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A B S T R A C T

The current paper presents the 𝜆𝜆𝜆𝜆-Bernstein operators through the use of newly developed variant of Stancu-
type shifted knots polynomials associated by Bézier basis functions. Initially, we design the proposed Stancu
generated 𝜆𝜆𝜆𝜆-Bernstein operators by means of Bézier basis functions then investigate the local and global
approximation results by using the Ditzian–Totik uniform modulus of smoothness of step weight function.
Finally we establish convergence theorem for Lipschitz generated maximal continuous functions and obtain
some direct theorems of Peetre’s 𝐾𝐾𝐾𝐾-functional. In addition, we establish a quantitative Voronovskaja-type
approximation theorem.

1. Introduction and preliminaries

One of the most well-known mathematicians in the world, S. N. Bernstein, provided the quickest and most elegant demonstration of one of
the most well-known Weierstrass approximation theorems. Bernstein also devised the series of positive linear operators implied by {𝐵𝐵𝐵𝐵𝑠𝑠𝑠𝑠}𝑠𝑠𝑠𝑠≥1. The
famous Bernstein polynomial, defined in Bernstein (2012), was found to be a function that uniformly approximates on [0, 1] for all 𝑓𝑓𝑓𝑓 ∈ 𝐶𝐶𝐶𝐶[0, 1] (the
class of all continuous functions). This finding was made in Bernstein’s study. Thus, for any 𝑦𝑦𝑦𝑦 ∈ [0, 1], the well-known Bernstein polynomial has
the following results.

𝐵𝐵𝐵𝐵𝑠𝑠𝑠𝑠(𝑔𝑔𝑔𝑔; 𝑦𝑦𝑦𝑦) =
𝑠𝑠𝑠𝑠
∑

𝑖𝑖𝑖𝑖=0
𝑔𝑔𝑔𝑔
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𝑏𝑏𝑏𝑏𝑠𝑠𝑠𝑠,𝑖𝑖𝑖𝑖(𝑦𝑦𝑦𝑦),

where 𝑏𝑏𝑏𝑏𝑠𝑠𝑠𝑠,𝑖𝑖𝑖𝑖(𝑦𝑦𝑦𝑦) are the Bernstein polynomials with a maximum degree of 𝑠𝑠𝑠𝑠 and 𝑠𝑠𝑠𝑠 ∈ N (the positive integers), which defined by

𝑏𝑏𝑏𝑏𝑠𝑠𝑠𝑠,𝑖𝑖𝑖𝑖(𝑦𝑦𝑦𝑦) =
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⎪
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(𝑠𝑠𝑠𝑠
𝑖𝑖𝑖𝑖

)

𝑦𝑦𝑦𝑦𝑖𝑖𝑖𝑖(1 − 𝑦𝑦𝑦𝑦)𝑠𝑠𝑠𝑠−𝑖𝑖𝑖𝑖 for 𝑠𝑠𝑠𝑠, 𝑦𝑦𝑦𝑦 ∈ [0, 1] and 𝑖𝑖𝑖𝑖 = 0, 1,…

0 for any 𝑖𝑖𝑖𝑖 𝑖𝑖 𝑠𝑠𝑠𝑠 or 𝑖𝑖𝑖𝑖 𝑖𝑖 0.
(1.1)

Testing the Bernstein-polynomials’ recursive relation is not too difficult. The recursive relationship for Bernstein-polynomials 𝑏𝑏𝑏𝑏𝑠𝑠𝑠𝑠,𝑖𝑖𝑖𝑖(𝑦𝑦𝑦𝑦) is quite
simple to test.

𝑏𝑏𝑏𝑏𝑠𝑠𝑠𝑠,𝑖𝑖𝑖𝑖(𝑦𝑦𝑦𝑦) = (1 − 𝑦𝑦𝑦𝑦)𝑏𝑏𝑏𝑏𝑠𝑠𝑠𝑠−1,𝑖𝑖𝑖𝑖(𝑦𝑦𝑦𝑦) + 𝑦𝑦𝑦𝑦𝑏𝑏𝑏𝑏𝑠𝑠𝑠𝑠−1,𝑖𝑖𝑖𝑖−1(𝑦𝑦𝑦𝑦).

In 2010, Cai and colleagues introduced 𝜆𝜆𝜆𝜆 ∈ [−1, 1] is the shape parameter for the new Bézier bases, which they called 𝜆𝜆𝜆𝜆-Bernstein operators.
This definition of the Bernstein-polynomials is defined as follows:

𝐵𝐵𝐵𝐵𝑠𝑠𝑠𝑠,𝜆𝜆𝜆𝜆(𝑔𝑔𝑔𝑔; 𝑦𝑦𝑦𝑦) =
𝑠𝑠𝑠𝑠
∑

𝑖𝑖𝑖𝑖=0
𝑔𝑔𝑔𝑔
( 𝑖𝑖𝑖𝑖
𝑠𝑠𝑠𝑠

)

�̃�𝑏𝑏𝑏𝑠𝑠𝑠𝑠,𝑖𝑖𝑖𝑖(𝜆𝜆𝜆𝜆; 𝑦𝑦𝑦𝑦), (1.2)
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The preconditioned iterative integration-exponential method is a novel iterative regularization method de-
signed to solve symmetric positive definite linear ill-conditioned problems. It is based on first-order dynamical 
systems, where the number of iterations serves as the regularization parameter. However, this method does not 
adaptively determine the optimal number of iterations. To address this limitation, this paper demonstrates that 
the preconditioned iterative integration-exponential method is also applicable to solving nonsymmetric positive 
definite linear systems and introduces an improved version of the preconditioned iterative integration-expo-
nential method. Inspired by iterative refinement, the new approach uses the residual to correct the numerical 
solution's errors, thereby eliminating the need to determine the optimal number of iterations. When the residual 
of the numerical solution from the initial preconditioned iterative integration-exponential method meets the ac-
curacy threshold, the improved method reverts to the original preconditioned iterative integration-exponential 
method. Numerical results show that the new method is more robust than the original preconditioned iterative 
integration-exponential method and eliminates the need for selecting regularization parameters compared to 
the Tikhonov regularization method, especially for highly ill-conditioned problems.
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1. Introduction

In recent years, ill-conditioned problems have attracted more and more attention and been widely used in engineering and mathematics fields, such 
as geodesy [1], geophysical exploration [2], signal and image processing [3, 4]. The solution methods of ill-conditioned equation have important 
research significance.

The ill-conditioned system can be expressed as the following form:

Ax b= (1)

where A� �
R
n n is an ill-conditioned matrix, x is solution b is observation. For an ill-conditioned system, a small disturbance in b or A can result in a 

significantly larger change in the solution x. This brings quite large difficulty when one solves the system (1) numerically. Thus, it is useless to use 
the conventional numerical methods to solve systems (1). To address this issue, iterative regularization methods such as Tikhonov regularization[5, 
6] (TR), the Landweber iteration [7], and direct regularization methods like truncated singular value decomposition [2, 8] (TSVD), modified truncat-
ed singular value decomposition [9], and modified truncated randomized singular value decomposition[10] have been developed and widely used. 
A common feature of these regularization methods is that their performance depends on various regularization parameters, such as the truncation 
order in TSVD, the Tikhonov regularization parameter, and the iteration number in iterative regularization methods. In recent years, iterative regu-
larization methods for ill-conditioned equations based on the numerical solution of dynamic systems have garnered attention [11–14]. 

