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Naringenin as a potent inhibitor molecule for targeting 

microtubule affinity-regulating kinase 4 (mark4): a molecular 

docking and in vitro study for therapeutics of Alzheimer's 

disease 
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Alqurashi5, Badrah S. Alghamdi1, 6, Ghulam Md Ashraf1, 2, Mohsin Kazi7 

 

ackground: The targeted inhibition of Microtubule Affinity-Regulating Kinase 4 (MARK4) using small 

molecule inhibitors has emerged as a promising therapeutic approach for diverse diseases, including 

neurological disorders such as Alzheimer’s disease. Ongoing research endeavors aim to develop novel 

and more effective MARK4 inhibitors with enhanced target specificity and reduced off-target effects. In the 

present study, we sought to investigate the binding affinity and impact of Naringenin on the activity of 

MARK4.  

Methods: We employed a combination of molecular docking and other bioinformatics methods, a 

fluorescence-based inhibition assay, as well as a kinase activity assay to assess the binding affinity and 

inhibition potential of Naringenin against MARK4. Additionally, we utilized the MTT assay to examine the 

effect of Naringenin on the viability of two cell lines: the normal human cell line HEK-293 and the neuronal 

cell line SH-SY5Y. The IC50 dose of Naringenin, determined from the MTT assay, provided a valuable 

reference point for subsequent neuronal cell line experiments.  

Results: The results of the molecular docking demonstrated a robust binding affinity of Naringenin (-7.8 

kcal/mol) to MARK4, affirming its potency as an inhibitor. Moreover, the fluorescence inhibition and kinase 

activity assays confirmed the inhibitory effect of Naringenin on MARK4. Interestingly, the MTT assay 

outcomes indicated that increasing concentrations of Naringenin did not significantly impact the viability of 

HEK 293 cells, while exhibiting a pronounced effect on SH-SY5Y neuronal cells. The IC50 concentration of 

Naringenin was determined to be 10.0 ± 1.33 μM for SH-SY5Y neuronal cells.  

Conclusion: In conclusion, this study reported Naringenin as a potential inhibitor molecule for MARK4, 

offering promising prospects for future therapeutic interventions in neuronal disorders specifically for 

Alzheimer’s disease. 
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Introduction 

Microtubule Affinity Regulating Kinase 4 (MARK4) is a 

serine/threonine kinase that plays a crucial role in 

regulating cell polarity and microtubule dynamics [1]. 

MARK4 is a member of the AMP-activated protein 

kinase (AMPK) family and is highly conserved across 

species from worms to humans. Its pivotal role in 

cellular processes, such as cell division, migration, and 

differentiation, makes it an essential protein in 

maintaining cellular homeostasis and tissue integrity 

[2]. MARK4 consists of several functional domains, 

including a kinase domain, and ubiquitin-associated 

(UBA) domain, and a regulatory domain [3]. The kinase 

domain is responsible for the enzymatic activity of 

MARK4, while the UBA domain is involved in binding 

to ubiquitin and mediating interactions with other 

proteins. The regulatory domain serves as a platform 

for MARK4's interaction with other molecules and is 

crucial for its subcellular localization and activity. 

Activation of MARK4 is tightly regulated, and its 

activity is influenced by various factors, including 

phosphorylation, protein-protein interactions, and 

subcellular localization [4]. Phosphorylation of specific 

residues within the regulatory domain modulates the 

enzyme's activity, and MARK4 is typically kept in an 

inactive state until it is activated by upstream kinases 

[5]. One of the prominent functions of MARK4 is its 

involvement in establishing and maintaining cell 

polarity [6]. MARK4 regulates cell polarity by 

phosphorylating various target proteins, such as 

microtubule-associated proteins (MAPs) and polarity 

regulators like Par-3 and Par-6 [7]. These 

phosphorylation events lead to the reorganization of 

the cytoskeleton and the establishment of polarized 

cell structures. In neurons, MARK4 is especially 

important for axon formation and dendritic branching, 

ensuring proper synaptic connectivity and neuronal 

function. MARK4 plays a central role in regulating 

microtubule dynamics by phosphorylating 

microtubule-associated proteins (MAPs) including tau 

protein and destabilizing microtubules in specific 

cellular regions [8]. Phosphorylation of MAPs by 

MARK4 promotes microtubule disassembly, leading to 

the generation of short, dynamic microtubule 

fragments [9]. These fragments can then be utilized for 

cellular processes requiring rapid remodeling of the 

cytoskeleton, such as cell migration and intracellular 

transport. 

