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Background: Excitotoxicity is a condition in which neurons are damaged/injured
by the over-activation of glutamate receptors. Excitotoxins play a crucial part in
the progression of several neurological diseases. Marsilea quadrifolia Linn (M.
quadrifolia) is a very popular aquatic medicinal plant that has been utilised for a
variety of therapeutic benefits since ancient times. Its chemical composition is
diverse and includes phenolic compounds, tannins, saponins, flavonoids, steroids,
terpenoids, alkaloids, carbohydrates and several others that possess antioxidant
properties.

Objective: The objective of the present study was to investigate the
neuroprotective potential of M. quadrifolia against monosodium glutamate
(MSG)-induced excitotoxicity in rats.

Methods: A high-performance thin-layer chromatography (HPTLC) analysis of
chloroform extract of M. quadrifolia (CEMQ) was conducted to identify the major
constituents. Further, the in silico docking analysis was carried out on selected
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ligands. To confirm CEMQ’s neuroprotective effects, the locomotor activity, non-
spatial memory, and learning were assessed.

Results and discussion: The present study confirmed that CMEQ contains
quercetin and its derivatives in large. The in-silico findings indicated that
quercetin has a better binding affinity (−7.9 kcal/mol) towards the protein target
5EWJ. Animals treated with MSG had 1) a greater reduction in the locomotor score
and impairment in memory and learning 2) a greater increase in the blood levels of
calcium and sodium and 3) neuronal disorganization, along with cerebral edema
and neuronal degeneration in the brain tissues as compared to normal control
animals. The changes were however, significantly improved in animals which
received standard drug memantine (20 mg/kg) and CEMQ (200 and 400mg/kg)
as compared to the negative control. It is plausible that the changes seen with
CEMQ may be attributed to the N-methyl-D-aspartate (NMDA) antagonistic
properties.

Conclusion: Overall, this study indicated that M. quadrifolia ameliorated MSG-
induced neurotoxicity. Future investigations are required to explore the
neuroprotective mechanism of M. quadrifolia and its active constituents, which
will provide exciting insights in the therapeutic management of neurological
disorders.
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1 Introduction

Monosodium glutamate (MSG) is one of the most commonly-
used food additives. Although its toxicity has been tested in various
animal species, its method of administration and doses are not
similar to that for humans. It is said to contribute to obesity as well as
what is known as a “Chinese restaurant syndrome” by affecting the
central nervous system, adipose tissue, liver and the reproductive
systems (Afifi and Abbas, 2011; Singh S. et al., 2021). According to
scientific findings, taste enhancers stimulate the taste cells in the
tongue and neurons in the brain. Upon exposure, they are
exceedingly stimulated and fire impulses quickly until complete
exhaustion (Hajihasani et al., 2020) leading to the damage and
destruction of neurons occurring via glutamate receptor activation
(Rousseaux, 2008). N-methyl-D-aspartate (NMDA), α-amino-3-
hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) and
Kainate receptors are the three types of glutamate receptors to
which glutamate ions can bind to initiate action. Subsequently,
the neurons die due to apoptosis when glutamate concentration
in the synaptic cleft can no longer be reduced or reach greater levels.
Excitotoxicity is also implicated in the development of a variety of
neurological conditions including migraines, seizures,
neuropsychiatric disorders, learning disabilities in children and
neurodegenerative diseases like Alzheimer’s disease, amyotrophic

lateral sclerosis as well as Parkinson’s disease (Heath and Shaw,
2002; Dong et al., 2009; Khalil and Khedr, 2016; Chauhdary et al.,
2019; Parambi et al., 2020; Subramanian et al., 2022).

Marsilea quadrifolia Linn (M. quadrifolia) belongs to the family
of Marsileaceae. It grows in the shallow water of the lakes, ponds,
and rivers, in many parts of India, China and Southern Europe.
The plant is used for its diuretic, anti-inflammatory and
depurative properties (Jenila Bejads et al., 2014;
Venkatachalam and Balasundaram, 2017). The leaf extract of
the plant is also applied externally to treat snake bites and skin
injuries (Subramanian and Balakrishnan, 2019). The plant M.
quadrifolia is traditionally used to treat fever, cold, cough and for
wound healing. It contains tannins, flavonoids, betulinic acid,
fatty acids and sterols (Gopalakrishnan and Udayakumar, 2017).
It is also reported to contain quercetin, hentriacontane and some
other important phytoconstituents which have important
pharmacological properties (Zhang et al., 2016). Based on the
literature (Bhadra et al., 2012) and documentation of the current
uses of M. quadrifolia, an initiative has been made to verify the
scientific validity of investigating its neuroprotective activity.
The present study aimed to evaluate the toxic effects of MSG on
selected neurobehavioral parameters (non-spatial memory,
learning and locomotion), selected region (cerebral cortex of
frontal lobe) of brain, fluctuations in selected brain biochemical

TABLE 1 Qualitative phytochemical screening of CEMQ.

