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Abstract
Cytochrome P450 46A1 (CYP46A1) is a crucial enzyme in brain that converts cholesterol to 24 (S) hydroxy cholesterol 
thereby increasing its polarity to facilitate removal of excess cholesterol from the CNS. The inhibition of CYP46A1 with 
several synthetic molecules has been investigated extensively for treatment of Alzheimer’s disease, Huntington’s disease, 
glaucoma, and in hippocampal neurons from aged mice. However, phytochemicals have received far little attention in studies 
involving development of potential CYP46A1 inhibitors. Thus, in the present study phytoconstituents from Indian traditional 
medicinal plants; Bacopa monnieri, Piper longum, and Withania somnifera, were virtually screened for interaction with 
CYP46A1 using computational tools. Out of three plants, six molecules from P. longum and three molecules from W. som-
nifera were shortlisted to study interactions with CYP46A1 based on the physio-chemical parameters. Fargesin, piperolactam 
A and coumaperine from P. longum showed the higher binding affinity and the values were − 10.3, − 9.5, − 9.0 kcal/moles 
respectively, whereas, withaferin A from W. somnifera had a binding affinity of − 12.9 kcal/mol. These were selected as 
potential modulators as they exhibited suitable interactions with active site residues; Tyr109, Leu112, Trp368, Gly369, and 
Ala474. The selected molecules were further subjected to molecular dynamics simulation. Further, the pharmacological 
properties of molecules were also predicted using ADMET calculator and the data revealed that all the selected compounds 
had good absorption as well as solubility characteristics. In addition, sesamin, fargesin, piperolactam A, and coumaperine 
had minimal or no toxic effects. Thus, the study successfully identified compounds from Indian medicinal plants that may 
serve as potential inhibitors of CYP46A1 or base structures to design novel CYP46A1 inhibitors, which may be effective in 
treating neurological conditions involving perturbed cholesterol homeostasis.
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Introduction

Cholesterol is an important component of cell membranes 
that plays a vital role as a signalling molecule by acting 
as a precursor for numerous bioactive substances such as 
bile acids, steroid hormones and vitamin D (Maxfield and 
van Meer 2010). The cholesterol levels in brain are higher 

and blood–brain barrier (BBB) precludes the exchange of 
cholesterol from circulation (Björkhem and Meaney 2004; 
Zhang and Liu 2015). Thus, in situ  synthesis of cholesterol 
occurs in neurons, astrocytes, and oligodendrocytes via a 
series of enzymatic steps to maintain homeostasis (Hughes 
et al. 2013). It has been estimated that approximately 25% 
of unesterified cholesterol is produced in the brain that 
accounts for 15–30 mg/g of brain tissue. Cholesterol acts 
as a crucial molecule for neuronal functions such as axonal 
growth, neuronal repair, synapse formation and remodel-
ling (Petrov et al. 2016). The elimination of excess choles-
terol from the brain occurs through the reverse cholesterol 
pathway as it cannot cross the BBB due to its hydrophobic 
nature. Therefore, apolipoprotein E (ApoE), ATP-binding 
cassette transporters (ABCA1 and ABCG1) transport apoE 
containing lipids to the plasma via the cerebrospinal fluid 
(Mahley 2016). However, this mode eliminates cholesterol 
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at a rate of 1 mg/24 h (Chobanian et al. 1962). The major 
pathway for excretion of cholesterol involves the conversion 
of cholesterol to 24 (S) hydroxy cholesterol by brain-specific 
cytochrome P450 46A1 (CYP46A1) that removes 6.4 mg 
of cholesterol per 24 h from brain to via circulation through 
BBB by increasing its polarity (Lütjohann et al. 1996).