Due to its critical role in cell polarity and microtubule 

dynamics, dysregulation of MARK4 has been associated 

with various human diseases [10, 11]. MARK4's 

involvement in tau phosphorylation has drawn 

significant attention due to its connection to neuronal 

diseases [11]. Neurodegenerative diseases, such as 

Alzheimer's disease, are characterized by the abnormal 

accumulation of proteins, including tau, leading to 

neuronal dysfunction and cell death [12]. MARK4 is 

known to phosphorylate tau, contributing to the 

formation of neurofibrillary tangles, a hallmark of 

Alzheimer's disease [13]. By targeting MARK4, 

researchers aim to reduce tau hyperphosphorylation, 

thereby potentially slowing down or preventing the 

progression of neurodegeneration. Therapeutic 

approaches that inhibit MARK4 could help restore 

microtubule stability and reduce neurotoxic tau 

aggregates, providing a potential disease-modifying 

treatment for Alzheimer's disease and related disorders 

[14]. Apart from its role in neurodegenerative diseases, 

MARK4 has also been implicated in other cellular 

processes (Basheer et al., 2023). It is involved in the 

regulation of cell cycle progression, apoptosis 

(programmed cell death), and cellular response to 

stress [15]. Dysregulation of MARK4 activity has been 

associated with certain cancers, highlighting its 

importance in tumorigenesis and tumor progression 

[16]. 

Although much remains to be explored regarding the 

exact mechanisms and regulatory pathways involving 

MARK4, research efforts are ongoing to gain a 

comprehensive understanding of its functions and 

potential therapeutic implications. As with many other 

protein kinases, the development of specific inhibitors 

or modulators of MARK4 activity could hold promise 

for addressing various diseases such as Alzheimer's 

disease where its upregulation plays a significant role. 

Methods 

Target protein and ligand preparation 

Initially, we obtained the 3D crystal structure of 

Microtubule Affinity-Regulating Kinase 4 (MARK4) 

from the Protein Data Bank using PDB ID 5ES1 as 

reference [17]. This structure was resolved at 2.80 Å 

and was in a complex with a pyrazolopyrimidine 

inhibitor molecule. Further, we retrieved the 2D 

structure of the ligand molecule, Naringenin, from 

DrugBank with Accession Number DB03467 

(https://go.drugbank.com/drugs/DB03467). To ensure 

the target protein's suitability for docking studies, a 

standard receptor preparation protocol was applied [18, 

19]. We utilized the Swiss-PDB Viewer tool to perform 

energy minimization, which involved adjusting the 

atomic positions to release local constraints and 

remove the inhibitor molecule from the protein-

inhibitor complex. During this process, we detected and 

rectified various issues, including missing side chains, 

atoms, or bonds, molecule-chain breaks, added water 

molecules, alternate locations, and others. For the 

subsequent docking using AutoDock Vina, we further 

prepared the target protein by adding appropriate polar 

hydrogens and assigning Kollman United Atom 

https://go.drugbank.com/drugs/DB03467
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Charges. Additionally, both the target protein and 

ligand molecule were converted to the .pdbqt format, 

which is required for conducting molecular docking in 

AutoDock Vina. 

Molecular docking 

The molecular docking investigations were conducted 

utilizing AutoDock Vina and MGL tools, following the 

methodology outlined by Sultan et al. [18, 19]. The 

objective was to dock Naringenin scaffolds into the 

active sites of MARK4. For this purpose, a grid size with 

X, Y, and Z coordinates of 57, 84, and 73 Å, 

respectively, was established, centered at coordinates 

of −31.21, 14.93, and 71.51, respectively. The grid 

spacing was set to 1.00 Å, and the exhaustiveness 

parameter was configured to 8. Furthermore, the pKi, 

ligand efficiency (kcal/mol/non-H atom), and torsional 

energy for the MARK4-Naringenin complex were 

computed to gain additional insights into the binding 

interaction. 