S. No Constituents Tests Present/Absent

1 Carbohydrates Molisch’s test Present

Fehling’s test

2 Glycosides Legal’s test Present

Borntrager’s test

Baljet test

3 Flavonoids Lead acetate test Present

Con.H2SO4 test

FeCl3 test

4 Alkaloids Dragendorff’s test Absent

Mayer’s test

Wagner’s test

Hager’s test

5 Phytosterols Salkowski test Present

Libermann-Burchard test

6 Phenolic compounds and tannins FeCl3 test Present

Lead acetate test

Gelatin test

7 Saponins Foam test Present

8 Fixed oil and fats Spot test Absent

Saponification test
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parameters (sodium and calcium levels) and its reversal by the
M. quadrifolia leaves extract to claim its neuroprotective
potential.

2 Materials and methods

2.1 Collection and authentication of M.
quadrifolia

In January 2022, M. quadrifolia leaves were collected locally in
the wetlands of the Yercaud foothills, Salem, Tamilnadu, India. The
plant was taxonomically identified and confirmed by a botanist, Dr.
A. Balasubramanian of the ABS Botanical Garden, Salem,
Tamilnadu, India.

2.2 Extraction

The collected fresh M. quadrifolia leaves were washed under
running tapwater to remove the soil and other dust like contaminants.
100 g of the cleaned and moisture free M. quadrifolia leaves were
extracted using a continuous hot percolation process with a Soxhlet
apparatus for 18–24 h. Various successive solvents based on their
increasing polarities were used (starting from petroleum ether,
chloroform to ethanol). Subsequently, the extracts were
concentrated under controlled temperature and reduced pressure
using rotary evaporator. The chloroform extract of M. quadrifolia
(CEMQ) was then subjected to a series of qualitative chemical tests to
determine the type of phytoconstituents present in it (depicted in
Table 1).

2.3 HPTLC analysis

Among the crude extracts, the chloroform leaves extract of
the plant was subjected to a high-performance thin-layer
chromatography (HPTLC) analysis. The mobile phase
composition and detection wavelength were fixed to provide
precise, accurate and repeatable findings (Gomathi et al., 2012;
Singh S. A. et al., 2021; Shah et al., 2022). The mobile phase
consisted of toluene: ethyl acetate: formic acid: water (3:6:0.6:
0.4). A pre-coated silica gel (G60F254 plate) was used as a
stationary plate to achieve a good separation of the drugs with
good symmetrical peaks. The components’ spot was scanned at
254 nm.

2.3.1 Chamber saturation time
A 5 min saturation period results in good component resolution

and peak forms (Bhargava et al., 2021). As a result, the study’s
saturation time was set to 5 min accordingly.

2.3.2 Solvents composition in the mobile phase
Taking the resolution of the drug peak shape and retention time

(Rf) value into consideration, toluene: ethyl acetate: formic acid:
water (3:6:0.6:0.4) composition was employed as the mobile phase
for the separation.

The Rf value was calculated using the following formula;

Rf�
Distance from the start to the center of the chromatographic spot

Distance of the solvent from the start

2.3.3 Optimized chromatographic conditions
Stationary phase - Silica gel (G60F254 plate)
Mobile phase - Toluene: ethyl acetate: formic acid: water (3:6:
0.6:0.4)
Chamber saturation time - 5 min
Plate saturation time - 10 min
Distance of solvent front - 80 mm
Number of tracks - 6
Distance between tracks - 16 mm
Slit dimension - 6.00 × 0.45 mm, Micro
Scan speed - 20 mm/s
Scan wavelength - 254 nm

