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Abstract
Neurodegeneration may be de�ned as a clinical condition wherein neurons gradually lose their structural integrity, viability, functional abilities and the damage
in�icted upon the neurons is often irreversible. The number of elderly patients suffering from Neurodegenerative disorders is expected to rise tremendously
over the next couple of years. Thus, there is an urgent need to delve into and study the underlying cause and mechanisms, so that we may be able to develop
more effective therapeutic strategies and drugs and better understand the origin and progression of the disease.The various mechanisms that have been
observed to contribute to neurodegeneration include aggregation and accumulation of misfolded proteins, impaired autophagy, oxidative damage,
neuroin�ammation, mitochondrial defects, increased SUMOylation of proteins, impaired UPR pathways, disruption of axonal transport.Melatonin, a
neurohormone is involved in a variety of functions including scavenging free radicals, synchronizing the circadian rhythm, mitigating immune
response.Melatonin has shown to modulate the UPR pathway ,antioxidant pathway through Nrf2 and in�ammatory pathway through NFκB. The study aims to
determine the e�cacy of melatonin on neurodegeneration mediated by ER stress, in�ammation and oxidative damage through in silico approaches. The
molecular targets chosen were ATF6, XBP1, PERK, Nrf2, NFκB and they were docked against melatonin. Additionally various physiochemical analysis such as
ADME were also carried out to determine its drug ability. The �ndings were that melatonin not only shows excellent interactions with the targets but also
possess drug-like physicochemical properties that makes it a valuable choice for the treatment of neurodegenerative disorders.

Introduction
Neurodegeneration may be de�ned as a clinical condition wherein neurons gradually lose their structural integrity, viability, functional abilities and the damage
in�icted upon the neurons is often irreversible. The number of elderly patients suffering from Neurodegenerative disorders is expected to rise tremendously
over the next couple of years. [1]. While current treatment strategies only focus on alleviating the symptoms, there is not much it contributes to stop the
progression of the disease and they are often accompanied by devastating side effects. Thus, there is an urgent need to delve into and study the underlying
cause and mechanisms, so that we may be able to develop more effective therapeutic strategies and drugs and better understand the origin and progression
of the disease.[2].

The initial step towards developing better therapeutic strategy is to determine the molecular mechanisms for the same. The various mechanismsthat have
been observed to contribute to neurodegeneration include aggregation and accumulation of misfolded proteins, impaired autophagy, oxidative damage,
neuroin�ammation, mitochondrial defects, increased SUMOylation of proteins, impaired UPR pathways, disruption of axonal transport. In this paper we shall
only discuss UPR, neuroin�ammation and oxidative damage in depth.[3, 4].

Melatonin is a neurohormone that is secreted by the pineal gland of the brain. This hormone is secreted in response to darkness, which is why the melatonin
concentration is found to ten times higher at night than during daytime.[4, 5].But as we age, the melatonin levels also drop simultaneously. A myriad of
diseases like neurodegenerative disorders, cancers show deregulation of melatonin, which points out to the fact the melatonin regulation is crucial in order to
be protected from various kinds of diseases. What makes it an excellent choice for a therapeutic drug for treating neurodegenerative disorders is its ability to
penetrate the blood brain barrier, an ability con�ned to small number of molecules.[6].

The brain consumes about 20% of the body’s oxygen and this great level of consumption of oxygen leads to oxidative stress. Oxidative stress is wherein there
is an increased production of chemical entities called as Reactive Oxygen Species (ROS). Increased ROS in the neuronal cells pose a threat of altered gene
expression, damage the genetic material & biomolecules and ultimately decrease the cell viability of neuronal cells. Moreover, brain cells have a higher
proportion of fatty acids, which make them even more susceptible to oxidative damage this. To counteract these ROS, our body possesses certain systems
called as Antioxidant systems, which scavenge those free radicals / ROS. One such extremely potent antioxidant is the neurohormone melatonin.[5].Melatonin
exerts its effects by binding its receptors MT1 and MT2, which are essentially G-Protein coupled Receptors. While MT1 is found abundantly in the CNS, MT2 is
con�ned to a certain areas such as the hippocampus of the brain. Melatonin is capable of directly blocking oxidative stress, increasing the expression of
antioxidant enzymes like Glutathione peroxidase, catalase, etc.[7]

One speci�c signalling pathway melatonin is known to modulate is the Nrf2 antioxidant signalling pathway. Melatonin not only exerts neuroprotective effects
but also a range of other effects like hepatoprotective, nephroprotective and cardioprotective effects through Nrf2 signaling.Nuclear factor erythroid 2-related
factor 2 (Nrf2) is the major sensor of oxidative stress occurring in the cells and its major aim is to restore the redox balance. In normal conditions the Nrf2
peptide is kept translationally inactive by a protein termed as Kelch-like ECH-associated protein 1 (Keap1). Upon conditions of oxidative stress the dissociation
of Keap1 and Nrf2 is facilitated, due to which Nrf2 is translocated to the nucleus and it later activates the genes controlling antioxidant defences such as
Superoxide dismutase (SOD),Catalase (CAT) ,etc[8, 9].