ADMET properties and biological activity prediction  

ADMET properties, sometimes referred to as ADME-

Tox properties, are essential considerations in drug 

discovery and development. ADMET is an acronym that 

stands for Absorption, Distribution, Metabolism, 

Excretion, and Toxicity. These properties collectively 

help assess the pharmacokinetics and safety profile of a 

potential drug candidate. The pkCSM tool was utilized 

to evaluate the ADMET (Absorption, Distribution, 

Metabolism, Excretion, and Toxicity) properties of the 

chosen Naringenin molecule [20]. The SMILE ID of 

Naringenin was retrieved from the DrugBank database 

(https://go.drugbank.com/drugs/DB03467) and then 

uploaded to the online pkCSM server to determine its 

ADMET properties.  

PASS (Prediction of Activity Spectra for Substances) 

is a computational tool used in cheminformatics and 

drug discovery to predict the biological activities of 

chemical compounds. It's designed to estimate the 

potential pharmacological activities of compounds 

based on their chemical structure. PASS analysis relies 

on a large database of chemical structures and their 

known biological activities to make predictions for new 

or untested compounds. To conduct the PASS analysis, 

the chemical structure of Naringenin, presented in the 

standard "SMILES" format, was uploaded to the online 

server (http://www.pharmaexpert.ru/passonline/) for 

predicting the probability of biological activities 

associated with the compound. 

MTT assay for cell viability 

For this experiment, two cell lines, namely HEK-293 

(normal cell line) and SH-SY5Y (neuronal cell line), 

were cultured in a 96-well microplate at a density of 

5,000 cells per well in 100 µL of DMEM medium. The 

microplate was then placed in a CO2 incubator at 37°C 

with humidified conditions for 24 hours. After the 24-

hour incubation period, the MTT reagent was prepared 

by dissolving 5 mg of MTT in 1 mL of sterile PBS. Next, 

the culture medium in the wells was replaced with 100 

µL of fresh medium containing the MTT reagent at a 

final concentration of 0.5 mg/mL. The cells were 

further incubated for 4 hours at 37°C. Following the 4-

hour incubation, the medium with the MTT reagent 

was removed from the wells, and 100 µL of DMSO was 

added to each well to dissolve the purple formazan 

crystals produced by the MTT reagent. To ensure 

complete dissolution, the microplate was gently shaken 

for 10 minutes. The absorbance of each well was then 

measured at 570 nm using a plate reader. To calculate 

the net absorbance, the absorbance of blank wells 

(containing only culture medium and MTT reagent) was 

subtracted from the absorbance of the test wells. The 

percentage of cell viability was determined by dividing 

the net absorbance of the test wells by the net 

absorbance of the control wells (cells without any 

treatment) and multiplying the result by 100. 

In vitro inhibition assay 

The recombinant human MARK4 protein, affinity 

purified to a level exceeding 90% on SDS-PAGE, was 

acquired from Abcam (ab105211). Naringenin was 

purchased from Sigma, USA (N5893; CAS No.: 67604-

48-2). Fluorescence binding studies involving MARK4 

and Naringenin were conducted using a JASCO 6300 

spectrofluorometer with a 1 cm quartz cell. To generate 

the fluorescence spectrum of MARK4 and the MARK4-

Naringenin complex, the following steps were 

executed: (1) Excitation of MARK4 was performed at a 

wavelength of 280 nm. (2) Emission from MARK4 was 

recorded in the range of 300-500 nm. (3) The excitation 

and emission slit widths were set to 10 mm, and the 

response was set to medium. Subsequently, the 

obtained fluorescence data from MARK4 and the 

MARK4-Naringenin complex were subjected to 

analysis. This analysis aimed to derive various binding 

parameters for the MARK4-Naringenin complex, 

shedding light on the inhibition of MARK4 by 

Naringenin. 

Kinase assay 

To investigate the impact of Naringenin on the activity 

of MARK4, an ATPase assay was conducted following 

the methodology described by Rule et al. [21]. This 

assay served to measure the activity of MARK4 by 

monitoring the release of inorganic phosphate (Pi) 

during the hydrolysis of ATP. In the experiment, 

different concentrations of Naringenin (ranging from 0 

to 10 µM) were added to MARK4 (at a concentration of 

2 µM), and the mixture was incubated for 1 hour at 

25°C. Subsequently, freshly prepared ATP (200 µM) and 

https://go.drugbank.com/drugs/DB03467
http://www.pharmaexpert.ru/passonline/
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MgCl2 (10 mM) were introduced into the reaction 

mixture, which was then incubated for an additional 30 

minutes at 25°C. To halt the reaction, BIOMOL® 

reagent was added, leading to the formation of a green-

colored complex. The absorbance of this complex was 

measured at 620 nm using a microplate reader. The 

ATPase assay employed Malachite green reagent 

(Biomol, Enzo Life Sciences, New York, NY, USA) as a 

crucial component. 