2.4 In-silico docking study

In the docking study, the binding affinity was calculated in
terms of (kcal/mol). Two ligands were considered: Quercetin,
present in the selected plant extract (the selected ligand) and
memantine (standard ligand). The NMDA glutamate receptor
(5EWJ) protein target was downloaded from the Research
Collaboratory for Structural Bioinformatics (RCSB) PDB
(Protein Data Bank) as a PDB file. NMDA glutamate
ionotropic receptor consists of 376 amino acid sequences in
four chains A, B, C, D (Stroebel et al., 2016). Then, the
charges and hydrogen bonds were added and water molecules
were removed from its 3D structure using a BIOVIA Discovery
Studio visualizer before being saved in a pdbqt file format. The
ligands were downloaded from the PubChem database while the
3D Structure of quercetin and memantine were downloaded as
SDF (Structural Data File).

2.5 Pharmacological screening

The study was approved by Institutional Animal Ethics
Committee, SRM College of Pharmacy (Approval number:
SRMCP/IAEC/314/2022). The Institutional Animal Ethics
Committee (IAEC) reviewed and sanctioned the permission
for the experimental protocols. Healthy Wistar rats,
12–15 weeks old, weighing 180–220 g were used and allowed
to acclimatise to the laboratory environment for 1 week. All
animals were housed in properly ventilated polypropylene
cages at 25°C and 55%–65% relative humidity. The animals
were allowed access to commercial pelleted rodents feed and
water ad libitum.

The rats were categorized into five groups (six animals in each)
as mentioned below.

Group I: Normal saline [1% w/v of carboxy methyl cellulose
(CMC), i.p.]
Group II: MSG (2 g/kg, i.p.)
Group III: MSG (2 g/kg, i.p.) + StandardMemantine (20 mg/kg, i.p.)
Group IV: MSG (2 g/kg, i.p.) + CEMQ (200 mg/kg, p.o.)
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Group V: MSG (2 g/kg, i.p.) + CEMQ (400 mg/kg, p.o.)
Group II-V rats were administered with MSG (2 g/kg, i.p.) for a
period of 7 days to induce neurotoxicity. Further, group III-V
were treated with standard memantine or with CEMQ, during
the experimental duration of 7 days (Creeley et al., 2006;
Shivasharan et al., 2013; Viswanatha Swamy et al., 2013;
Merve Bayram et al., 2023).

Based on the acute toxicity study (OECD, 2022), LD50 value of
the chloroform extract ofM. quadrifoliawas found to be 2000 mg/kg
body weight (Test No. 425: Acute Oral Toxicity: Up-and-Down
Procedure, 2022). The two doses of 200 and 400 mg/kg of CEMQ
has been selected to proceed with the further pharmacological study
(Sahu et al., 2012).

2.5.1 Effect of CEMQ on locomotor score
The locomotor score was estimated with the help of a digital

actophotometer. The apparatus was placed in a properly ventilated
and light, sound-attenuated testing room. Each beam interruption
generates an electrical impulse that will be indicated on a digital
counter. Each animal was investigated for about 5 min (on day 1, 3,
5 and 7) following 2 h of administration of normal saline, MSG,
Memantine and the extracts (Shivasharan et al., 2013; Viswanatha
Swamy et al., 2013).

2.5.2 Effect of CEMQon the object recognition test
The test setup consisted of a box made of plywood (80 ×

80 cm) with a grid floor that could be easily flushed with
hydrogen peroxide after each trial. Briefly, a 40 W lamp was
hanged 50 cm above the box to illuminate the apparatus. Two
black, 8 cm tall, plywood pieces of varying shapes were used as
discriminatory cues (objects to be discriminated). The day before
the test (i.e. on the seventh day), the rats were allowed to explore
the box (without any object) for 2 min. On the test day (eighth
day), in the first trial (T1) two similar objects were placed in two
opposite corners of the box and the time spent by each rat to
explore the objects was observed.

Exploration was considered as directing the nose at a distance <
2 cm to the object and/or touching it with the nose. During the
second trial (T2, 90 min after T1), one of the objects presented in trial
T1 was replaced by a new object and the rats were left in the box for
5 min (Hazzaa et al., 2020). The time spent in the exploration of the
familiar (F) and the new object (N) was recorded during the second
trial.

