
Heliyon 10 (2024) e24050

Available online 6 January 2024
2405-8440/© 2024 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

Research article 

Icariin prevents methylmercury-induced experimental 
neurotoxicity: Evidence from cerebrospinal fluid, blood plasma, 
brain samples, and in-silico investigations 

Sarthak Sharma a, Sidharth Mehan a,*, Zuber Khan a, Ghanshyam Das Gupta b, 
Acharan S. Narula c 

a Division of Neuroscience, Department of Pharmacology, ISF College of Pharmacy (Affiliated to IK Gujral Punjab Technical University, Jalandhar, 
Punjab, 144603, India), Moga, Punjab, India 
b Department of Pharmaceutics, ISF College of Pharmacy (Affiliated to IK Gujral Punjab Technical University, Jalandhar, Punjab, 144603, India), 
Moga, Punjab, India 
c Narula Research, LLC, 107 Boulder Bluff, Chapel Hill, NC 27516, USA   

A R T I C L E  I N F O   

Keywords: 
ALS 
Methylmercury 
Demyelination 
Icariin 
Oligodendrocytes 
Neuroinflammation 
Neuroprotection 

A B S T R A C T   

Amyotrophic Lateral Sclerosis (ALS) is a fatal neurodegenerative disease that causes significant 
neurodegeneration. Methylmercury (MeHg+) is a neurotoxin that induces axonal neuro-
degeneration and motor nerve degeneration by destroying oligodendrocytes, degenerating white 
matter, inducing apoptosis, excitotoxicity, and reducing myelin basic protein (MBP). This study 
examines the inhibition of SIRT-1 (silence information regulator 1), Nrf-2 (nuclear factor E2- 
related factor 2), HO-1 (heme oxygenase 1), and TDP-43 (TAR-DNA-binding protein 43) accu-
mulation in the context of ALS, as well as the modulation of these proteins by icariin (15 and 30 
mg/kg, orally), a glycoside flavonoid with neuroprotective properties. Neuroprotective icariin 
activates SIRT-1, Nrf-2, and HO-1, mitigating inflammation and neuronal injury in neurodegen-
erative disorders. In-vivo and in-silico testing of experimental ALS models confirmed icariin ef-
ficacy in modulating these cellular targets. The addition of sirtinol 10 mg/kg, an inhibitor of SIRT- 
1, helps determine the effectiveness of icariin. In this study, we also examined neurobehavioral, 
neurochemical, histopathological, and LFB (Luxol fast blue) markers in various biological sam-
ples, including Cerebrospinal fluid (CSF), blood plasma, and brain homogenates (Cerebral Cortex, 
Hippocampus, Striatum, mid-brain, and Cerebellum). These results demonstrate that the 
administration of icariin ameliorates experimental ALS and that the mechanism underlying these 
benefits is likely related to regulating the SIRT-1, Nrf-2, and HO-1 signaling pathways.   

1. Introduction 

Amyotrophic lateral sclerosis (ALS) is a fatal neurological disorder marked by the gradual breakdown of motor neurons, affecting 
various brain regions like the cerebral cortex, brain stem, and corticospinal tract [1,2]. In ALS, motor neurons show abnormal TDP-43 
aggregates, impairing their nuclear function. Patients experience muscle weakness, respiratory issues, and bulbar region symptoms 
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like dysarthria and dysphagia. Research indicates a 5 % prevalence rate of ALS in the Indian population [3–5]. Individuals 50 years of 
age or older have a higher propensity to encounter oxidative stress due to the natural aging process. ALS is only treatable with 
FDA-approved medications for symptom relief. The following proteins are being investigated as potential selective markers for 
nutraceuticals targeting MeHg+-induced experimental ALS in rats. We measured their levels to ascertain how icariin affects the 
neuronal cell proteins SIRT-1, Nrf-2, and HO-1 [6,7]. 

MeHg+ is a neurotoxic substance that elicits axonal neurodegeneration and motor nerve degeneration by destroying oligoden-
drocytes, degeneration of white matter, induction of apoptosis, excitotoxicity, and reduction of MBP levels. Furthermore, our initial 
investigation examines the impact of MeHg+-induced motor neuron death in animal models of ALS progression [1,4,5,8,9]. SIRT-1 is 
present in brain regions responsible for locomotion, habit formation, and goal-setting [10]. It regulates learning, memory, neuro-
genesis, inflammation, and ageing. Multiple studies have shown that inhibiting SIRT-1 affects neural plasticity, gene expression, 
mitochondrial dysfunction, and inflammation [11,12]. Decreased SIRT-1 function and associated causes are responsible for Alz-
heimer’s disease (AD) [13], schizophrenia [14], Parkinson’s disease (PD) [14,15], and multiple sclerosis (MS) [16,17]. Consequently, 
SIRT-1 downregulation in specific brain regions can result in ALS-like symptoms. 

Nrf-2 is a key transcription factor managing cellular redox balance and antioxidant response, regulating enzymes like Superoxide 
dismutase (SOD) and Glutathione peroxidase (GPx). It activates mechanisms to protect cells from oxidative damage by interacting with 
antioxidant or electrophilic response elements (AREs or EpREs) [18–20]. When the Nrf-2/HO-1 signaling pathway is impaired, cells 
exhibit increased vulnerability to the adverse effects of PD [21,22], AD [23], MS [24], and depression [25,26]. Reduced Nrf-2/HO-1 
signaling levels have been associated with cellular death, disrupted energy metabolism, and impaired mitochondrial function [27]. 
Hence, the perturbation of the Nrf-2/HO-1 pathway, which has been implicated in the pathogenesis of multiple neurological illnesses 
leading to aberrations in brain function and neural connectivity, may potentially contribute to the onset and advancement of ALS [28]. 
Researchers found that Nrf-2/HO-1 controls SIRT-1, revealing interconnectivity between the SIRT-1 and Nrf-2/HO-1 pathways [29, 
30]. Enhancing this signaling may prevent neurological dysfunctions, prompting further investigation into their role in ALS. Nutra-
ceuticals, foods, or dietary components with health advantages may aid brain health and treat certain diseases. Icariin is a glycoside 
flavonoid in plants such as Epimedium [7]. It is well-known for its numerous health benefits [31,32]. Icariin inhibits PDE5, which is 
responsible for the degradation of cGMP [33]. Free radicals are neutralized by the antioxidant icariin [34]. Free radicals are 
responsible for cell damage, illness, and aging [35]. Icariin is anti-inflammatory and antioxidant due to its ability to scavenge free 
radicals. Icariin may have neuroprotective effects. It may prevent oxidative injury to neurons, reduce brain inflammation, and promote 
neuroplasticity. These effects may be beneficial for AD, PD [34], MS, Schizophrenia [36], and Ischemic Stroke [37,38]. Due to its 
neuroprotective, anti-inflammatory, and antioxidant properties, icariin can be utilized as a neuroprotective treatment for ALS. 

Icariin shows promise in treating neurological disorders by interacting with SIRT-1, Nrf-2, and HO-1. It activates SIRT-1 to reduce 
beta-amyloid and plaque formation, potentially improving memory, and triggers Nrf-2 and HO-1 to alleviate oxidative stress [39]. 
Icariin stimulates SIRT-1 to protect dopaminergic neurons from oxidative stress and apoptosis, thereby reducing the development of 
Parkinson’s disease. 

Icariin activation of the Nrf-2 pathway and production of HO-1 increases cellular antioxidants and decreases PD-related inflam-
mation [22]. The activation of SIRT-1 by icariin has been observed to protect Huntington’s disease (HD) neurons [40]. Icariin has been 
found to enhance the activity of SIRT-1, leading to improvements in cellular energy utilization and maintenance of protein homeostasis 
in individuals with HD. Icariin has been observed to stimulate the activation of Nrf-2 and HO-1, exerting a preventive effect against the 
progression of HD and mitigating oxidative stress [41]. The associations between icariin and the SIRT-1, Nrf-2, and HO-1 pathways 
suggest it could treat ALS [42]. SIRT-1 activation, crucial in combating ALS, enhances cell survival and mitochondrial function, with 
Icariin potentially improving neuronal health in ALS by stimulating SIRT-1 [43]. Additionally, Icariin activates the Nrf-2 pathway, 
increasing antioxidant defense, and stimulating HO-1 expression, highlighting its antioxidant and anti-inflammatory properties. After 
confirming icariin’s effectiveness in vivo, we explored its interaction with SIRT-1, Nrf-2, and HO-1, using both in silico and in vitro 
methods for validation. Sirtinol, a pharmacological inhibitor [44], targets SIRT-1 and SIRT-2 by binding to their catalytic domains, 
influencing various cellular pathways. Our study measured SIRT-1, Nrf-2, HO-1, and TDP-43 levels in brain, blood, and CSF samples in 
ALS, supplemented by behavioral analyses. We also assessed neurochemical, neurobehavioral, and biochemical parameters in various 
brain regions, using sirtinol to test icariin’s efficacy. 

2. Materials and methods 

2.1. Animals 

In our research, Wistar rats (260–300 gm of body weight; n = 64; equal numbers of either sex) were used, supplied by the Indo- 
Soviet Friendship College of Pharmacy’s internal Animal House in Moga, Punjab, India. All animals were housed at a controlled 
temperature (25 ± 2 ◦C) and a 12-h light/12-h Dark cycle (09:00 a.m. - 6:00 p.m.). They were given full access to both food and water. 
The research design followed the institutional norms for animal care and its use. Efforts were made to reduce the animal’s number and 
any distress. All behavioral tests were conducted in a noise-proof laboratory. 
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Ethical approval 

According to Indian law, IAEC (the Institute for Animal Ethics Committee) of the Indo-soviet Friendship College of Pharmacy in 
Moga, Punjab, India, approved Protocol No. 26 for Project 816/PO/ReBiBt/S/04/CPCSEA at Meeting No. 02/2022. ARRIVE standards 
were followed while reporting the study. The rats were used in laboratory situations before the investigation phase. 

2.2. Chemicals and drugs 

Sigma–Aldrich supplied the Methylmercury (MeHg+) (St. Louis, MI, USA). The protocol drug icariin was received from RTI In-
ternational’s Drugs Discovery and Development Centre in North Carolina, USA. Antagonist Sirtinol was purchased from Allianz Bio- 
Innovation. The chemicals used in the study were all of analytical quality. The drugs and chemical solutions were newly made before 
use. Oral administration of icariin in the form of an aqueous suspension containing 5 % CMC was administered [45]. 

2.3. Animal protocol schedule 

Fig. 1 represents the experimental design. From start to finish, the research has taken 42 days. From the 1st to the 21st day, MeHg+
(Toxin) 5 mg/kg was ingested orally (Alam et al., 2022). Icariin has been administered continuously from the 22nd day till the 
completion of the protocol schedule. Various behavioral assessments were conducted from the 1st to the 42ndday (Alam et al., 2022). 
Each of the 64 animals was assigned randomly to all eight groups. (Group 1st) normal control, (Group 2nd) vehicle control (5 % 
Carboxymethyl Cellulose from 22 to 42 days), (Group 3rd) icariin 30 mg/kg perse (from 22 to 42 days), (Group 4th) MeHg+ 5 (from 1 
to 21 days), (Group 5th) MeHg+ 5 (from 1 to 21 days) + icariin 15 mg/kg (from 22 to 42 days), (Group 6th) MeHg+ 5 (from 1 to 21 
days) + icariin 30 mg/kg (5 % CMC from 22 to 42 days), (Group 7th) MeHg+ 5 (from 1 to 21 days) + Sirtinol 10 mg/kg (Antagonist) 
(from 22 to 42 days) and (Group 8th) MeHg+ 5 (from 1 to 21 days) + icariin 30 mg/kg (from 22 to 42 days) + Sirtinol 10 mg/kg (from 
22 to 42 days). On designated days, behavioral tests such as the Grip Strength Test (GST), Open field test (OFT), Forced swim test (FST), 
as well as the Morris water maze (MWM) were conducted. On day 43, animals were biochemically, inflammatorily, and neuro-
chemically analyzed after being i. p. injected with sodium pentobarbital (270 mg per milliliter) and diffused with chilled Phosphate- 
buffered saline (0.1 M). 