Results 

Molecular docking revealed Naringenin as potential 

inhibitor of MARK4 

The molecular docking results of the MARK4-

Naringenin complex are presented in Table 1 and 

Figure 1. The docking analysis yielded affinity scores 

and docked poses, revealing that Naringenin exhibited 

a notable binding affinity score of −7.8 kcal/mol with 

MARK4 (Table 1). The docking pose exhibited the 

successful docking of Naringenin into the deep binding 

cavity of MARK4 (Figure 1B). Furthermore, the docking 

results demonstrated a preferential hydrogen bond 

interaction of Naringenin with the GLU100 amino acid 

residue of the kinase domain of MARK4 (Figure 1C). 

Additionally, Naringenin formed several hydrophobic 

interactions with MARK4 (Figure 1C). 

 

Figure 1: This figure presents molecular docking of Naringenin 
with MARK4 and their interactions.  (A) Cartoon plot of MARK4-
Naringenin complex representing valuable information about the 
structural and functional aspects of the interaction between a 
protein and its inhibitor, (B) surface presentation of Naringenin 
interaction with the binding pocket of MLK, and (C) 2D plot of the 
MARK4-Naringenin complex showing different types of bonding 
of Naringenin with the amino acid residues of MARK4. 

 

Complex Binding Free 

Energy 

(kcal/mol) 

pKi* Ligand Efficiency 

(kcal/mol/non-H 

atom) 

Torsional 

Energy* 

MARK4- 

Naringeni

n complex 

-7.8 4.25 0.1932 3.042 

*The pKi is a measure of the inhibitory constant of a ligand (such 
as a drug or small molecule) for its target protein. 
*Torsional Energy refers to the energy associated with the 
rotation of chemical bonds (torsion angles) within a molecule or 
a complex of molecules during the molecular docking process. 
Table 1:  Binding affinity and inhibition constant (Ki) of 
Naringenin with MARK4. 

ADMET predictions and PASS analysis showed that 

Naringenin has drug like properties 

Results of the ADMIT predictions are represented in 

Table 2. ADMET predictions indicated that Naringenin 

satisfies all requisite pharmacokinetic criteria. 

Therefore, Naringenin may be validated and developed 

as a therapeutic molecule to inhibit the enzymatic 

activity of the MARk4 associated with neuronal 

diseases. In addition, PASS Analysis revealed numerous 

favorable biological properties associated with 

Naringenin (Table 3). Results showed that Naringenin 

is associated with several biological properties 

including neuronal activities.  

MTT assay showed a significant decrease in the 

viability of SH-SY5Y neuronal cells. 

The outcomes of MTT assay analysis are presented in 

Figure 2. The MTT assay results revealed that the 

increasing concentrations of Naringenin did not exert a 

significant effect on the viability of HEK-293 cells. 

However, the viability of SH-SY5Y neuronal cells 

exhibited a noticeable and significant response to the 

treatment. There was a significant decrease in the 

viability of SH-SY5Y cells. Notably, the IC50 

concentration of Naringenin was determined to be 10.0 

± 1.33 μM for SH-SY5Y cells. 