Discrimination index (DI) was calculated using the formula;
DI = (Time spent for Novel object exploration—Time spent for
Familiar object exploration)/(Time spent for Novel object
exploration + Time spent for Familiar object exploration). A
positive value of DI, indicates the animal has taken more time
investigating the novel object (Denninger et al., 2018).

2.5.3 Biochemical estimation
On the eighth day, the animals were sacrificed by cervical

dislocation. The brain was rapidly removed and refrigerated at
20°C. Using a handheld homogenizer (Remi Homogeniser,
India), a 10% w/v of the brain tissue was homogenized with
Tris-hydrochloric buffer (pH 7.4) The homogenized samples
were centrifuged at 5000 rpm for 10 min. The sodium level in

the brain was estimated using a commercial kit by Crest
biosystems, which consists of sodium reagent and standard
sodium (150 mEq/L). The calcium level was measured with
the help of a commercial kit by Erba diagnostics consists of
AMP (2-Amino-2-methy-1-propanol) reagent, OCPC (Ortho-
cresolpthalein complexone) reagent and standard calcium
(10 mg/dL) (Viswanatha Swamy et al., 2013).

2.5.4 Histopathological studies
The brain was isolated after dissection and the cerebral cortex of the

frontal lobe from each groupwere fixed using a 10% formalin. Then, the
tissue specimens were embedded in paraffin. The frontal lobe blocks
were cut into serial coronal sections (5 sections in each animal), 5 µm
thickness. Haematoxylin and eosin were used for staining. The stained
tissue was examined at ×10 and ×40 magnification using a light
microscope (Viswanatha Swamy et al., 2013).

2.6 Statistical analysis

The results were expressed as mean ± SEM. Using a
GraphPad Prism software, the results were analysed by a One-
way ANOVA using Dunnett’s multiple comparison tests and
p-values were calculated. p values ≤ 0.033 were considered as
significant.

3 Results

The qualitative phytochemical analysis of CEMQ showed the
presence of flavonoids and phenols. The percentage yield of CEMQ
was higher (31.46% w/w) when compared to petroleum ether and
ethanol extracts (12.02% and 21.36% w/w respectively). The HPTLC
analysis of CEMQ revealed that it contains quercetin (Table 2;
Figures 1–3).

The manual calculation using the formula mentioned below
indicated the presence of approximately 0.23% quercetin in CEMQ.

Manual calculation � Standard amount
Standard area

× Sample area

The findings from the in silico docking and the binding affinities
were shown in Table 3 and described in Figures 4, 5.

The effect of CEMQ on the locomotor activity was shown in
Table 4. Since their locomotion was greatly reduced, negative
control animals were under an extreme oxidative stress, (Farombi
and Onyema, 2006; Shivasharan et al., 2013), which may be
contributed by the generation of free radicals following MSG
administration. The animals that received the standard drug have
significantly improved locomotory score when compared to
negative control. The animals treated with 200 and 400 mg/kg
of CEMQ also significantly increased the locomotory score when
compared to the negative control. The locomotor activity of
CEMQ treated groups was well comparable with the standard
drug treated animals.

The effect of CEMQ on non-spatial memory and learning
using an object recognition and the manually calculated
discrimination index was shown in Table 5 and Figure 6. The
negative control animals administered with MSG showed a
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significant increase in the time spent to explore familiar and novel
objects and showed a high positive value of calculated discrimination
index, when compared to normal control animals indicating a
reduction in the non-spatial learning and memory which may be
attributed to neuro-inflammation. The standard drug treated
animals showed improvement in memory and non-spatial learning

ability since the time spent to explore both familiar and novel objects
was significantly reduced. The CMEQ treated animals in both the doses
(200 and 400 mg/kg) had a reduction in the object recognition time and
had shown least positive in discrimination index calculation, when
compared to the negative control group, indicating the potential
neuroprotective activity.

TABLE 2 HPTLC data of CEMQ.

Peak Starting
Rf

Starting
Height

Max
Rf

Max
Height

Max
%

Ending
Rf

Ending
Height

Area Area
%

Assigned
substance

1 0.82 0.1 0.88 25.9 100 0.91 5.7 827.9 100 Quercetin

FIGURE 1
HPTLC of CEMQ.

FIGURE 2
Chromatogram of CEMQ.
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The effect of CEMQ on the levels of biochemical parameters in
MSG-induced neurotoxicity was shown in Table 6.

