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A B S T R A C T   

Methylmercury (MeHg+) is a known neurotoxin that causes progressive motor neuron degeneration in the 
central nervous system. Axonal degeneration, oligodendrocyte degeneration, and myelin basic protein (MBP) 
deficits are among the neuropathological abnormalities caused by MeHg+ in amyotrophic lateral sclerosis (ALS). 
This results in demyelination and motor neuron death in both humans and animals. Previous experimental 
studies have confirmed that overexpression of the extracellular signalling regulated kinase (ERK1/2) signalling 
contributes to glutamate excitotoxicity, inflammatory response of microglial cells, and oligodendrocyte (OL) 
dysfunction that promotes myelin loss. Alpha-mangostin (AMG), an active ingredient obtained from the tree 
"Garcinia mangostana Linn," has been used in experimental animals to treat a variety of brain disorders, 
including Parkinson’s and Huntington’s disease memory impairment, Alzheimer’s disease, and schizophrenia, 
including Parkinson’s disease and Huntington’s disease memory impairment, Alzheimer’s disease, and schizo
phrenia. AMG has traditionally been used as an antioxidant, anti-inflammatory, and neuroprotective agent. 
Accordingly, we investigated the therapeutic potential of AMG (100 and 200 mg/kg) in experimental rats with 
methylmercury (MeHg+)-induced neurotoxicity. The neuroprotective effect of AMG on behavioural, cellular, 
molecular, and other gross pathological changes, such as histopathological alterations in MeHg+ -treated rat 
brains, is presented. The neurological behaviour of experimental rats was evaluated using a Morris water maze 
(MWM), open field test (OFT), grip strength test (GST), and force swim test (FST). In addition, we investigate 
AMG’s neuroprotective effect by restoring MBP levels in cerebral spinal fluid and whole rat brain homogenate. 
The apoptotic, pro-inflammatory, and oxidative stress markers were measured in rat blood plasma samples and 
brain homogenate. According to the findings of this study, AMG decreases ERK-1/2 levels and modulates 
neurochemical alterations in rat brains, minimising MeHg+ -induced neurotoxicity.   

1. Introduction 

Methylmercury (MeHg+) is a mono cationic electrophilic neurotoxin 
that damages the central nervous system’s motor neurons and sensory 
neurons [1,2]. Long-term exposure to MeHg+ poisoning in different 
human populations causes distal sensory problems, constriction of visual 
fields, ataxia, dysarthria, auditory difficulties, and tremors [3]. 

MeHg+ -induced ALS model causes demyelination and motor neuron 

death characterised by oligodendrocyte destruction, white matter 
degeneration, and a decrease in myelin basic protein (MBP) [4,5]. 

The experimental model of ALS induced by MeHg+ in rats permits 
researchers to investigate ALS pathophysiological pathways, but it may 
also open a path for future therapy for ALS patients [6,7]. In-vitro and 
in-vivo studies show that tissue accumulation of MeHg+ alters the 
ERK-1/2 signalling pathway [8–10]. Importantly, MeHg+ has been 
shown to trigger the production of endogenous TDP-43 inclusions [11], 
which are one of the primary causes of ALS pathogenesis [12]. ALS is a 
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neurodegenerative disorder in which motor neurons in the brain cortex, 
brain stem, and spinal cord gradually die [13–15]. Within 3–5 years, 
ALS produces muscle weakening and atrophy, which leads to respiratory 
failure and death. There are two kinds of ALS: sporadic (95%) and fa
milial (5%), both of which are linked to the degradation of cortical and 
spinal motor neurons [16]. Motor neuron degeneration is a pathological 
feature of the disease, with loss of both upper and lower motor neurons. 
MeHg+ -induced ALS complications include progressive limb weakness, 
respiratory insufficiency, stiffness, hyperreflexia, and bulbar symptoms 
such as dysarthria, dysphagia, and tongue fasciculations [17]. In ALS 
patients, mutant proteins such as TDP-43, SOD-1, C9orf-72, and FUS 
were found in the cytoplasm of diseased neurons [18–20]. A Nature 
Video, Inside ALS: The neurons behind the disease (See: https://www. 
youtube.com/watch?v=xrIjFVMliOQ) catches beautifully not only the 
complexity of this disease but also points to the opportunities that are 
worthy of pursuit. 

The extracellular signal-regulated kinase (ERK-1/2) signalling 
pathway plays a vital role in the pathogenesis of ALS [21–24]. ERK-1/2 
is a critical pathway in the segmentation of oligodendrocytes (OLs) and 
the synthesis of myelin [25]. Several in-vivo and in-vitro studies have 
shown that elevated ERK-1/2 expression induces OLs dysfunction, 
which leads to motor neuron and Schwann cell impairment [26–28]. 

The ERK-1/2 signalling pathway governs the mitochondria- 
dependent system and works upstream to stimulate apoptosis in 
neuronal cells [29]. Activation of ERK-1/2 boosts the inflammatory 
system by activating glial cells, and it has also been linked to many 
immunological abnormalities associated with cognition disorders in ALS 
[30–33]. 

According to multiple studies, persistent ERK-1/2 signalling 
pathway overactivation is also reported in many disorders such as Par
kinson’s disease (PD) [34], Alzheimer’s disease (AD) [35], Huntington’s 
disease (HD) [36], cerebral ischaemia [37], cancer, and asthma [38,39]. 
The expression of ERK-1/2 in astrocytes of SOD1G93A mice has been 
associated with motor neuron dysfunction (MND) [40]. Furthermore, 
ERK-1/2 activation results in the generation of neuroinflammatory cy
tokines such as IL-1β and TNF-α [41,42]. Furthermore, ERK1/2 activa
tion has been connected to glutamate excitotoxicity mediated by 
microglia and astrocytes [43]. The ERK-1/2 pathway is essential for the 
future therapy of various disorders, including cancer and NDs [44]. 
PD98059 and U0126 were the first ERK-1/2 inhibitors used in treating 
cancer cells [45,46]. The novel ERK-1/2 inhibitors were identified, such 
as PD0325901 [47], selumetinib [48], and erlotinib [49], for the 
treatment of neurological disease. Trametinib’s ability to downregulate 
the ERK-1/2 signalling pathway as a therapeutic therapy for ALS has 
been investigated at the Phase I level (https://clinicaltrials.gov/ct2/sh 
ow/NCT04326283). USFDA approved the two drugs, riluzole, and 
edaravone, for the symptomatic treatment of ALS. Riluzole protects 
neuronal cells from glutamate excitotoxicity by inhibiting glutamate 
receptors [50,51]. Edaravone has been developed as a potential ROS 

scavenger [52,53]. Several novel therapeutic approaches are being 
explored, leading to more successful treatment in the coming days. 
Alpha-mangostin (AMG) is a xanthone isolated from the pericarp berries 
and bark of the mangostin tree (Garcinia mangostana Linn.), also known 
as “the queen of berries”. The AMG has neuroprotective [54], 
anti-oxidant [55], anti-inflammatory [56], and antibacterial properties 
[57]. AMG inhibits the overactivation of the ERK-1/2 signalling 
pathway [58]. It has been shown to have protective effects in the 
treatment of Alzheimer’s disease [59], Parkinson’s disease [54], Hun
tington’s disease [60], memory impairment [61], and schizophrenia 
[62]. 

The ERK-1/2 signalling pathway is active in multiple biological ac
tivities, including cell proliferation, gene expression, locomotion, 
development, and cellular damage [39,63]. Recent research has linked 
alterations in the ERK-1/2 signalling pathway to the development of ALS 
and related neuro-complications.This study investigates the neuro
protective effects of AMG on several biological samples, including rat 
blood plasma, brain homogenate, and CSF. The suppression of ERK-1/2 
signalling by AMG may reduce and delay the development of the ALS 
condition, acting as a preventive treatment against ALS. Based on the 
above, the MeHg+ model was utilised to develop ALS in rats. It shows 
motor and behaviour impairment, dysregulation of cellular and molec
ular pathways, neuronal death, and alterations. The current study 
investigated the neuroprotective effects of AMG as an ERK-1/2 inhibitor 
in rats treated with MeHg+. 

2. Materials and methods 

2.1. Experimental animals 

A total of 36 animals were used in this study. Six groups of animals 
were randomly assigned (n = 6 for each sex group). Adult Wistar rats 
aged six months and weighing an average of 250–300 g were obtained 
from the Central Animal House of the ISF College of Pharmacy in Moga, 
Punjab, India. The animals were housed in an acclimatised room 
maintained at a 22–25 ◦C with a 12-hour light/dark cycle and free access 
to food and water. The Institute for Animal Ethics Committee (IAEC), ISF 
College of Pharmacy, Moga, Punjab, India, approved project 816/PO/ 
ReBiBt/S/04/CPCSEA as IAEC/CPCSEA/M 28/2020/Protocol No.464, 
following the guidelines provided by the government of India. The study 
is reported following ARRIVE guidelines. Animals were acclimatized to 
laboratory conditions before experimentation. 