2.4. MeHg+ exposure protocol/model of ALS 

Our preliminary laboratory results suggest that we have effectively studied and verified rodent models that produce neuro-
behavioral and neurochemical abnormalities in Wistar rats similar to those in patients with ALS [8,31]. For 21 days, rats were given 
MeHg+ 5 orally via gavage. According to our preliminary findings, MeHg+ 5, a lethal neurotoxin chemical that can permeate BBB, was 
found to be identical to ALS’s symptoms and neurochemical changes. MeHg+ 5 was, therefore, employed in this study to assess rats’ 
behavioral and neurochemical abnormalities [4,9]. 

Fig. 1. Represents experimental animal design.  
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2.5. Evaluated parameters 

2.5.1. Behavioral tests 

2.5.1.1. Open field Task. An open-field instrument was deployed to observe exploratory movements and nervous behavior. Once the 
equipment was ready, individually put the rat in the centre of the arena (70 cm × 70 cm) surrounded by white 60 cm walls; the clock 
was started, & exploratory behavior was permitted for 05 min. Complete quietness was ensured throughout the test session. During the 
5-min evaluation, the rodent was allowed to explore its surroundings freely, with a camera capturing its behavior in detail. After each 
session, the open field where the rodent roamed was meticulously cleaned using soap and water to remove any lingering odours. By 
analyzing the recorded activity, we determined the frequency and duration of stops at specific locations within the arena, considering 
the terms “visit” and “stop” as synonymous. Between each rat, the field was appropriately cleaned with 10 % ethanol. The respective 
rats were returned to their cages after the test was done. The locomotor activity criterion counted the number of rats crossing lines 
(four paws crossed) and rearing for 5 min. The field trial was conducted on days 1, 11, 21, and 41 [8]. 

2.5.1.2. Grip Strength Test. Musculoskeletal strength, defined as greater endurance of muscles in the front limbs and hindlimbs, is 
investigated using the rat grip. The test provides valuable information about the overall neuromuscular function and can indicate 
muscle strength, motor coordination, and endurance changes. The assembly consists of a metal bar attached to a force detector. The 
rats were examined by grasping a grid connected to a sensor. Rats are retained on the tail and marked as Kilogram-force (Kgf) before 
holding a grip on both sides. The rats were gently driven back till they let go of the bar. The research timeline measured the gripping 
potential on days 1st, 22nd, 32nd, and 42nd [9]. 

2.5.1.3. Forced swim test. The Force Swim Test investigates depressive and despair behaviors in rodents by examining their vulner-
ability to sudden water stress. Rats were placed in a water-filled container and confined in a tank filled with lukewarm water. They 
were exposed to the tank for 15 min and then refilled. The rats’ activities were recorded using a video camera, and immobility time was 
calculated by keeping their head above water with slight movements [46]. 

2.5.1.4. Morris water maze. The Morris Water Maze test was used to examine rats’ spatial memory and recall learning. The rats were 
placed in a circular tank with 40 cm of water and an escape platform. They were given 120 s to swim freely without an elevated surface 
before training. After four days, the rats were placed on the platform for 20 s before moving on to the next test. The platform was 
removed 24 h later for a probing test, determining the extent of cognition consolidation after learning [47]. 

2.5.2. Evaluation of weight alteration 

2.5.2.1. Evaluation of the body’s weight. The body weight of rats was assessed by a standard digital balance on the days 1st, 7th, 14th, 
21st, 28th, 35th, and 42nd. The rats were generally weighed between 10:30 a.m. and 2:00 p.m. to eliminate diurnal variations. This 
meticulous scheduling ensures a standardized approach to the measurement process, enhancing the accuracy and reliability of the 
collected body weight data throughout the investigation [48]. 

2.5.2.2. Brain-body weight ratio assessment. The brain/body weight ratios were evaluated at the end of the study to assess the rela-
tionship between brain and body weight. A small incision was made behind the occipital bone, and their heads were removed from the 
rest of their body. The brain was segregated from the spinal cord via the foramen magnum. The rats’ skulls were completely detached, 
and the brains were isolated similarly; the fresh brains were weighed without an olfactory bulb. This methodological approach assesses 
the proportional relationship between brain mass and overall body weight in the experimental rats [49]. 

2.5.3. Neurochemical tests 

2.5.3.1. Isolation, preparation, and storage of samples and tissues. CSF was collected from the rats on day 43 of the experimental 
schedule, just before the animals were sacrificed. Before beginning, a 26G insulin syringe needle was removed and held by metal 
forceps at the tip at about 4–5 mm, bending it to a 90◦–120◦ angle. The animal’s body was then placed on the customized table and 
anaesthetized with ketamine at 75 mg/kg. Disconnect the infusion needle from the intravenous infusion set while keeping the lure 
connector. Attach the 26G insulin syringe needle to the thin tubing. Attach a 1 ml syringe without a needle to a portable holder. 
Connect the syringe to the tubing that contains a bent needle. 

Anaesthetizing the animal at a 75 mg/kg dose with ketamine is the initial step in collecting CSF. After that, we shaved the rats’ 
heads and disinfected them with ethanol (at 75 %). The anaesthetized rat’s body is placed on the customized table, and the animal’s 
head is positioned above the opening and attached to the rodent ventilator. Optic infections can be treated with erythromycin eye 
ointment. The foramen magnum can be easily seen when the rat is placed vertically, head down. After the foramen magnum has been 
located, gently hold the rat’s head in one hand to prevent unnecessary stress and harm, and insert the bent needle vertically into the 
skin behind the foramen magnum with the other. After transferring CSF to a microcentrifuge tube with an insulin syringe, the sample 
should be centrifuged for 10 min at 10,000×g for 5 min at 40C. 
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On the same day, 43rd, 2.5 ml of blood was taken by piercing the Retro orbital plexus and putting the capillary tube in the eye of the 
rat. Blood was extracted from the nerve plexus using capillary action by continuously rotating and pulling the tube into an Eppendorf 
tube containing purified and sterile EDTA [5]. Freshly taken blood was centrifuged at 10,000 rpm for 15 min to separate the plasma 
from the remaining fluid of the blood. The plasma was subsequently preserved in a deep freezer at − 80 C for later use. 

After the collection of blood and CSF, the rats were beheaded. Brains were isolated and stored in ice-cold PBS (0.1 M) before being 
analyzed biochemically in PBS. The blood’s plasma was isolated from freshly obtained blood by centrifugation at 10,000 g for 15 min, 
and the supernatant was stored for later use (at − 80 C) in a deep refrigerator [5]. Each fresh brain weight was measured before gross 
pathology, brain sectioning, histopathology, and the LFB approach. They were made homogeneous after mixing the brain samples with 
a 3–4 chilled homogenate liquid per tissue volume. Using a mechanical shear homogenizer, the tissue was homogenized 3–4 times for 
20–30 s each time, with a 10–15-s pause. The homogenate was centrifuged at 10,000 g for 10–20 min at 4 ◦C to remove cellular debris 
and other particulates, and it was refrigerated at − 80 ◦C till other tests [9,49]. 

Each fresh brain was measured before the gross pathology, brain sectioning, histopathology, and LFB approach. After the brain 
samples were mixed with a 3–4 volume chilled homogenate liquid per tissue volume, they were made homogeneous [50]. 

Gross pathological examination with neurological degeneration volume in coronal, midbrain, and cerebellum regions. 
Rats were sacrificed on day 43, and their brains were separated for gross pathological analysis. Following an examination of the 

entire rat brain, coronal slices were arranged. Brain tissue sections 2 mm thick were obtained and displayed on glass slides. All brains 
were captured using a digital camera (Fujix digital camera, Fujifilm, Japan). During the 43rd day of the process, the demyelinated 
region (mm3) of each brain section was measured with the MOTICAM-BA310 image plus 2.0 analytical programmers. The demye-
lination volume was estimated by transforming the area for every coronal brain, midbrain (mm3), and cerebellum section into a 
volume (mm3). An imaging scan was carried out on the 43rd day to detect the level of degeneration (mm3) in each brain region [46]. 

2.5.4. ELISA assay kits 
Following ELISA Kits were used to measure cellular and molecular targets, ELISA kits [E-EL-R1102, Elabsciences, Wuhan, China] 

were applied to measure SIRT-1 protein levels [9,16]. Nrf-2 in the rat brain tissue and CSF samples were measured using an ELISA kit 
[E2639Ra, BT Lab, Shanghai, China] [1]. HO-1 in rat brain tissue and CSF was estimated using ELISA assay kits from [E-EL-R2110, 
Elabscience, Wuhan, China]. The testing kit for the TDP-43 ELISA Kit was obtained from [KBH6246, KRISHGEN, Maharashtra, 
India] [16]. TNF-α levels in homogenates of rat brain & blood plasma through a diagnostic kit [KB1145, KRISHGEN, Maharashtra, 
India] (Khera et al., 2017). IL-1beta level in rat brain homogenate was measured using a diagnostic kit [KLR0119, KRISHGEN, 
Maharashtra, India] [9]. An ELISA kit [KLR1648, KRISHGEN, Maharashtra, India] was used to measure the quantity of Caspase-3 in 
brain tissue and blood plasma. Bax [KLR0034, KRISHGEN, Maharashtra, India] [8]. Bcl-2 levels were measured using an ELISA kit 
[KLR0034, KRISHGEN, Maharashtra, India] [16]. ELISA test kits measured the MBP level in the brain homogenate of rats and cerebral 
spinal fluid [E-EL-R2536, Elabscience, Wuhan, China] [51]. The total concentration of acetylcholine was measured using an ELISA kit 
[KLR0722, KRISHGEN, Maharashtra, India] [52]. Dopamine levels were measured using the ELISA kit [KLR0219, KRISHGEN, 
Maharashtra, India] [9]. GABA level was measured using an ELISA Kit [KLR0102, KRISHGEN, Maharashtra, India] [5]. Glutamate 
level was measured using an ELISA Kit [KLR1474, KRISHGEN, Maharashtra, India]. Serotonin levelss were measured using an ELISA 
Kit [KLR0866, KRISHGEN, Maharashtra, India] [9]. 

2.5.5. Quantification of MeHg+
The high selectivity fluorescence assay provided by the Mercury Assay Kit (ab233467) allows for the precise measurement of 

mercury ion (MeHg+). The brain was homogenized in purified water (Kinematica GmbH, Littau, Switzerland) using a Polytron ho-
mogenizer (10 %, w/v). Add 25 μL of DMSO into the vial of Mercury sensor 590 to make 200× stock solution. To prepare the mercury 
analysis mixture, combine 25 μL of Mercury sensor 590 stock solution with 5 mL of Assay Buffer. As for the mercury (II) standard, we 
used Mercury (II) Perchlorate hydrate (CAS#304656-34-6). Mercury (II) stock solution was made with a concentration of 1 mM in 
ddH2O. The stock solution should be separated for individual use and kept at – 20 ◦C. To a 96-well black microplate, add 50 μL serial 
dilutions of a mercury (II) standard and MeHg+-containing samples for testing. Put 50 μL of blank Assay Buffer into each well of a 96- 
well black microplate. To make a total volume of 100 μL/well, add 50 μL of mercury assay mixture to each well containing a mercury 
(II) standard, blank control, and test sample. Then, we incubated out of the light at room temperature for 20–30 min. The plate reader 
fluorescence is then measured at Ex/Em = 540/590 nm, cutoff 570 nm. The level was expressed as μg/g [53]. 

2.5.6. Histopathological examination 
Sodium Phenobarbital was used to induce unconsciousness in rats, and their brains were separated for histological analysis. 

Coronal sections, midbrain, and cerebellum were separated from other brain regions. The sections were preserved in 4 % para-
formaldehyde and coated in paraffin. The morphology was examined using a fluorescence microscope, revealing healthy neurons in 
the cerebellar cortex, hippocampus, and cerebellum region [9]. Luxol Fast Blue (LFB) Examination. 

