. 3C) compared to MSG group. It is 
worth noting that, the combination of PHA, SE and AST 
presented the maximum effect in curbing oxidative stress 
and replenishing antioxidant defense compared to other 
treatment groups. 

Combination of SE and AST with PHA Diminishes 
Neuroinflammatory Biomarkers in the Brain 
of MSG‑Intoxicated Rats

Figure 4 demonstrated that MSG administration revealed 
an exaggerated inflammatory response, as confirmed 
by striking increase of the pro-inflammatory cytokines 
(TNF-α, and IL-1β) levels in the brain tissues (9.9-fold 
(F(6,35) = 1457, p < 0.0001) (Fig.  4A) and 8.1-fold 

Fig. 2   Effects of SE, AST and 
PHA on brain neurotransmit-
ters in MSG-intoxicated rats: 
(A) DA, (B) NE, (C) 5-HT and 
(D) Glutamate. The data are 
presented as means ± S.E.M 
(n = 6). Significance (a): rela-
tive to the control group, (b): 
relative to MSG group, (c): 
relative to PHA + MSG, (d): 
relative to SE + MSG, (e): 
relative to AST + MSG, and (f): 
relative to SE + AST + MSG. 
P-value < 0.05. Monosodium 
glutamate (MSG); Physical 
activity (PHA); Sesamol (SE); 
Astaxanthin (AST); COMB 
(SE + AST + PHA); Dopamine 
(DA); Norepinephrine (NE) and 
Serotonin (5-HT)
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(F(6,35) = 2864, p < 0.0001) (Fig.  4B), respectively) 
compared to the control group. Inversely, (PHA + MSG), 
(SE + MSG), (AST + MSG), (SE + AST + MSG) and 
(COMB + MSG) groups substantially diminished TNF-α 

(by 32.6%, 55.7%, 58.3%, 69.5% and 83.1%, respectively) 
(Fig. 4A), and IL-1β (by 22.3%, 41.5%, 52.7%, 66.5% and 
83.4%, respectively) (Fig. 4B) versus MSG-intoxicated 
rats. Remarkably, the combination of PHA, SE with AST 

Fig. 3   Effects of SE, AST 
and PHA on brain oxidative 
stress biomarkers in MSG-
intoxicated rats: (A) MDA, (B) 
SOD and (C) TAC. The data 
are presented as means ± S.E.M 
(n = 6). Significance (a): rela-
tive to the control group, (b): 
relative to MSG group, (c): 
relative to PHA + MSG, (d): 
relative to SE + MSG, (e): 
relative to AST + MSG, and (f): 
relative to SE + AST + MSG. 
P-value < 0.05. Monosodium 
glutamate (MSG); Physical 
activity (PHA); Sesamol (SE); 
Astaxanthin (AST); COMB 
(SE + AST + PHA); Malondi-
aldehyde (MDA); Superoxide 
dismutase (SOD) and Total 
antioxidant capacity (TAC)

Fig. 4   Effects of SE, AST and PHA on brain neuroinflammatory 
biomarkers in MSG-intoxicated rats: (A) TNF-α and (B) IL-1β. The 
data are presented as means ± S.E.M (n = 6). Significance (a): rela-
tive to the control group, (b): relative to MSG group, (c): relative to 
PHA + MSG, (d): relative to SE + MSG, (e): relative to AST + MSG, 

and (f): relative to SE + AST + MSG. P-value < 0.05. Monosodium 
glutamate (MSG); Physical activity (PHA); Sesamol (SE); Astaxan-
thin (AST); COMB (SE + AST + PHA); Interleukin-1β (IL-1β) and 
Tumor necrosis factor-alpha (TNF-α)



	 Journal of Neuroimmune Pharmacology           (2025) 20:27    27   Page 10 of 24

showed the most prominent anti-inflammatory effects com-
pared to any other group in this study. 

Combination of SE and AST with PHA Hinders 
HMGB1/RAGE and JAK‑2/STAT‑3 Signaling Pathways 
in MSG‑Intoxicated Rats

As clarified in Fig.  5, MSG meaningfully upregulated 
HMGB1 (Fig. 5A), RAGE (Fig. 5B), JAK-2 (Fig. 5C) and 
STAT-3 (Fig. 5D) gene expression (10.2-fold (F(6,35) = 2038, 
p < 0.0001), 10.1-fold (F(6,35) = 2212, p < 0.0001), 9.9-fold 
(F(6,35) = 5696, p < 0.0001) and 9.8- fold (F(6,35) = 4128, 
p < 0.0001), respectively), compared to the control group. 
On the contrary, (PHA + MSG), (SE + MSG), (AST + MSG), 
(SE + AST + MSG) and (COMB + MSG) groups displayed 
extensive downregulation in the gene expression of HMGB1 
(by 18.7%, 45.4%,49.5%, 60.7% and 80.2%, respectively) 
(Fig.  5A); RAGE (by 16.6%, 48.4%, 52.2%, 64.9% and 
77.9%, respectively) (Fig. 5B); JAK-2 (by 17.5%, 44.4%, 
49.7%, 67.4% and 80.7% respectively) (Fig. 5C) and STAT-3 
(by 14.9%, 47.6%, 55.1%, 69.4% and 81.6% respectively) 
(Fig. 5D), relative to MSG-intoxicated rats. Hence, the combi-
nation of PHA, SE with AST exhibited the greatest inhibitory 

effect on HMGB1/RAGE and JAK-2/STAT-3 signaling path-
ways among other treated groups.