2.2. Drugs and chemicals 

MeHgCl was purchased from Sigma–Aldrich (St. Louis, MI, USA). 
BAPEX, New Delhi, India, provided an ex-gratia sample of AMG. All of 
the other chemicals used in the experiment were of analytical grade. The 
drug and chemical solutions were freshly prepared before use. AMG 

Nomenclature 

Ach Acetylcholine 
AchE Acetylcholinesterase 
ALS Amyotrophic lateral sclerosis 
AMG alpha-mangostin 
AD Alzheimer disease 
CNS Central nervous system 
CSF Cerebrospinal fluid 
ELISA Enzyme linked immunosorbent assay 
ERK-1/2 Extrcellular signalling regulated kinase-1/2 
GABA Gamma-aminobutyric acid 
Glu Glutamate 

GSH Glutathione 
HD Huntington disease 
IL-1beta Interleukin-1beta 
LDH Lactate dehydrogenase 
MeHg+ Methylmercury 
MBP Myelin basic protein 
MDA Malondialdehyde 
MND Motor neuron disorder 
OL Oligodendrocyte 
PD Parkinson disease 
RT-PCR Reverse transcription polymerase chain reaction 
SOD Superoxide dismutase 
TNF-alpha Tumour necrosis factor-alpha  
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dissolved in 0.1% CMC and administered orally [58]. 

2.3. Protocol schedule of animal experimentation 

The study lasted a total of 42 days from start to finish. MeHg+ was 
administered orally from the first to the twenty-first day. From the 21st 
day of the experiment until the end of the schedule, AMG is administered 
continuously. The experiment was not blinded, and the researchers were 
well-known in terms of animal care. From the first through the 42nd 
day, various behavioural assessments were performed. The 36 animals 
were divided into six groups each at randomly. Group 1 normal control, 
Group 2 vehicle control(0.1% CMC from day 22 to day 42), Group 3 
AMG200 perse (from day 22 to day 42), Group 4 MeHg+ (from day 1 to 
day 21), Group 5 MeHg+ (from day 1 to day 21)+AMG100 (from day 22 
to day 42), Group 6 MeHg+ (from day 1 to day 21)+ AMG200 (from day 
22 to day 42). Behavioural parameters such as the open field test (OFT), 
Morris water maze (MWM), and forced swim test (FST) were performed 
on specific days. On day 43rd, animals were deeply anaesthetised with 
sodium pentobarbital (270 mg/ml, i.p.) and transcardially perfused with 
ice-cold PBS (0.1 M) for biochemical, inflammatory, and neurochemical 
analysis of the rat’s brain. The protocol for the experiment is summar
ised in (Fig. 1). 

2.4. MeHg+ -induced experimental model of ALS 

According to our laboratory findings, we successfully developed an 
animal model of MeHg+ -induced ALS-like neurobehavioural and 
neurochemical changes in adult wistar rats. The adult Wistar Rats were 
given MeHg+ via oral gavage at a dose of 5 mg/kg daily for 21 days. 
According to our laboratory previous research, MeHg+, a potent 
neurotoxin capable of rapidly permeating neural tissue, was shown to be 
identical to ALS signs and symptoms, as well as neurochemical changes 
[5–7]. As a result, MeHg+ was employed to study behavioural and 
neurochemical alterations in rats in this research. 

2.5. Parameters assessed 

2.5.1. Measurement of weight variations 

2.5.1.1. Measurement of body weight. The rats were weighed on the 1st, 
7th, 14th, 21st, 28th, 35th, and 42nd days using a standard digital 
balance. The animals were usually weighed between 10:30 a.m. and 1 p. 
m. to eliminate diurnal variations [64]. 

2.5.1.2. Measurement of ratio of brain/body weight. The brain/body 

weight ratios were measured at the end of the experimental protocol to 
evaluate the relationship between brain weight and body weight. The 
rats’ heads were removed from their bodies through an incision behind 
the occipital bone [65]. At the foramen magnum, the brain was sepa
rated from the spinal cord. The rats’ skulls were carefully removed, and 
the brains were extracted following this procedure; the fresh brain was 
weighed without the olfactory bulb. 

2.5.2. Behavioural parameters 

2.5.2.1. Morris water maze task. Animal’s spatial learning and memory 
were examined in a Morris water maze on the protocol schedule’s 39th, 
40th, 41st, and 42nd days. It was composed of a circular water tank 
(180 cm diameter, 60 cm height) filled to a depth of 40 cm with water 
(25 ± 1 ◦C) (Siddiqui et al. [145]). A non-toxic water-dispersible 
emulsion was utilised to make the water opaque. Starting points were 
chosen at four evenly spaced spots around the pool’s edge (North, South, 
East, and West), dividing the pool into four quadrants. A 10-cm-dia
meter escape platform was placed in the pool, 2 cm below the water’s 
surface. The escape platform was positioned in the middle of one of the 
pool’s randomly selected quadrants and remained in that position 
throughout the experiment (northeast for this study). 

Before the training began, the rats were permitted to swim freely in 
the pool for 120 s without a platform. Each trial had a ceiling time of 
120 s and a trial interval of approximately 120 s. Animals received a 
training session consisting of 4 trials per session (once from each starting 
point) for four days (day 1, 2, 3, and 4) before the final trial, i.e., on the 
39th, 40th, 41st 42nd day according to the protocol schedule. The ani
mals remained on the hidden platform for 30 s after climbing onto it 
before moving on to the next trial. If the rat did not find the hidden 
platform within the maximum duration of 120 s, it was gently placed on 
it and permitted to stay there for the same time. TSTQ (time spent in the 
target quadrant zone) was also measured in order to find the hidden 
platform. A probing test (day 42nd) was performed 24 h following the 
acquisition phase by removing the platform. Rats were permitted to 
swim freely in the pool for 120 s, during which time the time spent in the 
target quadrant, which previously housed the hidden platform, was 
recorded. The time spent in the target quadrant showed the degree of 
memory consolidation following learning [66–68]. 

2.5.2.2. Grip strength test. The grip strength test examines neuromus
cular activity, measured as maximum muscle strength in the forelimbs 
and combined forelimbs and hind limbs. The apparatus consisted of a 
metal bar connected to a force transducer. The rats evaluate these by 
gripping a grid-connected to a sensor. Rats are kept on the tail and 

Fig. 1. Experimental protocol schedule.  
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observed to the unit Kgf before gripping a handle on both sides. Rats 
were pulled back gently until they let go of the handle. Grip intensity 
was checked four times during the protocol schedule on the 1st, 22nd, 
32nd, and 42nd days [69]. 

2.5.2.3. Forced swim test. The FST is the most common preclinical 
method for assessing antidepressant operation. Due to its simplicity, 
consistency across laboratories, and ability to detect a wide range of 
antidepressant agents, this assay is widely used as a model of antide
pressant activity. The immobility time was recorded on the 21st, 28th, 
35th, and 42nd treatment days. Each animal was examined in the cyl
inder for five minutes. The time spent by the rat making only minor 
motions to keep its heads above water level and the latency to float and 
floating durations were all recorded. Rats were forced to swim in an 
unavoidable condition during the forced swim experiment. After a 
prolonged attempt, the animal becomes immobile or just moves to keep 
his head above water, and this test’s immobility suggests a state of 
despair [70,71]. 

2.5.2.4. Open field test. An OFT is an experimental test designed to 
evaluate the locomotor activity and anxiety-like behaviour. After pre
paring the apparatus, a single rat was placed at the centre of the area; 
time was immediately started, and exploratory activity was allowed for 
5 min. The silence was maintained throughout the testing process. 
Following the completion of the test, the rat was returned to its cage. 
Rats have observed crossing lines (the number of crossed segments with 
four paws) and rearing for five minutes, and the locomotive activity 
indicator was used. The open-field test was repeated five times on the 
1st, 11th, 21st, 31st, and 41st days of treatment [6]. 

2.5.3. Neurochemical parameters 

2.5.3.1. Collection and preparation of biological samples. Adult Wistar 
rats’ cerebrospinal fluid (CSF) and blood plasma were collected on day 
43 [71]. The experiment was carried out to evaluate neurochemicals, 
antioxidants, apoptotic and molecular markers. First, animals were 
anaesthetised with sodium pentobarbital (270 mg/ml, i.p.), then, 2.5 ml 
of blood was collected from anaesthetised rats through retro-bulbar 
puncture from the orbital venous plexus and a capillary tube inserted 
medially into the rat’s eye. Blood from the plexus was collected using 
capillary action through gentle rotation and retraction of the tube into a 
sterile eppendorf tube containing EDTA. The plasma was separated from 
freshly collected blood samples by centrifugation at 10,000g for 15 min, 
and the supernatant was carefully preserved in a deep freeze (at − 80 ◦C) 
for future use. 