The same technique was used for histopathology once the rat’s cerebral cortex was mounted on slides. The slides containing rat 
brain tissue were deparaffinized in xylene for 30 min thrice. Five minutes of clearing with 100 % alcohol were followed by three passes 
with 95 % alcohol to remove all traces of xylene. The slides were then placed in a Petri dish containing a 5 % Luxol Fast Blue solution 
and incubated at 50 ◦C for 12 h. After a minute at room temperature, the slides were cleaned in 95 % ethanol. They were carefully 
rinsing the slide under running water. Separation was achieved by adding 0.05 % lithium carbonate to the Petri dish for 5–20 s. The 
slide went unnoticed until its grey matter lost its coloration. The slide was washed with 70 % ethanol thrice, once for 1 min and once for 
ten. The slides were looked at with a Nikon Type 102 M fluorescence microscope with a 40× magnification. 
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Fig. 2. (A–H). Icariin-mediated neuroprotective potential improves and restores locomotion activity [2A]; rearing behavior [2B]; muscle grip 
strength [2C]; Immobility time [2D]; escape latency time [2E]; TSTQ [2F]; body weight [2G] and relative brain-body ratio [2H] in experimental ALS 
rats. The statistical data analysis presented by two-way analysis of variance (ANOVA) with post-hoc test Bonferroni’s. Values presented as mean ± S. D [n =
8 wistar rats in each experimental group; p < 0.01].*Versus Normal-control, Vehicle control and icariin perse control; $ Versus MeHg 5, $# Versus icariin 15; 
and $@ Versus MeHg5, Sirtinol 10, icariin 30 (Fig. 2A, B, 2C, 2D, 2E, 2G). 
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2.5.7. Molecular docking 
Molecular docking can help identify and predict the binding sites on the receptor where ligands interact to induce activation [33]. 

By simulating the docking process, it can explore different regions of the receptor and determine the most probable binding sites for 
ligand binding and subsequent activation, and allow investigation of the specific interactions between ligands and the receptor, such as 
hydrogen bonding, hydrophobic interactions, and electrostatic interactions [54]. These interactions play a vital role in receptor 
activation by stabilizing ligand-receptor complexes and transmitting signals within the receptor [55,56]. To find the binding in-
teractions of the protocol drug icariin with our selected targets, HO-1 (PDB ID: 3HOK) crystallographic receptor of human heme 
oxygenase (https://www.rcsb.org/structure/3HOK) [57]. NRF-2 (PDB ID: 5CGJ) crystal structure of murine Keap1 selective activator 
of Nrf-2 signaling (https://www.rcsb.org/structure/5CGJ) (Heyninck et al., 2016). SIRT-1 crystallographic receptor of SIRT-1 (PDB 
ID: 5BTR) (https://www.rcsb.org/structure/5BTR) was used for molecular docking studies [58]. Before molecular docking, the 
retrieved crystal structure underwent preparation steps that involved the removal of water and ions, as well as the addition of nonpolar 
hydrogens. The protein was subjected to minimization and optimization using AutoDock Tool v1.5.7 as a preliminary step before 
initiating the docking process (https://autodocksuite.scripps.edu/adt) [59], bundled with the MGLTools package ver.1.5.6 (https:// 
ccsb.scripps.edu/mgltools) [60]. Energy minimization and conversion to. pdbqt format of protocol drug icariin were carried out in 
PyRx [61]. The PyRx virtual screening tool was employed to carry out molecular docking (https://sourceforge.net/projects/pyrx) 
[62]. During the docking process, standard size grids were placed at default docking algorithm positions in the active site pocket of 
(PDB ID: 3HOK) at coordinates X = 13.30, Y = 25.41, Z = 10.46 (PDB ID: 5CGJ), at coordinates X = 40.01, Y = − 10.60, Z = 8.12, and 
(PDB ID: 5BTR) at coordinates X = − 20.16, Y = 66.96, Z = 3.23. To study the interactions between the best poses generated by 
molecular docking, Discovery Studio version v21.1.0.20298 was employed [63]. 

2.5.8. Statistical analysis 
Using prism software (Graph pad prism 8.0.1, San Diego, CA, USA), the recorded values from various experiments were statistically 

analyzed. The neurochemical parameters were evaluated by one-way ANOVA with repeated measures and Tukey’s post-hoc test for 
multiple comparisons. In addition, a two-way analysis of variance (ANOVA) followed by post-hoc Boferroni’s test was used to assess 
differences in neurobehavioural evaluation between treatment groups. The experimental data were represented graphically as mean 
with standard deviation (SD). The significance criterion for results was set at the p < 0.01 probability level. 

3. Results 

3.1. Icariin-mediated neuroprotective potential on neurobehavioral alteration in experimental ALS rats 

3.1.1. Icariin-mediated neuroprotective potential improves locomotion behavior in experimental ALS rats 
The study recorded locomotion and rearing of MeHg 5-exposed ALS rodents in an OFT. Compared to rats given icariin or vehicle 

control, rats treated with MeHg 5 showed decreased locomotion and increased rearing activity. Taking icariin 15 and icariin 30 orally 
significantly enhanced movement [two-way ANOVA: F (7,56) = 1425,p < 0.01] and decreased anxiety [two-way ANOVA:F (7,56) =
309.0,p < 0.01] in comparison to the normal, vehicle control, and icariin 30 per se administered groups. The treatment of rodents with 
Sirtinol 10 alone led to a greater decline in locomotion and anxiety-like behavior compared to MeHg 5, whereas the combination 
showed a significant increase (Fig. 2A and B). 

3.1.2. Icariin-mediated neuroprotective improves muscle grip strength in experimental ALS rats 
The study found no significant difference in grip strength between the normal vehicle control group and the icariin 30 perse group, 

but significantly less grip strength on day 22. Animals administered icariin 15 or icariin 30 on days (32nd to 42nd) demonstrated a 
dose-dependent and statistically significant increase in muscular grip strength force compared to MeHg 5- treated rats [two-way 
ANOVA:F (7,56 = 1378),p < 0.01]. On day 42, icariin 30 mg/kg-treated rats demonstrated significantly greater muscle grip 
strength than icariin 15 mg/kg-treated rats. In contrast, the Sirtinol 10- alone-treated group had weaker grasp strength than the icariin 
15 mg/kg and icariin 30 mg/kg-treated groups. In addition, compared to the Sirtinol 10 mg/kg group, the icariin 30 mg/kg group 
demonstrated significant increases in grip strength (Fig. 2C). 

3.1.3. Icariin-mediated neuroprotective potential improves immobility time in experimental ALS rats 
The Force swim test revealed that Wistar rats exposed to MeHg 5 exhibited depressed behavior and longer periods of immobility 

compared to the normal control and icariin 30 perse-treated rats. Compared to the MeHg 5 administered group [two-way ANOVA:F 
(7,56 = 723.5),p < 0.01], regular oral administration of icariin 15 and icariin 30 for 21 days significantly reduced the duration of 
immobility on days 28, 35, and 42. The combination of Sirtinol 10 mg/kg and icariin 30 mg/kg significantly reduces depressive-like 
behavior by reducing immobility time compared to the Sirtinol 10 mg/kg group (Fig. 2D). 

3.1.4. Icariin-mediated neuroprotective potential restores memory and cognitive impairment in experimental ALS rats 
The escape latency test was conducted on days 38, 39, 40, and 41 of the protocol schedule. Consistent MeHg 5 dosing over 21 days 

causes a substantially more significant increase in ELT in ALS rats compared to the normal, vehicle, and icariin 30 perse groups. 
Chronic treatment with icariin 15 and icariin 30 for the subsequent 21 days decreased ELT in a dose-dependent manner compared to 
the MeHg 5 treated group [two-way ANOVA:F (7,56) = 3177,p < 0.01]. In addition, icariin 30-treated rodents regained their long-term 
memory more effectively than icariin 15-treated rats. In contrast, Methylmercury treatment of ALS rats significantly increased Escape 
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Fig. 3. (A–J). Icariin-mediated neuroprotective potential modulates SIRT-1, Nrf-2 & OH-1 levels [3A], SIRT-1 [3B], Nrf-2 [3C], & OH-1 
[3D] levels, Inflammatory cytokines TNF-α & IL-1β levels [3E], TNF-α level [3F], IL-1β level [3G], caspase-3 level [3H], Bax level [3I], 
and Bcl-2 levels [3J] in experimental ALS rats. The statistical data analysis was presented using one-way ANOVA analysis using the Tuckeys test. 
Values presented as mean ± S. D [n = 8 wistar rats in each experimental group; p < 0.01]. *Versus Normal control, Vehicle control, and icariin perse control; 
$ Versus MeHg 5; $# versus icariin 15; and $@ Versus MeHg 5, Sirtinol 10, icariin 30 [Fig. 3A, B, 3C, 3D, 3E, 3F, 3G, 3H, 3I, 3J]. 
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Latency Time, whereas Sirtinol 10 alone had no effect. When combined with Sirtinol 10 and icariin 30, the escape latency time of ALS 
rats is significantly reduced (Fig. 2E). 

On day 42 of the protocol, each group’s duration in the TSTQ was measured. Compared with the control, vehicle, and icariin 30 
perse groups, the TSTQ of rats treated with MeHg 5 decreased progressively. Icariin 15 and icariin 30 significantly increased TSTQ 
compared to MeHg 5- exposed rats [one-way ANOVA:F (7,49 = 0.8572,p < 0.01]. The icariin 30 mg/kg treatment group significantly 
enhanced long-term memory. In contrast, Sirtinol 10 alone led to a substantial reduction in Time Spent in the Target Quadrant. In 
addition, the combination of icariin 30 and Sirtinol 10 was more effective than Sirtinol 10 alone (Fig. 2F). 

3.1.5. Icariin-mediated neuroprotective potential improves body weight variance in experimental ALS rats 

3.1.5.1. Icariin improves body weight in experimental ALS rats. Throughout the investigation, the variation in rat body weight was 
measured weekly. There were no significant differences between the Normal, vehicle, and icariin 30 groups throughout the study. In 
addition, by the seventh day, the MeHg 5 treated group had significantly less body weight than the control, vehicle, and icariin 30 
perse groups. On the 28th day, the icariin and Sirtinol treated groups gained weight. In contrast, prolonged oral administration of 
icariin 15 and icariin 30 to rats for 21 days resulted in a steady increase in body weight [two-way ANOVA:F (7,56) = 1378),p < 0.01]. 
The icariin 30 group was significantly more efficacious at increasing body weight than the icariin 15 group. The group treated with 
Sirtinol 10 alone lost more weight than those treated with icariin 30. Moreover, compared to the Sirtinol 10 alone-administered group, 
combining icariin 30 and Sirtinol 10 resulted in more remarkable gains in body weight (Fig. 2G). 

3.1.5.2. Icariin improves brain-body weight in experimental ALS rats. The brain-body weight ratio was measured on day 42 of the 
experimental protocol. No significant difference existed between the Normal-control, vehicle, and icariin 30 groups. Compared to the 
normal, vehicle, and icariin 30 perse groups, the relative brain-to-body weight ratio in the MeHg 5 group decreased significantly. 
Chronic treatment of MeHg 5 exposed ALS rats with icariin 15 and icariin 30 increased the relative brain-body weight ratio [one-way 
ANOVA:F (7,49) = 2.049,p < 0.01]. When restoring the rat’s relative brain-body weight ratio, icariin 30 was more effective than 
icariin 15. Nevertheless, Sirtinol 10 alone decreases the relative brain-body weight ratio compared to icariin 30. In addition, the ratios 
in the icariin 30 and Sirtinol 10 groups increased significantly compared to the Sirtinol 10 group (Fig. 2H). 

A one-way ANOVA analysis was done using the Tuckeys test. Values presented as mean ± S. D [n = 8] wistar rats in each experimental 
group; p < 0.01].*Versus Normal-control, Vehicle control, and icariin perse control; $ Versus MeHg 5, $# Versus icariin 15; and $@ Versus 
MeHg5, Sirtinol 10, icariin 30 (2F, 2H). 

3.1.6. Icariin-mediated neuroprotective potential on neurochemical alteration in experimental ALS rats 

3.1.6.1. Icariin-mediated neuroprotective potential modulates SIRT-1, Nrf-2, and HO-1 levels in experimental ALS rats. Following the 
completion of the procedure, CSF samples were analyzed for the presence of SIRT-1, Nrf-2, and HO-1. After 21 days of oral admin-
istration of MeHg 5, SIRT-1, Nrf-2, and HO-1 concentrations were significantly reduced compared to the Normal, vehicle, and icariin 
30 perse groups. One-way analysis of variance (ANOVA) revealed statistically significant differences between cerebrospinal fluid, 
SIRT-1 (one-way ANOVA:F (7,49) = 1.509,p < 0.01), Nrf-2 (one-way ANOVA:F (7,49) = 0.601,p < 0.01), and HO-1 (one-way ANOVA: 
F (7,49) = 0.2815,p < 0.01). It has been demonstrated that icariin 30 mg/kg is more productive than icariin 15 mg/kg at restoring 
SIRT-1, Nrf-2, and HO-1 protein levels in numerous biological samples. Sirtinol 10 mg/kg reduces SIRT-1, Nrf-2, and HO-1 levels 
significantly. Sirtinol 10 mg/kg was ineffective at restoring SIRT-1, Nrf-2, and HO-1 protein expression in rat CSF, whereas Sirtinol 10 
mg/kg in combination with icariin 30 mg/kg was more effective (Fig. 3A). 