Combination of SE and AST with PHA Enhances 
AMPK/SIRT‑1 and CREB/BDNF/TrkB Signaling 
Pathway in MSG‑Intoxicated Rats

As illustrated in Fig. 6, MSG induced a sharp decrement 
in the gene expression levels of AMPK (Fig. 6A), SIRT-
1(Fig. 6B), TrkB (Fig. 6D) and CREB (Fig. 6E) (by 92.9% 
(F(6,35) = 624.4, p < 0.0001), 84.6% (F(6,35) = 1517, 
p < 0.0001), 85.2% (F(6,35) = 1205, p < 0.0001) and 
80.2% (F(6,35) = 435.8, p < 0.0001), respectively), in 
addition to BDNF level (by 65.2% (F(6,35) = 695.4, 
p < 0.0001)) (Fig.  6C), compared to the control group. 
In contrast, (PHA + MSG), (SE + MSG), (AST + MSG) 
(SE + AST + MSG), and (COMB + MSG) groups promi-
nently upregulated the gene expression levels of AMPK 
(6.8-fold, 8.5-fold, 10.8-fold, 12.5-fold, and 12.8-fold, 
respectively) (Fig. 6A); SIRT-1 (threefold, 3.7-fold, 4.3-fold, 
5.3-fold, and sixfold, respectively) (Fig. 6B); TrkB (3.2-
fold, 4.3-fold, 4.9-fold, 5.6-fold, and 6.1-fold, respectively) 
(Fig. 6D) and CREB (2.3-fold, 2.9-fold, 3.1-fold, 3.7-fold, 

Fig. 5   Effects of SE, AST 
and PHA on HMGB1/RAGE 
and JAK-2/STAT-3 signaling 
pathways in MSG- intoxi-
cated rats: (A) HMGB1, (B) 
RAGE, (C) JAK-2 and (D) 
STAT-3. The data are pre-
sented as means ± S.E.M 
(n = 6). Significance (a): 
relative to the control group, 
(b): relative to MSG group, 
(c): relative to PHA + MSG, 
(d): relative to SE + MSG, (e): 
relative to AST + MSG, and (f): 
relative to SE + AST + MSG. 
P-value < 0.05. Monosodium 
glutamate (MSG); Physical 
activity (PHA); Sesamol (SE); 
Astaxanthin (AST); COMB 
(SE + AST + PHA); High mobil-
ity group box 1 (HMGB1); 
Receptor for Advanced Glyca-
tion End Products (RAGE); 
Janus kinase-2 (JAK-2) and 
Signal transducer and activator 
of transcription-3 (STAT-3)
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and 4.4-fold, respectively) (Fig. 6E), together with, BDNF 
level (1.4-fold, twofold, twofold, 2.2-fold, and 2.4-fold, 
respectively) (Fig. 6C), compared to MSG group. Remark-
ably, the combination of PHA, SE with AST demonstrated 
the maximal favorable effects on AMPK/SIRT-1 and CREB/
BDNF/TrkB pathways among other treated groups. 

Combination of SE and AST with PHA Modulates 
PI3K/AKT and m‑TOR/Beclin‑1 Signaling Pathways 
in the Brain of MSG‑Intoxicated Rats

As illustrated in Fig. 7, MSG induced a considerable down-
regulation in Beclin-1(Fig. 7A), PI3K (Fig. 7B) and AKT 
(Fig.  7C) gene expression (by 93.7% (F(6,35) = 1010, 
p < 0.0001), 84.1% (F(6,35) = 2265, p < 0.0001), and 

85.8% (F(6,35) = 2381, p < 0.0001), respectively), together 
with upregulation of m-TOR (ninefold (F(6,35) = 205.3, 
p < 0.0001)) (Fig. 7D), as compared to the control group. On 
the other hand, (PHA + MSG), (SE + MSG), (AST + MSG), 
(SE + AST + MSG) and (COMB + MSG) groups both pro-
nouncedly upregulated the gene expression levels of Bec-
lin-1 (7.2-fold, 9.4-fold, 11.6-fold, 13.2-fold, and 15.1-fold, 
respectively) (Fig. 7A); PI3K (threefold, 3.6-fold, 4.6-fold, 
5.2-fold, and 5.7-fold, respectively) (Fig. 7B) and AKT (3.3-
fold, 3.5-fold, 4.4-fold, 5.1-fold and 5.8-fold, respectively) 
(Fig. 7C), and also markedly downregulated the gene expres-
sion of m-TOR (by 37.3%, 47.9%, 60.4%, 71.4% and 85.3%, 
respectively) (Fig. 7D), versus MSG control group. Nota-
bly, the combination of PHA, SE with AST achieved the 
maximum protective effect PI3K/AKT and m-TOR/Beclin-1 

Fig. 6   Effects of SE, AST and 
PHA on AMPK/SIRT-1 and 
CREB/BDNF/TrkB signaling 
pathways in MSG-intoxicated 
rats: (A) AMPK, (B) SIRT-
1, (C) BDNF, (D) TrkB and 
(E) CREB. The data are 
presented as means ± S.E.M 
(n = 6). Significance (a): rela-
tive to the control group, (b): 
relative to MSG group, (c): 
relative to PHA + MSG, (d): 
relative to SE + MSG, (e): 
relative to AST + MSG, and (f): 
relative to SE + AST + MSG. 
P-value < 0.05. Monosodium 
glutamate (MSG); Physi-
cal activity (PHA); Sesamol 
(SE); Astaxanthin (AST); 
COMB (SE + AST + PHA); 
AMP-enhanced protein kinase 
(AMPK); Sirtuin-1 (SIRT-1); 
Brain-derived neurotrophic 
factor (BDNF); Tropomyosin 
receptor kinase B (TrKB); 
Cyclic adenosine monophos-
phate (cAMP) response ele-
ment-binding protein (CREB)
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pathways, over any other treatments in this study, evidenced 
by keeping gene expression level of m-TOR as nearly as its 
level in the control group.