 
Figure 2: This figure presents the cell viability results, 
illustrating the impact of Naringenin treatment on the viability of 
normal cell line namely HEK-293 and neuronal cell line SH-SY5Y. 
The experimental procedure involved subjecting the cells to 
treatment of varying concentrations of Naringenin for duration 
of 24 hours. Subsequently, the viability of the cells was assessed 
using the MTT assay. Experiment was performed in triplicate, 
and the data is represented as the mean ± standard error (SE). 
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Pa Pi Activity 

0,964 0,003 Membrane integrity agonist 

0,956 0,002 HMOX1 expression enhancer 

0,949 0,003 CYP1A1 substrate 

0,944 0,004 CYP1A substrate 

0,934 0,002 CYP1B substrate 

0,928 0,002 UGT1A10 substrate 

0,918 0,004 CYP1A2 substrate 

0,918 0,004 Chlordecone reductase inhibitor 

0,911 0,005 HIF1A expression inhibitor 

0,892 0,002 Histidine kinase inhibitor 

0,900 0,012 CYP2C12 substrate 

0,890 0,003 CYP1A inhibitor 

0,883 0,002 CYP1A1 inhibitor 

0,880 0,003 UGT1A substrate 

0,868 0,005 Aldehyde oxidase inhibitor 

0,866 0,005 CYP2B6 substrate 

0,868 0,012 Ubiquinol-cytochrome-c reductase inhibitor 

0,857 0,003 Antimutagenic 

0,855 0,002 Pectate lyase inhibitor 

0,848 0,002 CYP1B1 inhibitor 

0,851 0,005 Membrane permeability inhibitor 

0,846 0,002 NOS2 expression inhibitor 

0,844 0,010 Mucomembranous protector 

0,839 0,005 2-Dehydropantoate 2-reductase inhibitor 

0,838 0,004 Kinase inhibitor 

0,838 0,005 CYP3A4 inducer 

0,811 0,017 Antiseborrheic 

0,803 0,012 Anaphylatoxin receptor antagonist 

0,794 0,003 Antioxidant 

0,791 0,002 SULT1A3 substrate 

0,769 0,003 Free radical scavenger 

0,764 0,004 MMP9 expression inhibitor 

0,790 0,036 Aspulvinone dimethylallyltransferase inhibitor 

0,754 0,004 Cytochrome P450 stimulant 

0,754 0,005 NADPH-ferrihemoprotein reductase inhibitor 

0,760 0,012 CYP2C substrate 

0,751 0,003 Cytoprotectant 

0,748 0,002 Skin whitener 

0,751 0,018 Antineoplastic 

0,733 0,003 Estrogen antagonist 

0,732 0,005 CYP2C19 substrate 

0,724 0,006 Chemopreventive 

0,724 0,008 Anticarcinogenic 

0,721 0,006 Hepatoprotectant 

0,726 0,015 Fibrinolytic 

0,714 0,013 Membrane integrity antagonist 

0,705 0,005 Beta-carotene 15,15'-monooxygenase inhibitor 

0,701 0,001 Melanin inhibitor 

0,702 0,003 Estrogen receptor beta antagonist 

0,703 0,006 CYP2A4 substrate 

0,707 0,010 Vasoprotector 

0,709 0,014 Apoptosis agonist 

0,714 0,050 
Testosterone 17 beta-dehydrogenase (NADP+) 

inhibitor 

Pa - Probability "to be active"; Pi - Probability "to be inactive” 

Table 3: PASS (Prediction of Activity Spectra for Substances) 

analysis of Naringenin. Probability “to be active” was set at Pa>0, 

7. 

Fluorescence-based binding assay and kinase assay 

revealed Naringenin as potential inhibitor of MARK4 

 

 

 

 

 

The obtained fluorescence emission spectra of MARK4 

at various concentrations of Naringenin (ranging from 

0 to 10 µM) are presented in Figure 3. Our analysis 

revealed that as the concentration of Naringenin 

increased, the fluorescence of MARK4 exhibited a 

corresponding decrease. This observation strongly 

indicates that Naringenin acts as an inhibitor of 

MARK4 by hindering its activity. The outcomes of 

kinase assay are graphically presented in Figure 4. 

Notably, the results demonstrate a pronounced 

reduction in the activity of MARK4 with the increasing 

concentration of Naringenin (Figure 4). These findings 

clearly indicated a noticeable reduction in the kinase 

activity of MARK4 with increasing concentrations of 

Naringenin, signifying its inhibitory effect on the 

enzyme. 

 
Figure 3: This figure displays the fluorescence emission spectra 

of MARK4 under varying conditions, specifically in the absence 

and presence of distinct concentrations (0, 1, 5, 10, 15, and 20 

μM) of Naringenin. The MARK4 protein was subjected to 

excitation at 280 nm, and its emission was recorded within the 

range of 300-500 nm. 