Upon completion of the procedure, samples of the rat’s brain tissue were examined for the presence of SIRT-1. After 21 days of oral 
administration of MeHg 5 to the Normal, vehicle, and icariin 30 perse groups, SIRT-1 concentrations were significantly reduced. One- 
way analysis of variance (ANOVA) revealed significant differences between brain homogenate of different brain regions, including 
SIRT-1 (one-way ANOVA:F (7,49) = 1.499,p < 0.01) in the cortex, SIRT-1 (one-way ANOVA:F (7,49) = 1.772, p < 0.01) in the 
hippocampus, SIRT-1 (one-way ANOVA:F (7,49) = 0.9804,p < 0.01) in the striatum, (one-way ANOVA:F (7,49) = 4.965,p < 0.01) in 
Midbrain, (one-way ANOVA:F (7,49) = 1.396,p < 0.01) in Cerebellum. Sirtinol 10 mg/kg reduces SIRT-1 levels significantly. Sirtinol 
10 mg/kg was ineffective at restoring SIRT-1 protein expression in rat brains, whereas Sirtinol 10 mg/kg in combination with icariin 
30 mg/kg was more effective (Fig. 3B). 

Following the procedure, rat brain tissue samples were examined for the presence of Nrf-2. After 21 days of oral administration of 
MeHg 5, Nrf-2 concentrations were significantly lower than in the Normal, vehicle, and icariin 30 perse groups. Nrf-2 (one-way 
ANOVA:F (7,49) = 1.417,p < 0.01) in the cortex, Nrf-2 (one-way ANOVA:F (7,49) = 0.653, p < 0.01) in the hippocampus, Nrf-2 (one- 
way ANOVA:F (7,49) = 0.583,p < 0.01) in the striatum, (one-way ANOVA:F (7,49) = 0.796,p < 0.01) in the midbrain, (one-way 
ANOVA:F (7,49) = 0.921,p < 0.01) in the cerebellum and Sirtinol 10 mg/kg significantly lowers levels of Nrf-2. Sirtinol 10 mg/kg 
alone was ineffective in restoring Nrf-2 protein expression in the rat brain, whereas combination treatment with 30 mg/kg of icariin 
was more efficacious (Fig. 3C). 

After the procedure, rat brain tissue samples were examined for the presence of HO-1. After 21 days of oral MeHg 5 administration, 
HO-1 concentrations were significantly lower than in the Normal, vehicle, and icariin 30 perse groups. Levels of HO-1 (one-way 
ANOVA:F (7,49) = 1.608,p < 0.01) in the cortex, (one-way ANOVA:F (7,49) = 0.851,p < 0.01) in the hippocampus, (one-way ANOVA: 
F (7,49) = 1.116,p < 0.01) in the striatum, (HO-1; F (7,49) = 0.788,p < 0.01) in the midbrain, (one-way ANOVA:F (7,49) = 1.016,p <
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Fig. 4. (A–K). Icariin-mediated neuroprotective potential modulates NEFL & MBP levels [4A]; MBP levels [4B]; NEFL levels [4C]; TDP43 
levels [4D, 4E]; acetylcholine [4F]; Dopamine [4G]; GABA [4H]; Serotonin [4I]; Glutamate [4J] and Methylmercury levels [4K] in 
experimental ALS rats. The statistical data analysis presented using one-way ANOVA analysis by using Tuckeys test. Values presented as mean ± S. D [n =
8 wistar rats in each experimental group; p < 0.01]. *Versus Normal, Vehicle control and icariin perse control; $ Versus MeHg 5; $# versus icariin 15; and 
$@ Versus MeHg 5, Sirtinol 10, icariin 30 [Fig. 4A, B, 4C, 4D, 4E, 4F, 4G, 4H, 4I, 4J, 4K]. 
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0.01) in the cerebellum. Sirtinol 10 mg/kg significantly reduces HO-1 levels. Sirtinol 10 mg/kg alone was ineffective in restoring HO-1 
protein expression in the rat brain, whereas combination treatment with 30 mg/kg of icariin was more efficacious (Fig. 3D). 

3.1.6.2. Icariin-mediated neuroprotective potential decreases inflammatory cytokines levels in experimental ALS rats. To determine the 
neuroprotective effect of icariin on pro-inflammatory cytokines, we measure the levels of tumor necrosis factor-alpha (TNF-alpha) and 
interleukin-1beta (IL-1β) in the blood plasma of rodents. After treatment with icariin 15 and icariin 30, TNF- levels were significantly 
reduced in blood plasma [One-way ANOVA:F (7,49) = 1.926,p < 0.01]. Both icariin 15 and icariin 30-treated rats had elevated levels 
of IL-1 in their blood plasma [One-way ANOVA:F (7,49) = 1.027,p < 0.01]. Icariin 15 reduced neuroinflammatory cytokines, while 
icariin 30 was more effective. Sirtinol 10 treatment significantly reduced TNF-alpha and IL-1beta levels compared to icariin 30 and 
Sirtinol 10 (Fig. 3 E). 

In order to determine the neuroprotective effect of icariin on the pro-inflammatory cytokines, we analyzed the levels of tumor 
necrosis factor-alpha (TNF-alpha) and interleukin-1 (IL-1beta) in the brain tissues of rats. As a result of treatment with icariin 15 and 
icariin 30, TNF-alpha levels decreased significantly in Cortex [One-way ANOVA: F (7,49) = 0.889,p < 0.01]; Hippocampus [One-way 
ANOVA:F (7,49) = 2.915,p < 0.01]; Striatum [One-way ANOVA:F (7,49) = 1.543,p < 0.01]; Mid Brain [One-way ANOVA:F (7,49) =
1.682,p < 0.01]; and Cerebellum [One-way ANOVA: F (7,49) = 2.290,p < 0.01]. Rats given icariin 15 or icariin 30 showed decreased 
levels of IL-1beta in both the brain tissue Cortex [One-way ANOVA: F (7,49) = 2.940,p < 0.01], in Hippocampus [One-way ANOVA:F 
(7,49) = 0.2990,p < 0.01], in Striatum [One-way ANOVA:F (7,49) = 0.973,p < 0.01], In Mid Brain [One-way ANOVA: F (7,49) =
0.6442,p < 0.01], and In Cerebellum [One-way ANOVA:F (7,49) = 0.468,p < 0.01]. Icariin 15 effectively reduced the levels of these 
neuroinflammatory cytokines, but icariin 30 was much more effective. TNF-alpha and IL-1beta levels in brain tissue were also 
markedly higher in the Sirtinol 10 treatment group compared to the icariin 30 treatment group. In addition, when given together, TNF- 
alpha and IL-1beta levels were significantly reduced compared to the Sirtinol 10-treated group (Fig. 3F and G). 

3.1.6.3. Icariin-mediated neuroprotective potential modulates bax and Caspase-3 levels in experimental ALS rats. Caspases-3 and other 
apoptotic markers were measured in brain tissue following the completion of the procedure. When MeHg 5 was administered orally for 
an extended period of time, pro-apoptotic markers, such as caspase-3, increased dramatically. Brain tissue homogenates such as Cortex 
[One-way ANOVA:F (7,49) = 0.857,p < 0.01], Hippocampus [One-way ANOVA:F (7,49) = 0.608,p < 0.01], Striatum [One-way 
ANOVA:F (7,49) = 0.5353, p < 0.01], Mid brain [One-way ANOVA:F (7,49) = 1.666,p < 0.01], and Cerebellum [One-way 
ANOVA:F (7,49) = 0.609,p < 0.01], Caspase-3 levels were decreased following long-term administration of 15 mg/kg and 30 mg/ 
kg icariin orally. Sirtinol 10 alone causes a substantial rise in caspase levels in brain homogenates. When Sirtinol 10 and icariin 30 were 
administered together, the caspase level decreased significantly compared to the sirtinol 10 group. 

Following the surgical procedure, apoptotic markers such as Bax were detected in brain tissue. When MeHg 5 was administered 
orally for an extended period of time, pro-apoptotic markers, such as Bax, increased dramatically. As a result of chronic oral 
administration of icariin 15 and icariin 30, Bax levels decreased in brain tissue homogenates, such as Cortex [One-way ANOVA:F 
(7,49) = 2.239,p < 0.01], Hippocampus [One-way ANOVA:F (7,49) = 0.8379,p < 0.01], Striatum [One-way ANOVA:F (7,49) =
0.4141,p < 0.01], Midbrain [One-way ANOVA:F (7,49) = 1.414,p < 0.01], and Cerebellum [One-way ANOVA:F (7,49) = 0.993,p <
0.01]. The Sirtinol 10 group experienced a greater increase in Bax than the icariin 30 group. Bax levels were significantly decreased in 
the Sirtinol 10 + icariin 30 treatment group compared to the Sirtinol 10 treatment group (Fig. 3H and I). 

Moreover, after 21 days of continuous treatment with icariin 15 and icariin 30, the level of Bcl-2 protein in the brain homogenate of 
MeHg 5- treated rodents was significantly elevated. Brain tissue homogenates including the Cortex (One-way ANOVA: F (7,49) =
1.572,p0.01), Hippocampus (One-way ANOVA: F (7,49) = 0.4546,p < 0.01), Striatum (One-way ANOVA: F (7,49) = 3.948,p < 0.01), 
Midbrain (One-way ANOVA:F (7,49) = 3.346,p < 0.01), and Cerebellum (One-way ANOVA: F (7,49) = 1.503,p < 0.01] When it came 
to restoring the level of apoptotic markers, icariin 30 treatment was more efficacious than icariin 15 treatment. The sirtinol 10 
treatment led to a more significant reduction in Bcl-2 than the icariin 30 treatment. Furthermore, the Bcl-2 level was substantially 
higher in the icariin 30-treated group compared to the Sirtinol 10-treated group (Fig. 3J). 

3.1.6.4. Icariin-mediated neuroprotective potential modulates NEFL and MBP levels in experimental ALS rats. An ELISA kit determined 
CSF’s demyelinating protein MBP and Neurofilament levels. Compared to the control, vehicle, and icariin 30 perse groups, the MeHg 5 
treatment significantly increased MBP and NEFL levels. In conclusion, continued administration of icariin 15 and icariin 30 restored 
MBP levels in CSF [one-way ANOVA:F (7,49) = 1.094,p < 0.01] and NEFL [one-way ANOVA:F (7,49) = 0.733,p < 0.01]. With icariin 
30, MBP and NEFL levels were restored substantially more effectively than with icariin 15. In addition, the Sirtinol 10 group expe-
rienced a greater increase in MBP and NEFL levels than the icariin 30 group. MBP and levels reduced substantially more when 
combined with icariin 30 and Sirtinol 10 than when Sirtinol 10 was used alone (Fig. 4A). 

3.1.6.5. Icariin-mediated neuroprotective potential modulates MBP levels in brain homogenates. An ELISA kit assessed the quantity of 
demyelinating protein (MBP) in brain homogenate. Compared to the control, vehicle, and icariin 30 perse groups, long-term MeHg 5 
treatment significantly decreased MBP levels. In conclusion, continued administration of icariin 15 and icariin 30 resulted in signif-
icant restoration of MBP levels in brain homogenate, including Cortex [One-way ANOVA:F (7,49) = 1.084,p < 0.01], Hippocampus 
[One-way ANOVA:F (7,49) = 4.637,p < 0.01], Striatum [One-way ANOVA:F (7,49) = 1.096,p < 0.01], Midbrain [One-way ANOVA:F 
(7,49) = 0.222,p < 0.01], Cerebellum [One-way ANOVA:F (7,49) = 1.800,p < 0.01]. Icariin 30 was more effective in restoring MBP 
than icariin 15, and Sirtinol 10 treatment led to a greater MBP decrease, with MBP levels improving more when combined (Fig. 4B). 
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Long-term MeHg 5 treatment significantly increased NEFL levels in brain homogenate, while sustained icariin 15 and 30 
administration significantly decreased NEFL levels. Icariin 30 decreased NEFL levels substantially more effectively than icariin 15 in 
brain tissue homogenates, including Cortex [One-way ANOVA:F (7,49) = 1.706,p < 0.01], Hippocampus [One-way ANOVA:F (7,49) 
= 2.698,p < 0.01], Striatum [One-way ANOVA:F (7,49) = 1.706,p < 0.01], Midbrain [One-way ANOVA:F (7,49) = 1.132,p < 0.01], 
Cerebellum [One-way ANOVA:F (7,49) = 0.914,p < 0.01]. In addition, the Sirtinol 10 group experienced a more significant increase in 
NEFL levels than the icariin 30 group. Nevertheless, when icariin 30 and Sirtinol 10 are used together, NEFL levels decrease signif-
icantly more than when Sirtinol 10 is used alone (Fig. 4C). 