The study on connections between iterative numerical methods and continuous dynamical systems often offers better understanding about iter-
ative numerical methods, and leads to better iterative numerical methods by using numerical methods for ordinary differential equations (ODEs) 
and devising ODEs from the viewpoint of continuous dynamical systems [15, 16]. For solving ill-conditioned linear systems, Ramm developed the 
dynamical systems method [11, 17]. Wu analyzed the relationship between Wilkinson iteration method and Euler method and proposed a new iter-
ative improved solution method to solve the problem of ill-conditioned linear equations [12, 18] . Enlightened by Wu’s work, Salkuyeh and Fahim 
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A B S T R A C T

Monosodium glutamate (MSG) is a common seasoning and flavor booster found in nearly every processed 
product. MSG induces oxidative stress along with degenerative changes in the hepatic and renal cells. This study 
aims to evaluate the protective effects of rutin(RT) and Moringa oleifera(MOE) extract against MSG-induced 
hepatotoxicity in rats. Forty adult male albino rats were randomly divided into four groups. The control group 
(CNT) received no treatment. The second group received MSG orally (60 mg/kg/day) for 30 days. The third 
and fourth groups were pretreated with RT (150 mg/kg/day) and MOE (500 mg/kg/day), respectively, for 
30 days, followed by oral administration of MSG (60 mg/kg/day) for an additional 30 days, two hours after 
the RT or MOE dosage. The study assesses whether RT and MOE can reduce liver damage by leveraging their 
antioxidant, anti-inflammatory, and anti-apoptotic properties. This is evaluated through various biochemicals, 
histological, and molecular markers associated with oxidative stress, inflammation, and apoptosis in liver 
tissues. The results indicated that MSG induces organ dysfunction (AST and ALT levels), oxidative stress (GSH, 
SOD, CAT, GPx, GR, and NO), inflammation (IL-1β and TNF-α), histological alterations (H&E, PAS, Sirius red 
COX-2, and iNOS stains), and ultra-structural abnormalities of hepatocytes. The authors found that RT and MOE 
significantly mitigate MSG-induced liver damage in rats. Treatment with RT and MOE reduced oxidative stress, 
inflammatory responses, and apoptosis markers while enhancing antioxidant defenses, suggesting that both RT 
and MOE have therapeutic potential in preventing MSG-related liver toxicity due to their strong antioxidant 
and anti-inflammatory effects.

1. Introduction

The liver is an important organ that serves various functions, 
including supplying glucose, plasma proteins, and bile (Risi et al., 
2023). Several hazardous compounds may have an effect on the liver, 
and alternative treatments that target the pathophysiological processes 
causing liver damage must be researched. Free radical damage to 
oxidative components in cells, such as lipids, proteins, and nucleic acids, 
causes a discrepancy between the generation of reactive oxygen species 
(ROS) and the synthesis of antioxidants (Halliwell, 1994). Natural 
antioxidants enhance the body's function amid stressful situations. 
Natural medicines have been utilized for centuries to treat a variety 
of ailments (Alok et al., 2014). Industrial toxins and food additives 
are both hazardous synthetic pollutants, with some food additives 
intended to maintain or improve the flavor of food. Monosodium 
glutamate (MSG) is the most common flavoring component and food 
additive (Chakraborty, 2019). When consumed in excess, MSG can 
lead to a variety of liver problems (Garattini, 2000). Glutamate is an 
excitatory neurotransmitter in the brain that promotes rapid synaptic 
transmission (Zhou and Danbolt, 2014). The liver processes glutamate, 
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which is ultimately excreted by the kidneys (Sharma, 2015). In the GI 
tract, glutamic acid is turned into alanine, which is then transformed 
into lactate by the liver. It is absorbed from the intestine via active 
transport mechanisms associated with amino acids (Garattini, 2000). 
MSG enhances food flavor, stimulates the hunger center, and causes 
weight gain (Zhou and Danbolt, 2014). When consumed in excess, 
MSG harms humans and other animals while also improving flavor 
and appetite (Halliwell, 1994). MSG-treated rats have demonstrated 
gonadal issues, brain damage, stomach cancer, and hypothalamic 
depletion of specific neurotransmitters (Alok et al., 2014). Excess MSG 
consumption has previously been related to harmful effects on the liver 
and kidneys (Chakraborty, 2019). This is because MSG causes oxidative 
stress and degenerative changes in hepatic and renal cells (Garattini, 
2000). Certain antioxidants and anti-inflammatory medicinal plants, 
or their components, can mitigate the effects of MSG (Hajihasani et al., 
2020).

RT (3-rhamnosyl-glucosyl quercetin) is a flavonoid glycoside that 
can be widely found in some vegetables and fruits (Kim et al., 2013). 
It has been established that rutin's anti-inflammatory and antioxidant 
properties protect vital organs from the detrimental effects of ROS 
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(Liang et al., 2018). Rutin, in particular, binds to iron ions and prevents 
the Fenton reaction caused by hydrogen peroxide, thus inhibiting 
one of the important mechanisms that generate reactive free radicals 
(Zargar et al., 2017). Rutin prevents isoniazid-induced liver damage by 
reducing oxidative stress (Abdel-Ghaffar et al., 2019). Buckwheat seeds, 
tomatoes, onions, apples, tea, passion flowers, wine, and leaves are 
high in rutin (Aksu et al., 2017). Rutin has a variety of pharmacological 
properties, including the capacity to scavenge superoxide radicals 
as well as anti-allergic, antibacterial, anti-ulcer, anti-inflammatory, 
anticarcinogenic, anti-diabetic, and antimutagenic properties (Nafees 
et al., 2015). Rutin was shown to reduce methotrexate-induced 
hepatotoxicity in a rat model to (Erdogan et al., 2015).

Moringa oleifera, a monogeneric Moringaceae plant, appears to be 
indigenous to India's tropical woods and is cold- and drought-tolerant. 
It is well-known for its numerous uses as a food additive and nutritional 
supplement (Anwar et al., 2007). Moringa oleifera is ideal for food 
applications due to its high nutritional content, which includes essential 
amino acids, vitamins, minerals, and oleic acids. MOE is renowned for 
its medicinal properties, which include the treatment of numerous 
immune system illnesses, as well as antioxidant, anti-diabetic, and 
tumor-fighting properties (Dhakad et al., 2019). Moringa oleifera's 
bioactive compounds have been discovered in practically every portion 
of the plant (Liang et al., 2019). The specific ingredients recovered from 
Moringa oleifera include flavonoids, glucosinolate and isothiocyanate, 
phenolic acid (every component located inside foliage), sterols, 
alkaloids (found within leaves, seeds, and roots), and terpenes (found 
distributed between pods) (Baldisserotto et al., 2018). The components 
found in leaves and seeds are the most usually stated. Alkaloids and 
phenols are more frequent in the leaves, while flavonoids, saponins, 
and anthocyanins are more concentrated in the seeds (Gupta et al., 
2018). Several Moringa oleifera components have therapeutic properties, 
including liver-protective effects that inhibit cholesterol synthesis and 
inflammation, oxidation, cancer, diuretics, and bacterial infection (Abd 
Eldaim et al., 2017).

This study aims to evaluate the protective effects of rutin and 
Moringa oleifera extract against MSG-induced hepatotoxicity in rats.

2. Materials and methods

2.1 Materials

2.1.1 Drugs and chemicals

Pure MSG (99%) was sourced from Egypt's Morgan Pharmaceutical 
Company. Rutin, 95% pure was sourced from Sigma Company. 10% 
formalin, xylazine, and ketamine were from the chemical company 
El-Gomhoryia in Cairo, Egypt. Kits for oxidative stress indicators 
were from Biodiagnostics in Cairo, Egypt. Scientific Thermo Fisher, 
USA, provided enzyme-linked immunosorbent test (ELISA) kits for 
inflammatory markers. Antibody against Cox-2 were from Santa Cruz 
Biotechnology, Inc. Anti-iNOS were from Thermo Scientific, Walthman, 
Massachusetts, USA. Additional common chemicals and regular stains 
of analytical quality were produced by local companies in Egypt.

2.1.2 Preparation of Moringa oleifera leaf extract

Fresh Moringa oleifera leaves gathered from the Helwan governorate 
in the summer were recognized and validated at Egypt's National 
Research Center in Giza. The fallen leaves were pulverized after drying 
and cleaning. Leaves from Moringa oleifera were extracted in water. 
Forty grams of dried powder, and 100 milliliters of hot water were 
combined and stirred frequently for an hour. Whatman paper No. 1 was 
used to filtering in order to acquire the extract. A rotary evaporator at 
55°C was used to concentrate the filtrate to 8% of its original volume 
(Shah et al., 2015).