Before the CSF collection, the fur on the rat’s neck area was removed 
with an Oster clipper. After that, the anaesthetised rat was mounted in a 
stereotaxic frame and supported with ear bars. The animal’s head was 
held at a 45◦ angle downward. A needle attached to a syringe was 
inserted horizontally and centrally into the cisterna magna [72]. 
Approximately 100–150 µL of CSF sample was slowly drawn into the 
syringe [73,74]. To evaluate cellular markers and MBP, the sample was 
stored at − 80 ◦C until the experiments. 

Animals were decapitated immediately after blood and CSF collec
tion, and the brains were collected with ice-cold PBS (0.1 M) followed 
by PBS for biochemical analysis of the brain. Individual fresh brains 
were weighed before gross pathology and brain sectioning. The brain 
tissue was placed in a 3–4 vol cold homogenisation buffer per tissue 
volume, and the mixture was transferred to the homogeniser. Using a 
mechanical shear homogeniser, homogenise the tissue 3–4 times for 
20–30 s each, pausing for 10–15 s between each homogenisation. Cell 
debris and other particulate matter were removed from the homogenate 
by centrifugation at 10,000 g for 10–20 min at 4 ◦C, and the homoge
nate was preserved at − 80 ◦C until the experiments [75]. 

2.5.4. Measurement of cellular and biochemical marker 

2.5.4.1. Estimation of ERK-1/2 levels. The ERK-1/2 levels are deter
mined using ELISA commercial kits (E-EL-H1698; Elabsciences, Wuhan, 
Hubei, China). This test was performed according to the standard pro
cedure on CSF samples and rat brain homogenate. The values are 
expressed as pg/ml protein [58,76]. 

2.5.4.2. Estimation of myelin basic protein (MBP) levels. ELISA com
mercial kits (E-EL-R0642/MBP; Elabsciences, Wuhan, Hubei, China) 
measure myelin basic protein concentration. This test was performed on 
the brain homogenate and Cerebrospinal fluid (CSF) as per the given 
standard procedure. The values are expressed as µg/mg protein in brain 
homogenate and µg/L in the CSF sample [6]. 

2.5.4.3. Assessment of caspase-3, Bcl-2, and bax levels. Apoptotic 
markers such as caspase-3 [77,78], Bax [79], and Bcl-2 [80] were 
evaluated following instructions provided by ELISA test kits 
(E-EL-R0160/Caspase-3; E-EL-R0098/Bax/Bcl2Elabsciences, Wuhan, 
Hubei, China) in homogenate and blood plasma. 

2.5.5. Neurotransmitter’s evaluation 

2.5.5.1. Measurement of glutamate and GABA levels. The quantitative 
analysis of the tissue samples was carried out according to Rajdev et al. 
Glutamates and gamma-aminobutyric acid (GABA) [81] were quantified 
after derivation with OPA/β-ME (o-phthaldihyde/β-mercaptoethanol). 
The neurotransmitter values were expressed as ng/mg protein in brain 
homogenate [82]. 

2.5.5.2. Estimation of acetylcholine (Ach) levels. A kit for detecting 
acetylcholine was used (E-EL-R0355; ELabSciences, Wuhan, Hubei, 
China). Samples and all reagents were produced following the kit’s in
structions. The optical density of the reaction mix was evaluated in the 
microtiter plate at 540 nm. The neurotransmitter concentration in the 
supernatant was measured in nanograms per milligram of protein [58, 
83]. 

2.5.5.3. Measurement of serotonin levels. Using high-performance liquid 
chromatography (HPLC), the concentration of serotonin in tissue ho
mogenate was determined. A pH-acetonitrile sodium citrate buffer was 
used in this movement phase (pH4.5). The buffer contained 10 mmol/l 
citric acid, 25 mmol/l NaH2HPO4, 25 mmol/l EDTA, and 2 mmol/l 
sulphonic acid one heptane. The experimental electrochemical condi
tions varied from 5 to 50 nA and were + 0.75 V. Separation was per
formed at a flow rate of 0.8 ml/min. 20 l of samples were injected 
manually. Brain samples were normalised to 0.2 mol/l perchloric acid 
on the experiment day. The samples were then centrifuged at 12,000 g 
for five minutes. The standard curve has been used to determine the 
standard serotonin concentrations in the range of 10–100 mg/ml [80, 
84]. 

2.5.6. Evaluation of neuroinflammatory cytokines 

2.5.6.1. Assessment of TNF-α and IL-1β levels. To determine the quantity 
of TNF-α [11] and IL-1β [7], a rat tumour necrosis factor- (TNF- α) and 
interleukin-1 (IL-1β) immunoassay kit was utilised (E-EL-R0019/TNF-α; 
E-EL-R0012/IL-1β; ELabSciences, Wuhan, Hubei, China). IL-1β and TNF- 
α are expressed as pg/mg proteins in rat blood plasma and brain 
homogenate. 

2.5.7. Evaluation of oxidative stress markers 

2.5.7.1. Measurement of acetylcholinesterase (AchE) levels. Quantitative 
measurements of AchE activity in brain homogenate were made using 
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the method described in this paper [85]. The test mixture contains 
0.15 ml of supernatant, 0.01 M sodium phosphate buffer (pH = 8), 
0.10 ml of acetyl thiocholine iodide, and 0.10 ml of DTNB (Ellman re
agent). The absorbance change was recorded immediately at 412 nm 
spectrophotometrically. 

2.5.7.2. Assessment of reduced glutathione levels. The concentration of 
GSH in brain homogenate was determined. This method applies to all 
acid-soluble thiols; glutathione accounts for more than 90% of reactive 
thiol groups. The assay is based on reducing 5,5’-dithiobis-(2-nitro
benzoic acid)(DTNB) in water at neutral and alkaline pH by glutathione 
SH groups, which ionise to NTB2-dianion 9 yellow colour. NTB2 was 
quantified using a spectrophotometer, and its absorbance at 450 nm was 
represented as mol/g wet tissue. 0.1 M potassium phosphate pH8.4 
(5.225 g K2HPO4 in 100 ml DDW, pH 8.4, adjusted with 1 N HCl), 
DTNB (0.002%) (2 mg/100 ml of 1% sodium citrate solution), and 
reduced glutathione were used in the estimation process. To prepare the 

standard graph, reduced glutathione was used as the reference standard. 
To 2 ml of 0.1 M potassium phosphate pH8.4, 0.1 ml of standard or 
experimental sample (deproteinized with 10% TCA), 0.5 ml of DTNB, 
and 3 ml of double distilled water were added. After 10 min at room 
temperature, the mixture was measured for absorbance at 45 nm, and 
the GSH content was calculated using a standard graph. Glutathione is 
expressed as a U/mg protein in the tissue homogenate [86]. 

2.5.7.3. Estimation of malondialdehyde (MDA) levels. The level of MDA 
in tissue homogenates was evaluated as a measure of lipid peroxidation. 
Malondialdehyde (MDA) is one of several low molecular weight end 
products of the decomposition of lipid hydroperoxides and is the most 
commonly used indicator of lipid peroxidation. At pH3.5, one molecule 
of malondialdehyde interacts with two molecules of 2-thiobarbituric 
acid (TBA) to create a pink chromagen that is spectrophotometrically 
detected at 532 nm with an extinction coefficient of 156 mM-1 cm-1. The 
estimation was performed using 8.1% SLS (sodium lauryl sulphate), 

Fig. 2. Effect of α-mangostin on body weight in methylmercury-induced neurotoxicity in experimental rats. Statistical analysis followed by two-way ANOVA (post- 
hoc Bonferroni’s test), * p < 0.001 v/s normal control; vehicle control and AMG200 perse; @ p < 0.001 v/s MeHg5; @ # p < 0.001 v/s MeHg5 +AMG100; (n = 6 
rats per group). 

Fig. 3. Neuroprotective effect of α-mangostin on relative brain/body weight ratios in methylmercury-induced neurotoxicity in experimental rats. Statistical analysis 
followed by one-way ANOVA (post-hoc Tukey’s test), * p < 0.001 v/s normal control; vehicle control and AMG200 Perse; @ p < 0.001 v/s MeHg5; @ # p < 0.001 v/ 
s MeHg5 + AMG100; (n = 6 rats per group). 
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20% acetic acid (9.5 ml glacial acetic acid diluted to 50 ml with DDW 
(pH3.5 with 4 N NaOH), and 0.8% aqueous solution of TBA (2-thio
barbituric acid). All reagents were freshly prepared, and 0.2 ml of 8.1% 
SLS, 1.5 ml of 20% acetic acid (pH3.5), and 1.5 ml of 0.8% aqueous 
solution of TBA were added to the 0.2 ml of the experimental sample. 
The volume was increased to 4 ml with double distilled water. Then, in a 
water bath over a hotplate, heat the mixture to 95 ◦C for 60 min to 
generate a light pink colour. Allowing the mixture to cool, the absor
bance at 532 nm was measured spectrophotometrically using a micro
plate reader (Biotek Instruments, Synergy 4, USA). The MDA content 
was calculated using an extinction coefficient of 156 mM-1 cm-1 and 
expressed as nmol/g wet tissue. Finally, the MDA content was deter
mined using the following formula. Lipid peroxides (nmol MDA/g brain 
tissue) = (abs/156) × [total volume (4 ml)/ sample volume 
(0.2 ml)] × dilution factor (10) × 1000). The MDA concentration was 
quantified as U/mg protein [87]. 