3.1.6.6. Icariin-mediated neuroprotective potential reduces TDP43 aggregation in experimental ALS rats. The concentration of TDP 43 in 
CSF and blood plasma was measured using an ELISA kit. Compared to the control, vehicle, and icariin 30 perse groups, TDP 43 levels 
increased significantly after long-term MeHg 5 administration. In conclusion, continued administration of icariin 15 and icariin 30 
decreased TDP 43 levels in brain homogenate [one-way ANOVA: F (7,49) = 2.183,p < 0.01] and CSF [one-way ANOVA:F (7,49) =
2.280,p < 0.01]. With icariin 30, TDP 43 levels decreased substantially more than with icariin 15. In addition, the Sirtinol 10 group 
experienced a greater increase in TDP 43 levels than the icariin 30 group. TDP 43 levels decrease substantially more when combined 
with icariin 30 and Sirtinol 10 than when Sirtinol 10 is used alone (Figures D, E). 

3.1.6.7. Icariin-mediated neuroprotective potential modulates neurotransmitter imbalance in experimental ALS rats. After completing the 
study protocol, the concentrations of various neurotransmitters were measured. Compared to the control, vehicle, and icariin 30 perse 
groups, the acetylcholine levels of MeHg 5- treated rodents were significantly lower. Cortex [one-way ANOVA:F (7,49) = 0.537,p <
0.01], Hippocampus [one-way ANOVA:F (7,49) = 0.997, p < 0.01], and Striatum [one-way ANOVA:F (7,49) = 3.177,p < 0.01] 
showed increases in acetylcholine following continuous administration of icariin 15 and icariin 30 regularly. The icariin 30 group 
showed significant restoration of neurotransmitter levels, while the Sirtinol 10 group experienced a greater acetylcholine decrease, 
with the Icariin 30 + Sirtinol 10 treatment group showing superior results. After completing the study protocol, the concentrations of 
various neurotransmitters were measured. Dopamine levels in MeHg 5 treated rats were significantly lower than in the control, vehicle, 
and icariin 30 perse groups. Dopamine levels increased in the cortex [one-way ANOVA:F (7,35) = 1.951,p < 0.01], hippocampus [one- 
way ANOVA:F (7,49) = 1.584,p < 0.01], and striatum [one-way ANOVA:F (7,35) = 3.003,p < 0.01] after continuous administration of 
icariin 15 and icariin 30 regularly. The study found that the icariin 30 group significantly restored neurotransmitter levels, while the 
Sirtinol 10-treated group experienced more dopamine levels, and the Icariin 30 + Sirtinol 10 treatment group showed superior results. 
The concentrations of several neurotransmitters were tested once the study regimen was completed. Compared to the control, vehicle, 

Fig. 5. i-iv (A–H): Icariin-mediated neuroprotective potential restore gross pathological alterations, coronal segments, mid-brain segments and 
cerebellum segments of rat brain, in experimental ALS rats. (a) Normal control (b) Vehicle control (c) Icariin 30 perse (d) MeHg 5 (e) MeHg 5 + Icariin 
15 (f) MeHg 5 + Icariin 30 (g) MeHg 5 + Sirtinol 10 (h) MeHg 5 + Icariin 30 + Sirtinol 10. Note: Red dotted Colour line: Demyelination in MeHg 5 
Group; Green dotted Colour line: Remyelination in Icariin 30 mg/kg treated brain; Yellow dotted Colour line: Sirtinol 10 treated group; The black circle 
represents Cortex; the Purple colour represents Hippocampus; the Red colour represents Striatum. [5ii]. (For interpretation of the references to colour in 
this figure legend, the reader is referred to the Web version of this article.) 
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and icariin 30 perse groups, rodents treated with MeHg 5 had significantly lower GABA levels. Cortex [one-way ANOVA:F (7,49) =
0.3613, p < 0.01], Hippocampus [one-way ANOVA:F (7,49) = 1.512,p < 0.01], and Striatum [one-way ANOVA:F (7,49) = 0.5885,p <
0.01] all exhibited increases in GABA following continuous administration of icariin 15 and icariin 30 regularly. The icariin 30 group 
showed significant restoration of neurotransmitter levels, while the Sirtinol 10 alone-treated group experienced more GABA levels 
decrease. (Figure F, G, H, I). 

3.1.6.8. Icariin-mediated neuroprotective potential modulates glutamate imbalance in experimental ALS rats. After the experimental 
protocol was completed, Glutamate concentrations were measured. Compared to the control, vehicle, and icariin 30 perse groups, rats 
treated with MeHg 5 had significantly elevated levels of glutamate. Glutamate levels decreased in the cortex [one-way ANOVA:F 
(7,49) = 1.210,p < 0.01], striatum [one-way ANOVA:F (7,49) = 0.290,p < 0.01], and hippocampus [one-way ANOVA:F (7,49) =
0.876,p < 0.01] after treatment with icariin 15 and icariin 30 continuously. The study found that icariin 30-treated groups significantly 
increased glutamate levels, while Sirtinol 10 alone resulted in a higher increase (Fig. 4J). 

3.1.6.9. Icariin-mediated neuroprotective potential restores methylmercury levels in experimental ALS rats. The experiment revealed that 
the MeHg 5 treatment group had significantly higher MeHg 5 levels than the normal control, vehicle control, and icariin 30 perse 
groups. Compared to rats exposed to MeHg 5, rats given icariin 15 or icariin 30 orally for an extended period of time had less MeHg 5 in 
their cerebral tissues [one-way ANOVA:F (7,49) = 0.752,p < 0.01]. MeHg 5 levels decreased by a statistically significant margin in the 
icariin 30-treated group compared to the icariin 15-treated group. The Sirtinol 10-treated group experienced a significant increase in 
MeHg 5 compared to the icariin 30-treated group. In addition, MeHg 5 levels were substantially lower in the combination treatment 
group receiving Icariin 30 and Sirtinol 10 compared to the Sirtinol 10 treatment group (Fig. 4K). 

3.1.7. Icariin-mediated neuroprotective potential restores gross pathological alterations in experimental ALS rats 

3.1.7.1. Icariin-mediated neuroprotective potential restores whole brain of rat brain in experimental ALS rats. MeHg 5-exposed ALS rats 
showed brain size fluctuations, decreased weight, and motor neuron damage compared to normal controls. Long-term icariin (15 and 

Fig. 6. (i-iii): Icariin-mediated neuroprotective potential reduces demyelination volume in coronal segments, mid-brain segments and 
demyelination volume in cerebellum segments of rat brain in experimental ALS rats. The statistical data analysis was presented using one-way 
ANOVA analysis by using Tuckeys test. Values presented as mean ± S. D [n = 8 Wistar rats in each experimental group; p < 0.01]. *Versus Normal, Vehicle 
control and icariin perse control; $ Versus MeHg 5; $# versus icariin 15; and $@ Versus MeHg 5, Sirtinol 10, icariin 30. [6i, 6ii, 6 iii]. 
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30) treatment increased brain mass and reduced pathology, with icariin 30 being more effective than icariin 15. Sirtinol 10 treatment 
also decreased pathology, and the combination of icariin 30 and Sirtinol 10 further improved brain morphology, indicating icariin 30’s 
superior effectiveness. Fig. 5i (A-H). 

3.1.7.2. Icariin-mediated neuroprotective potential restores coronal segments of rat brain in experimental ALS rats. Normal, vehicle control 
and icariin 30 perse-treated rats showed acceptable cortex, hippocampus, and striatum tissue quality in brain sections. MeHg 5-treated 
rats had significantly less tissue in these areas. Icariin treatment (15 and 30) significantly improved demyelination and pathological 
changes in coronal sections. Sirtinol 10 alone reduced brain size and morphology, but combining it with icariin 30 significantly 
lessened degenerative changes compared to Sirtinol 10 alone. Fig. 5ii (A-H). 

3.1.7.3. Icariin-mediated neuroprotective potential restores mid-brain segments of rat brain in experimental ALS rats. In our study, the 
midbrain tissue of rats treated with icariin 30 showed transparency and high quality. Rats exposed to MeHg+ exhibited significant 
midbrain tissue reduction, while icariin treatment (15 and 30) reduced demyelination and pathological changes. Treatment with 