2.1.3 Phytochemical analysis of Moringa oleifera leaf extract

The phenolic composites were examined by high-performance liquid 
chromatography (HPLC) manufactured by the Waters Corporation 
in Massachusetts, USA, utilizing a Waters 2695 Alliance instrument 

(Waters Inc., Milford, CT, USA) connected with an SPD-40V HPLC/
UHPLC UV-Vis detector from Shimadzu (Mizzi et al., 2020).

2.2 Experimental design and treatment schedule

Forty mature male albino rats weighing between 120 and 150 
grams were imported from the Medical Ain-Shams Research Institute 
in Cairo, Egypt.  Under veterinary guidance, the experiment complied 
with the regulations of Ain-Shams Research Institute's animal housing. 
The experimental methodology was conducted in line with the 
accepted ethical research requirements of Ain Shams University, and 
the Experimental Animal Research Unit's code number is [RE (189)22].

Rats were housed in standard settings, which included feeding, a 
12-hour light-dark cycle, 24±2oC temperature, and 50±10% humidity. 
Following an acclimatization period of seven days, the rats were divided 
into four equal groups (n = 6);

Group 1: The Control (CNT) group was not given any medication.
Group 2: The MSG group was given a daily oral dosage of 60 mg/kg 

of MSG (99% pure, Morgan Chemical Industry, Egypt) for 30 days 
(Hamza and Al-Harbi, 2014).

Group 3: RT+MSG group was administered 150 mg/kg of rutin orally 
followed by rutin after two hours for each of the 30 days (Qu et al., 
2018).

Group (4): The MOE+MSG group was orally administered 500 mg/kg 
of Moringa leaf extract (MOE) and MSG after two hours daily for 30 
days (Sadek et al., 2017).

2.3 Collection of samples for biochemical analyses

The rats were killed by intraperitoneal injections of 10 mg of 
xylazine and 90–100 mg of ketamine/kg-1 once the plan was completed. 
Using microcapillary heparinized tubes, blood samples were taken from 
each rat's retro-orbital plexus after a 12-hour fast. The serum was then 
extracted from the blood samples by centrifuging them for 15 minutes 
at 3,000 rpm. Serum was stored at -20°C for hepatic function-related 
biochemical analysis. The liver was carefully taken out of each group 
and divided in half. The first part was used to create tissue homogenates 
(10% w/v), which were created by centrifuging at 3000 × g for 10 
minutes at 4°C after adding a specific amount of tissue to an ice-cold 
(pH 7.4) 50 mM Tris-HCl solution. The final supernatant was kept at 
-20°C for biochemical examination, which comprised specific oxidative 
stress indicators, antioxidant biomarkers, inflammatory markers, and 
apoptotic biomarkers. The second half was treated with 10% formalin 
with a neutral buffer for use in histological, histochemical, and 
immunohistochemical assessments, while the third part was fixed in 
glutaraldehyde (5%) for use in transmission electron microscopy (TEM) 
of hepatocyte ultrastructure.

2.4 Biochemical analysis

2.4.1 Oxidative stress markers

The hepatic glutathione (GSH) was determined by the colometric 
method utilizing Elaman’s reagent, a non-enzymatic antioxidant 
marker (Ellman, 1959). The potential of superoxide dismutase (SOD) 
to block diminution within the nitroblue tetrazolium stain was used 
to determine SOD activity (Sun et al., 1988). Furthermore, catalase, 
or CAT, activity was calculated utilizing the rate of H2O2 degradation 
(Aebi, 1984). The rate of oxidation  of NADPH at 340 nanometers and 
the rate at which NADPH decreases in the presence of glutathione were 
employed to evaluate GSH peroxidase (GPx) plus GSH reductase (GR) 
in reference to Paglia and Valentine (1967) and Factor et al. (1998), 
respectively. Employing a commercial kit, the liver tissue's nitric oxide 
(NO) values were measured (Biodiagnostics, Cairo, Egypt). Using a 
process that turns NO into nitrous acid, the kit creates an azo dye by 
combining it with N-(1-naphthyl) ethylenediamine plus sulfanilamide. 
Next, spectrophotometric measurement of the dye's absorbance 
was performed at 540 nanometers (Bryan and Grisham, 2007). 
Malondialdehyde was utilized to measure lipid peroxidation (MDA) 
according to Ohkawa et al. (1979). 
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2.4.2 Inflammatory markers

An enzyme-linked immunosorbent assay (ELISA) kit was utilized 
to quantify tumor necrosis factor-α along with interleukin-1β, 
coming from Scientific Thermo Fisher, USA, in accordance with the 
manufacturer's instructions for IL-1β (Cat. number. BMS6002) and 
TNF-α (Cat. number. BMS607-3).

2.4.3 Apoptotic markers

Pro-apoptotic marker Bax’s values were measured utilizing a 
commercially available ELISA kit (rat Bax; Catalogue No. E4513) 
obtained from BioVision, Inc. Bcl-2, an antiapoptotic marker, was 
measured utilizing commercial ELISA kits (rat Bcl-2; catalog no. CSB-
E08854r) that were acquired from Cusabio. Using ELISA kits from 
MyBioSource (San Diego, CA, USA), Caspase-3 (rat Casp-3; Catalogue 
No. MBS261814) was tested in the hepatic homogenate; all estimates 
were made in compliance with the manufacturer's procedure.

2.4.4 Liver function markers

Utilizing kits made by the Biodiagnostic Company, Giza, Egypt, 
an enzymatic colorimetric endpoint approach was used to quantify 
the serum activities of aspartate aminotransferase (AST) and alanine 
aminotransferase (ALT) (Reitman and Frankel, 1957). The Biodiagnostic 
Company, located in Giza, Egypt, created kits for the colorimetric end 
point method of determining serum total bilirubin levels (Malloy and 
Evelyn, 1937).

2.5 Histopathological examination

After being fixed in formalin, the samples were dried in increasing 
ethanol grades after being cleansed in xylene; paraffin wax was used to 
encase it. A number of histological stains were applied to cut and stain 
paraffin 5 μm thick sections:

1) For an officer histological investigation, consider hematoxylin and 
eosin (Slaoui and Fiette, 2011).

2) With regard to PAS-positive (PAS+ve) materials, the periodic acid-
Schiff's (PAS) approach was utilized (Lai and Lü, 2012).

3) Sirius red stain for staining of collagen fibers is utilized to evaluate 
fibrosis degree (Dapson et al., 2011).

4) COX-2 and iNOS immunostains to check liver tissue for COX-2 and 
iNOS positivity.

COX-2 was detected in paraffin-embedded liver slices using specific 
antibodies, including an avidin-biotin complex immunoperoxidase 
method (Santa-Cruz Biotechnology) (Mohamed et al., 2022). The 
sections were treated with 3% hydrogen peroxide to suppress the activity 
of the endogenous peroxidase enzyme. The primary goat antiserum was 
added and incubated at room temperature for two hours to detect COX-
2 (1:150 dilution) after blocking with 10% non-immunized goat serum. 
Goat serum that had not been vaccinated was used as a negative control, 
and primary antibodies were excluded. The avidin-biotin complex and 
horseradish peroxidase (Dako A/S, Glostrup, Denmark) were used 
after washing the biotinylated secondary antibodies. In order to detect 
peroxidase activity, the sections were counterstained with hematoxylin 
after adding diaminobenzidine.