Combination of SE and AST with PHA Modulates 
PERK/GRP78/CHOP and BAX/Bcl‑2 Signaling 
Pathways in the Brain of MSG‑Intoxicated Rats

Figure  8 demonstrated that MSG exerted obvious 
upregulation in the gene expression of ER stress mark-
ers (PERK, GRP78, and CHOP), and apoptotic marker, 
BAX (ninefold (F(6,35) = 636.8, p < 0.0001) (Fig. 8 A), 
9.6-fold (F(6,35) = 2070, p < 0.0001) (Fig.  8B), 9.8-
fold (F(6,35) = 3681, p < 0.0001) (Fig. 8C), and 9.9-fold 
(F(6,35) = 5689, p < 0.0001) (Fig. 8D), respectively), along 
with marked downregulation in the gene expression of 
anti-apoptotic marker, Bcl-2 (by 68.6% (F(6,35) = 500.7, 
p < 0.0001)) (Fig.  8E), compared to the control group. 
Conversely, (PHA + MSG), (SE + MSG), (AST + MSG), 
(SE + AST + MSG) and (COMB + MSG) groups both obvi-
ously downregulated the gene expression levels of PERK 
(by 27.7%, 51.8%, 55.2%, 70.2% and 83.2%, respectively) 
(Fig. 8A); GRP78 (by 25.5%, 45.3%, 49.8%, 62.5%, and 

73.9%, respectively) (Fig. 8B); CHOP (by 17.8%, 40.3%, 
46.6%, 56.7%, and 66.5%, respectively) (Fig. 8C), and BAX 
(by 17.5%, 44.4%, 49.7%, 67.4% and 80.7%, respectively) 
(Fig. 8D), and also strikingly upregulated the gene expres-
sion of Bcl-2 (1.7-fold, 2.2-fold, 2.4-fold, 2.7-fold, and 2.9-
fold, respectively) (Fig. 8E), versus MSG group. Of note, the 
combination of PHA, SE with AST employed the maximum 
protective effect in PERK/GRP78/CHOP and BAX/Bcl-2 
axes relative to any other treatment groups.

Combination of SE and AST with PHA Improves 
MSG‑Induced Histopathological Changes in Brain 
Tissues

As shown in Fig. 9, histopathological examination of the 
brain sections from MSG-intoxicated rats showed severe 
nuclear pyknosis in neurons (arrows) of the cerebral cor-
tex, striatum, subiculum and substantia nigra (Fig. 9B1, B2, 
B4 and B5). Severe nuclear pyknosis in neurons (arrow) 
of fascia dentata with hemorrhage (arrowhead) (Fig. 9B3). 
PHA + MSG group showed severe nuclear pyknosis in 
neurons (arrows) of the cerebral cortex and substantia 
nigra (Fig. 9C1 and C5). In the same group, mild nuclear 

Fig. 7   Effects of SE, AST 
and PHA on PI3K/AKT and 
m-TOR/Beclin-1 signaling path-
ways in MSG-intoxicated rats: 
(A) Beclin-1, (B) PI3K, (C) 
AKT and (D) m-TOR. The data 
are presented as means ± S.E.M 
(n = 6). Significance (a): rela-
tive to the control group, (b): 
relative to MSG group, (c): 
relative to PHA + MSG, (d): 
relative to SE + MSG, (e): 
relative to AST + MSG, and (f): 
relative to SE + AST + MSG. 
P-value < 0.05. Monosodium 
glutamate (MSG); Physical 
activity (PHA); Sesamol (SE); 
Astaxanthin (AST); COMB 
(SE + AST + PHA); Phos-
phoinositide 3-kinase (PI3K); 
Protein kinase B (AKT); 
Mechanistic target of rapamycin 
(m-TOR)
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pyknosis in neurons (arrows) of the striatum and fascia den-
tata (Fig. 9C2 and C3) and moderate nuclear pyknosis in 
neurons (arrows) of the subiculum (Fig. 9C4) were noted. 
In SE + MSG group, brain sections displayed mild nuclear 
pyknosis in neurons (arrows) of the cerebral cortex, striatum, 
fascia dentate and subiculum (Fig. 9D1, D2, D3 and D4). In 
the same group, severe nuclear pyknosis in neurons (arrows) 
of the substantia nigra (Fig. 9D5) was noted. The cerebral 
cortex and substantia nigra from AST + MSG group pre-
sented mild nuclear pyknosis in neurons (arrows) (Fig. 9E1 

and E5), whereas the striatum, fascia dentata, and subiculum 
(arrow) in this group elicited apparent normal histological 
structure (Fig. 9E2, E3 and E4). In SE + AST + MSG group, 
brain sections of the cerebral cortex, striatum, fascia dentata, 
subiculum and substantia nigra (Fig. 9F1, F2, F3, F4 and 
F5) showed apparent normal histological picture. Further-
more, Brain sections from the COMB + MSG group showed 
apparent normal histological structure of the cerebral cor-
tex, striatum, fascia dentata, subiculum, and substantia nigra 
(Fig. 9G1, G2, G3, G4 and G5).