Electrolyte imbalance is a well-known fundamental
mechanism causing cell death during brain damage. Dietary
changes are thought to be a key factor in avoiding stroke. The
risk of stroke may be impacted by dietary choices that change ionic
or electrolyte levels. According to Moemeni et al. (2016),
electrolyte may play a role in the brain’s deterioration. The
biochemical parameters indicated a significant increase in
sodium and calcium ions levels in negative control animals
which received MSG (2 g/kg) for 7 days Standard drug treated
group showed a reduction in sodium and calcium ions levels when
compared to negative control animals due to the NMDA
antagonistic effect of the drug. The CEMQ treated groups

showed a similar biochemical response to that of standard drug
treated which may be correlated with the antagonistic effect of
CEMQ containing quercetin as well as quercetin derivatives on the
NMDA receptor.

The histopathological study revealed that there were no
morphological changes in the cerebral cortex of frontal lobe of
the normal animals. No edema was seen and the cerebral cortex
region was also normal. In Group II animals, pyknosis and
karyorrhexis of nuclei were noted, along with cerebral edema,
neuronal degeneration, and neuronal disorganization
(Figure 7). The standard drug or memantine-treated Group
III animals showed prevention of neuronal damage and
indefinite appearance of pyknosis and karyorrhexis of
nuclei. Groups IV and V animals also indicated neuronal

FIGURE 3
Chromatogram of standard quercetin.

TABLE 3 Molecular docking: binding scores and amino acid interactions.

S. No Ligand structure Ligand
name

PUBCHEM ID Binding affinity
(kcal/mol)

Residue interaction

1 Quercetin 5280343 −7.9 ASN B:336, LYS B:137, ASP
B:138

2 Memantine 4054 −6.2 LYS B:361, TYR B:287
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protection against neuronal damage and less neuronal
disorganization.

4 Discussion

M. quadrifolia is an edible aquatic medicinal plant used as a
traditional health food in Asia (Zhang et al., 2016). It contains
several vitamins and high amount of crude proteins (Abbasi et al.,
2018). Further, it is anticipated that the CEMQ containing
quercetin and its derivatives which are adequate to elicit a
potential pharmacological action. Since, quercetin was reported
to improve the health of experimental animals’ when used even in
lower doses (Geng et al., 2019). Also, as indicated by

Gopalakrishnan and Udayakumar (2017) and Zhang et al.
(2016), the M. quadrifolia extracts may contain other quercetin
derivatives and important phytoconstituents which may be
responsible for significant adjuvant pharmacological actions.

The findings from in silico indicated that both quercetin and
standard memantine exhibited excellent binding affinities with the
NMDA glutamate receptor (5EWJ). The selected ligand (quercetin)
exhibited a higher binding affinity against the NMDA glutamate
receptor when compared to the standard ligand (memantine). In
fact, quercetin showed NMDA glutamate receptor inhibitory
potential to a similar degree as that of the standard drug,
memantine which is an NMDA receptor antagonist.

The findings from the animal experiment indicated that the
animals were more stressed due to the induced excitotoxicity as a

FIGURE 4
3D and 2D docking interactions of quercetin with 5EWJ.

FIGURE 5
3D and 2D docking interactions of memantine with 5EWJ.
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result of the MSG administration, thus significantly reducing their
locomotor score. It has also resulted in the impairment of non-
spatial memory and learning of the animals and has contributed to
an increase in calcium and sodium levels which may be attributed by
the activation of NMDA receptors by MSG, causing ionic channels
to open in an unregulated manner with excess entry of calcium and
sodium ions (Sama and Norris, 2013; Abdel Moneim et al., 2018).
Histopathological finding also indicated some evidence of neuronal

damage like cerebral edema and neuronal necrosis which is a clear
indication of MSG-induced neurotoxicity (Fardian et al., 2018).

The standard drug memantine (20 mg/kg. i.p.) conferred a
neuroprotective property, since it is an NMDA antagonist, it
improved the locomotor activity, memory and non-spatial
learning while decreasing the levels of sodium and calcium ions
(Lipton, 2006). Histopathological findings further confirmed
amelioration of neurotoxicity as caused by MSG.

TABLE 4 Effect of CEMQ on locomotor activity using actophotometer in MSG-induced neurotoxicity.