Immunohistochemical staining enables identification of iNOS antigen 
utilizing the avidine-biotin peroxidase complex (ABC) approach (Abd 
El Fattah and Ismail, 2015): employing a rabbit polyclonal antibody 
called anti-iNOS (Thermo Scientific, Walthman, Massachusetts, USA). 
The following is how the ABC approach was applied: After using 
the primary antibody for 60 minutes, sections were treated with the 
secondary antibody, which is a biotinylated antiserum to rabbit/mouse 
IgGs. The reaction was seen using a chromogen (3,3-diaminobenzidine 
tetrahydrochloride). After staining, the paraffin slides were investigated 
under  the light microscope, and a Zeiss camera (LEICA DM4 P, Wetzlar, 
Germany) was used to take pictures.

Using an image analyzer and image analysis software (Imagej 
version 1.46, Rasband, Bethesda, Maryland, USA), the color area 

percent of Sirius red stained collagen fibers, PAS positive substances, 
COX-2 positive immune reaction, and iNOS positive immune reaction 
were determined in five different fields from five distinct sections of 
differing rats in each group, at × 400 magnifications. The data was also 
statistically analyzed.

2.6 Transmission electron microscopy

All groups provided small (1 mm3) liver tissue samples for both 
ultrathin and semithin sectioning. The specimens underwent a 24-
hour immersion in 2.5%  phosphate-buffered gluteraldehyde (pH 7.3), 
followed by a 2-hour postfixation in 1% OSO4, and a dehydration process 
using varying amounts of alcohol. The specimens were submerged in 
propylene oxide and then placed in epoxy resin. 1 micron thick sections 
were stained with 0.5% toluidine blue and then examined under a light 
microscope. Ultrathin scale sections (Thickness of 50 nm) were cut, put 
on nickel grids, and colored with both lead citrate and uranyl acetate 
(Helal et al., 2013). The Regional Mycology and Biotechnology Center 
at Al-Azhar University in Cairo, Egypt, used TEM (JEOL1010 EX II, 
Japan) to examine and take pictures of specimens.

2.7 Statistical analysis

The mean ± SD of the data was reported. GraphPad Prism (version 
8, GraphPad Software, Inc., USA) was used for statistical analysis of 
the obtained results. To assess and identify differences between the 
groups, a one-way ANOVA test was also performed, which was followed 
by Tukey's post hoc analysis. P<0.05 was chosen as the threshold for 
statistically significant differences.

3. Result

3.1 Phytochemical analysis of MOE:

Fig. 1 displays components of MOE from an HPLC study. The 
retention duration and percentage areas are displayed. Furthermore, 
the chromatogram shows large peaks such as glycerine, gallic acid, 
hexadecanoic acid, and oleic acid, but no minor peaks are seen.

Overall results showed MSG administration led to significant liver 
dysfunction, oxidative stress, inflammation, histological changes, and 
ultrastructural abnormalities. Both RT and MOE treatments significantly 
reduced these MSG-induced alterations. Biochemical analysis showed 
decreased levels of liver enzymes (ALT, AST), reduced oxidative 
stress markers (MDA), and increased antioxidant activity (SOD, CAT). 
Histological and immunohistochemical analyses revealed reduced 
inflammation and improved liver structure, while electron microscopy 
confirmed the protective effects at the cellular level.

3.2 Oxidative stress and antioxidant enzyme activity markers:

When compared to the CNT group, the MSG group's level of lipid 
peroxidation products, as determined by MDA levels, was considerably 

Fig. 1. HPLC components of MOE as glycerine, gallic acid, hexadecanoic acid, and oleic 
acid. HPLC: High-performance liquid chromatography, MOE: Moringa oleifera extract.
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higher (P<0.05). The MDA levels in the RT+MSG and MOE+MSG groups 
were significantly lower (P<0.05) than those in the MSG group (Fig. 
2a). Furthermore, there was a noteworthy (P<0.05) increase in NO 
levels in the MSG group relative to the CNT group. In contrast to the 
MSG group, the RT+MSG and MOE+MSG groups showed a significant 
(P<0.05) drop in NO levels (Fig. 2b). Additionally, GSH levels in the 
RT+MSG and MOE+MSG groups were considerably greater (P<0.05) 
than in the MSG group, although lower (P<0.05) GSH levels were found 
in the MSG group compared to the CNT group (Fig. 2c). The significant 
suppression of GPx, GR, CAT, and SOD activities (P<0.05) in the MSG 
group relative to the CNT group showed the cells' antioxidant capacity. 
The co-administration of Rutin and MOE rose (P<0.05) the liver's levels 
of the enzymes GPx, GR, CAT, and SOD in comparison to the MSG-only 
treatment (Fig. 2d-g) respectively.

3.3 Inflammatory markers:

MSG treatment brings about significant increase (P<0.05) in 
inflammatory reactions of TNF-α plus IL-1β in hepatic tissues relative 
to the CNT group. Otherwise, the co-administration of Rutin and MOE 
showed significantly reduced (P<0.05) TNF-α plus IL-1β values tested 
in relation to the MSG group (Fig. 2h and i).

3.4 Apoptosis markers:

MSG significantly (P<0.05) reduced the anti-apoptotic marker Bcl-2 
in liver tissues as compared to the CNT group. However, Bcl-2 levels in 
the RT+MSG and MOE+MSG groups were significantly higher (P<0.05) 
than in the MSG group (Fig. 3a). In comparison to the CNT group, the 
MSG group's hepatic tissues showed significantly higher levels (P<0.05) 
of the pro-apoptotic marker Bax (Fig. 3b). In addition, the Bax levels in 
the RT+MSG and MOE+MSG groups were significantly lower (P<0.05) 
than in the MSG group. Additionally, compared to the CNT group, 
MSG demonstrated a significant increase (P<0.05) in caspase-3 levels. 
However, compared to the MSG group, the RT+MSG and MOE+MSG 
groups showed a substantial perceptible drop (P<0.05) in caspase-3 

levels (Fig. 3c). These results demonstrated that rutin and MOE had an 
anti-apoptotic effect in rats given MSG.

3.5 Liver function markers:

There was a marked increase (P<0.05) in readings of hepatic 
functions including ALT, AST, and total bilirubin levels among the 
MSG group in contrast to the CNT group. However, the RT+MSG and 
MOE+MSG groups showed a significant decrease (P<0.05) in the hepatic 
function readings in contrast to the MSG group (Fig. 4).

Table 1 outlines the role of RT and MOE on biochemical analyses 
including oxidative stress, inflammation, apoptosis, and liver function 
in MSG-intoxicated rats.

3.6 Liver histopathology:

The CNT group's liver sections displayed the typical histoarchitecture 
of the liver, with flat Kupffer cell-lined sinusoidal gaps between 
plates of hepatocytes extending from the central vein (Fig. 5a). 
Severe histopathological alterations were observed in the MSG group, 
including confined inflammation, dilated congested portal veins, 
marked dilatation of the hepatic sinusoids, growth in the bile duct walls, 
thick portal arteries, and Kupffer cell proliferation. In addition, a large 
number of tiny, broken-up pyknotic nuclei and apoptotic cells were 
seen (Fig. 5b). The aforementioned modifications in the MSG group 
were lessened in the RT+MSG and MOE+MSG groups (Fig. 5c and d).