Fig. 8   Effects of SE, AST, 
and PHA on PERK/GRP78/
CHOP and BAX/Bcl-2 
signaling pathways in MSG-
intoxicated rats: (A) PERK, 
(B) GRP78, (C) CHOP, (D) 
BAX and (E) Bcl-2. The data 
are presented as means ± S.E.M 
(n = 6). Significance (a): rela-
tive to the control group, (b): 
relative to MSG group, (c): 
relative to PHA + MSG, (d): 
relative to SE + MSG, (e): 
relative to AST + MSG, and (f): 
relative to SE + AST + MSG. 
P-value < 0.05. Monosodium 
glutamate (MSG); Physical 
activity (PHA); Sesamol (SE); 
Astaxanthin (AST); COMB 
(SE + AST + PHA); Protein 
kinase RNA-like ER kinase 
(PERK), Glucose-regulated pro-
tein 78 (GRP78), Pro-apoptotic 
C/EBP homologous protein 
(CHOP), Bcl-2-associated X 
protein (BAX), B-cell lym-
phoma 2 protein (Bcl-2)
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Combination of SE and AST with PHA Lessens GFAP 
Expression in the Brain of MSG‑Intoxicated Rats

Figure 10. demonstrated that MSG administration revealed 
an exaggerated inflammatory response, as confirmed by an 
extensive upsurge in the expression of neuroinflammatory 
biomarker GFAP (36.4-fold (F(6,35) = 473.7, p < 0.0001)) 
(Fig.  10B), compared to the control group. Inversely, 
(PHA + MSG) (Fig.  10C), (SE + MSG) (Fig.  10D), 
(AST + MSG) (Fig. 10E), (SE + AST + MSG) (Fig. 10F), 
and (COMB + MSG) (Fig. 10G) groups noticeably dimin-
ished GFAP expression (by 35.5%, 53.1%, 65.9%, 87.7%, 
and 96.7%, respectively), versus MSG-intoxicated rats. 
Remarkably, the combination of PHA, SE with AST showed 
the maximum hampering of GFAP expression among treated 
groups in comparison to MSG-intoxicated rats by keeping 

the brain GFAP expression level as nearly as their levels in 
the control group. 

Discussion

Nowadays, there is an immense interest in understanding 
the mechanisms involved in ADHD’s pathophysiology and 
investigating new therapeutic targets for amelioration of 
ADHD’s symptoms. ADHD is a neurodevelopmental dis-
order with a multifactorial etiopathology, where the patho-
physiological mechanisms involved in ADHD are not fully 
elucidated (Song et al. 2021). MSG, a flavor enhancer, elic-
its an excitotoxic effect, which is associated with oxidative 
stress, neuroinflammation and neuronal apoptosis, eventu-
ally leading to disturbances in brain function with behavioral 

Fig. 9    Effects of SE, AST and PHA on MSG-induced histopathologi-
cal changes in brain tissues. Represented photomicrographs of brain 
sections stained by Hematoxylin  and Eosin  (magnification 40 X) of 
Control (A), MSG (B), PHA + MSG (C), SE + MSG (D), AST + MSG 
(E), SE + AST + MSG (F) and SE + AST + PHA + MSG (G) groups, 

showed different histopathological alteration in the cerebral cortex, 
striatum, hippocampus (fascia dentate and subiculum) and substantia 
nigra. Monosodium glutamate (MSG); Physical activity (PHA); Sesa-
mol (SE); Astaxanthin (AST); COMB (SE + AST + PHA)
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alterations mimicking those of ADHD in humans (Khaled 
Abd et al. 2021).Up till now, methylphenidate and dextro-
amphetamine, are the most predominant drugs designated 
in the management of ADHD symptoms, where they act by 
correcting the abnormalities in catecholaminergic functions. 
However, using these medications on long-term had been 
associated with the occurrence of numerous adverse effects, 
including headache, insomnia, nausea, abdominal pain, dry 
mouth and liver injury (Ahn et al. 2016). In addition, con-
cerns had been raised over the long-term use of these stimu-
lant medications due to their high likelihood for dependence 
and abuse, which restricted the use of these medications 
(Heal et al. 2009). Hence, the therapeutic usefulness and 
effectiveness of these conventional medications in ADHD is 
limited by the development of its associated adverse effects, 
together with their high risk of dependence. In this frame, 
there had been pressing need to unearth safe and effective 
alternatives for amelioration of ADHD. Consequently, using 
of effective naturally occurring agents that possess safer pro-
files as neuroprotective agents represents a promising thera-
peutic approach for alleviation of ADHD (Ahn et al. 2016; 
Lee et al. 2023). Among them, SE and AST possess favora-
ble effects on health, including antioxidant, anti-inflamma-
tory and neuroprotective potentials (Kishimoto et al. 2016; 
El‐Borai et al. 2022). Besides, the role of PHA had been 
highlighted in neurological disorders, including ADHD, as it 
enhances memory and cognitive function (Valenzuela 2008). 
During the steps of finding newer therapeutic strategies for 
amelioration of ADHD, integrating the use of PHA along 

with the intake of nutraceuticals had become an outstand-
ing research hotspot. In this context, the aim of this study 
was divided into three horizons; the first one was to evalu-
ate the neuroprotective effects of SE and AST either alone 
or in combination with each other against MSG-induced 
ADHD-like behaviors in rat pups. The second one was to 
investigate the role of using PHA in conjunction with the 
nutraceuticals (SE and AST) combination, to improve their 
effects. Notably the third one was to outline the possible 
mechanistic contributors underlying the beneficial effects of 
these agents, focusing on HMGB1/RAGE/JAK-2/STAT-3, 
PI3K/AKT/CREB/BDNF/TrkB, AMPK/SIRT-1/m-TOR and 
PERK/CHOP/Bcl-2 cues.