2.5.7.4. Measurement of superoxide dismutase (SOD) levels. The super
oxide dismutase (SOD) Assay kit manufactured by Sigma-Aldrich was 
utilised for the quantitative in vitro determination of Superoxide dis
mutase (SOD) in brain tissue. The approach utilised is the colorimetric 
method. SOD assaying by a highly water-soluble tetrazolium salt, WST-1 
(2-(4-Iodophenyl) - 3-(4- nitro phenyl)− 5-(2, 4-disulfophenyl)- 2H- 
tetrazolium, monosodium salt) that produces a water-soluble formazan 
dye upon reduction with a superoxide anion. The rate of the decrease 
with O2 is linearly related to the xanthine oxidase (XO) activity and is 
hindered by SOD, as demonstrated in Fig. 4. Therefore, a colourimetric 
approach can evaluate the IC50 (50% inhibitory activity of SOD or SOD- 
like compounds). The absorbance at 440 nm is proportional to the 
amount of superoxide anion. The SOD activity as an inhibitory activity 
can be assessed by measuring the decrease in colour development at 
440 nm. The amount of SOD is expressed in units per milligram of 
protein (U/mg) [88,89]. 

2.5.7.5. Estimation of nitrite levels. The accumulation of nitrite in the 
supernatant, an indicator of nitric oxide (NO) production, was measured 
using a colorimetric assay with Greiss reagent [0.1% N-(1-naphthyl) 

ethylenediamine dihydrochloride, 1% sulphanialamide, and 2.5% 
phosphoric acid]. After mixing equal volumes of supernatant and Greiss 
reagent, the mixture was incubated for 10 min at room temperature in 
the dark. The absorbance at 540 nm was measured using Perkin Elmer 
Lambda 20 spectrophotometers. The nitrite concentration in the su
pernatant was calculated using a sodium nitrite standard curve and 
expressed as a percentage of the control. The concentration of nitrite in 
the homogenate of the brain is expressed as mM/mg protein [90]. 

2.5.7.6. Estimation of lactate dehydrogenase (LDH) levels. The level of 
LDH was measured using UV spectrophotometric. LDH catalysers lactate 
oxidation while reducing nicotinamide adenine dinucleotide (NAD) to 
NADH [91]. The concentration of LDH is expressed as a U/mg in brain 
homogenate. In supernatant, a lactate dehydrogenase detection kit 
(Coral Diagnostics, Indian) was used to detect LDH levels [82]. 

2.5.7.7. Estimation protein level. The Coral protein estimation kit was 
used to determine the protein content (Biurette method). The reagent is 
used in the biuret protein assay, a colorimetric test that measures protein 
content in rat brain homogenate using UV/visible spectroscopy at 
540 nm. 

2.5.8. Assessment of gross pathology and morphology 
On day 43, the animals were decapitated, and their brains were taken 

for gross pathological examination. After examining the entire rat brain, 
coronal slices were prepared. On glass slides, 2-mm thick sectioned brain 
sections were placed [80]. All brain components were photographed 
with a digital camera (Fujix digital camera, Fujifilm, Japan). The 
demyelination region (mm) of each brain segment was measured using 
MOTICAM-BA310 image plus 2.0 analysis software on the 43rd day of 
the procedure. The conversion of the demyelination region for each 
segment of the coronal brain produced the demyelination volume 
(mm3) [92,93]. On the 43rd day, an imaging evaluation was performed 
to determine each brain region’s demyelination (mm3) size. The damage 
size was determined by estimating the demyelination area in each 2 mm 
thick coronal brain segment [77]. 

Fig. 4. Neuroprotective effect of α-mangostin on escape latency by using morris water maze task in methylmercury-induced neurotoxicity in experimental rats. 
Statistical analysis followed by two-way ANOVA (post-hoc Bonferroni’s test), * p < 0.001 v/s normal control; vehicle control and AMG200 perse; @ p < 0.001 v/s 
MeHg5; @ # p < 0.001 v/s MeHg5 +AMG100; (n = 6 rats per group). 
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2.5.9. Assessment of histopathological changes 
After the experimental regimen was completed, the animals were 

completely anaesthetised with sodium phenobarbital (270 mg/ml, i.p.) 
and sacrificed by decapitation. The cerebral cortex was carefully sepa
rated from the entire brain for histopathological study. The isolated area 
was cleaned and cut into 0.5 cubic cm slices. After further fixation in 4%, 
paraformaldehyde in PBS PH= 7.4 overnight for (8–12 h) at room 
temperature, immersion in 70% ethanol was done. The tissue was stored 
at 37 ◦C until it was embedded in paraffin. The paraffin blocks were 
sliced into 4–5 m thickness using a rotary microtome. Hematoxylin and 
eosin were used to stain the sections, and morphology was examined 
using a fluorescent microscope (Type 102 M; ×100 Magnification). A 
fluorescence microscope was used to count the density of the normal 
neuronal population (Oligodendrocytes, astrocytes, and microglial cells) 
in the cerebral cortex in a blinded fashion using a reticular consolidated 
eyepiece at a magnification of ×100. 

3. Statistical analysis 

To assess the differences between treatment groups, data were ana
lysed using two-way analysis of variance (ANOVA) followed by post-hoc 
Bonferroni’s test, and one-way ANOVA repeated measures followed by 
post-hoc Tukey’s multi comparison test. The body weight and other 
behavioural parameters were analysed using two-way ANOVA. In 
contrast, one-way ANOVA was used to analyze the relative brain-body 
weight ratio, demyelination volume, biochemical parameters, and 
TSTQ analysis. P < 0.001 was considered statistically significant. The 
data was confirmed to be normal, and the sample size was calculated 
using the Kolmogorov Smirnov test to check the normality distribution. 
The statistical analysis was done using GraphPad Prism software version 
5.03 for Windows (GraphPad Software, San Diego, CA, USA). All the 
statistical results are presented as the mean and standard error of mean 
(SEM). 

4. Results 

4.1. Effect of α-mangostin in the restoration of weight variations in 
methylmercury-induced neurotoxicity in experimental rats 

4.1.1. Improvement in body weight after chronic treatment with 
α-mangostin 

Bodyweight was measured on the protocol schedule’s 1st, 7th, 14th, 
21st, 28th, 35th, and 42nd days. There was no statistically significant 
difference between any of the treatment groups on the first day. 
Compared to the normal control, vehicle control, and AMG200 mg/kg 
perse group, MeHg+ treated rats lost weight gradually on the 14th, 21st, 
28th, 35th, and 42nd days. Compared to MeHg+ -treated rats on the 
35th and 42nd days, continued treatment with AMG100 and 200 mg/kg 
resulted in a significant and dose-dependent increase in body weight 
[two-way ANOVA: F (30,180) = 43.24, p < 0.001]. Compared to the 
AMG100 mg/kg treatment group, AMG200 mg/kg showed a significant 
improvement in body weight restoration on days 35 and 42. (Fig. 2). 

4.1.2. Improvement in ratios of brain/body weight after chronic treatment 
with α-mangostin 

The relative brain-body weight ratio was measured on the 42nd day 
of the experiment to investigate the effect of AMG in MeHg+ -treated 
rats. Compared to the AMG perse group, there was no significant dif
ference in the relative brain-body weight ratio between the normal and 
vehicle control groups. The relative brain-body weight ratio was 
significantly lower in the MeHg+ -treated group. Long-term oral AMG 
therapy at 100 mg/kg and 200 mg/kg doses enhanced the relative brain- 
body weight ratio considerably as compared to the MeHg+ -treated ALS 
group [one-way ANOVA: F(5,25) = 0.257, p < 0.001]. AMG200 mg/kg 
was also more effective than AMG100 mg/kg in restoring rats’ relative 
brain-body weight ratio. (Fig. 3). 

4.2. Neuroprotective effect of α-mangostin on behavioural changes in 
methylmercury-induced neurotoxicity in experimental rats 

4.2.1. Improvement in memory and cognition after chronic treatment with 
α-mangostin 

Escape latency time (ELT) was measured on the 39th, 40th, and 41st 
days of the experiment protocol schedule. MeHg+ treated rats showed a 
progressive increase in ELT compared to normal control, vehicle control, 

Fig. 5. Neuroprotective effect of α-mangostin on time spent in the target quadrant (TSTQ) using morris water maze in methylmercury-induced neurotoxicity in 
experimental rats. Statistical analysis followed by one-way ANOVA (post-hoc Tukey’s test), * p < 0.001 v/s normal control; vehicle control and AMG200 Perse; @ 
p < 0.001 v/s MeHg5; @ # p < 0.001 v/s MeHg5 + AMG100; (n = 6 rats per group). 
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and AMG200 perse treated rats. When compared to the MeHg+ treated 
group, prolonged AMG100 mg/kg and AMG200 mg/kg treatment 
significantly reduces ELT [two-way ANOVA: F(10,60) = 15.26, 
p < 0.001]. Compared to the AMG100 mg/kg treated group, AMG200 
mg/kg exhibited an effective decrease in ELT. (Fig. 4). 