3.7 Collagen deposition and glycoprotein content in liver:

Masson trichrome staining of CNT hepatic tissue revealed normal 
collagen fiber content and distribution surrounding the central vein and 
hepatic parenchyma (Fig. 6). In addition, the MSG group demonstrated 
a considerable increase (P<0.05) of dense collagen, especially around 
the portal vein and in the portal area (Figs. 6 and 7). RT+MSG and 
MOE+MSG groups demonstrated a considerable decrease (P<0.05) of 

Fig. 2. The impact of RT and MOE on oxidative stress (a-g) and inflammatory markers (h-i) in male rats' hepatic tissues caused by MSG. (a) MDA level, (b) NO level, (c) GSH level, 
(d) GPx activity, (e) GR activity, (f) CAT activity, (g) SOD activity, (h) TNF-α level, (i) IL-1β level. Mean ± SD (n = 5) is represented by each value. a P < 0.05 against the CNT rats 

and b P < 0.05 against the MSG group. RT: Rutin, MOE: Moringa oleifera extract, MSG: Monosodium glutamate, MDA: Malondialdehyde, NO: Nitric oxide, GSH: Glutathione, GP: 
Glutathione peroxidase,  GR: Glutathione reductase, CAT: Catalase, SOD: Superoxide dismutase; SD: Standard deviation. CNT: Control, TNF: Tumor necrosis factor, IL: Interleukin

(a)

(a)

(d)

(g)

(b)

(e)

(h)

(c)

(f)

(i)
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Fig. 3. The impact of RT and MOE on MSG-induced apoptosis in male rats' hepatic tissues. (a) Bcl-2 level, (b) Bax level, and (c) Caspase-3 activity. Mean ± SD (n = 5) is 
represented by each value. a P < 0.05 against the CNT rats and b P < 0.05 against the MSG group. RT: Rutin, MOE: Moringa oleifera extract, MSG: Monosodium glutamate, CNT: 

Control group, SD: Standard deviation. 

Fig. 4. The impact of RT and MOE on MSG-induced abnormalities in liver function in rat serum. (a) ALT activity, (b) AST activity, and (c) total bilirubin level. The values 
represent the mean ± SD (n = 5). a P < 0.05 against the CNT rats and b P < 0.05 against the MSG group. RT: Rutin, MOE: Moringa oleifera extract, MSG: Monosodium glutamate, 

ALT: Alanine aminotransferase, AST: Aspartate aminotransferase, CNT: Control group, SD: Standard deviation. 

Table 1.  
Role of RT and MOE on some biochemical markers of liver in MSG- intoxicated rats.

Parameters CNT MSG RT+MSG MOE+MSG

MDA level (nmol/mg protein) 3.124±0.407 6.444±0.550a 4.435±0.474ab 5.184±0.595ab

NO level (nmol/mg protein) 1.916±0.277 4.356±0.631a 2.647±0.434b 3.009±0.441ab

GSH level (mmol/mg protein) 0.866±0.108 0.588±0.050a 0.910±0.105b 0.894±0.109b

GPx activity (µmol/mg protein) 4.398±0.261 1.797±0.044a 3.003±0.412ab 2.738±0.377ab

GR activity (µmol/mg protein) 1.611±0.352 0.758±0.165a 1.382±0.349b 1.460±0.335b

CAT activity (U/mg protein) 1.918±0.295 0.895±0.066a 1.574±0.245b 1.424±0.314ab

SOD activity (U/mg protein) 49.941±4.839 29.384±7.358a 52.283±11.831b 44.573±3.285b

TNF-α level (pg/mg protein) 40.901±5.618 97.636±9.573a 65.963±5.194ab 72.946±11.750ab

IL-1β level (pg/mg protein) 38.119±5.250 88.501±5.864a 55.745±8.266ab 59.555±6.398ab

Bcl-2 level (ng/mg protein) 1.385±0.154 0.680±0.064a 1.165±0.319b 1.130±0.126b

Bax level (ng/mg protein) 0.646±0.127 1.481±0.194a 0.924±0.115ab 1.084±0.136ab

Caspase-3 activity (U/mg protein) 0.662±0.088 1.485±0.306a 1.007±0.159b 1.131±0.153ab

ALT activity (U/L) 41.792±6.094 80.360±7.226a 57.720±8.043ab 65.268±9.234ab

AST activity (U/L) 42.322±5.242 89.244±7.047a 58.392±5.587ab 66.364±9.796ab

Total Bilirubin level (mg/dl) 0.921±0.186 1.936±0.208a 1.289±0.258b 1.542±0.190ab

The values represent the mean ± SD (n = 7). a P < 0.05 vs. CNT rats, b P < 0.05 vs. MSG group. RT: Rutin, MOE: Moringa oleifera extract, MSG: Monosodium glutamate, CNT: Control 
group, MDA: Malondialdehyde, NO: Nitric oxide, GSH: Glutathione, GPx: Glutathione peroxidase, GR: Glutathione reductase, CAT: Catalase, SOD: Superoxide dismutase ALT: 
Alanine aminotransferase, AST: aspartate aminotransferase, SD: Standard deviation, TNF: Tumor Necrosis Factor.

collagen amount and distribution in contrast to the MSG group (Figs. 
6 and 7).

PAS-stained liver from the CNT group showed normal glycoprotein 
content in hepatic tissues (Fig. 8), and while in the MSG group, there 
was a considerable drop (P<0.05) of glycoprotein content in many 
hepatocytes contrasted to the CNT group (Figs. 7 and 8). RT+MSG and 
MOE+MSG groups revealed a notable increase (P<0.05) of Pas-positive 
material contrasted to the MSG group (Figs. 7 and 8).

3.8 COX-2 & iNOS immunohistochemistry:

Immunohistochemical observations of COX-2 and iNOS in the 
liver of the CNT group showed a mild reaction limited to hepatocytes 
surrounding the sinusoidal lining plus the central vein (Fig. 9 and 10, 
respectively). While the MSG group showed extensive COX-2 and iNOS 
immunostained hepatocytes, particularly close to the central vein and 
around the sinusoidal lining (Fig. 9 and Fig. 10) respectively. RT+MSG 
and MOE+MSG groups showed few COX-2 and iNOS immunopositive 

hepatocytes interspersed with numerous unstained normal cells 
(Figs. 9 and 10), respectively. Area percent of anti-COX-2 and anti-
iNOS was markedly elevated (P<0.05) in the MSG group compared 
to the CNT group. But after treatment  with RT and MOE, the area 
percent of COX-2 and iNOS immuno-positive hepatocytes decreased 
significantly  (P<0.05) (Fig. 7), respectively. Table 2 demonstrated the 
impact of RT and MOE on the area% of collagen fibers, PAS positive 
reaction, anti-COX-2 positive immunoreaction, and anti-iNOS positive 
immunoreaction in MSG-intoxicated rats.

3.9 Transmission electron microscopy:

Normal hepatic structures were clearly visible in sections investigated 
with TEM in the CNT group; in the MSG group, hepatocytes with 
pyknotic nuclei, many vacuoles, and numerous enlarged mitochondria 
were seen (Fig. 11). The ultra-structural alterations of the hepatocytes 
were improved in rats treated with RT and MOE; rounded mitochondria 

(a)

(a)

(b)

(b)

(c)

(c)
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Fig. 5. Light photomicrographs of hepatic tissues from tissues from rats of the study 
groups. (a) The CNT group revealed the typical structure of the liver, with hepatocyte 
(H) plates extending from the central vein (CV), separated with sinusoidal spaces (S) 
that lined with flat Kupffer cells (KC). (b) MSG group showed marked dilatation of 

hepatic sinusoids (S), Kupffer cell (KC) proliferation, focal inflammation (star), dilated 
congested portal veins (PV), infiltration of inflammatory cells (IC) in the vicinity of the 

portal areas, large portal arteries (PA), and proliferation in the bile duct (BD) walls. 
In addition, apoptotic hepatocytes and several tiny, broken pyknotic nuclei were seen 
(black arrows). (c) The RT+MSG-treated group ameliorated the above changes. (H), 
(CV), (S), and (KC) are seen as normal. (d) The MOE+MSG-treated group showed no 
visible lesions. (H), (CV), (S), (KC) are clearly seen. RT: Resveratrol treatment, MSG: 
Monosodium glutamate, MOE: Morin oil extract, H&E: Hematoxylin and eosin. (H&E 

stain, scale bar = 50 µm) (40x magnification).

Fig. 6. Light photomicrographs of collagen fibers in hepatic tissues from tissues 
from rats of the study groups. (a) The CNT group showed normal collagen amount 
and distribution around the central vein (CV) and in liver parenchyma (arrows). 