In the current study, post-weaning exposure to MSG 
exhibited marked depletion in the levels of brain monoam-
ines (DA, NE and 5-HT), as well as remarkable increment in 
glutamate levels, which were coupled with marked alterations 
in spatial working memory and locomotor activity demon-
strated by reduction in cognitive function in Y-maze test and 
prolongation in latency time in OFT, respectively, compared 
to normal control group. The aforementioned perturbations 
may be attributed to the fact that MSG dissociates in water 
into sodium ion and glutamate, thus augmenting glutamate 
levels over its normal basal levels. In turn, excessive gluta-
mate stimulates its receptors in CNS, leading to their over-
activation, thereby triggering excitotoxic neuronal damage, 
via provoking the generation of ROS, enhancing lipid per-
oxidation, disrupting calcium homeostasis and aggravating 
neuroinflammation, ultimately resulting in neuronal death 

Fig. 10   Effects of SE, AST and PHA on GFAP immunoexpression 
in the brain of MSG-intoxicated rats. Illustrative photomicrograph 
of immunohistochemical staining of GFAP-positive cells in the brain 
(arrows). Control group (A), MSG group (B), PHA + MSG group 
(C), SE + MSG group (D), AST + MSG group (E) SE + AST + MSG 
group (F), and COMB + MSG group (G) [× 200]. Bar chart rep-
resents the area % of GFAP staining in the different groups (H). 

Data are  presented as mean ± S.E.M (n = 6). Significance (a): rela-
tive to the control group, (b): relative to MSG group, (c): relative to 
PHA + MSG, (d): relative to SE + MSG, (e): relative to AST + MSG, 
and (f): relative to SE + AST + MSG. P < 0.05. Monosodium gluta-
mate (MSG); Physical activity (PHA); Sesamol (SE); Astaxanthin 
(AST); COMB (SE + AST + PHA); Glial fibrillary acidic protein 
(GFAP)
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(Mirzakhani et al. 2020). These deleterious effects with their 
consequent neuronal damage were corroborated by our his-
topathological findings that showed severe nuclear pyknosis 
detected in the cerebral cortex, striatum and hippocampus 
of MSG-intoxicated rats’ brains. Hence, the existing neu-
ronal damage in MSG-intoxicated group may be responsi-
ble for in the observed depletion in brain neurotransmitter 
levels, including DA, NE and 5-HT in this group. Actually, 
the alterations in the neurotransmitters’ levels, along with 
the neurotoxic effects of MSG on hippocampus, in charge 
of regulating thinking, memory and learning functions, are 
believed to be responsible for the marked drop in learning, 
memory and cognitive activities, as well as the hampered 
attention, symptoms that are frequently noted in ADHD 
(Compton 2004; Rebai et al. 2017). These findings were 
confirmed by ours that revealed sharp drop in short-term 
memory detected in Y-maze test and also these findings pro-
vided justification for the depicted deterioration in memory 
witnessed in Y-maze results. In the context of our findings, 
the observed changes in neurotransmitters in MSG-intoxi-
cated group may also account for the illustrated behavioral 
alterations in OFT, including prolonged latency time, reduced 
exploratory behavior and locomotor activity, which are usu-
ally associated with MSG-induced anxiety-related behav-
iors that is frequently linked with worsening in short-term 
memory (Onaolapo et al. 2017; van der Meer et al. 2018).

On the other hand, SE, AST, or PHA alone or in com-
bination noticeably ameliorated the aforementioned behav-
ioral changes, together with the disturbances in levels of 
neurotransmitters by variable degrees, compared to MSG-
intoxicated group. These findings were further confirmed by 
the improvements in histopathological findings in all treated 
groups by various extents, compared to MSG-intoxicated 
group. Notably, the combination of SE with AST and PHA 
elicited more favorable effects compared to any other group 
in this study. These positive effects suggested the improve-
ment in locomotor, memory and cognitive functions, which 
may be credited to the depicted abilities of the tested agents 
to reverse MSG-induced perturbation in glutamate levels, 
thereby hampering the resultant excitotoxic effects and 
opposing MSG-mediated alterations in neurotransmitters’ 
levels. Besides, these beneficial effects may be linked with 
the neuroprotective, antioxidant and anti-inflammatory activ-
ities of SE and AST (Kumar et al. 2011; Hernández-Marin 
et al. 2012), together with the positive impacts of PHA on 
cognitive and memory functions, with enhancing antioxidant 
defense machinery (Fabel et al. 2003); which acted together 
to enhance their favorable actions in the combination group.

It is also important to mention that myriad interrelated 
pathophysiological events, including excitotoxicity, oxi-
dative stress, neuroinflammation, ER stress, as well as 
impaired autophagy and enhanced neuronal apoptosis may 
contribute in the etiopathology of ADHD (Corona 2020; 