The time spent in the target quadrant (TSTQ) was measured on day 
42. TSTQ decreased gradually in MeHg+ -induced ALS animals 
compared to normal controls, vehicle controls, and AMG200 perse. 
When compared to the MeHg+ -treated group, prolonged AMG100 and 
200 mg/kg administration significantly raised TSTQ in the Morris water 
maze task [one-way ANOVA: F(5,25) = 0.369, p < 0.001]. Compared to 
the AMG100 mg/kg treatment group, AMG200 mg/kg was more effec
tive and significantly improved TSTQ on day 42. (Fig. 5). 

4.2.2. Increased locomotion and reduced anxiety after chronic treatment 
with α-mangostin 

Locomotor and rearing behaviour were observed on the treatment 
regimen’s 1st, 11th, 21st, 31st, 34th and 41st days. The number of boxes 
crossed and reared by MeHg+ -induced ALS rats was measured in an 
open field test. Rats given MeHg+ showed a progressive decrease in 
locomotor activity and an increase in rearing activity compared to 
normal vehicle control and AMG200 mg/kg perse treated rats. Pro
longed oral administration of AMG100 and 200 mg/kg significantly 
enhanced locomotor activity [two-way ANOVA: F(20,120) = 58.55, 
p0.001] and decreased anxiety [two-way ANOVA: F(20,120) = 23.80, 
p0.001] as compared to the normal, vehicle control, and AMG200 
treatment groups. Compared to AMG100 mg/kg treated rats, 

Fig. 6. Neuroprotective effect of α-mangostin on locomotion (number of boxes crossed) using open field test in methylmercury-induced neurotoxicity in experi
mental rats. Statistical analysis followed by two-way ANOVA (post-hoc Bonferroni’s test), * p < 0.001 v/s normal control; vehicle control and AMG200 perse; 
@ p < 0.001 v/s MeHg5; @ # p < 0.001 v/s MeHg5 +AMG100; (n = 6 rats per group). 

Fig. 7. Neuroprotective of effect α-mangostin on locomotion (number of rearing per/5 min) using open field test in methylmercury-induced neurotoxicity in 
experimental rats. Statistical analysis followed by two-way ANOVA (post-hoc Bonferroni’s test), * p < 0.001 v/s normal control; vehicle control and AMG200 perse; 
@ p < 0.001 v/s MeHg5; @ # p < 0.001 v/s MeHg5 +AMG100; (n = 6 rats per group). 
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AMG200 mg/kg was more efficacious and significantly improved loco
motion and rearing activities on day 41. (Figs. 6, 7). 

4.2.3. Improved grip strength after chronic treatment with α-mangostin 
The grip strength activity was completed on the protocol’s 1st, 22nd, 

32nd, and 42nd days. No significant difference was discovered between 
normal control, vehicle control, and AMG perse group on the first day. 
MeHg+ -treated rats had considerably lower grip strength force on the 
22nd day than the normal control, vehicle control, and AMG200 perse 
group. Compared to MeHg+ -treated ALS rats, animals treated with 
AMG100 mg/kg and 200 mg/kg on the 32nd and 42nd day improved 

grip strength force considerably and dose-dependently [two-way 
ANOVA: F(15,90) = 337.7, p0.001]. Compared to AMG100 mg/kg 
treated rats, AMG200 mg/kg was more effective and significantly 
enhanced grip strength on day 42. (Fig. 8). 

4.2.4. Reduced depression-like behaviour after chronic treatment with 
α-mangostin 

Immobility time was measured using a forced swim test on the 21st, 
28th, 35th, and 42nd days of the experimental schedule. The MeHg+
-treated ALS rats exhibited depressive-like behaviour compared to the 
normal control, vehicle control, and AMG200 perse treated ra and 

Fig. 8. Neuroprotective effect of α-mangostin on grip strength test in methylmercury-induced neurotoxicity in experimental rats. Statistical analysis followed by two- 
way ANOVA (post-hoc Bonferroni’s test), * p < 0.001 v/s normal control; vehicle control and AMG200 perse; @ p < 0.001 v/s MeHg5; @ # p < 0.001 v/s 
MeHg5 +AMG100; (n = 6 rats per group). 

Fig. 9. Neuroprotective effect of α-mangostin on forced swim test (Immobility time) using in methylmercury-induced neurotoxicity in experimental rats. Statistical 
analysis followed by two-way ANOVA (post-hoc Bonferroni’s test), * p < 0.001 v/s normal control; vehicle control and AMG200 perse; @ p < 0.001 v/s MeHg5; @ # 
p < 0.001 v/s MeHg5 +AMG100; (n = 6 rats per group). 
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gradually increased immobility time. Long-term administration of 
AMG100 mg/kg and 200 mg/kg significantly reduced immobility time 
on days 28th, 35th, and 42nd when compared to the normal control, 
vehicle control, and AMG200 perse treatment groups [two-way ANOVA: 
F(15,90) = 19.12, p < 0.001]. AMG200 mg/kg significantly reduced 
immobility score on the 35th and 42nd days compared to AMG100mg/ 
kg treatment group. (Fig. 9). 

4.3. Neuroprotective effect of α-mangostin on neurochemical changes in 
methylmercury-induced neurotoxicity in experimental rats 

4.3.1. Decrease ERK-1/2 level after chronic treatment with α-mangostin 
The level of ERK-1/2 protein in rat brain homogenates and CSF was 

measured at the end of the experiment. ERK-1/2 protein levels were 
significantly higher in MeHg+ -treated rats compared to normal, vehicle 
control, and AMG200 perse-treated rats. The levels of ERK-1/2 protein 

in brain homogenate were considerably and dose-dependently 
decreased by oral administration of AMG100 mg/kg and 200 mg/kg 
[one-way ANOVA: F(5,25) = 0.157, p < 0.001] and CSF samples [one- 
way ANOVA: F(5,25) = 0.675, p < 0.001] compared to MeHg+
treated group. AMG200 mg/kg was more efficient than AMG100 mg/kg 
in reducing ERK-1/2 protein in brain homogenate and CSF. (Fig. 10). 

4.3.2. Restoration in myelin basic protein level after chronic treatment with 
α-mangostin 

An ELISA kit measured Myelin basic protein (MBP) in rat brain ho
mogenate and CSF. Compared to the control, vehicle, and AMG200 mg/ 
kg perse treated groups, long-term oral administration of MeHg+ to rats 
substantially reduced MBP levels in brain homogenate and increased 
CSF samples. Continued oral administration of AMG at doses of 100 mg/ 
kg and 200 mg/kg substantially elevated the amount of MBP protein in 
brain homogenate [one-way ANOVA: F(5,25) = 1.040, p < 0.001] and 

Fig. 10. Neuroprotective effect of α-mangostin on ERK-1/2 and myelin basic protein level in methylmercury-induced neurotoxicity in experimental rats (a-d). 
Statistical analysis followed by one-way ANOVA (post-hoc Tukey’s test), * p < 0.001 v/s normal control; vehicle control and AMG200 Perse; @ p < 0.001 v/s 
MeHg5; @ # p < 0.001 v/s MeHg5 + AMG100; (n = 6 rats per group). 

R. Sahu et al.                                                                                                                                                                                                                                    



Toxicology Reports 9 (2022) 977–998

987

decreased in CSF samples [one-way ANOVA: F(5,25) = 0.778, 
p < 0.001] compared to MeHg+ treated rats. Compared to the 
AMG100 mg/kg treatment group, AMG200 mg/kg significantly 
increased MBP restoration in brain homogenate and CSF. (Figs. 10a to 
d). 

4.3.3. Decreased caspase-3, Bax, and increased Bcl-2 levels after chronic 
treatment with α-mangostin 

At the end of the study, the levels of apoptotic markers Caspase-3, 
Bax, and Bcl-2 in rat brain homogenate and blood plasma. Compared 
to normal, vehicle control, and AMG200 mg/kg perse-treated rats, 
MeHg+ -treated rats had significantly higher caspase-3, Bax, and lower 
Bcl-2 levels in brain homogenate and blood plasma. In brain homoge
nate, oral administration of AMG at dosages of 100 mg/kg and 200 mg/ 
kg significantly decreased caspase-3 [one-way ANOVA: F(5,25) =
0.392, p < 0.001], Bax [one-way ANOVA: F(5,25) = 1.174, p < 0.001], 
and increased Bcl-2 [one-way ANOVA: F(5,25) = 0.825, p < 0.001]. 