Melatonin also modulates the UPR pathways such that there is reduced UPR induced apoptosis and increase in the neuronal viability.[6] Most of the
neurodegenerative disorders, though different in their clinical symptoms, share few common pathogenic features including protein misfolding, protein
aggregation, etc[10, 11]. Thus, this narrows down our focus to the cellular organelle that is concerned with the quality control and homeostasis of proteins, i.e.
the Endoplasmic Reticulum(ER).ER is the cell organelle wherein protein synthesis, folding and transport occurs.[12]. Under normal conditions, ER resident
chaperones ensure correct protein folding and facilitate the degradation of misfolded proteins via various pathways. However, recurrent misfolding of proteins
can lead to their accumulation within the ER and this generates ER stress. These occurrences collectively elicit the Unfolded Protein Response (UPR)[13, 14].

UPR can be initiated through three transmembrane proteins namely IRE1, ATF6 and PERK. All the aforementioned proteins possess stress-sensing domains.
Thus, when there is an episode of protein accumulation or protein misfolding, either of the three proteins get activated. If IRE1 is activated, it eliminates an
intronic sequence from another protein called as XBP1. After which XBP1 is translocated to the nucleus and there it activates the UPR genes. If ATF6 is
activated ,it is translocated to the Golgi Apparatus. After translocation it is cleaved by two endopeptidases namely S1P and S2P. This cleavage results in the
release of a fragment called as ATF6f, which is now translocated to the nucleus so that it activates the UPR genes. Lastly, if PERK is activated it
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phosphorylates a protein called as eIF2α. eIF2α facilitates the translation of a protein termed as ATF4 which is later translocated to the nucleus so that it can
activate the UPR genes. The consequence of activating UPR is to either promote protein folding or promote ER associated degradation (ERAD)[15–17].

ER stress and UPR are considered as both hallmarks and biomarkers for many neurodegenerative disorders. UPR activators such as ATF6 are also targeted for
the treatment of cancers such as gliomas.[18]For instance, in AD patients, an increased level of phosphorylated PERK and IRE1α are found alongside
phosphorylated Tau protein, which is a hallmark of the disease.[19]

Melatonin most importantly also helps in reducing Aβ induced toxicity in AD which is a major pathological hallmark of the same. Besides it also helps in
preventing the formation and aggregation of Aβ altogether.[20, 21]. Similarly, it helps in reducing α-synuclein induced toxicity and α-synuclein aggregation
which is a major pathological hallmark of PD.[5].

The next major protective effect is the anti-in�ammatory effect of melatonin. An increased state of neuroin�ammation is also observed in a number of
neurodegenerative disorders. This in�ammatory environment is also thought to lead to the progression of these diseases. Melatonin is shown to prevent the
activation of microglial cells, astrocytes. Besides, it is also capable of inhibiting NFκB which in turn leads to the inhibition of production of various pro-
in�ammatory cytokines such as IL-6, TNF-α[20].Nuclear Factor kappa-light-chain-enhancer of activated B cells (NFκB) is a pivotal transcription factor for
innumerable pro-in�ammatory cytokines and chemokines.Itis also crucial in maintaining the homeostasis of neuronal and glial cells. Under normal conditions
it is present as a complex of 2 subunits namely p50 and p65 and an inhibitory subunit namely IkB. Upon appropriate stimuli, the IkB is degraded and the
remaining complex is translocated to the nucleus. After reaching the nucleus, it regulates the gene expression. Besides, there is also evidences of crosstalk
between Nrf2 signalling and NFκB as some NFκB binding sites are observed in the promotor region of the Nrf2 gene. Nrf2 protein is able to inhibit the activity
of NFκB and thus this can decrease the in�ammatory state in a disease scenario.[8, 22, 23]

Experimental Methods And Softwares Used
Protein preparation

The PDB structures for ATF6 (PDB ID: -2DGC),PERK (PDB ID: -5SV7),XBP1 (PDB ID: -6IAK), Nrf2 (PDB ID:- 2FLU), NFκB (PDB ID:- 1SVC) were retrieved from the
PDB web server (https://www.rcsb.org/). Macromolecule preparation was done by deleting water molecules, adding polar hydrogens and adding Kollman
charges. The presence of any missing residues were determined using the misc option and the repair missing atoms function was used to repair the structure.
Any undesirable ligand, chemical entities and protein chains were deleted as per the description of the structure in PDB in order to reduce the computational
resource and space.