Hess et al. 2021; Coulson et al. 2022). In fact, enhanced 
oxidative stress had been outlined as key pathological event 
in ADHD, where, diminished antioxidant levels had been 
observed in children with ADHD (Dvorakova et al. 2006; 
Ceylan et al. 2010; Alvarez-Arellano et al. 2020). In this 
point, MSG-induced elevation of glutamate level is asso-
ciated with disturbance in redox balance and enhanced 
oxidative stress (Mirzakhani et al. 2020). These findings 
reinforced ours, which illustrated that MSG elicited marked 
perturbation in the redox status, evidenced by the diminu-
tion in antioxidant defense machinery, SOD and TAC lev-
els, in conjunction with the sharp rise in the production of 
ROS, demonstrated by the elevated level of lipid peroxi-
dation marker, MDA, in comparison to the normal control 
group. Undeniably, the brain is highly susceptible to ROS-
induced oxidative damage, as a result of the existence of 
high amounts of polyunsaturated fatty acids and oxygen, due 
to the high oxygen consumption rate, thereby acting as a 
substrate for lipid peroxidation (Cobley et al. 2018). There 
is ample evidence suggesting that heightened production 
of ROS leads to oxidative damage in neurons, with con-
sequent neuronal apoptosis (Mazon et al. 2017). Besides, 
excitotoxicity and oxidative stress are the two distinct path-
ways through which excessive glutamate induces neuro-
inflammation, where the elevated levels of ROS instigate 
the inflammatory pathways (Xu 2004; Mostafa et al. 2021). 
Thus excitotoxicity, oxidative damage and neuroinflamma-
tion are intimately intertwined events involved in the patho-
physiology of ADHD (Yan et al. 1994; Alvarez-Arellano 
et al. 2020). Several lines of evidence highlighted the role of 
neuroinflammation and exaggerated inflammatory response 
in ADHD, where elevated levels of pro-inflammatory media-
tors, including TNF-α in children with ADHD were linked 
with the enhanced intensity of symptoms, such as inatten-
tion (Oades et al. 2010; Corona 2020). One of the chief 
pathways involved in neuroinflammation is HMGB1 cue, 
which plays a key role in the etiopathology of neurodevel-
opmental diseases, where HMGB1 is triggered by excessive 
ROS levels (Makris et al. 2021; Azar et al. 2022; Roustaee 
et al. 2024). Elevated HMGB1 promoted neuroinflamma-
tion, via activation of RAGE (Ferrero-Andrés et al. 2020), 
which acted concurrently with the depicted enhanced ROS 
levels to trigger the downstream inflammatory pathway with 
consequent release of pro-inflammatory mediators, such as 
TNF-α and IL-1β (Zádor et al. 2021); as documented in 
MSG-intoxicated group. Likewise, MSG-induced eleva-
tion in the levels of pro-inflammatory mediators may be 
in charge of the illustrated enhanced expression of JAK-2/
STAT-3 pathway in this group. In this regard, the activation 
of JAK-2/STAT-3 cue, another crucial pathway contribut-
ing in neuroinflammation, by pro-inflammatory mediators, 
leads to STAT-3 phosphorylation, with resultant astroglial 
hyperactivation and neuronal injury (Chen et al. 2020); 
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findings that are quite related with ours in MSG-intoxicated 
group. The astroglial activation was further confirmed by the 
depicted enhancement in GFAP immunoexpression in MSG-
intoxicated group. Of note, GFAP is produced by activated 
astroglia that release ROS and pro-inflammatory mediators, 
creating a vicious cycle between oxidative stress and inflam-
mation and hence playing a vital role in neuroinflammation 
with its subsequent neuronal apoptosis and hence neuronal 
damage (Colombo and Farina 2016). Interestingly, the pres-
ence of astrogliosis, hallmark of neuroinflammation, had 
been previously reported in ADHD animal model (Sanches 
et al. 2023). These aforementioned alterations in inflamma-
tory markers are in line with those of Mostafa et al. (2021).

On the contrary, all these aforesaid disturbances in redox 
parameters and inflammatory markers were abolished by 
SE, AST or PHA alone or in combination by different 
grades, compared to MSG-intoxicated group. Remark-
ably, the effects of the combination of SE with AST and 
PHA were more pronounced compared to any other group 
in this study, suggesting the augmentation between SE, 
AST, and PHA in enhancing antioxidant defense systems 
and hampering inflammatory cascades. These effects could 
be ascribed to the antioxidant and free radical scavenging 
properties of both SE and AST, which is probably medi-
ated, via donating electrons to free radicals, thus stabilizing 
them and changing them into inactive form, together with 
their ability to enhance antioxidant defense mechanisms 
(Gutiérrez-del-Río et al. 2021). Similarly, PHA had been 
shown to upregulate antioxidant systems (Fabel et al. 2003). 
The depicted antioxidant effects of SE, AST, or PHA alone 
or in combination provided a possible explanation for the 
observed anti-inflammatory actions of these agents, since 
ROS are the chief initiator for the activation of inflamma-
tory pathways (Mostafa et al. 2021). Consequently, the 
observed antioxidant effects of the tested agents may be 
responsible for the depicted hampering in HMGB1 expres-
sion by these agents that resulted in the illustrated hindering 
in RAGE, which dampened the activation of inflammatory 
signaling, resulting in the detected suppression in the pro-
duction of pro-inflammatory mediators in these groups. In 
this way, the represented inhibition in the release of pro-
inflammatory mediators by these agents may be responsible 
for the observed impeding of JAK-2/STAT-3 signaling with 
curbed astroglial activation, evidenced by lessened GFAP 
immunoexpression by these groups. Noteworthy, the anti-
inflammatory effects of these agents had been previously 
reported (El-Sayyad et al. 2023; Sharifi-Rigi et al. 2023).