After the study, the apoptotic markers Caspase-3, Bax, and Bcl-2 in 
rat brain homogenate and blood plasma were measured. MeHg+
-treated rats had significantly higher caspase-3, Bax, and lower Bcl-2 
levels in brain homogenate and blood plasma when compared to 
normal, vehicle control, and AMG200 mg/kg perse-treated rats. Oral 
treatment of AMG at 100 mg/kg and 200 mg/kg significantly lowered 
caspase-3 [one-way ANOVA: F(5,25) = 0.392, p < 0.001], Bax [one- 
way ANOVA: F(5,25) = 1.174, p < 0.001], and raised Bcl-2 [one-way 
ANOVA: F(5,25) = 0.825, p < 0.001] in brain homogenate. (Figs. 11a to 
f). 

4.3.4. Restoration of neurotransmitter level after chronic treatment with 
α-mangostin 

Neurotransmitter levels in rat brain homogenate were measured at 
the end of the experiment, including GABA, serotonin, acetylcholine, 

and glutamate. MeHg+ -ALS rats observed a significant decrease in 
GABA, acetylcholine serotonin, and an enhanced glutamate level in the 
brain homogenate compared to normal control, vehicle control, and 
AMG200 perse treated rats.Chronic oral treatment of AMG100 mg/kg 
and 200 mg/kg substantially and dose-dependently increases GABA 
[one-way ANOVA: F(5,25) = 0.888, p < 0.001], acetylcholine [one-way 
ANOVA: F(5,25) = 0. 895, p < 0.001], serotonin [one-way ANOVA: F 
(5,25) = 2.691, p < 0.001], and decreases glutamate [one-way ANOVA: 
F(5,25) = 1.617, p < 0.001] When compared to the AMG100 mg/kg 
treated group, the AMG200 mg/kg group significantly restored neuro
transmitter levels (Figs. 12a to d). 

4.3.5. Restored neuroinflammatory levels after chronic treatment with 
α-mangostin 

To explore the therapeutic effect of AMG in MeHg+ -treated rats, we 
measured the levels of neuroinflammatory biomarkers such as TNF-α 
and IL-1β in rat brain homogenate, and blood plasma. TNFα - and IL-1β 
levels in blood plasma and brain homogenate were considerably greater 
in MeHg+ -treated rats than in normal controls, vehicle controls, and 
AMG200 mg/kg perse group. Long-term oral treatment with AMG100 
mg/kg and 200 mg/kg for 21 days reduced TNF-α [one-way ANOVA: F 
(5,25) = 1.119, p < 0.001] and IL-1β levels [one-way ANOVA: F 
(5,25) = 1.369, p < 0.001] in brain homogenate, as well as decreased 
TNF-α [one-way ANOVA: F(5,25) = 0.248, p < 0.001] and IL-1β [one- 
way ANOVA: F(5,25) = 0.450, p < 0.001] level in blood plasma. 

TNF- and IL-1 levels were considerably lower in the AMG200 mg/kg 
group compared to the AMG100 mg/kg group in whole-brain homoge
nate and blood plasma. TNF- and IL-1 levels in whole brain homogenate 
and blood plasma were significantly lower in the AMG200 mg/kg group 
than in the AMG100 mg/kg group (Figs. 13a to d). 

Fig. 11. Neuroprotective effect of α-mangostin on caspase-3, Bax, and Bcl-2 levels in methylmercury-induced neurotoxicity in experimental rats (a-f). Statistical 
analysis followed by one-way ANOVA (post-hoc Tukey’s test), * p < 0.001 v/s normal control; vehicle control and AMG200 Perse; @ p < 0.001 v/s MeHg5; @ # 
p < 0.001 v/s MeHg5 + AMG100; (n = 6 rats per group). 
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4.3.6. Restored antioxidants levels after chronic treatment with 
α-mangostin 

The oxidative stress indicators AchE, MDA, LDH, GSH, SOD, and 
nitrite, were measured in whole rat brain homogenate. In comparison to 
the normal control, vehicle control, and AMG200 perse group, oral 
treatment of MeHg+ rats resulted in significantly lower SOD and GSH 
levels, as well as elevated AchE, MDA, LDH, and nitrite levels in brain 
homogenate. The oral administration of AMG100 mg/kg and 200 mg/kg 
decreased level of AchE [one-way ANOVA: F(5,25) = 1.175, p < 0.001], 
MDA [one-way ANOVA: F(5,25) = 1.280, p < 0.001], LDH [one-way 
ANOVA: F(5,25) = 0.567, p < 0.001], and nitrite [one-way ANOVA: F 
(5,25) = 6.166, p < 0.001] and increased the level of SOD [one-way 
ANOVA: F(5,25) = 0.873 p < 0.001]and GSH [one-way ANOVA: F 
(5,25) = 1.726, p < 0.001] in MeHg+ treated rats. AMG200 mg/kg 
significantly restored antioxidant levels in brain homogenate compared 
to AMG100 mg/kg treatment group. (Figs. 14a to f). 

4.4. Neuroprotective effect of α-mangostin on gross pathological 
evaluation in methylmercury-induced neurotoxicity in experimental rats 

4.4.1. Improvement in whole-brain pathological alterations after chronic 
treatment with α-mangostin 

MeHg+ -treated brain rats displayed morphological abnormalities 
such as changes in size and form, decreased overall brain mass, degen
eration of sulci, motor neurons, and meninges breaking compared to the 

normal control, vehicle control, and AMG200 perse group. Long-term 
oral AMG treatment at doses of 100 mg/kg and 200 mg/kg repaired 
the morphological defects in MeHg+ -treated rats. AMG200 mg/kg had 
a more significant effect than AMG100 mg/kg in treating gross patho
logical abnormalities in MeHg+ -treated rats. (Fig. 15). 

4.4.2. Reduction of pathological changes in brain sections after chronic 
treatment with α-mangostin 

All rats were sacrificed following the behavioural testing, and fresh 
brain sections were separated for morphological examination. Oral 
MeHg+ treatment of rat brain sections revealed a damaged, demyeli
nated zone associated with white matter tissue degeneration, resulting 
in severe damage in the cerebral cortex, basal ganglia, and hippocampus 
tissue compared to normal control vehicle control and AMG200 perse 
treated groups. In MeHg+ -treated rats, chronic AMG100 mg/kg and 
200 mg/kg therapy effectively repaired demyelinated regions and 
reduced pathological alterations. In MeHg+ -treated rats, AMG200 mg/ 
kg was more efficient than AMG100 mg/kg in decreasing pathological 
changes. (Fig. 16). 

4.4.3. Reduced demyelination volume after long term administration with 
α-mangostin 

The normal control, vehicle control, and AMG200 perse groups had 
no statistically significant influence on the size of the demyelination 
area when compared to MeHg+ -treated rats. Long-term oral MeHg+

Fig. 12. Neuroprotective effect of α-mangostin on neurotransmitters level in methylmercury-induced neurotoxicity in experimental rats (a-d). Statistical analysis 
followed by one-way ANOVA (post-hoc Tukey’s test), * p < 0.001 v/s normal control; vehicle control and AMG200 Perse; @ p < 0.001 v/s MeHg5; @ # 
p < 0.001 v/s MeHg5 + AMG100; (n = 6 rats per group). 
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therapy resulted in a significant increase in demyelination volume in 
rats.Chronic AMG100 mg/kg and 200 mg/kg administration signifi
cantly reduced demyelination volume [one-way ANOVA: F(5,25) =
0.270, p < 0.001] when compared to normal, vehicle control, and 
AMG200 mg/kg perse group. Compared to AMG100 mg/kg treated rats, 
AMG200 mg/kg demonstrated a significant and dose-dependent resto
ration and reduction in demyelination volume (Fig. 17). 

4.5. Neuroprotective effect of α-mangostin in methylmercury-induced 
histopathological changes 

The vehicle control, sham control, and AMG perse treated groups all 
had normal morphology of cerebral cortical neurons, as indicated by 
rod-shaped microglial cells, healthy oligodendrocytes, and normal as
trocytes. The MeHg+ group showed oligodendrocyte cell death, 
microglial activation, and increased astrocyte density. AMG observed a 
progressive restoration in the oligodendrocyte cells and a significant 
decrease in the number of astrocytes at a dose of 100 mg/kg. AMG 
200 mg/kg restored oligodendrocyte cell shape while lowering micro
glia and astrocyte activation (Fig. 18). 

5. Discussion 

The current study looks into AMG’s neuroprotective potential in 
MeHg+ -induced rats. MeHg+ is a well-known environmental neuro
toxin that causes oxidative damage and indirect excitotoxicity due to 
altered glutamate metabolism [94]. MeHg+ is an environmental 
neurotoxin; exposure may raise the incidence of neurotoxicities such as 
neurodegenerative diseases and cognitive impairment [95]. The 
MeHg+-cysteine amino acid combination, like methionine amino acid, 
allows oral MeHg+ treatment to enter the CNS. Because MeHg+ is 
lipophilic, it quickly diffuses from the blood into the CNS as a cysteine 
complex across the blood-brain barrier (BBB) via the L-type neutral 
amino acid carrier transport (LAT) system [96]. MeHg+ caused a wide 
range of neurons to become hypoplastic, aberrant, and disoriented, 
indicating that migration, maturation, and growth were disrupted, and 
the resulting MeHg+-treated rat model. It is associated with motor 
function impairment, loss of muscle control, and memory impairment in 
the rat [97]. 