S. No Treatment Locomotor activity score (counts/5 min)

Day 1 Day 3 Day 5 Day 7

1 Group I - Normal control: (1% w/v CMC, i.p.) 209.42 ± 0.31 210.31 ± 0.60 212.27 ± 0.24 213.62 ± 0.31

2 Group II - Negative control: MSG (2 g/kg, i.p.) 119.07 ± 0.19### 118.36 ± 0.28### 113.64 ± 0.44### 112.41 ± 0.80###

3 Group III - MSG (2 g/kg, i.p.) + Standard memantine (20 mg/kg, i.p.) 168.34 ± 0.40*** 170.21 ± 0.17*** 172.08 ± 0.68*** 173.41 ± 0.20***

4 Group IV - MSG (2 g/kg, i.p.) + CEMQ (200 mg/kg, p.o.) 153.21 ± 0.46*** 154.33 ± 0.81*** 158.11 ± 0.43*** 159.74 ± 0.47***

5 Group V - MSG (2 g/kg, i.p.) + CEMQ (400 mg/kg, p.o.) 158.51 ± 0.44*** 158.08 ± 0.18*** 161.71 ± 0.72*** 164.30 ± 0.62***

All values were expressed as mean ± SEM (n = 6). The data were analyzed by a One-way ANOVA, using Dunnett’s multiple comparison tests; values are statistically significant at.
###p < 0.001 between normal and negative control.

***p < 0.001 between negative control and treated groups.

TABLE 5 Effect of CEMQ on object recognition time in MSG-induced neurotoxicity.

S. No Treatment Time spent for object exploration (seconds)

Familiar object Novel object

1 Group I—Normal control: (1% w/v CMC, i.p.) 30.15 ± 0.03 42.45 ± 0.10

2 Group II—Negative control: MSG (2 g/kg, i.p.) 65.04 ± 0.04## 80.32 ± 0.11##

3 Group III - MSG (2 g/kg, i.p.) + Standard memantine (20 mg/kg, i.p.) 38.15 ± 0.05* 45.21 ± 0.16*

4 Group IV - MSG (2 g/kg, i.p.) + CEMQ (200 mg/kg, p.o.) 43.24 ± 0.05* 50.76 ± 0.20*

5 Group V - MSG (2 g/kg, i.p.) + CEMQ (400 mg/kg, p.o.) 40.16 ± 0.01* 48.40 ± 0.05*

All values were expressed as mean ± SEM (n = 6). The data were analyzed by a One-way ANOVA, using Dunnett’s multiple comparison tests.
##p < 0.002 between normal and negative control.

*p < 0.033 between negative control and treated groups.

FIGURE 6
Effect on CEMQ on discrimination index using object recognition test. The data represents significance at *p < 0.003 and **p < 0.002.
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The two doses of CEMQ (200 and 400 mg/kg) also produced
significant effects as that of the standard drug, indicating that this
extract can be used to prevent neurotoxicity in rats. The
neurotrophic activity of the plant is attributed to quercetin, a
potent anti-oxidant (Farombi and Onyema, 2006) that is also
neuroprotective (Islam et al., 2021). Similarly, quercetin
derivatives may be present in the extract, which may bind with

the NMDA receptor and antagonize it, causing improvement against
excitotoxicity caused by administered MSG (Figure 8). According to
Zhang et al. (2016),M. quadrifolia is a potent source of polyphenols
with potent antioxidant properties that may be utilised for
alleviating oxidative stress. The field of antioxidant therapy has
also made significant strides in recent studies, with a focus on
neuroprotection in particular (Teleanu et al., 2019). Therefore,

TABLE 6 Effect of CEMQ on levels of brain biochemical parameters in MSG-induced neurotoxicity.

S. No Treatment Sodium (mM) Calcium (nM)

1 Group I - Normal control: (1% w/v CMC, i.p.) 8.64 ± 0.42 78.19 ± 1.01

2 Group II—Negative control: MSG (2 g/kg, i.p.) 14.05 ± 0.88### 139.62 ± 1.37###

3 Group III - MSG (2 g/kg, i.p.) + Standard memantine (20 mg/kg, i.p.) 9.13 ± 0.51*** 88.03 ± 1.64***

4 Group IV - MSG (2 g/kg, i.p.) + CEMQ (200 mg/kg, p.o.) 10.91 ± 0.38** 107.51 ± 1.76***

5 Group V - MSG (2 g/kg, i.p.) + CEMQ (400 mg/kg, p.o.) 9.76 ± 0.62*** 98.05 ± 1.51***

All values were expressed as mean ± SEM (n = 6). The data were analyzed by a One-way ANOVA, using Dunnett’s multiple comparison tests;
###p < 0.001 between normal and negative control.