Fig. 7. i (A–H): Icariin-mediated neuroprotective potential reduces histopathological changes in experimental ALS rats. Under a fluores-
cence microscope, the chosen panels in the figure depict populations of neurons stained with Hematoxylin and Eosin. During MeHg 5 exposure, icariin, and 
sirtinol treatment, light microscopy reveals the following morphological modifications in the brain’s cortex region: Indicates a cerebral folium with grey matter 
on the exterior and white matter on the exterior of the interior. Grey matter consists of an outer molecular layer (M), a Purkinje cell layer (P), and an interior 
granular layer (G). The outermost molecules (M) layer consists of glial cells. In contrast, the middle layer of Grey matter comprises large pyriform Purkinje 
neuronal cells and Bergmann protoplasmic astrocytes (black circle) (yellow circle). Purkinje cells and Bergmann protoplasmic astrocytes were present, 
distinct, and long-lasting. Section (b) Vehicle Classifying: The structural layer, the Purkinje section, and the granular section are represented. The integrity of 
Purkinje cells was not compromised. Like the control group, section (c) of the icariin perse group displays the typical distribution of all layers and neuronal 
cells. The group treated with methylmercury (d): Visible in the molecular layer (M) are the toxic effects of MeHg 5, as well as areas of degeneration (D) 
comprised of dispersed and poorly defined oligodendrocyte cells. As indicated by the yellow circle, astrocytes have also lost their structural integrity, joining a 
significant proportion of oligodendrocytes in leaving behind vacant spaces. (S) and a decrease in nucleus density (Black Circle) are both signs of inflammation. 
(e) The icariin 15-treated group exhibited a modest restoration of Oligodendrocytes and astrocyte cells, with less clumping (Red circle) (yellow circle) in the 
inner layer. (f) The icariin 30-treated group demonstrates substantially more reconstruction in the degenerative cortex region, with an increase in vacant desert 
space (rS), the density of nuclei cells, and clear and sharp protoplasmic astrocytes. Section (g) of the Sirtinol 10-treated group reveals an increase in 
degeneration in particular regions, with oligodendrocytes and astrocytes becoming entangled or damaged. Section (h) Icariin 30 & Sirtinol 10-treat reveals 
significantly enhanced overall astrocyte cell strength, significant improvements in oligodendrocytes, and minor nucleus restoration. (Magnification = 40×; 
Scale = 50 μM). Note: The red circle represents-oligodendrocyte cells; the Yellow circle- Astrocytes; the Black circle- Nucleus density. Fig. 7ii (A-E): 
Highlights that Icariin can alleviate histopathological changes by minimizing them in the Hippocampus region. Neuronal networks are 
fluorescently stained with Hematoxylin and Eosin in certain figure sections. During MeHg 5 exposure and icariin and sirtinol treatment, light microphotographs 
revealed the following morphological changes in the hippocampus. The alveus refers to the interior surface of the ventricles of the hippocampus. The alveus, a 
thin layer of white matter, is formed when the axons of hippocampal pyramidal cells converge. Section (a) Normal control: Indicates the presence of grey 
matter known as fimbria on the exterior and white matter known as alveus on the interior, both composed of pyramidal hippocampal cells. Oligodendrocytes 
and astrocytes are depicted as strong and healthy cells. b) Vehicle group: demonstrates that the oligodendrocytes and astrocytes have maintained normal 
viability. Section (c) icariin perse group: Displays similarities to the control group and the distribution of cells. Section (d) of the MeHg5-treated group reveals a 
region of degeneration characterized by oligodendrocytes and astrocytes that are unclear, fragmented, and deformed. As the red circle behind the intercellular 
spaces indicates, all cells have lost their integrity. The MeHg 5 + Icariin 15-treated group exhibits minimal regrowth of oligodendrocytes and a uniform 
distribution of astrocytes in the region of the hippocampal gyrus (section e). Section (f) MeHg 5 + Icariin 30-treated group: Exhibits a significantly more 
healing region in the hippocampal pyramidal cells, recovery in the oligodendrocytes and astrocytes cells, and a largely uniform cell arrangement. Comparing 
the MeHg5-treated group to the MeHg 5 + Sirtinol 10-treated group, the MeHg 5 + Sirtinol 10-treated group was more destructive, with all cells exhibiting 
abnormal size and morphology. Section (h) of the MeHg 5 + Icariin 30 + Sirtinol 10-treated group demonstrates a partial recovery of the oligodendrocytes 
and astrocytes that comprise the hippocampus region. (Magnification = 40×; Scale = 50 μM). Note: The red circle represents-oligodendrocyte cells; the 
Yellow circle represents astrocytes; the Black circle represents nucleus density. Fig. 7iii (A-E): Highlights that Icariin can alleviate histopathological 
changes by minimizing them in the Striatum region. Under a fluorescence microscope, the chosen panels in the figure depict populations of neurons 
stained with Hematoxylin and Eosin. During MeHg 5 exposure and icariin and sirtinol treatment, light micrographs showed the following 
morphological changes in the midbrain. The caudate nucleus and putamen comprise the dorsal striatum. This section (a) represents a normal brain 
with grey matter on the exterior and white matter on the interior. The outer molecular layer (M) contains the nucleus (Black circle), while the 
intermediate oligodendrocytes cell layer contains large pyriform neuronal cells and extracellular matrix astrocytes (Yellow and red circles, 
respectively). Both oligodendrocytes and astrocytes were considered whole, differentiated, and well-organized. Section b, Group of Vehicles, depicts 
a typical molecular, Purkinje, and granular layer structure. There was no change in the structural integrity of oligodendrocytes. The icariin perse 
group exhibits the same uniform arrangement of neuronal cells and cellular layers as the control group. MeHg 5 group: section (d) in the molecular 
layer (M), the toxic effects of MeHg 5 are visible as areas of degeneration (d) composed of dispersed and poorly defined oligodendrocytes. The red 
circle represents a damaged astrocyte that, like most oligodendrocytes, has left behind vacant spaces and decreased nucleus density (black circle), 
indicating inflammation. Section (e): The MeHg 5+ Icariin 15 treated group displays a slight restoration of oligodendrocytes and astrocytes and a 
reduction in internal layer clustering. Section (f) MeHg 5+ Icariin 30-treated group: Significantly more reconstruction in the degenerative area of 
the mid-brain region, with an increase in vacant desert space (rS), the density of nuclei cells, and the number of pointed and evident protoplasmic 
astrocytes. Section (g) of the MeHg 5+ Sirtinol 10-treated group reveals oligodendrocyte degeneration in specific locations. Astrocyte cells are 
dispersing or being destroyed. Section (h) of the MeHg 5+ Icariin 30 and Sirtinol 10 treated group demonstrates the minimal restoration and 
regeneration of oligodendrocytes. (Magnification = 40×; Scale = 50 μM). Note: The red circle represents-oligodendrocyte cells; the Yellow circle 
represents astrocytes; the Black circle represents nucleus density. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the Web version of this article.) 
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sirtinol alone reduced brain size and morphology, but combining icariin 30 and sirtinol 10 significantly improved the midbrain’s 
appearance compared to sirtinol treatment alone. Fig. 5iii (A-H). 

3.1.7.4. Icariin-mediated neuroprotective potential restores cerebellum segments of rat brain in experimental ALS rats. Normal, vehicle 
control and icariin 30 perse-treated rat brain sections showed satisfactory cerebellum tissue quality. MeHg 5-treated rats had a notably 
smaller cerebellum. Treatment with icariin 15 and 30 significantly improved demyelination and pathology in the cerebellum. Sirtinol 
10 alone reduced brain size and shape, but combining it with icariin 30 notably lessened cerebellar degeneration compared to Sirtinol 
10 alone. Fig. 5iv (A-H). 

Fig. 8. i (A–H): Highlights that Icariin can alleviate histopathological changes by minimizing them in the midbrain region. The chosen panels show 
populations of neurons dyed with Hematoxylin and Eosin using a fluorescent microscope. During MeHg 5 exposure and icariin, sirtinol treatment, 
light micrographs revealed the subsequent morphological changes in the midbrain: The brain’s periaqueductal grey (PAG) region is essential for the 
processing of pain signals, autonomic regulation, and the behavioral manifestation of fear and anxiety. This section (a) represents a normal brain 
with grey matter on the exterior and white matter on the interior. The outer molecular layer (M) contains the nucleus (Black circle), while the 
intermediate oligodendrocytes cell layer contains large pyriform neuronal cells and extracellular matrix astrocytes (Yellow and red circles, 
respectively). Both oligodendrocytes and astrocytes were considered whole, differentiated, and well-organized. Section b, Group of Vehicles, depicts 
a typical molecular, Purkinje, and granular layer structure. There was no change in the structural integrity of oligodendrocytes. The icariin perse 
group exhibits the same uniform arrangement of neuronal cells and cellular layers as the control group. MeHg 5 group: section (d) In the molecular 
layer (M), the toxic effects of MeHg 5 are visible as areas of degeneration (d) composed of dispersed and poorly defined oligodendrocytes. The red 
circle represents a damaged astrocyte, which, along with most oligodendrocytes, has left behind voids, and a decrease in nucleus density (Black 
circle) are two indicators of inflammation. Section (e): The MeHg 5+ Icariin 15-treated group displays a slight restoration of oligodendrocytes and 
astrocytes and a reduction in internal layer clustering. Section (f) MeHg 5+ Icariin 30-treated group: Significantly more reconstruction in the 
degenerative area of the mid-brain region, with an increase in vacant desert space (rS), the density of nuclei cells, and the number of pointed and 
clear protoplasmic astrocytes. Section (g) of the MeHg 5+ Sirtinol 10-treated group reveals oligodendrocyte degeneration in specific locations. 
Astrocyte cells are dispersing or being destroyed. Section (h) of the MeHg 5+ Icariin 30 and Sirtinol 10 treated group demonstrates the minimal 
restoration and regeneration of oligodendrocytes. (Magnification = 40×; Scale = 50 μM). Note: Red circle represent-oligodendrocyte cells; Yellow 
circle- Astrocytes; Black circle- Nucleus density. Fig. 8ii (A-H): Highlights that Icariin can alleviate histopathological changes by minimizing them 
in the cerebellum region. Under a fluorescence microscope, the panel in the figure was chosen to illustrate a neuronal population stained with Hematoxylin 
and Eosin. Fluorescence micrographs revealed the following changes in the cerebellum following exposure to MeHg 5, icariin, and sirtinol: Group (a): 
Represent a cerebellum with the grey matter on the exterior and white matter on the interior. The grey matter comprises three distinct layers: The outermost 
layer of molecules (M) and the interior layer of granules (G). The outer molecular layer (M) contains the nucleus (Black circle), while the intermediate 
oligodendrocytes cell layer contains large pyriform neuronal cells and extracellular matrix astrocytes (Yellow and red circles, respectively). Oligodendrocytes 
and astrocytes were found to be wholly distinct and well-organized. Section b, Group of Vehicles, depicts a typical molecular, Purkinje, and granular layer 
structure. Oligodendrocytes maintain the integrity of their structures. Section (C) icariin perse group: Displays a typical arrangement of all layers and neuronal 
cells, similar to the control group. Section (d) of the MeHg 5- treated group demonstrates the toxic effect of MeHg 5 in the molecular layer (M) with areas of 
degeneration (D) characterized by oligodendrocyte cells that have lost their integrity, leaving empty spaces (S) with a decrease in nucleus density (Black circle) 
that was distributed, indicating inflammation, and astrocytes that have lost their integrity, as shown by the Red circle. The (e) section of the icariin 15-treated 
group displays a modest recovery of oligodendrocytes. Section (f) of the icariin 30-treated group displays significantly more reconstruction of oligodendrocytes 
and astrocyte cells, with clumping being reduced (Yellow circle) in the inner layer and restoration in the degenerative areas, as well as an increase in empty 
spaces (rS) and density of nuclei cells, as well as a rise in clear and sharp protoplasmic astrocytes. Compared to the MeHg 5 treated group, oligodendrocytes 
and astrocytes in section (g) of the MeHg 5 + Sirtinol 10-treated group exhibit more significant degeneration. Section (h) of the MeHg 5 + Icariin 30 +
Sirtinol 10- treated group reveals a modest recovery of nuclei and astrocytes. (Magnification = 40×; Scale = 50 μM). Fig. 8iii (A-H): Icariin-mediated 
neuroprotective potential improves LFB- Stained demyelinated midbrain part in experimental ALS rats. Myelin stained with LFB dye appears blue in 
representative fluorescent micrographs. LFB staining, used to examine degeneration in the Midbrain area using a microscope, was chosen as the technique for 
staining. Section (a) usually represents functioning myelinated neurons; (b) represents the Vehicle group; and (c) represents the icariin 30 perse group. Toxic 
consequences of MeHg 5 are seen in section (d) for the MeHg 5-treated group, where the black box represents an increasing region of demyelination. Myelin 
sheath degradation products are consumed by macrophages, a hallmark of neuroinflammation (red circle). (e) MeHg 5 + Icariin 15: The group partially 
restored Demyelination and engulfment of macrophages. Group (f) MeHg 5 + icariin 30 shows reduced demyelination and fewer macrophages, indicating 
more clear and undamaged nerve cells. In group (g) MeHg 5 + Sirtinol 10, demyelination was repaired, and fewer macrophages were present in the part 
examined. Eventually, the treatment of MeHg 5 for 21 days leads to a decline in neuroinflammation, as evidenced by the more precise and well-structured 
presence of myelinated nerve cells in the MeHg 5 + icariin 30 + Sirtinol 10 group {see section (h)}, with an area more of remyelination than demyelination 
(as shown by the black box) and fewer macrophages. Fig. 8iv (A-H): Icariin-mediated neuroprotective potential improves LFB- Stained demyelinated 
Cerebellum brain part in experimental ALS rats. Blue fluorescence is observed in fluorescent micrographs of myelin stained with LFB dye. The LFB staining 
method was used since it is commonly used to examine degeneration in the cerebellum region under a microscope. Part (a) depicts myelinated neurons that are 
operating normally, Part (b) depicts the vehicle group, and Part (c) depicts the icariin 30 perse group. In section (d), where the black box depicts an expanding 
demyelinated region, the toxic effects of MeHg 5 are seen in the MeHg 5-treated group. A characteristic of neuroinflammation is the consumption of byproducts 
of myelin sheath breakdown by macrophages (red circle). Demyelination and macrophage engulfment were partially recovered in group (e) MeHg 5 + icariin 
15. Reduced demyelination and fewer macrophages in group (f) MeHg 5 + Icariin 30 indicate more intact and clean nerve cells. Demyelination was restored, 
and macrophage numbers were reduced in group (g) MeHg 5 + sirtinol 10. After 21 days of MeHg 5 + treatment, neuroinflammation decreases, as seen by a 
greater proportion of remyelination over demyelination (as depicted by the black box) and a general decrease in the number of myelinated nerve cells (see 
Section (h)). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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3.1.7.5. Icariin-mediated neuroprotective potential reduces demyelination volume in coronal segments of rat brain in experimental ALS rats. 
The extent of degeneration in coronal segments did not differ significantly between the normal control, vehicle control, and icariin 30 
perse groups. In both coronal sections, the demyelination area was substantially larger in the MeHg 5 administration for 21 days group 
compared to the control, vehicle, and icariin 30 perse treatment groups. In addition, prolonged treatment with icariin 15 and icariin 30 
significantly reduced demyelination compared to groups that only received MeHg 5 in the coronal section [one-way ANOVA: F (7,35) 
= 1.262,p < 0.01]. In contrast to the icariin 30-treated group, the Sirtinol 10-treated group exhibited a significant increase in 
demyelination volume. Comparatively to the Sirtinol 10 group, combining icariin 30 and Sirtinol 10 significantly reduced demye-
lination in both coronal regions (Fig. 6i). 