(b) MSG group showed increased content of dense collagen, especially around the 
portal vein (PV) alongside the portal area (arrow). (c) RT+MSG-treated group showed 
normal collagen amount and distribution around the central vein (CV) and in hepatic 
parenchyma (arrows). (d) MOE+MSG-treated group showed normal collagen amount 

and distribution surrounding the central vein (CV) as well as its liver parenchyma 
(arrows). RT: Resveratrol treatment, MSG: Monosodium glutamate, MOE: Morin oil 

extract. (Sirius red stain, scale bar = 50 µm) (40x magnification).

with barely noticeable cristae were restored, and the nuclei and 
cytoplasm returned to nearly normal levels (Fig. 11).

The current investigation showed that consumption of RT as well 
as MOE caused the liver's histology and ultrastructure to significantly 
improve in the MSG group, as well as a considerable reduction in liver 
damage. The biochemical and microscopic action of rutin and MOE on 
MSG-induced liver damage was examined in this research. The MSG 
group had pyknotic hepatocytes with leukocyte infiltration, sinusoidal 
dilatation, kupffer cell proliferation, an inflammatory portal area, and 
elevated collagen fibers within the liver. PAS positivity in hepatocyte 
cytoplasm diminished in the presence of the MSG group. That group 
had a higher proportion of COX-2 and iNOS-positive cells. The 
treatment with RT and MOE resulted in considerable improvements of 
histopathological injury and biochemical markers.

4. Discussion

In this study, MDA levels rose, although antioxidant enzymes 
(SOD, catalase, and GSH) were notably lower in the MSG group. 
Other toxicants accumulating in the liver as well as testicles have been 
related to similar outcomes (Ijaz et al., 2021). As stated by Singh and 
Ahluwalia, 2012, changes in cellular redox status, H2O2 generation, SOD 
depletion, and damage to cell membranes are all caused by an elevation 
in MDA concentrations as a reaction to MSG-triggered ROS creation 
(Singh and Ahluwalia, 2012). As mentioned by Khayal et al., 2018, 
MSG may trigger hepatotoxicity; this data suggests that MSG generates 
oxidative stress, which can be damaging to a variety of tissues (Khayal 
et al., 2018). Elbassuoni et al., 2018 gave rats an oral dose of 35 mg/
kg of MSG for a duration of two weeks. The researchers discovered an 
upsurge in ALT, AST, and MDA concentrations in the liver (Elbassuoni 
et al., 2018). Farombi and Onyema, 2006 treated albino wister rats 
with 4 mg/gram MSG for 10 days. In his investigation, the liver tissues 
exhibited a drop in GSH levels and an increase in SOD levels (Farombi 
and Onyema, 2006). The study uncovered that MSG supplementation 

(a)

(a)

(b)

(b)

(c)

(c)

(d)

(d)

Fig. 7. Area percentage of some parameters in hepatic tissue among the study 
groups: (a) collagen fiber content, (b) PAS +ve reaction, (c) anti-COX-2 +ve 

expression, and (d) anti-iNOS +ve expression. Each bar value represents mean ± SD 
(n = 5). a P < 0.05 versus the CNT rats, b P < 0.05 versus the MSG group. RT: Rutin, 
MOE: Moringa oleifera extract, MSG: Monosodium glutamate, CNT: Control group, PAS: 

Periodic acid schiff, iNOS: Inducible nitric oxide synthase, COX-2:Cyclooxygenase-2 
and SD: SD: Standard deviation. 

(a) (b)

(c) (d)

Fig. 8. Light photomicrographs of PAS-positive material (glycogen) in hepatic tissues 
from rats of the study groups. (a) The CNT group displayed typical PAS-positive 

cytoplasmic material. (b) In several hepatocytes, the MSG group displayed reduced 
PAS+ve materials. (c) The group treated with RT+MSG exhibited enhanced PAS-
positive material. (d) MOE+MSG-treated group showed almost restoration of the 

PAS+ve materials (PAS, scale bar = 50 µm) CNT: Control group, MSG: Monosodium 
glutamate, RT: Resveratrol treatment, MOE: Morin oil extract, PAS: Periodic acid-schiff 

staining. (40x magnification).

(a) (b)

(c) (d)
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Table 2.  
Effect of RT and MOE on histo-morphometric of liver in MSG-intoxicated rats.

Parameters CNT MSG RT+MSG MOE+MSG

Area % of collagen 
fibers

3.128±0.771 10.612±1.377a 4.260±0.741b 4.356±0.912b

Area % of PAS + ve 
reaction

47.364±2.708 23.478±2.324a 40.778±2.480ab 39.778±2.021ab

Area % of 
anti-COX-2 +ve 
immunoreaction

7.138±0.994 25.538±1.828a 12.652±1.741ab 12.220±1.772ab

Area % of anti- iNOS 
+ve immunoreaction

16.486±1.330 26.580±1.657a 19.188±0.887ab 18.970±1.197ab

The values represent the mean ± SD (n = 7).  a P < 0.05 vs. CNT rats; b P < 0.05 vs. MSG 
group. RT: Rutin, MOE: Moringa oleifera extract, MSG: Monosodium glutamate, CNT: 
Control group, PAS: Periodic acid schiff, COX-2:Cyclooxygenase-2, iNOS:Inducible 
nitric oxide synthase, SD: Standard deviation.

Fig. 11. Electron micrographs of hepatic tissues from CNT rats (a and b) and MSG 
rats (c and d). (a and b): The CNT group displayed an ordinary hepatocyte (H) 

with rounded-shaped euchraomatic nuclei (N), large-sized nucleoli (n), rounded 
mitochondria (m), rough endoplasmic reticulum cisternae (r), small dark lysosomes (l), 
and a tight junction (j) with the adjacent cell. (c and d): The MSG group demonstrated 

distorted hepatocytes (H) with pyknotic nuclei (N) with condensed chromatin, 
vacuolized swelling mitochondria (m) with damaged cristae, tiny lysosomes (l), tight 
junctions (j), and many cytoplasmic vacuoles. (e-f): The rutin-treated group had more 
or less normal hepatocytes (H) with normal nuclei (N) with big nucleoli (n), rounded 

mitochondria (m) containing indistinct cristae, cisternae of rough endoplasmic 
reticulum (r), small dark lysosomes (l), and a tight junction (j) with the surrounding 
cell. (g-h): The MOE-treated group seemed almost normal (H), with a normal nucleus 
(N) with large nucleoli (n), rounded mitochondria (m) containing indistinct cristae, 

cisternae of rough endoplasmic reticulum (r), small dark (l), bile canaliculi (BC), and 
a tight junction (j) between the cells. (Scale bar = 2 µm). CNT: Control group, MSG: 
Monosodium glutamate, H: Hepatocytes (liver cells), BC: Bile canaliculi MOE: Morin 

oil extract.

(a) (b)

(c)

(e)

(g)

Fig. 9. Light photomicrographs of anti-COX-2 immunostained liver of rats from the 
study groups. (a) The CNT group showed minimal tissue immunoreactivity limited 
to hepatocytes in the vicinity of the sinusoidal lining and central vein. (b) The MSG 

group showed extensive immunostained hepatocytes, especially around the sinusoidal 
border and the central vein. (c) The RT+MSG-treated group revealed several 

unstained normal cells mixed with a small number of immunopositive hepatocytes. 
(d) The MOE+MSG-treated group revealed a significant drop in the quantity and 

density of immunostained cells. CNT: Control group, MSG: Monosodium glutamate, 
RT: Resveratrol treatment, MOE: Morin oil extract, COX-2: Cyclooxygenase-2, Anti-
COX-2 Immunostain: Anti-Cyclooxygenase-2 immunohistochemistry staining. (Anti-

COX-2 immunostain, scale bar = 50 µm) (40x magnification).