Ligand preparation

The SDF format for melatonin (PubChem ID-896)was retrieved from the PubChem server .The SDF format was converted to PDBQT format using OpenBabel.
The ligand preparation was done by computing and adding Gasteiger charges.

Molecular Docking

Autodock software at default settings was used for the docking and for obtaining the binding energies. The docking done was blind as there was no adequate
knowledge about the binding site of the macromolecule. The spacing between grid points was adjusted as 1.000.  The X, Y, Z values of the grid box were set
accordingly. The output form chosen was Lamarckian Genetic Algorithm and the number of runs per molecule was set as the default (10 runs).  The protein-
ligand complex was written for every molecule using Autodock’s write complex function. 

2D protein ligand interaction pro�ling

The PDB format of those complexes was later uploaded on the PoseView tool of the protein plus server (https://proteins.plus/) for the 2D protein-ligand
interaction pro�ling so as to gain a deeper insight into the interaction between the ligand and the amino acids of the protein.

Lipinski screening

The ligands were analyzed for the Lipinski rule of 5 using the http://www.scfbio-iitd.res.in/software/drugdesign/lipinski.jsp server. The SDF format of
melatonin was uploaded in the input section of the server and the pH was set as 7 (default). This is to analyze the drug-likeness of the molecule on the basis
of the �ve Lipinski rules.

 ADME analysis

The ligands were analyzed for their ADME properties using the Swiss ADME server.The SMILES format for melatonin was retrieved from the Pubchem server
and entered in the input box of the server.  This is to analyze the physicochemical descriptors (such as BBB permeability), of the ligand molecule.

Analysis of molecular properties and prediction of bioactivity

Lastly, melatonin was analyzed for its molecular properties and bioactivity using the molinspiration server (https://www.molinspiration.com/). The SMILES
format of melatonin was retrieved from the PubChem server and this served as an input for calculating molecular properties followed by the prediction of the
bioactivity score.

Results And Discussion

https://www.rcsb.org/
http://www.scfbio-iitd.res.in/software/drugdesign/lipinski.jsp%20server.The
https://www.molinspiration.com/


Page 4/12

Molecular Docking
Molecular Docking is crucial component of Drug Discovery and development process. It helps in determining the best ligand position and is often used in
combination with various other techniques in order to obtain useful information and for the better analysis of lead compounds.[24, 25]. The above energies
signify the versatility of the neurohormone melatonin as it is involved in a myriad of cellular processes and functions (Table 1)

Table 1 -shows the binding energies (in kJ) of melatonin with ER arm proteins, antioxidant signaling protein Nrf2 and the in�ammatory signaling protein NFκB

As discussed earlier, melatonin is shown to modulate UPR pathways and that is most likely achieved by binding ATF6, PERK, XBP1. Activating the UPR
reduces the incidence of UPR induced autophagy, promotes neuronal viability and helps in clearing the misfolded and aggregated proteins.[26]. Besides,
melatonin also modulates Antioxidant and in�ammatory pathways as mentioned before. It exerts its antioxidant activity by activating the Nrf2 signaling
pathway which results in the upregulation of the genes concerning with the antioxidant activity.[9]. Lastly, it exerts its anti-in�ammatory effect by inhibiting
theNFκB pathway, which will otherwise facilitate the upregulation of pro-in�ammatory cytokines and chemokines.[22]
2D protein ligand interaction pro�ling

Protein-Ligand interaction pro�ling is necessary in order to know how the ligand interacts with the given protein. This information can further pave way for the
development and optimization of several lead compounds. [27]ATF6 interacts with melatonin through Lys 327 and Met 331 on chain B and Lys 327and Met
331 on chain D.PERK interacts with melatonin through Leu 598, Cys 890, Lys 892 and Phe 943. XBP1 interacts with melatonin through Glu 121 and Lys 122 on
chain B. Nrf2 interacts with Melatonin through Gly 81, Phe 83 and Tyr 334.NFκBinteracts with melatonin through Asp 300, Phe 301 and Lys 337.

Lipinski Rule of 5Analysis
Table 2

Lipinski rule of 5 analysis
Ligand Molecular

Mass

Hydrogen bond donor Hydrogen bond acceptor Log P Molar Refractivity

Melatonin 232 2 3 1.85 67.23

Lipinski rule of 5 helps in determining the drug-likeness of a chemical compound on the basis of four properties ; molecular mass, log P, number of hydrogen
bond acceptors, number of hydrogen bond donors[28]. As per the rule, for a compound to be designated as orally bioactive, the molecular mass must be less
than 500, the log P ( the measure of Lipophilicity) must be less than 5, the number of hydrogen acceptors must be less than 10, the number of hydrogen bond
donors must be less than 5, [29]. Additionally, another property taken into account for determining the drug-likeness is the molar refractivity, which should be in
the range of 40–130 for it to be classi�ed as orally bioactive. Thus, by looking at the obtained results we can infer that melatonin adheres to all the �ve
properties, thereby making it suitable for oral administration.