3.1.7.6. Icariin-mediated neuroprotective potential reduces demyelination volume in mid-brain segments of rat brain in experimental ALS 
rats. There was no significant difference in the magnitude of degeneration regions in midbrain sections between the normal control, 
vehicle control, and icariin 30 perse groups. MeHg 5 administration for 21 days resulted in substantially more demyelination in both 
midbrain sections compared to the control, vehicle, and icariin 30 per se groups. In addition, when compared to groups that only 
received MeHg 5 in the midbrain region, icariin 15 and icariin 30 treatment for longer durations significantly decreased the demy-
elination area [one-way ANOVA:F (7,35) = 1.623,p < 0.01]. In contrast, the midbrain sections of the Sirtinol 10-treated group 
exhibited a striking increase in demyelination volume. In contrast to the Sirtinol 10 group, the volume of demyelination in midbrain 
sections was substantially reduced in the icariin 30 and Sirtinol 10 combination groups (Fig. 6ii). 

3.1.7.7. Icariin-mediated neuroprotective potential reduces demyelination volume in cerebellum segments of rat brain in experimental ALS 
rats. There was no significant difference in the size of degeneration regions on cerebellum sections between the normal control, vehicle 
control, and icariin 30 perse groups. The demyelination in both cerebellar portions was significantly greater when MeHg 5 was 
administered for 21 days versus the normal, vehicle, and icariin 30 perse treatment groups. Moreover, compared to groups that only 
received MeHg 5 in the cerebellar region, longer periods of icariin 15 and icariin 30 therapy reduced the demyelination area 
significantly [one-way ANOVA:F (7,35) = 1.623,p < 0.01]. The Sirtinol 10 alone treated group demonstrated a significant increase in 
demyelination volume in cerebellar sections. The volume of demyelination in cerebellum sections was drastically reduced in the icariin 
30 and Sirtinol 10 combination group compared to the Sirtinol 10 group (Fig. 6iii). 

3.1.8. Icariin-mediated neuroprotective potential reduces histopathological changes in experimental ALS rats 

3.1.8.1. In cortex region. Treatment groups showed varying effects on the Purkinje cell layer in the rat cortex. The MeHg 5 group 
exhibited fewer, less distinct Purkinje cells and increased neuroinflammation with higher microglia density. Icariin treatment 
enhanced Purkinje cells, reduced microglial density, and improved Bergmann protoplasmic astrocytes in a dose-dependent manner. 
Sirtinol 10 administration led to more degraded Purkinje cells, fewer Bergmann astrocytes, and increased neuroinflammation. 
However, combining icariin with Sirtinol 10 reversed MeHg 5-induced neurotoxicity by improving cell visibility and reducing 
degeneration. Fig. 7i (A-H). 

3.1.8.2. In hippocampus region. Treatment groups impacted the Purkinje cell layer differently. The MeHg 5 group had fewer, less 
distinct Purkinje cells with increased neuroinflammation and abnormal microglia and astrocyte densities. Icariin improved Purkinje 
cell clarity and reduced microglial density, while sirtinol 10 led to more damaged Purkinje cells and increased microglial density. 
However, combining icariin with Sirtinol 10 reversed these effects, preventing cell death and improving cell visibility in the rat 
hippocampus. Fig. 7ii (A-H). 

3.1.8.3. In striatum region. Treatment groups variably affected the Purkinje cell layer. In the MeHg 5 group, Purkinje cells were fewer 
and less distinct, with increased microglia density due to CNS inflammation. Icariin improved Purkinje cell sharpness and astrocyte 
health, while sirtinol 10 increased microglial density and Purkinje cell damage. However, combining icariin with sirtinol 10 effectively 
reversed MeHg 5-induced neurotoxicity in the rat striatum. Fig. 7iii (A-H). 

3.1.8.4. Icariin-mediated neuroprotective potential reduces histopathological changes in the mid-brain region of experimental ALS rats. The 
MeHg 5 group showed a significant reduction in Purkinje cells and increased microglia density due to CNS inflammation, with notable 
structural abnormalities. Icariin improved Purkinje cell clarity, microglial density, and astrocyte health, whereas sirtinol 10 led to 
more Purkinje cell damage and increased microglia. However, combining icariin with sirtinol 10 reversed MeHg 5-induced neuro-
toxicity in the rat midbrain. Fig. 8i (A-E). 

3.1.8.5. Icariin-mediated neuroprotective potential reduces histopathological changes in the cerebellum region of experimental ALS rats. All 
treatment groups altered the oligodendrocyte layer. The MeHg 5 group showed significantly fewer and less differentiated oligoden-
drocytes, with increased microglia density due to CNS inflammation. Icariin improved oligodendrocyte clarity and astrocyte function, 
whereas sirtinol 10 led to more damage and increased microglia. Combining icariin and sirtinol 10 effectively reversed MeHg 5- 
induced neurotoxicity in the rat cerebellum, enhancing cell survival and visibility. Fig. 8ii (A-E). 
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3.1.8.6. Icariin-mediated neuroprotective potential improves LFB-Stained demyelinated midbrain part in experimental ALS rats. LFB 
staining showed a normal nerve cell distribution in the control, vehicle, and icariin perse groups. However, MeHg5 exposure signif-
icantly altered this pattern, leading to myelin sheath degradation and widespread demyelination. Icariin 15 and 30 treatments reduced 
macrophages and demyelination, while Sirtinol 10 alone showed typical degeneration. The combination of icariin 30 and Sirtinol 10 
was more effective in reversing MeHg 5 toxicity in rat brains. Fig. 8iii (A-H). 

Fig. 9. (i) SIRT-1 (A) Surface mapping of protocol drug icariin yellow colour in the cavity of SIRT-1 receptor (PDB ID: 5BTR) (B) Showing 2D interactions 
view of icariin with the SIRT-1 receptor (PDB ID: 5BTR). (C) 3D view of icariin in golden colour participating in the interactions with the residues of SIRT-1 
receptor (PDB ID: 5BTR) (D) icariin golden colour showing stable ligand interactions with the active sites of the SIRT-1 receptor (PDB ID: 5BTR). Fig. 9(ii) 
Nrf-2 (A) Surface mapping of protocol drug icariin green color in the cavity of Nrf-2 receptor (PDB ID:5CGJ) (B) Showing 2D interactions view of icariin with 
the Nrf-2 receptor (PDB ID:5CGJ). (C) 3D view of icariin in golden colour participating in the interactions with the residues of NRF-2 receptor (PDB ID:5CGJ) 
(D) icariin golden colour showing stable ligand interactions with the active sites of the NRF-2 receptor (PDB ID:5CGJ). Fig. 9(iii)OH-1 (A) Surface mapping 
of protocol drug icariin red colour in the cavity of HO-1 receptor (PDB ID: 3HOK) (B) Showing 2D interactions view of icariin with the HO-1 receptor (PDB 
ID: 3HOK). (C) 3D view of icariin in golden colour participating in the interactions with the residues of HO-1 receptor (PDB ID: 3HOK) (D) icariin golden 
colour showing stable ligand interactions with the active sites of the HO-1 receptor (PDB ID: 3HOK). (Fig. 9A–D). (For interpretation of the references to 
colour in this figure legend, the reader is referred to the Web version of this article.) 
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3.1.8.7. Icariin-mediated neuroprotective potential improves LFB-stained demyelinated cerebellum brain part in experimental ALS rats. In 
fluorescent micrographs, myelin stained with LFB dye appears blue, indicating demyelination in the cerebellum. Sections show various 
treatments: (a) normal myelinated neurons; (b) Vehicle group; (c) Icariin 30 perse; and (d) MeHg 5 with increased demyelination 
(black box) and neuroinflammation (red circle). Group (e) MeHg 5 + icariin 15 and (f) MeHg 5 + icariin 30 exhibit reduced demy-
elination and macrophages, while group (g) MeHg 5 + sirtinol 10 shows repaired demyelination. The combination in group (h) MeHg 
5 + icariin 30 + sirtinol 10 significantly lessens neuroinflammation and enhances remyelination. Fig. 8iv (A-H). 

3.1.8.8. In sillico validation studies: icariin-mediated target interaction. The affinity scores of the protocol drug icariin for (PDB ID: 
3HOK), (PDB ID: 5CGJ), and (PDB ID: 5BTR) were observed as − 7.7, − 8.7, and − 8.7 kcal/mol respectively. The ligand efficiency (LE) 
of icariin for the selected targets was found to be 0.219, 0.248, and 0.248 respectively. Icariin demonstrated the lowest binding affinity 
for (PDB ID: 5CGJ), and (PDB ID: 5BTR) as compared to (PDB ID: 3HOK). In the protein structure with (PDB ID: 3HOK), the residues 
Arg136, Asn210, and Ala28 were observed to form hydrogen bonds with icariin. Moving on to the protein structure with (PDB ID: 
5CGJ), the residues Ile416, Val463, Arg415, Val604, and Tyr334 were found to exhibit hydrogen bonds with icariin. Similarly, in the 
protein structure with (PDB ID: 5BTR), the residues Gln345, Asn465, Ser442, Gly654, and Asp481 were identified as participating in 
hydrogen bonding interactions with icariin. These observations highlight the specific molecular interactions between icariin and these 
residues within each respective protein structure, providing valuable insights into the binding mechanism and potential biological 
implications of icariin. The docking poses of the icariin with the selected target (PDB ID: 3HOK), (PDB ID: 5CGJ), and (PDB ID: 5BTR) 
analyzed with 2D interactions as shown in (Fig. 1), (Fig. 2) and (Fig. 3). The docking results demonstrated that icariin forms stable 
interactions and favourable binding energies with the active sites of these receptors, and a detailed analysis of the binding sites of SIRT- 
1, Nrf-2, and HO-1 receptors reveals crucial interactions with icariin. These interactions suggest a potential activation mechanism for 
these receptors. In-silico studies demonstrated the conformational changes induced by icariin binding to the SIRT-1, Nrf-2, and HO-1 
receptors. These conformational alterations may play a role in the activation of these receptors in the signaling pathways (Fig. 9A–D). 

4. Discussion 

ALS, an incurable disease, leads to paralysis and respiratory failure from motor function deterioration. Urgent development of 
treatments to slow progression and improve life quality is needed. Dysfunctional astrocytes and oligodendrocytes in ALS secrete 
harmful substances, exacerbating motor neuron loss and myelin damage [64,65]. Demyelination in ALS reduces neuronal connectivity, 
worsening the disease [66]. Understanding ALS’s mechanisms, including motor neuron degeneration and genetic factors, is crucial. 
Exploring nutraceuticals and plant-based drugs, like icariin, is promising for treating the complexity of ALS [1,4,5]. The role of cellular 
markers like SIRT-1, Nrf-2, and HO-1 in ALS progression remains underexplored. Our research also seeks to establish whether SIRT-1, 
Nrf-2/HO-1, and MBP levels can be diagnostic markers for ALS. Through our research, we examined the phytoconstituent icariin, 
which has been utilized in the treatment of various neurodegenerative and neuropsychiatric disorders, including AD [67–71], Bipolar 
disorders [72], Ischemic Stroke [73], PD [14], and Schizophrenia [36]. 

Icariin, from the Epimedium plant, shows promise in neurodegenerative disorder research due to its neuroprotective properties 
[70,74]. It can shield neurons from damage and death and has been shown to reduce oxidative stress, inflammation, and apoptosis in 
the brain, factors crucial in neurodegenerative disease progression [75,76]. There are few investigations on the therapeutic efficacy of 
icariin in mediating SIRT-1, Nrf-2, and HO-1 in ALS [77,78]. In the present investigation, we aimed to determine how icariin ‘s 
modification of these signaling pathways may impact the treatment of behavioral and neurochemical abnormalities in a Wistar rat 
model of ALS induced by MeHg+. Reducing the protein levels of SIRT-1, Nrf-2, and HO-1 in ALS rats by administering MeHg+ for 21 
days resulted in multiple neurodegenerative complications [11,19,39]. Animal and cell studies show that MeHg+ administration 
accelerates ALS progression. Similar to human exposure, MeHg+ accumulates in rat brains, particularly in the midbrain and cere-
bellum, damaging oligodendrocytes and affecting myelin integrity [9]. Demyelination in ALS leads to reduced neuronal connectivity 
[1]. We measured various markers, cytokines, and neurotransmitters in rat brain, blood plasma, and CSF, and conducted histological 
exams of the brain, including coronal and midbrain sections, using LFB staining to identify demyelination [79,80]. The basal ganglia, 
crucial for motor control, cognition, and emotion, have direct and indirect neural pathways key to movement control, linked to 
disorders like ALS [81,82]. These pathways are necessary for regulating motor output, start and stop movements. Imbalances in these 
circuits, especially in ALS patients exposed to heavy metals like MeHg+, can lead to motor issues and are associated with glutamate 
dysregulation, motor neuron degeneration, and excitotoxicity [83–85]. 