(a) (b)

(c) (d)

Fig. 10.  Light photomicrographs of anti-iNOS immunostained liver of rats from the 
study groups. (a) The CNT group showed minimal tissue immunoreactivity limited to 
hepatocytes in the vicinity of the central vein alongside the sinusoidal lining. (b) The 
MSG group showed extensive immunostained hepatocytes, especially near the central 

vein and around the sinusoidal lining. (c) The RT+MSG-treated group revealed several 
unstained normal cells mixed with a small number of immunopositive hepatocytes. (d) 
The MOE+MSG-treated group revealed a significant drop in the quantity and density 

of immunostained cells. CNT: Control group, MSG: Monosodium glutamate, RT: 
Resveratrol treatment, MOE: Morin oil extract, iNOS: Inducible nitric oxide synthase, 
Hepatocytes: Liver Cells, Anti-iNOS Immunostain: Anti-inducible nitric oxide synthase 

immunohistochemistry staining. (anti-iNOS immunostain, scale bar = 50µm) (40x 
magnification).
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increased TNF-α, IL-1, and COX2 levels. As stated by Jiang et al. (2018), 
COX2 serves as an inducible enzyme that contributes to inflammation 
of the tissues. NF-κB regulates genes of inflammatory mediators such as 
TNF-α along with COX2, which play an essential part in tissue injury 
(Yi et al., 2007). The current research noticed that the MSG group 
had higher levels of apoptotic indicators such as BCl-2, Bax, and Cas-
3. Over-activation of apoptosis in cases with liver illness can harm 
hepatocytes, while inhibiting apoptosis can cause hepatocyte growth 
and transformation (Wu et al., 2014). Pavlovic et al., 2007 found that 
the percent of the number of apoptotic cells in the MSG group increased 
significantly in a dose-dependent way as compared to the normal CNT 
group (Pavlovic et al., 2007). The present research discovered that rats 
given MSG had considerably greater levels of liver function indicators 
(ALP, ALT, and AST) than the CNT group. These outcomes confirm 
the research by Onyema et al., 2006, who discovered MSG-triggered 
hepatocyte destruction as well as elevated AST and ALT levels (Onyema 
et al., 2006). Toxic chemicals, such as MSG, enter hepatic tissue 
through cellular membrane interactions plus membranous transporters 
that are identified in the cell membranes of hepatic endothelial cells 
at sinuosoids (DelRaso et al., 2003). These toxins impair the function 
of liver antioxidant enzymes, thereby leading to localized oxidative 
stress along with ROS production (Noor et al., 2022). Production of 
ROS raises lipid peroxidation, damages proteins, DNA, and lipids, and 
ultimately leads to oxidative stress in general (Jomova and Valko, 
2011). This affects the activity of numerous enzymes, bringing the 
liver's metabolism into balance (Begic et al., 2017). MSG's cytotoxic 
action causes significant increases in AST and ALT, along with GGT 
levels, owing to liver cell death (Shukry et al., 2020). This causes the 
formation of ROS and hepatic stress; this causes the peroxidation of 
lipids and the breakdown of hepatic cells, followed by an increase in 
hepatic enzymes (Tawfik and Al-Badr, 2012).

The present investigation determined that tissue sections from 
the CNT group had normal hepatic structure, including polygonal 
hepatocytes with conspicuous round nuclei, appropriate Kupffer 
cell architecture, eosinophilic cytoplasm, and the positioning of the 
hepatic sinusoids in regions where the hepatic cords diverge. The MSG 
experimental group showed some apoptotic hepatocytes with pyknotic 
nuclei, dilatation of hepatic sinusoids, kupffer cell proliferation, and 
inflammatory infiltrates in the portal region, dilated congested portal 
vein, thick portal artery, and overgrowth within the bile duct wall. Such 
findings supported those of Eweka et al., 2011, which discovered that 
MSG provokes the central hepatic vein to widen, in contrast to the CNT 
group. The effect of the toxic chemical within the liver might reflect the 
atrophic change along with deterioration shown in that research. The 
hepatic tissue of the untreated MSG group contains a large number of 
necrotic and inflammatory cells (Eweka et al., 2011).  In the present 
investigation, there was a decline in PAS positive reactions in the 
MSG group associated with a decreased glycogen level, as well as an 
increase in collagen fibers in the periportal area. The investigators 
discovered that MSG damaged the hepatocyte cell membrane with 
tiny plus pyknotic nuclei, together with a notable rise in vacuole 
formation of hepatocytes and a decrease in PAS-positive responses 
caused by glycogen concentration in hepatocytes (Bhattacharya et al., 
2011). In the instance of the MSG group, tissue from the liver showed 
hemorrhagic necrosis, broken collagen fibers, and inflammation (Waer 
and Edress, 2006). Cytoplasmic damage with many vacuoles was 
seen in liver cells following MSG i.p. injection in rats (Ortiz et al., 
2006). MSG-induced tissue damage in many organs has been linked 
to oxidative stress (Hajihasani et al., 2020). ROS may impact several 
liver-specific cells, resulting in fibrosis. High ROS production in cells 
of the liver triggers cell death. As a result, numerous intermediaries: 
in Kupffer and Ito cells, the production of transforming growth factor 
beta and tumor necrosis factor alpha results in an inflammatory and 
fibrotic response. The current investigation found that the MSG group 
had a statistically significant rise in iNOS immune expression compared 
to the CNT group. Induction of iNOS has been associated with elevated 
levels of reactive nitrogen molecules. Blood sinusoids seemed dilated, 
with endothelial cells being far apart from surrounding hepatocytes. 
This might be described as lipid peroxidation; this changes the plasma 
membrane and disrupts it in a variety of type of cells, particularly 
endothelial cells. Likewise, the dilated blood sinusoids may be caused 

by the higher iNOS levels seen in our study. Elevated iNOS induce an 
upsurge in NO production, which produces sinusoidal vasodilation 
(Vakkala et al., 2000).

This research found that MSG-intoxicated rats had impaired 
liver ultrastructure, as seen by cytoplasmic vacuolation, enlarged 
mitochondria, along with pyknotic nuclei. Hepatocyte vacuolation can 
be defined as a cellular defense mechanism against harmful chemicals 
(Dorreia a. Zaghlol and Hanaa a. Abdel-Naeim, 2018). These vacuoles 
collect hazardous substances and prevent them from compromising 
with the cells' basic functioning (Cheville, 2009). Al-Mosaibih, 2013 
reported that pyknosis along with karyolysis of hepatocyte nuclei could 
be attributable to a decrease in functional efficiency (Al-Mosaibih, 
2013). Other investigations also found histological changes in the liver 
of MSG-treated experimental mice (Waer and Edress, 2006; Nakanishi 
et al., 2008). The hepatocytes in this study have enlarged mitochondria 
with disintegration or damage to their cristae. Khalaf and Arafat, 
2015 found similar outcomes in MSG-treated rats' thyroid follicular 
cells (Khalaf and Arafat, 2015). A study discovered that hepatocyte 
vacuolation became more evident after rats received a 75-day MSG 
injection around the central vein (Bhattacharya et al., 2011). According 
to a different study, these vacuoles are essential for gathering toxic 
materials and keeping them from interfering with the normal function 
of these cells (Cheville, 2009). A study further said that vacuolation 
could be caused by a disruption in the cell's ionization, resulting in the 
absorption of water and salt, and cellular enlargement. The results of 
this study are in line with those of a prior investigation that discovered 
many ultrastructural abnormalities in the liver, including vesiculated 
rough endoplasmic reticulum, degenerated mitochondria with poorly 
defined cisternae, and cytoplasmic vacuolation (Osman et al., 2012).