ADME analysis
Table 3

ADME properties of melatonin, BBB: Blood Brain Barrier, P-Gp: P-Glycoprotein
Ligand Molecular weight (g/mol) Water solubility

(Log S (ESOL)

Lipophilicity

(Consensus Log Po/w )

Gastro-Intestinal Absorption P-Gp

substrate

BBB permeant

Melatonin 232.28 -2.34, Soluble 1.98 High No Yes

ADME analysis help in determining the safety and e�cacy of a given drug compound and is a crucial component of clinical studies. ADME data is also
extremely important for a drug’s regulatory approval and for its successful candidature(Li, 2001.)SwissADME server not only calculates ADME properties but a
number of other descriptors like pharmacokinetic properties, drug likeness nature. [31]. Melatoninhas a molecular weight of < 500 g/mol, are highly lipophilic,
can be absorbed by the GI tract, are blood brain barrier permeant and are not substrates of the PGp e�ux transporter. Overall, these ADME properties point out
to the fact that melatonin possesses drug-like properties appropriate for the treatment of neurodegenerative diseases.

Table 4
Drug ability of melatonin, TPSA: Total Polar Surface

Area, MW: Molecular Weight, nrotb: number of
rotatable bonds

Ligand miLogP TPSA MW nrotb

Melatonin 1.45 54.12 232.28 4

The molecular properties are in accordance to the paper published by Veberet al in 2002, [32]. Herein the factors in�uencing oral bioavailability such as polar
surface area, molecular weight, rotatable bonds, are taken into consideration for estimating the same. The ideal range for log P is > 5[33], TPSA is < = 140 [34],
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number of rotatable bonds < = 10 [32]. Melatonin adheres to all the ideal properties values, thereby once again proving that it can be administered orally as a
drug.

Bioactivity analysis
Table 5

Bioactivity scores of the ligands, GPCR: G-Protein Coupled
Receptor, ICM: Ion Channel Modulator, KI: Kinase Inhibitor, NRL:

Nuclear Receptor Ligand, PI: Protease Inhibitor, EI: Enzyme
Inhibitor

Ligand GPCR ICM KI NRL PI EI

Melatonin 0.06 -0.09 -0.10 -0.51 -0.24 -0.01

If a molecule possesses a bioactivity score of more than 0, it is considered as highly bioactive and thus exhibits signi�cant biological activity. Whereas a
bioactivity score of -0.50 to 0.0 implies that it is moderately bioactive and a bioactivity scoreunder − 0.50 indicates that the molecule shows no biological
activity.[35–37]. Thus from the above observations, we can say that melatonin can only function by binding GPCR. The GPCR is the primary target for a
number of hormones, ions, neurotransmitters to act upon and trigger downstream signaling. Thus, this justi�es melatonin’s bioactivity score being only
con�ned to binding GPCR. [38]

Conclusion
From the above observations, it is obvious that melatonin interacts with molecules of innumerable pathways. Besides, the various analyses carried out clearly
demonstrates its ability to be administered orally due to its adherence to various rules and properties. Melatonin is shown to not only �x the impaired cellular
processes, but has also been shown to alleviate the symptoms of neurodegenerative disorders. Scientists can even investigate ways to enhance the
production of melatonin endogenously as its production rate diminishes with old age. However, further experimental studies in disease models is required to
completely understand its mode of action and its potential in treating other diseases as well.
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Figure 1

Various mechanisms that contribute to neurodegeneration

Figure 2

Structure of Melatonin
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Figure 3

Diagrammatic Representation of UPR pathways
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Figure 4

3D structure of the proteins
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Figure 5

Upon oxidative damage, the dissociation of Keap1 and Nrf2 is facilitated, due to which Nrf2 is translocated to the nucleus and it later activates the genes
controlling antioxidant defences such as Superoxide dismutase (SOD),Catalase (CAT).Under normal conditions NFκB is present as a complex of 2 subunits
namely p50 and p65 and an inhibitory subunit namely IkB. Upon appropriate stimuli, the IkB is degraded and the remaining complex is translocated to the
nucleus. After reaching the nucleus, it upregulates the production of pro-in�ammatory cytokinsuch as IL-2, IL-6, TNF-α. Nrf2 is also capable of interacting with
NFκB and thereby inhibiting its function.
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Figure 6

Interaction of melatonin with (1) ATF6 (2) PERK (3) XBP1 (4) Nrf2 (5) NFκB