It had been reported that there is an association between 
disruption of PI3K/AKT/CREB/BDNF pathway and the 
pathophysiology of neurological disorders, including ADHD 
(Alves et al. 2020; Yaqun et al. 2022; Zahra et al. 2022). 
Noteworthy, the dysregulation of BDNF/TrkB pathway 
had been outlined to be responsible for the impairment in 

learning and memory functions witnessed in ADHD chil-
dren or animal models (Jichao et al. 2017). Remarkably, the 
activation of BDNF path is vital for neuronal survival, neu-
ronal growth and neuronal plasticity, as well as memory and 
learning processes (Rossi et al. 2006), therefore, the activa-
tion of PI3K/AKT/CREB/BDNF pathway is highlighted as 
a striking therapeutic approach for amelioration of ADHD. 
In this study, MSG exhibited marked halting to the expres-
sions of PI3K/AKT/CREB/TrkB pathway, along with the 
level of BDNF, compared to normal control group. Interest-
ingly, repressed AKT signaling is usually accompanied by 
enhanced neuroinflammation and oxidative stress. Of note, 
the exaggerated levels of pro-inflammatory mediators and 
the suppressed AKT level are considered the key contribu-
tors in disrupting BDNF signaling, which lead to consequent 
enhancement in neuronal apoptosis and impairment in mem-
ory functions (Rossi et al. 2006; Luo et al. 2021); results 
that are closely related with ours in MSG-intoxicated group. 
Inversely, SE, AST or PHA alone or in combination pro-
duced elevations in PI3K,/AKT,/CREB/TrKB expressions, 
together with BDNF level, by variable grades, when com-
pared to MSG-intoxicated group. Surprisingly, the actions 
of the combination of SE with AST and PHA on PI3K/AKT/
CREB/BDNF/TrKB cue were more obvious compared to 
any other group in this study. These findings reflected the 
ability of the tested agents to abolish the abovementioned 
MSG-mediated hampering to PI3K/AKT pathway. In this 
frame, the enhanced PI3K subsequently phosphorylated 
AKT, which then activated CREB (Bai et al. 2019); findings 
that supported ours in groups exposed to SE, AST or PHA 
alone or in combination. Indisputably, the activated CREB 
promoted the transcription of BDNF that interacted with 
TrKB to encourage neuronal plasticity, enhance memory, 
suppress neuronal apoptosis and endorse neuronal survival 
(Palasz et al. 2020). Hence, providing a possible rationaliza-
tion for the observed abilities of the tested agents to abrogate 
MSG-mediated memory defects and neuronal apoptosis, via 
activation of BDNF/TrKB cue in these groups. As a posi-
tive feedback, BDNF binding to TrKB again activates PI3K/
AKT path to promote CREB activation and the transcrip-
tion of BDNF another time. Since the suppressed AKT is 
related with exaggerated oxidative stress, neuroinflammation 
and neuronal apoptosis (Luo et al. 2021), thus the depicted 
upregulation of AKT expression by the tested agents may 
explain their detected abilities to abrogate MSG-mediated 
oxidative stress, neuroinflammation and neuronal apoptosis.

Another mechanistic event accused in the pathophysi-
ology of neurological disorders, including ADHD, is the 
exaggerated ER stress, which is the main inducer of neu-
ronal apoptosis (Mou et al. 2020). Remarkably, glutamate-
induced excitotoxicity, overstated oxidative stress and neu-
roinflammation were outlined as the major contributors in 
ADHD’s pathophysiology (Vázquez-González et al. 2023). 
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Notably, the incidence of these aforementioned three patho-
logical events had been stated to be usually coexistent with 
the disruption in calcium homeostasis and induction of ER 
stress, which eventually leads to neuronal apoptosis (Nagar 
et al. 2023). These findings lend support to ours, where the 
depicted MSG-induced upsurge in glutamate levels, oxidative 
stress and neuroinflammation, provided possible explanation 
for the excessive ER stress noted in this group, evinced by 
marked upregulation in the gene expression ER stress mark-
ers, PERK/CHOP/GRP78, compared to normal control 
group. Upon incidence of exaggerated ER stress, overactiva-
tion of UPR occur, which stimulates PERK, via liberation 
of GRP78, resulting in promotion in the pro-apoptotic fac-
tor, CHOP that instigates apoptotic cascades and hampers 
Bcl-2 (Romine and Wiseman 2019). Along with enhanced 
ER stress, oxidative stress and neuroinflammation are also 
inducers to neuronal apoptosis (Redza-Dutordoir and Averill-
Bates 2016). Given these findings, it can be realized that the 
depicted rise in ER stress markers, especially CHOP, acted 
supportively with the ongoing exaggerated ROS and inflam-
matory mediators to induce apoptotic pathways in MSG-
intoxicated group, which is supported by the remarkable 
upregulation in the gene expression of pro-apoptotic BAX 
and downregulation in the gene expression of anti-apoptotic 
Bcl-2 in this group, compared to normal control group. In 
contrast, SE, AST or PHA alone or in combination, possibly 
by the virtue of their depicted antioxidant, anti-inflammatory 
and glutamate-hampering activities, were able to suppress 
MSG-induced elevation in ER stress markers, evidenced by 
marked lessening in the gene expression of PERK/CHOP/
GRP78 pathway, by variable degrees, in these groups, com-
pared to MSG-intoxicated group. In this context, the observed 
abilities of these tested agents to abate MSG-induced eleva-
tion in ER stress, oxidative stress and neuroinflammation, 
cooperatively resulted in hindering MSG-induced neuronal 
apoptosis, which is supported by anti-apoptotic Bcl-2 upreg-
ulation and prop-apoptotic BAX downregulation in these 
groups compared to MSG-intoxicated group. Worth men-
tioning, the combination of SE with AST and PHA exerted 
pronounced hampering in ER stress markers and apoptotic 
markers, compared to any other group in this study.