The study indicated that administering RT alongside MSG decreased 
the peroxidation of lipids in the liver sections of treated rats compared 
to those in the MSG group. Rutin's mode of action included the 
inhibition of LPO plus its capacity to remove free radicals. Ma et al., 
2018 discovered that rutin may prevent liver damage in mice through 
regulation of the activities of CYP450 and antioxidant enzymes (Ma 
et al., 2018). According to research by Magalingam et al., 2013, RT 
inhibits peroxidation of lipids in vitro and raises antioxidant enzyme 
levels to decrease oxidative stress (Magalingam et al., 2013). Just 
recently, Erdogan et al., 2015 found that RT treatment boosted tissue 
SOD and GPx activity (Erdogan et al., 2015). This action might be 
attributed to RT's superoxide anion scavenging activity, which boosts 
the body's natural defense system and lowers glutathione levels while 
raising levels of a number of internal antioxidant enzymes (Nakamura et 
al., 2000). According to Nafees et al., RT's hepatoprotective properties 
are associated with increased antioxidant enzyme activity (Nafees et 
al., 2015). RT's medicinal promise stems from its antioxidant, anti-
inflammatory, antiallergenic, and antiangiogenic characteristics (Park 
et al., 2014). RT oral treatment may protect against paclitaxel-induced 
harm to the liver and cytotoxicity by enhancing the antioxidant defense 
system, lowering oxidative stress, along with apoptosis (Ali et al., 2023). 
It can reduce CCl4-induced liver damage by blocking TNF-α and NF-κB 
along with COX-2 pathways (Domitrović et al., 2012). According to 
Khalil et al., 2021, TNF-α activates NF-κB through the canonical route, 
leading to increased expression of inflammatory response genes (Khalil 
et al., 2021). In rats treated with carbon tetrachloride, RT decreased the 
levels of IL-6 as well as TNF-β in the liver (Lee et al., 2013). It was also 
discovered to drastically lower caspase-3 immunopositivity in rats that 
underwent treatment 5-FU. (Gelen et al., 2017). In light of Hozayen 
et al., 2014, RT pretreatment may safeguard the liver from doxorubicin's 
hepatotoxic effects by reducing increased ALP, ALT, and AST activities 
(Hozayen et al., 2014). This is due to rutin's hepatoprotective properties 
(Abdel-Ghaffar et al., 2019). The current investigation demonstrated 
that livers from the MSG group had lower levels of Bcl-2 content than 
the CNT group. So, the current findings imply that Bcl-2 protein has a 
significant role in MSG-induced apoptosis in rat hepatocytes. There is 
a considerable increase in Bcl-2 protein content following RT therapy 
as compared to the MSG group. The results revealed that RT can 
reduce MSG-triggered apoptosis in the liver tissue of male rats via the 
mitochondrial route. Various studies have indicated that RT has a liver-
protective effect. Patil et al., 2013 demonstrated that pre-treatment of 
gamma-irradiated mice with RT for five days successivelyi exhibited 



Almohawes et al. Journal of King Saud University - Science 2025 37 (1) 1582024

9

radioprotective potential and increased the animals' survival. This 
protective impact might be linked to many mechanisms and involves 
managing intracellular levels of antioxidants, anti-lipid peroxidative 
actions, as well as free radical scavenging capacity (Patil et al., 2013). 
RT can be utilized as an adjuvant medication to reduce hepatic 
adverse effects associated with methotrexate therapy in many different 
therapeutic settings (Erdogan et al., 2015). Glutathione (GSH) levels 
were markedly increased by rutin treatment, as was the involvement 
of the antioxidant defense system, which includes catalase (CAT), 
superoxide dismutase (SOD), and glutathione peroxidase (GPx), in 
addition to liver function tests like alanine aminotransferase (ALT), 
alkaline phosphatase (ALP), and aspartate aminotransferase (AST).

Moringa oleifera leaves contain variable phytochemicals, including 
tannins, saponins, alkaloids, carotenoids, flavonoids, polyphenols, and 
phenolic acids. According to Ghimire et al., 2021, the leaves' antioxidant 
qualities are also attributed to the high concentration of beta-carotene, 
chlorogenic acid, kaempferol, and quercetin (Ghimire et al., 2021). It 
has been observed that giving MOE to experimental rats dramatically 
lowers MDA levels in oxidative stress caused by acetaminophen; MOE 
caused a significant (p<0.05) increase in catalase activity (Sharifudin 
et al., 2013). It inhibited the cellular changes brought on by MSG 
by raising the concentrations of both non-enzymatic (GSH, GST) 
and enzymatic (SOD, CAT) antioxidants, as well as decreasing MDA 
activity in liver tissues. The findings of this investigation are in line 
with those of Uma et al., 2010, who discovered that Moringa oleifera 
counteracted the hepatotoxic impact of paracetamol by increasing 
and enhancing the action of antioxidant enzymes, hence enhancing 
hepatic antioxidant status (Uma et al., 2010). Furthermore, our 
findings are consistent with those of Sharifudin et al., 2013, who 
examined whether MOE might counteract the hepatotoxic outcomes 
of acetaminophen using rat models (Sharifudin et al., 2013). As per 
the current study's findings, four weeks of co-administration allowed 
MOE, which functions as a ROS scavenger, to reverse the oxidative 
damage linked to MSG-induced liver degeneration. Moringa oleifera is 
a part of the Moringaceae plant family and possesses potent antioxidant 
qualities. Numerous therapies are linked to Moringa oleifera, such 
as those for diabetes, cancer, inflammation, oxidative free radicals, 
high blood pressure, lipoprotein elevation, along with inflammation 
(Stohs and Hartman, 2015). By focusing on free radicals and oxidants, 
Moringa oleifera appears to have a protective impact on cell membrane 
permeability, which may be shown in the reduction of raised AST and 
ALT levels (Onyema et al., 2006). According to Upadhyay et al., 2015, 
there was a substantial protective impact of Moringa oleifera's ethanolic 
floral extract on the liver. This notable outcome was primarily 
ascribed to the extract's high flavonoid content, specifically quercetin. 
Furthermore, hepatoprotective Moringa oleifera has characteristics 
as proven by AST, ALP, and ALT level reduction (Upadhyay et al., 
2015). According to Alhakmani et al., 2013, this species' anti-
inflammatory properties are its most intriguing traits (Alhakmani et 
al., 2013). According to Ibrahim et al., 2024’s laboratory findings, 
Moringa oleifera significantly (p < 0.05) inhibited pro-inflammatory 
mediator levels (TNF and IL-1B) and notably increased the levels of 
anti-inflammatory cytokines (IL-10, IL-6, and COX-2) in both treated 
groups (Ibrahim et al., 2024). Thus, it is hypothesized that Moringa 
oleifera has a positive anti-inflammatory array and can inhibit the 
induction and spread of the bodily release of inflammatory mediators. 
In the meantime, the CNT group had very little COX-2 expression. 
The group that consumed MSG nevertheless showed significant 
dye expression. The imaging analysis of both dyes' area fractions 
revealed the suppressed immunoreactivity in the Moringa oleifera 
extract. Furthermore, because COX-2 is a recognized producer of 
prostaglandins, the inhibition of COX-2 expression via MO extracts 
suggested that these substances have anti-inflammatory properties 
(Al-Rasheed et al., 2017). According to Yamamoto and Gaynor, 2001, 
oxidative stress triggers the generation of markers of inflammation 
by inflammatory cells, which subsequently fosters the production of 
COX-2 and iNOS, as well as inflammatory cytokines such as TNF-α, 
IL-1b, and IL-6 (Yamamoto and Gaynor, 2001). In lipopolysaccharide-
induced macrophages, research by Arulselvan et al., 2016 revealed 
that extract derived from Moringa oleifera leaves may decrease the 

growth of COX-2, iNOS, and TNF-α, along with IL-1-β (Arulselvan et 
al., 2016).

5. Conclusion

In conclusion, RT and MOE protect the liver from MSG-induced 
damage through anti-inflammatory, anti-apoptotic, and antioxidant 
mechanisms, as confirmed by biochemical, histological, and 
ultrastructural evidence. There are potential limitations of the study, 
such as the short duration of the study and use of only male rats, 
which may affect the generalizability of the results. This study gave 
pharmacological insight into the possible utility of RT and MOE in 
treating common medical diseases due to their antioxidant capabilities, 
raising the likelihood of clinical applicability. However, more research 
into its pharmacotoxicity is required before clinical recommendations 
can be given. 
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