According to clinical, experimental, and epidemiological research, 
mercury may play a critical role in the etiology of ALS [10], as well as 
other neurological disorders such as multiple sclerosis [98] and Alz
heimer’s disease [99]. MeHg+ exposure causes NMDA receptor over
activation, which increases Ca2+ influx into neuronal cells and activates 

Fig. 13. Neuroprotective effect of α-mangostin on amelioration of inflammatory level in methylmercury-induced neurotoxicity in experimental rats (a-d). Statistical 
analysis followed by one-way ANOVA (post-hoc Tukey’s test), * p < 0.001 v/s normal control; vehicle control and AMG200 Perse; @ p < 0.001 v/s MeHg5; @ # 
p < 0.001 v/s MeHg5 + AMG100; (n = 6 rats per group). 
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apoptosis pathways. Ca2+ also influxes in mitochondria, inducing 
reactive oxygen species (ROS) [100]. 

Mutations in SOD-1 protein expression elicited ALS-like symptoms in 
a MeHg+ -induced animal model, such as early signs of hind limb pa
ralysis in mice [101]. This study aims to investigate the neuroprotective 
potential of AMG in MeHg+ -treated rats. Various neurobehavioral tests, 
including cellular and molecular markers, neurotransmitters, apoptotic 
markers, neuroinflammatory cytokine levels, and oxidative stress pa
rameters, were investigated in rat brain homogenate, blood plasma, and 
CSF samples. 

Prolonged oral treatment of AMG at doses of 100 mg/kg and 
200 mg/kg elicited a neuroprotective effect against motor neuron ab
normalities and neurological abnormalities in rats treated with MeHg+. 
According to our findings, MeHg+ -treated rats significantly lost body 
weight and had a lower relative brain-body weight ratio. Furthermore, 
unlike MeHg+ -induced animals, the rats’ bodyweight was significantly 
restored with continued oral AMG therapy. 

The open-field test evaluates locomotor and anxiety-like behaviour 
and confirms the neurological basis of pharmacological target and 
anxiolytic drug screening [102,103]. We used the open-field test to 
examine motor activity and exploratory behaviour changes in rats. The 
MeHg+ exposure reduced the number of boxes crossed and rearings. 
Furthermore, in MeHg+ -treated rats, oral AMG treatment significantly 
reduced motor impairment and anxiety-like symptoms. 

The grip strength experiment was carried out to look at differences in 
neuromuscular abilities in rats [104]. Grip strength is being used as a 
diagnostic tool in the medical field to diagnose motor dysfunctions. 
According to research, there is a link between grip strength and the 
strength of other muscular motions in healthy and unwell people, and it 
is the most effective tool [105,106]. MeHg+ treatment rats had 
considerably reduced muscular function, as seen by decreased locomo
tor activity and a significant loss in grip strength. According to our 

findings, grip strength was significantly reduced in MeHg+ -treated rats. 
In MeHg+ -treated rats, the AMG-treated group significantly improved 
the loss of forelimb and hindlimb grip strength. 

FST is a widely used test in scientific and preclinical research to 
assess the efficacy of antidepressant medications as well as the impact of 
various behavioural and neurobiological changes in rats and mice [107, 
108]. MeHg+ -treated rats in FST exhibited immobility and 
depressive-like behaviour in previous studies [109]. According to our 
findings, long-term AMG therapy reduces immobility and 
depressive-like behaviour in MeHg+ -treated rats, showing that AMG 
has neuroprotective effects on brain function restoration. 

The MWM is a well-known and commonly used behavioural test for 
testing memory and cognitive skills[110]. MWM performance has also 
been connected to long-term potentiation and NMDA receptor activa
tion, making it effective for examining hippocampal function [111]. 
Previous research has demonstrated that MeHg+negatively influences 
synaptic activity, cognition, and memory in preadolescent rats [112]. 
This study aims to investigate the effect of AMG on memory and 
cognitive impairment in MWM. Oral MeHg+ administration signifi
cantly increased ELT and decreased TSTQ in MeHg+-treated rats, 
resulting in severe neuromuscular deficits and cognitive impairments 
[6]. In the current study, continuous AMG therapy restored memory, 
cognitive impairment, and neurological dysfunction in MeHg+-treated 
rats. 

The ERK-1/2 signalling pathway involves essential biological func
tions, including cell proliferation, survival, differentiation, motility, and 
cell death [39]. Previous research has associated ERK-1/2 signalling 
pathway alterations to ALS development and related neuro
complications [38,113]. ALS is characterised by glial cell overactivation, 
oligodendrocyte death, glutamate excitotoxicity, neuroinflammation, 
and neurotransmitter dysfunction caused by abnormal ERK-1/2 signal
ling [114,115]. The effect of AMG on ERK-1/2 signalling was studied to 

Fig. 14. Neuroprotective effect of α-mangostin on ameliorating oxidative stress markers level in methylmercury-induced neurotoxicity in experimental rats (a-f). 
Statistical analysis followed by one-way ANOVA (post-hoc Tukey’s test), * p < 0.001 v/s normal control; vehicle control and AMG200 Perse; @ p < 0.001 v/s 
MeHg5; @ # p < 0.001 v/s MeHg5 + AMG100; (n = 6 rats per group). 
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uncover the cellular and molecular pathways that support AMG’s role in 
neuroprotection. ERK-1/2 levels in rat brain homogenate and CSF were 
measured using an ELISA kit. The oral AMG treatment reduced ERK-1/2 
levels considerably. These findings suggest that AMG can regulate 
ERK/1/2 signalling dysregulation in damaged neuronal cells. 

Oligodendrocytes are neuroglia whose major role in the central 
nervous system nourishes and insulates axons [116]. Myelination is 
primarily defined as the recurrent growth of axons by MBP-produced 
oligodendrocytes. MBP interacts with lipids in the myelin membrane 
to help keep the structure of the myelin stable [117]. A significant 
pathogenic component of ALS pathogenesis is myelin sheath degenera
tion, mediated by a continuous decline in MBP levels. Demyelination has 
been linked to motor dysfunction, neurological difficulties, diminished 
cognitive abilities, and poor nerve impulse conduction [118,119]. 

Neuronal cell death and neurodegenerative illnesses are caused by 
white matter demyelination, which is regarded to be a diagnostic sign of 
ALS. Furthermore, OPCs appear to be disrupted in ALS patients’ brain 
and spinal cords, with demyelination regions indicating oligodendrocyte 
death and abnormal axon remyelination [120-122]. MBP, a myelin 
sheath protein, and monocarboxylate transporter-1 (MCT1) expression 
are significantly reduced, indicating a distinct loss of oligodendrocyte 
function [123,124]. 

The current research found that a 5 mg/kg oral dose of MeHg+
caused significant alterations in MBP concentrations in rat brain ho
mogenate and CSF. In contrast, AMG’s continuous therapy restored 
significantly altered MBP levels in the relevant biological samples. 

According to our findings, AMG may have an essential role in the 
remyelination of axonal neurons and preventing white matter damage 
caused by the MeHg+ neurotoxin in rats. These findings are critical for 
comprehending the relationship between AMG and neuropathogenic 
processes. More research into the molecular pathways that support such 
neuroprotective effects is essential. 

Apoptosis, also known as programmed cell death, is necessary for the 
development of the peripheral and central nervous systems and prolif
erative tissues like the skin, intestinal mucosa, and immune system 
[125]. Many pathogenic mechanisms, including glutamate-mediated 
excitotoxicity and oxidative stress, can impair neuronal function, 
resulting in motor neuron cellular death [126,127]. 

In rat brain homogenate and blood plasma samples, a recent study 
observed that oral MeHg+ administration enhanced pro-apoptotic 
markers such as caspase-3 and Bax while decreasing anti-apoptotic 
markers such as Bcl-2. Our findings show that long-term AMG therapy 
reverses apoptotic markers in rat brain homogenate and blood plasma. 
These promising findings suggest that AMG may delay the progressive 
loss of motor neurons in ALS like a neurodegenerative disease. Neuro
transmitters are generally referred to as the body’s chemical messengers. 
They are the substances that the nervous system uses to interact with 
neurons and muscles [128]. A neurotransmitter impacts neurons in 
three ways: excitatory, inhibitory, or modulatory. An excitatory neuro
transmitter induces the production of electrical impulses known as ac
tion potentials in the neurological system, whereas an inhibitory 
neurotransmitter suppresses it [129]. 

Fig. 15. Neuroprotective effect of α-mangostin on gross pathological changes (Whole brain) in methylmercury-induced neurotoxicity in experimental rats. Normal 
control (b) Vehicle control (c) AMG200 perse (d) MeHg+5 (e) MeHg+5 + AMG100 (f) MeHg+5 + AMG200. 
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Previous research suggests that excitatory and inhibitory neuro
transmitter imbalances may contribute to ALS and other neurological 
abnormalities in rats [130,131]. Park and colleagues previously pro
posed that excitatory neurotransmitters such as glutamate are involved 
in oligodendrocyte or glial cell death and may contribute to white 
matter degeneration [132]. Long-term and dose-dependent therapy of 
AMG rats against MeHg+ -treated rats considerably restored neuro
transmitter levels such as GABA, acetylcholine, serotonin, and gluta
mate in rat brain homogenate. 