 
Figure 4: ATPase assay of MARK4 with Naringenin. The 
concentration of MARK4 was fixed while Naringenin was titrated 
from 0-10 μM. 

Properties 

 Absorption Distribution Metabolism Excretion Toxicity 

Models Intestinal 

absorption 

(human) 

VDss 

(human) 

BBB 

permeability 

CNS 

permeability 

CYP Total 

clearance 

AMES toxicity 

/Hepatotoxicity 

 Substrate Inhibitor   

 2D6 3A4  1A2  2C19  2C9  2D6 3A4   

Unity Numeric  

(% 

absorbed) 

Numeric 

(log L/kg) 

Numeric 

(Log BB) 

Numeric 

(Log PS) 

Categorical 

(yes/no) 

Numeric 

(log ml/min 

/ kg) 

Categorical 

(yes/no) 

Predicted values 

Ng 91.31 -0.015 -0.578 -2.215 NO NO NO NO NO NO NO 0.06 NO 

Table 2: In silico prediction of ADMET properties for Naringenin (Ng). These properties represent pharmacokinetics and safety 

profile of a potential drug candidate. The results reflect that Naringenin qualifies the ADMIT properties test. 
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Discussion 

Alzheimer's disease is a progressive neurodegenerative 

disorder that primarily affects the elderly population. It 

is the most common cause of dementia and is 

characterized by cognitive decline, memory loss, 

impaired thinking, and behavioral changes [22]. 

Therapeutic strategies for Alzheimer's disease are 

focused on slowing down disease progression, 

managing symptoms, and improving the quality of life 

for affected individuals. However, it is important to 

note that there is currently no cure for Alzheimer's 

disease, and available treatments can only help manage 

symptoms to some extent. There is ongoing research to 

identify disease-modifying treatments for Alzheimer's 

disease. These treatments aim to target the underlying 

pathology of the disease, such as the accumulation of 

amyloid plaques and tau tangles in the brain. MARK4 

has emerged as a promising therapeutic target in the 

context of Alzheimer's disease. This enzyme plays a 

crucial role in regulating microtubule dynamics, which 

are essential for maintaining neuronal structure and 

function [13]. Dysregulation of microtubule-associated 

processes has been implicated in Alzheimer's disease 

pathogenesis, contributing to the formation of 

neurofibrillary tangles and neuronal degeneration [12]. 

By targeting MARK4, there is potential to modulate 

microtubule stability and potentially mitigate disease-

related pathology. Thus, investigations into the 

inhibition or modulation of MARK4 present a 

compelling possibility for the development of novel 

therapeutic interventions in Alzheimer's disease.  

The current investigation focused on assessing the 

potential of Naringenin as an inhibitor of MARK4, 

employing a combination of in silico and in vitro 

approaches [18, 19]. Initially, molecular docking was 

utilized to predict the binding affinity between 

Naringenin and MARK4. The molecular docking results 

of the MARK4-Naringenin complex are presented in 

Table 1 and Figure 1. Our investigation involved 

molecular docking to elucidate the potential binding 

interaction between Naringenin and MARK4, and to 

explore their bonding characteristics, as well as 

determine their binding affinity [19]. The docking 

analysis yielded affinity scores and docked poses, 

revealing that Naringenin exhibited a notable binding 

affinity score of −7.8 kcal/mol with MARK4 (Table 1). 

Furthermore, the docking results demonstrated a 

preferential interaction of Naringenin with the binding 

pocket of MARK4. In-depth examination of the binding 

mode and interaction pattern of Naringenin with 

MARK4 was carried out using PyMOL. This analysis 

unveiled the formation of hydrogen bonds with the 

GLU100 residue of the kinase domain of MARK4 (Figure 

1B). Additionally, Naringenin engaged in several 

hydrophobic interactions with MARK4. The docking 

pose exhibited the successful docking of Naringenin 

into the deep binding cavity of MARK4 (Figure 1C). 

Based on the comprehensive docking results, we posit 

that Naringenin holds promise as a potential binding 

molecule and inhibitor of MARK4. Furthermore, 

ADMET predictions indicated that Naringenin satisfies 

all requisite pharmacokinetic criteria (Table 2). 