It is noteworthy to mention that sustained ER stress is 
not only linked with enhanced neuronal apoptosis, but also 
with diminished autophagy as well, resulting in interruption 
of the balance between autophagy and neuronal apoptosis, 
as this imbalance is a crucial pathophysiological feature in 
ADHD (Park et al. 2014; Chakraborty et al. 2022; Abdulghani 
et al. 2023). Thus, attaining the balance between autophagy 
and apoptosis, via enhancing autophagy and/or suppress-
ing apoptosis, is a mainstay target for the amelioration of 
ADHD. Unquestionably, autophagy is capable of removing 
damaged organelles, hence enhancing neuronal survival and 
suppressing neuronal injury (Lopes da Fonseca et al. 2015). 

Remarkably, AMPK/SIRT-1/m-TOR cue is necessary for the 
regulation of autophagy, where this pathway is disrupted in 
neurological disorders, including ADHD, leading to neuronal 
death (Ibrahim et al. 2022). Our results are in line with these 
findings, where MSG resulted in impaired autophagy, veri-
fied by the prominent hampering in the gene expression of 
AMPK/SIRT-1/Beclin-1 pathway, together with upregulation 
in the gene expression of m-TOR, compared to the normal 
control group. On the contrary, SE, AST, or PHA alone or in 
combination exhibited noticeable enhancement in autophagy, 
supported by conspicuous upregulation in the gene expression 
of AMPK/SIRT-1/Beclin-1 pathway, along with downregula-
tion in the gene expression of m-TOR, by different degrees, 
compared to MSG-intoxicated group. Of note, the combina-
tion of SE with AST and PHA produced prominent modu-
latory effects on AMPK/SIRT-1/m-TOR hub, compared to 
any other group in this study. It is important to mention that 
after AMPK activation, it subsequently activated SIRT-1 and 
hampered m-TOR, an autophagic suppressor, thus enhancing 
autophagy, with promoting the expression of an autophagy-
related marker, beclin-1 and endorsing neuronal survival 
(El‐Latif et al. 2023), findings that supported ours in groups 
exposed to SE, AST or PHA alone or in combination. Based 
upon the fact that the suppressed autophagy is usually associ-
ated with enhanced ER stress (Zhang et al. 2018), hence the 
depicted autophagy-enhancing activities of SE, AST, or PHA 
may be linked with the observed hampering in ER stress, as 
well as the resultant repression of neuronal apoptosis and pro-
motion of neuronal survival in these groups. Previous studies 
documented that SE, AST or PHA enhanced autophagy, via 
activation of AMPK/SIRT-1 pathway (Huang et al. 2019; El-
Sayyad et al. 2023; Sharifi-Rigi et al. 2023).

Taken together, in the current study, the combination 
therapy of SE with AST and PHA exerted more favorable 
actions in all the measured behavioral outcomes, neurotrans-
mitters’ levels, biochemical parameters, together with histo-
pathological findings, compared to any other group in this 
study. These findings highlighted an augmentation between 
the beneficial effects of the studied treatments, SE, AST and 
PHA, that occurred in this combination group. Remarkably, 
the more pronounced actions of this combination over other 
studied treatments may be ascribed to the abilities of the 
tested agents to boost antioxidant defense, hamper neuroin-
flammation, suppress ER stress, hinder neuronal apoptosis, 
enhance neurotrophic activities and promote autophagic 
machineries, via their modulatory actions on HMGB1/
RAGE/JAK-2/STAT-3, PERK/CHOP, PI3K/AKT/CREB/
BDNF and AMPK/SIRT-1 hubs. Subsequently, these above-
mentioned advantageous abilities of the tested agents acted 
together in this combination group, thereby strengthening 
the favorable effects in this group to produce more promi-
nent neuroprotective actions by this combination, compared 
to any other treatment in this study.
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Conclusions

Our study illustrated the detrimental impact of post-weaning 
exposure to MSG on the brains of rat pups. Actually, MSG 
produced a wide range of perturbations in behavioral out-
comes, neurotransmitters’ levels, neurotrophic factor, redox, 
neuroinflammatory, apoptotic, ER stress and autophagic 
markers, resembling those occurring in ADHD individuals, 
which was further confirmed by alterations in histopatho-
logical findings. Conversely, SE, AST, or PHA alone or in 
combination, by variable degrees, reversed MSG-induced 
alterations in all the aforementioned biochemical markers, 
behavioral outcomes, neurotransmitters’ levels, together 
with improving the histological picture. These advantageous 
actions of the tested agents were accounted to their antioxi-
dant, anti-inflammatory and anti-apoptotic properties, along 
with their abilities to modulate HMGB1/RAGE/JAK-2/
STAT-3, PI3K/AKT/CREB/BDNF/TrkB, AMPK/SIRT-1/m-
TOR and PERK/CHOP/GRP78/Bcl-2 hubs, as main contrib-
utors in the underlying pathophysiological mechanisms in 
MSG-induced ADHD-like behaviors (Graphical abstract). 
Remarkably, the effects of the combination of PHA with the 
two nutraceuticals (AST + SE), were more favorable com-
pared to any other group in this study, suggesting possible 
augmentation between the beneficial effects of PHA with 
those of the two tested nutraceuticals in enhancing cogni-
tive and behavioral functions, boosting redox mechanisms 
and hampering inflammatory signaling. Interestingly, this 
study unveiled the beneficial role of combining PHA with 
nutraceuticals in the amelioration of ADHD-like behaviors 
in rat pups. Thus, shedding light on the fundamental role of 
using physical exercise in conjunction with nutraceuticals 
as a promising therapeutic avenue in the management of 
neurodevelopmental maladies like, ADHD.
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