***p < 0.001 and,

**p < 0.002 between negative control and treated groups.

FIGURE 7
Histopathological changes (×40 magnification) of the cerebral cortex of frontal lobe region of brain. Group I (Normal control) showed normal
neuronal cells with nomorphological changes (indicated by arrow); Group II (Negative control) showed neuronal degeneration (indicated by arrow), loss
of cellular integrity along with neuronal disorganization (indicated by arrow); Standard memantine-treated group III showed neuronal cells resembling
normal neuronal cells (indicated by arrow), exhibiting neuroprotection by preventing further neuronal damage; CEMQ-treated group IV
(200 mg/kg) showed definite number of neuronal cells (indicated by arrow), preventing against neuronal degeneration; CEMQ-treated group V
(400 mg/kg) showed more definite number of neuronal cells (indicated by arrow) and less neuronal disorganization.
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the antioxidant components of CEMQ, such as quercetin and its
derivatives, may be responsible for the neuroprotective effects.

Modern food culture comprises the surplus use of food additives
like Monosodium glutamate, Aspartame, that have been reported to
cause excess generation of free radicals (Niaz et al., 2018; Tsatsakis et al.,
2019; Das et al., 2022) resulting in the oxidative stress, which may lead
to initiation and progression of many neurological conditions (Uttara
et al., 2009). The plant extracts being rich in anti-oxidants could be a
potential remedy to produce relief againstmany neurological conditions
(Elufioye et al., 2017; Sharma et al., 2022).

To enhance memory and cognition, quercetin is utilised as a
nutraceutical and dietary supplement (Dong et al., 2017). Quercetin
can additionally protect against chronic illnesses including neurological
diseases (Rubio-Ruiz et al., 2019). According to studies by Unsal et al.
(2015), quercetin lowers the immunoreactivity of deteriorating neurons,
promotes nerve cell recovery by reducing inflammatory responses, and
aids in the recovery of motor function after spinal cord injury (Zhang
et al., 2015). Additionally, quercetin has been recommended as a
therapy option for such injury (Ocal et al., 2019) and has been
shown to have a neuro-protective effect after acute spinal cord
injury (Wang et al., 2018). The possible mechanism of quercetin
against MSG-induced neurotoxicity has been depicted in Figure 7.
The current study found quercetin in CEMQ, which might offer
protection against the neurotoxicity caused by MSG.

4.1 Limitations of the study

The present study has focused on the short-term exposure rather
than long-term exposure of MSG and the effect of MSG on other
regions of brain was not explored, which has to be taken into
consideration for future research works. In histopathology studies,
much focus was not given on the layers of cerebral cortex, which
must be taken into consideration for future studies. Further,
confirmation of necrosis caused by MSG has to be taken into
indication in upcoming studies with the help of suitable
biomarkers. Apart from quercetin and its derivatives, other
phytoconstituents which may be present in the extract might
have an impact on the neuroprotective effect. Hence, further
exploration of its pharmacognostic and phytochemical
evaluations are necessary.

5 Conclusion

According to the findings of the current investigation, M.
quadrifolia, a well-known plant with a long history of use,
exhibits strong neuroprotective effect against the
neurotoxicity caused by MSG. Excitotoxic neuronal damage
and a greater production of reactive oxygen species are the

FIGURE 8
Proposed mechanism of CEMQ (containing quercetin and its derivatives) against MSG induced neurotoxicity.
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main causes of MSG’s neurotoxicity.M. quadrifolia may be used
in the prevention or potential therapy of neurological disorders
due to its extensive antioxidant activity and high medicinal
properties. CEMQ was shown to be potential neuroprotective
activity against MSG-induced neurotoxicity in rats occurring in
a dose-dependent manner. M. quadrifolia contain quercetin
derivatives and some other phytoconstituents (antioxidants),
acting similarly, to ameliorate excitotoxicity. Further research
should be conducted on M. quadrifolia and CEMQ to reveal its
phytochemicals that are responsible for neuroprotection.
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