Microglial activation accelerates the inflammatory process by 

activating pro-inflammatory cytokines and signalling pathways, result
ing in synaptic damage, neuronal death, and the activation of other 
proinflammatory cytokines [133]. These pro-inflammatory cytokines 
may play a variety of roles in neurodegeneration and neuroprotection, 
including the use of helpful pro-inflammatory cytokines and the regu
lation of damaging pro-inflammatory cytokines produced by microglia 
in neurodegenerative diseases [134]. 

TNF- and IL-1 levels were measured in the brain homogenate and 
blood plasma of MeHg+ -treated rats. Furthermore, long-term AMG 
administration at 100 mg/kg and 200 mg/kg dosages significantly 

Fig. 16. Neuroprotective effect of alpha-mangostin on gross pathological changes (brain section) in methyl mercury-induced neurotoxicity in experimental rats. 
Normal control:- i) Cerebral cortex ii) Hippocampus iii) Basal ganglia (b) Vehicle control (c) AMG200 perse (d) MeHg+5 (e) MeHg+5 + AMG100 (f) 
MeHg+5 + AMG200. Note: Yellow circles are pointing to the site of the brain injury (Scale bar = 2 mm). 

Fig. 17. Neuroprotective effect of α-mangostin on demyelination volume in methylmercury-induced neurotoxicity in experimental rats. Statistical analysis followed 
by one-way ANOVA (post-hoc Tukey’s test), * p < 0.001 v/s normal control; vehicle control and AMG200 Perse; @ p < 0.001 v/s MeHg5; @ # p < 0.001 v/s 
MeHg5 + AMG100; (n = 6 rats per group). 
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reduced TNF- and IL-1 levels in biological samples. An imbalance of 
oxidants and antioxidants in a biological system causes oxidative stress, 
which can be triggered by an excess of reactive oxygen species (ROS) or 
a loss in antioxidant system functioning [135]. Multiple studies in mice 
have connected higher ROS generation to MeHg+ exposure and 
MeHg+ -induced oxidative damage in the presence of MeHg+. The 
binding of MeHg+ to particular thiol-containing proteins may cause 
oxidative stress and mitochondrial membrane loss, contributing to the 
pathogenesis of MND [136,137]. 

The neuroprotective and antioxidant effects of AMG were investi
gated in MeHg+ -induced experimental rats. When rats were subjected 
to ALS-like stimuli, cellular oxidative indicators such as AchE, LDH, 
MDA, and nitrite increased substantially. In contrast, antioxidants such 
as SOD and GSH levels were significantly declined. Chronic AMG 
treatment markedly lowered oxidative stress marker concentrations in 
whole brain homogenates while raising antioxidant levels. However, 
this study implies that AMG may perform an antioxidant effect in 
reducing the incidence of oxidative stress. Furthermore, AMG exhibited 
neuroprotective benefits against MeHg+ -induced gross morphological 
and pathological changes in rat whole brain and brain slices. According 
to our current findings, AMG treatment significantly restored extensive 
morphological deficits throughout the brain and reduced pathogenic 
variations in specific brain regions. 

Furthermore, AMG affected the amount of MBP in damaged neurons. 
Similarly, AMG demonstrated significant dose-dependent increases in 
myelin regeneration and decreased demyelination volume. These find
ings suggest that continuous AMG treatment may be a viable option for 
treating neurodegenerative symptoms associated with demyelinating 
illnesses like ALS [138,139]. 

Previous research has found that the intactness and prominent 
morphology of Oligodendrocytes [138,140,141], Astrocytes [142,143], 
and microglial cells [144] in ALS patients have been altered. Our results 
indicate that AMG protects against MeHg+ -induced neurotoxicity in the 
cerebral cortex of rats. According to our current findings, when AMG 
was administered at doses of 100 mg/kg and 200 mg/kg, the density of 
neuroglial cells was restored. However, histology demonstrated that 
structural integrity had been lost in the MeHg+ treated group. AMG 
treatment at 100 mg/kg and 200 mg/kg doses also recovered neuroglial 
cells. The study findings associated with AMG, on the other hand, were 
principally investigated to alleviate neurobehavioral and neurochemical 
deficits in MeHg+ -treated rats via altering ERK-1/2 signalling. Our 
results show that ERK-1/2 and MBP levels in brain tissue, blood plasma, 
and cerebrospinal fluid (CSF) could be employed as an early diagnostic 
biomarker for identifying an important degenerative feature of ALS 
brain. While ERK-1/2 levels in CSF increase by 12.5 times in MeHg+
-treated rats compared to normal control rats, they remain 7.76 times 

Fig. 18. Neuroprotective effect of α-mangostin in methylmercury-induced histopathological changes in experimental rats. The Panel in the figure represents 
neuronal populations stained with Hematoxylin and eosin under a fluorescence microscope. Light microphotographs showed the following morphological alterations 
in the cerebral cortex during MeHg+ exposure and AMG treatment. ‘Section: A’ represents the vehicle group. The yellow arrow represents healthy oligodendrocytes 
cells, mainly present in the cerebral cortex. The red arrow denotes normal-appearing astrocytes. The green arrow shows microglial cells. ‘Section: B’ represents the 
sham control group, with yellow arrows representing healthy oligodendrocyte cells, red arrows representing clear and well-structured astrocytes, and green arrows 
representing optimum microglial cells. ‘Section: C’ represents the AMG perse treated group showing all neuronal cells’ normal patterns like the sham control group. 
‘Section: D’ shows a MeHg+ treated group indicating degeneration of oligodendrocytes and astrocytes as shown by the yellow and red arrows, an increase in the 
density of microglial (green arrow). ‘Section: E’ represents MeHg+ and AMG (100 mg/kg) treated group show a regeneration of oligodendrocyte represented by the 
yellow arrow, decrease in the density of microglial cells shown by the green arrow, the red arrow shows an increase in astrocytes. ‘Section: F’ represents MeHg+ and 
AMG (200 mg/kg) treated group showed the improved structure of astrocyte represented by the red arrow, restoration of healthy oligodendrocyte by the yellow 
arrow, and reduced microglial density by the green arrow. 
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higher in alpha-mangostin-treated rats. This highlights the crucial need 
for more effective therapeutic agents, which we intend to investigate 
further. 

5.1. Limitations 

The ERK cascade is essential for cell proliferation, differentiation, 
adhesion, migration, and survival. As a result, it participates in a variety 
of physiological processes. Qualitative investigations of cellular markers 
such as Western blotting and immunohistopathology would be required 
to establish the molecular basis for this approach. Given these limita
tions, AMG’s ability to restore or downregulate ERK-1/2 signalling 
pathways in the brain may aid in the development of a potential ther
apeutic strategy for this neurodegenerative condition. 

6. Conclusion 

In this study, MeHg+ -induced rats show severe cognitive impair
ment, memory loss, motor impairments, ERK-1/2 upregulation, and 
neuronal cell death. Our findings show that oral administration of AMG 
at doses of 100 mg/kg and 200 mg/kg alleviates the neurobehavioral 
and neuropathological changes caused by MeHg+ injection and reduces 
ERK-1/2 levels in the rat brain. There have been no follow-up in
vestigations on AMG’s neuroprotective benefits via ERK-1/2 signalling 
in MeHg+ -induced rats. As a result of these findings, we suggest that 
AMG could be a viable therapy option for alleviating the various 
behavioural, biochemical, neurochemical, and morphological alter
ations associated with the development and progression of MeHg+
-treated rats. We also measured neurochemical levels in rat brain ho
mogenate, cerebrospinal fluid (CSF), and blood plasma. Our findings 
suggest that AMG is an important phytochemical that reverses 
biochemical abnormalities in the rat brain and MBP levels in MeHg+
-induced rats via inhibiting the ERK-1/2 signalling pathway. 

Furthermore, AMG reversed significant morphological and gross 
pathogenic abnormalities in MeHg+ -induced rat’s whole brain and 
brain sections. Based on our histology findings, we may conclude that 
MeHg+ is a neurotoxin harmful to neuroglial cells. In the cerebral 
cortical sections of the rat brain, MeHg+ -induced ALS is characterised 
by the death of oligodendrocytes and an increase in the density of 
microglial and astrocyte cells. AMG therapy at doses of 100 mg/kg and 
200 mg/kg reduces MeHg+ toxicity and restores oligodendrocyte, 
microglia, and astrocyte structural integrity. Finally, AMG could be a 
new pharmacological approach for treating neurological dysfunction, 
involving alterations in various neurochemical pathways. However, 
further research is needed to determine the level of ERK-1/2 in ALS 
utilising western blot, RT-PCR, immunohistopathology, and genetic 
encoding and evaluate the efficacy of AMG in ALS. 
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