Therefore, Naringenin may be validated and developed 

as a therapeutic molecule to inhibit the enzymatic 

activity of the MARk4 associated with neuronal 

diseases. In addition, PASS Analysis revealed numerous 

favorable biological properties associated with 

Naringenin (Table 3). Results showed that Naringenin 

is associated with several biological properties 

including neuronal activities. These findings further 

prioritize the Naringenin for further testing and 

optimization based on the PASS prediction results if 

the predicted biological activity is desirable. 

Collectively, these findings suggest the potential of 

Naringenin as a promising therapeutic agent for 

inhibiting the enzymatic activity of MARK4, 

particularly in the context of neuronal diseases like 

Alzheimer's disease.  

Next, we investigated the impact of Naringenin on 

the viability of HEK-293 and SH-SY5Y cells. We used 

MTT assay (3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide assay), a commonly used 

colorimetric assay to measure cell viability and assess 

cell proliferation or cytotoxicity [23]. It is widely used 

in biological and biomedical research to evaluate the 

effects of various compounds, drugs, or treatments on 

cell cultures. The cells were exposed to various 

concentrations of Naringenin ranging from 0 to 100 

μM. The outcomes of this analysis are presented in 

Figure 2. The MTT assay results revealed that the 

increasing concentrations of Naringenin did not exert a 

significant effect on the viability of HEK-293 cells. 

However, the viability of SH-SY5Y neuronal cells 

exhibited a noticeable and significant response to the 

treatment. There was a significant decrease in the 

viability of SH-SY5Y cells. Notably, the IC50 

concentration of Naringenin was determined to be 10.0 

± 1.33 μM for SH-SY5Y cells. 

Following the confirmation of Naringenin's binding 

to MARK4 through computer simulations, we employed 

a fluorescence-based binding assay to quantify the 

strength of the interaction between the two entities. It 

is a fluorescence-based binding assay that is a valuable 

technique for assessing ligand binding affinity [24]. It 

serves as a useful tool for screening ligands that may 

exhibit inhibitory effects on target proteins [25]. This 

assay relies on measuring the changes in protein 

fluorescence upon binding of the ligand (Naringenin) 

to MARK4. The obtained fluorescence emission spectra 

of MARK4 at various concentrations of Naringenin 
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(ranging from 0 to 10 µM) are presented in Figure 3. 

Our analysis revealed that as the concentration of 

Naringenin increased, the fluorescence of MARK4 

exhibited a corresponding decrease. This observation 

strongly indicates that Naringenin acts as an inhibitor 

of MARK4 by hindering its activity. These findings 

suggest the potential potency of Naringenin as a robust 

inhibitor of MARK4, leading us to further investigate 

its inhibitory effects using the ATPase assay. 

For further investigation into the functional behavior 

of MARK4, we employed a kinase assay. Kinases are 

enzymes that facilitate the transfer of phosphate 

groups from ATP (adenosine triphosphate) to specific 

substrates, such as proteins or other small molecules 

[26]. The study of kinase activity is crucial for 

comprehending various cellular processes and 

signaling pathways, as kinases play a pivotal role in 

regulating numerous cellular functions, including cell 

growth, differentiation, and metabolism. A kinase assay 

was performed, assessing the impact of various 

concentrations of Naringenin on MARK4 activity. The 

outcomes of this assay are graphically presented in 

Figure 4. The baseline activity of MARK4 without 

Naringenin was set at 100%. Notably, the results 

demonstrate a pronounced reduction in the activity of 

MARK4 with the increasing concentration of 

Naringenin (Figure 4). These findings clearly indicated 

a noticeable reduction in the kinase activity of MARK4 

with increasing concentrations of Naringenin, 

signifying its inhibitory effect on the enzyme. 

In conclusion, the present investigation provides 

evidence for the potential of Naringenin as a promising 

MARK4 inhibitor. The combination of in silico and in 

vitro methodologies demonstrated a high binding 

affinity between Naringenin and MARK4, with 

favorable pharmacokinetic properties and biological 

attributes, thereby implying its plausible therapeutic 

utility in diseases, notably Alzheimer's disease, where 

MARK4 dysregulation is implicated. Nevertheless, it is 

imperative that additional investigations be 

undertaken to assess the efficacy and safety of 

Naringenin as a MARK4 inhibitor, as well as to refine 

its dosage and delivery methods to align with clinical 

requirements. 
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