In ALS, excess glutamate leads to motor neuron damage, inflammation, and oxidative stress, contributing to neurodegeneration. 
Increased glutamate release and impaired reuptake in ALS cause accumulation, resulting in excitotoxicity and neuronal injury by 
overstimulating motor neurons [86,87]. In ALS patients, glutamate levels are higher in areas like the motor cortex and hippocampus [88]. 
Our research shows that icariin reduces glutamate levels while sirtinol increases them. ALS may also impact other cells and systems, like 
dopaminergic neurons in the nigrostriatal pathway, due to dysfunctional astrocytes and microglia causing inflammation and releasing 
toxic substances [46]. Neurotransmitters like acetylcholine, dopamine, and serotonin are implicated in ALS, potentially influencing 
symptoms like muscle paralysis and cognitive changes [89,90]. Fluctuating serotonin levels in ALS patients affect mood, appetite, sleep, 
and motor control. GABA, the brain’s primary inhibitory neurotransmitter, regulates the balance between excitation and inhibition in 
neuronal circuits [91,92]. GABA-emitting interneurons are linked to ALS, regulating motor neuron activity [1,4]. MeHg+ exposure 
causes neurotransmitter decline, but treatment with icariin corrects concentrations, increasing neurotransmitter levels. SIRT-1 expression 
and activity in ALS-affected tissues may be altered, leading to increased neuronal susceptibility to stress and oxidative damage. Impaired 
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Nrf-2 signaling in ALS may increase inflammation and neurodegeneration. HO-1, a crucial enzyme in cellular defense against oxidative 
stress and inflammation, is particularly relevant in ALS [93]. The SIRT-1, Nrf-2, and HO-1 pathway is involved in oligodendrogenesis, 
inflammatory neurological disorders, and neural activity. Disrupting this pathway could shorten neurocomplications associated with 
ALS. Rats treated with MeHg+ showed decreased levels of these markers. Oral administration of icariin increased SIRT-1, Nrf-2, and HO-1 
levels, suggesting icariin may modulate dysregulation in diseased neural cell types. TDP-43, or TAR DNA-binding protein 43, is a crucial 
protein in ALS that regulates gene expression and RNA splicing [94,95]. It accumulates in neurons’ cytoplasm, producing inclusion 
bodies, which disrupt cellular processes and potentially cause neuron death [96,97]. The study found that TDP-43 levels were higher after 
MeHg+ administration and lower after icariin 30 treatment than icariin 15. The reduction was more pronounced in the Sirtinol10-alone 
treatment group. However, when icariin 30 and Sirtinol 10 were combined, TDP 43 levels decreased, suggesting icariin can be used as a 
neuroprotective substance. Post-mortem examination of ALS patients’ spinal cords showed decreased MBP levels. Long-term MeHg+
treatment significantly decreased MBP levels, while Icariin 15 and icariin 30 led to significant recovery. Sirtinol 10 decreased MBP levels 
more, while Icariin 30 increased them. Studies show ALS patients have less white matter volume compared to healthy controls. Icariin 
treatment reverses brain morphological defects and reduces pathology in areas like the cerebral cortex [98]. Our research found that 
combining icariin with Sirtinol results in dose-dependent myelin regeneration and reduced demyelination compared to Sirtinol alone. 
Neuronal inflammation is a key factor in ALS pathogenesis, with cytokine-induced inflammation playing a role [99,100]. MeHg+
administration increases pro-inflammatory cytokines like TNF-alpha and IL-1 beta in rats. However, icariin treatment reduces these 
elevated cytokine levels, particularly when icariin and sirtinol are combined. As scaffolding molecules in the axonal cytoskeleton, 
neurofilaments serve as neuronal filaments. As a result of axonal degeneration, NEFL is readily released into body fluids [101–103]. In 
ALS, NEFL plays a crucial role in the pathogenic processes that lead to neuronal inclusion bodies, axonal mutagenesis, and neuronal 
mortality [5]. Compared to controls, CSF and brain homogenate samples from ALS patients contained more significant quantities of NEFL 
[104]. Researchers found evidence that NEFL contributed to the development of ALS using a rodent model. The study found that MeHg+
increased NEFL levels in various brain regions, but icariin, an oral drug, reduced them. Sirtinol 10, an antagonist, increased NEFL levels. 
Combining icariin 30 and Sirtinol 10 significantly restored levels. ALS significantly affects the cerebellum and Midbrain, leading to 
unbalanced sensory integration and motor coordination [105,106]. MeHg+ disrupts neuronal densities and shrinks Purkinje cells, 
affecting impulse distribution and synaptic cell coordination. MeHg+ stimulates astrocyte, purkinje, and microglial cell proliferation, 
affecting the density of intact purkinje cells and neuronal cell integrity. Icariin and Siritnol 10 enhance Purkinje neuronal integrity, while 
icariin 30 and Siritnol 10 decrease these cells. OPCs usually proliferate and remyelinate neurons after injury, but chronic exposure to 
neurotoxins like MeHg hampers this process, leading to expanded demyelination and myelin sheath destruction. Studies indicate sig-
nificant demyelination in rodent ALS models, especially in the corpus callosum, following MeHg+ exposure [1,4,46]. Our research, using 
fosmid and LFB staining, shows increased myelin repair in icariin-treated rodents, suggesting that icariin may reduce demyelination or 
enhance myelin repair, especially when combined with Sirtinol. In ALS animal models, weight loss is common due to muscle paralysis and 
atrophy from motor neuron degeneration [42]. In our study, icariin administration at doses of 15 and 30 showed neuroprotective effects 
against motor disorders in MeHg+-induced rats, leading to gradual weight restoration and increased body weight, especially when icariin 
and Sirtinol were used together. The study found that sustained icariin 30 significantly improved grip strength in rats with ALS, a 
neurodegenerative condition characterized by muscle paralysis and loss of grip strength. However, when Sirtinol 10 was administered 
alone, the brain-to-body ratio decreased, while when combined with Icariin 30, grip strength increased significantly. The study found that 
icariin 15 and 30 reduced immobility time in rats, while Sirtinol 10, an antagonist against SIRT-1, Nrf-2, and HO-1, increased immobility 
time. The open field test and sustained icariin showed significant improvements from day 28 to day 42, indicating a neuroprotective 
effect on cognitive function recovery [107,108]. The Morris water maze test, which evaluates spatial learning and memory, showed that 
icariin decreased escape latency by implementing a spatial navigation challenge. Combining icariin 30 and Sirtinol 10 was more effective 
than either compound alone. The results of the study showed the affinity scores and LE of icariin for three different target proteins, 
namely SIRT-1 (PDB ID: 5BTR), Nrf-2(PDB ID: 5CGJ), and HO-1(PDB ID: 3HOK). The affinity scores were observed as − 7.7, − 8.7, and 
− 8.7 kcal/mol, while the LE values of icariin for the selected targets were determined to be 0.219, 0.248, and 0.248, respectively. These 
LE values provide insights into the effectiveness of icariin as a ligand for the specific targets under investigation. LE is a metric used to 
assess the binding efficiency of a compound to its target, taking into account both the potency and size of the molecule. Higher LE values 
indicate a more efficient use of molecular size to achieve binding affinity, suggesting that icariin demonstrates favourable binding 
characteristics for the three selected targets. 

Comparing the binding affinity of icariin across the three protein structures, it can be seen that icariin exhibited the lowest affinity 
for (PDB ID: 5CGJ) and (PDB ID: 5BTR), as compared to (PDB ID: 3HOK). This suggests that icariin may have a stronger binding 
interaction with the protein structure represented by (PDB ID: 3HOK). 

Further analysis revealed the specific molecular interactions between icariin and the residues within each protein structure. In 
(PDB ID: 3HOK), icariin formed hydrogen bonds with Arg136, Asn210, and Ala28. In (PDB ID: 5CGJ), icariin exhibited hydrogen bonds 
with Ile416, Val463, Arg415, Val604, and Tyr334. Similarly, in (PDB ID: 5BTR), icariin formed hydrogen bonds with Gln345, Asn465, 
Ser442, Gly654, and Asp481. These hydrogen bonding interactions provide valuable insights into the binding mechanism of icariin 
with each respective protein structure. 

The study found stable interactions and favourable binding energies between icariin and SIRT-1, Nrf-2, and HO-1 receptors, 
suggesting a potential activation mechanism for these receptors. The study highlights the potential of icariin as a drug candidate 
targeting SIRT-1, Nrf-2, and HO-1 receptors. It suggests that icariin’s binding to these receptors induces conformational changes, 
potentially modulating their activity in signaling pathways. This underscores the need for further research to explore its therapeutic 
benefits in ALS treatment. Icariin’s effects on SIRT-1, Nrf-2, HO-1 signaling, and TDP 43 accumulation were studied to improve 
neurobehavioral and neurochemical deficits in MeHg+-treated rodents. 
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5. Limitations 

Extensive in vivo knock-in and knock-out studies targeting the SIRT-1, Nrf-2, and HO-1 genes are imperative to elucidate the 
molecular mechanisms through which Methylmercury (MeHg+) influences Amyotrophic Lateral Sclerosis (ALS) regulation. To 
corroborate these findings, qualitative assays, such as Western blot analysis, should be employed to verify and elucidate the molecular 
pathways mediated by SIRT-1, Nrf-2, and HO-1 further. In addition, computational modeling techniques were utilized to predict the 
interactions of Icariin with the SIRT-1, Nrf-2, and HO-1 receptors at the molecular level. This study observed conformational changes 
in the three-dimensional structures of these receptors upon binding with Icariin, suggesting a dynamic receptor-ligand interaction. 
These structural modifications upon Icariin binding are hypothesized to play a role in activating the SIRT-1, Nrf-2, and HO-1 receptors. 
However, it is important to note a limitation of this study: the absence of mechanistic investigations for in silico validation of these 
findings." 

6. Conclusion 

Our study demonstrates that icariin exhibits interactions with the signaling pathways of SIRT-1, Nrf-2, HO-1, and TDP-43, influ-
encing pathological manifestations associated with ALS. We observed that icariin mitigates behavioral, biochemical, neurochemical, 
and gross morphological changes characteristic of an ALS-like phenotype in adult Wistar rats subjected to MeHg+ exposure. This 
suggests icariin’s potential as an effective therapeutic nutraceutical for ALS. Furthermore, our research has identified novel potential 
biomarkers for ALS in blood plasma, brain homogenates, and CSF. Histological analysis and LFB staining indicate that MeHg+ acts as a 
neurotoxin, causing damage to neuroglial cells. However, oral administration of icariin at dosages of 15 mg/kg and 30 mg/kg appears 
to counteract this neurotoxicity, evidenced by regeneration of neuronal populations and promotion of remyelination. To assess the 
therapeutic efficacy of icariin, we utilized Sirtinol (10 mg/kg) as a comparative agent, which negates icariin’s effects by reducing the 
levels of SIRT-1, Nrf-2, HO-1, and TDP-43. Interestingly, combined treatment with Icariin (30 mg/kg) and Sirtinol (10 mg/kg) 
demonstrated reversing MeHg+-induced neurotoxicity." 
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AchE Acetylcholinesterase 
ALS Amyotrophic lateral sclerosis 
ANOVA Analysis of variance 
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Bcl-2 B cell lymphoma-2 
BDNF Brain-derived growth factor 
cAMP Cyclic AMP 
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IL-1β Interleukin-1Beta 
LFB Luxol Fast Blue 
MBP Myelin basic protein 
MeHg Methylmercury 
MND Motor neuron disease 
MWM Morris water maze 
NEFL: Neurofilament 
Nrf-2 Nuclear Factor- Erythroid 2–related factor 2 
ODC Oligodendrocytes 
OPC: Oligodendrocyte Precursor Cells 
SIRT-1 Silent information regulator 1 
TNF-α Tumor necrosis factor-alpha 
TSTQ Time spent in target quadrant 
TDP-43 Tar DNA Binding Protein- 43 
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