Altered cholesterol homeostasis has been observed in the 
aging brain and various neurodegenerative diseases such as 
Alzheimer’s disease (Schönknecht et al. 2002; Tian et al. 
2010; Azizidoost et  al. 2022) and Huntington’s disease 
(Boussicault et al. 2016). Altered cholesterol homeostasis 
has been associated with cognitive deficits in Alzheimer’s 
disease (Bettio et al. 2017; Martin et al. 2014). Animal stud-
ies revealed that the CYP46A1 effects are not limited to 
cholesterol maintenance but also involve critical cellular 
pathways like gene transcription, endocytosis, misfolded 
protein clearance, vesicular transport, and synaptic transmis-
sion (Pikuleva and Cartier 2021). It has been reported that 
reduction in cholesterol levels prevents N-methyl-D-aspar-
tate (NMDA)-dependent  Ca2+ influx and NMDA-induced 
long-term potentiation (LTP) in cultured hippocampal 
pyramidal neurons (Martín et al. 2014). The mechanism of 
LTP and long-term depression (LTD) that acts analogous to 
memory formation have been compromised in aged brains 
that are associated with the greater loss of memory (Rosen-
zweig and Barnes 2003). Moreover, increased activity of 
CYP46A1 leads to toxicity of 24 S-hydroxycholesterol, 
impairs various biological functions such as NMDA signal-
ling, inflammation, oxidative stress and necroptosis (Alex-
androv et al. 2005; Li et al. 2008). Shi et al. (2021) found 
that polymorphism of CYP46A1 (rs754203) in Chinese with 
Type 2 diabetes mellitus had high levels of plasma 24 (S) 
hydroxy cholesterol that resulted in early cognitive impair-
ment including attention and executive deficits.

The crystal structure of CYP46A1 has been determined 
and reveals that the active site of enzyme is flexible and 
susceptible to ligand-induced conformational changes (Mast 
et al. 2010). In addition to cholesterol, the enzyme has been 
identified to act on several drugs that belong to different 
classes such as anti-depressants (tranylcypromine), anti-
convulsants (thioperamide), anti-fungals (voriconazole and 
clotrimazole) (Mast et al. 2012, 2013a, 2013b) and ster-
oids (diclofenac, testosterone and turinabol) (Mast et al. 
2003). Many structurally distinct synthetic molecules have 
been tested for pharmacological inhibition of CYP46A1. 
Although, they have been shown to significantly reduce 
24S-hydroxycholesterol levels in brain, but these drugs also 
interfere with extracerebral cholesterol metabolism (Shafaati 
et al. 2010). The therapeutic potential of soticlestat, a novel 
small molecule that inhibits CYP46A1 in associated with 
neural hyperexcitation has been recently studied (Nishi et al. 
2020). Several adverse events such as acute psychosis and 

confusional state have been reported with soticlestat (Wang 
et al. 2022). On the other hand, the role of plant derived 
sterols (Pérez-Cañamás et al. 2016), polyphenol-rich ori-
ental plums (Kuo et al. 2015), quercetin (Lu et al. 2010) 
were observed to be effective in inhibiting CYP46A1 along 
with reduction in oxidative stress, inflammatory response, 
LTP impairment and cognitive defects associated with age 
as a consequence of cholesterol reduction. Several medicinal 
plants including Withania somnifera (Ashwagandha) (Durg 
et al. 2015), Bacopa monnieri (Brahmi) (Ramasamy et al. 
2015), and Piper longum (Long Pepper) which have a long 
history of use in the treatment of cognitive defects and vari-
ous other diseases, have not yet been studied for potential 
CYP46A1 inhibitors. Interestingly, W. somnifera and B. 
monnieri primarily act as memory boosters or brain tonics in 
later age, whereas P. longum, used in households as a spice, 
possesses anti-oxidative, anti-inflammatory, immunomodu-
latory, anti-anxiolytic, anti-neoplastic, anti-convulsant prop-
erties (Srinivasan 2007; Go et al. 2018). Therefore, in the 
present study phytochemicals derived from these plants were 
virtually screened against CYP46A1 and the lead molecules 
with best binding interactions were further selected for simu-
lations in order to evaluate the behaviour and stability of 
these ligands inside the active site. The phytochemicals were 
also evaluated for their absorption, distribution, metabolism, 
elimination, toxicity profiles (Cheng et al. 2012) with the 
aim to identify a potent, highly-specific and brain-penetrable 
CYP46A1 inhibitor with potential as therapeutic agents to 
treat neurological conditions involving altered cholesterol 
metabolism.

Materials and methods

Retrieval and refinement of receptor protein

Cytochrome P450 Family 46 Subfamily A Member 1 
(CYP46A1) that plays key role as regulator of cholesterol 
clearance and turnover in brain was selected as a molecu-
lar target. The crystal structure of human CYP46A1 P450 
with ligand cholesterol-3-sulphate bound (PDB: 2Q9F; 
X-ray diffraction 1.9 Å) and unliganded structure of the 
same protein (PDB: 2Q9G; X-ray diffraction 2.4 Å) were 
downloaded from Research Collaboratory Structural Bio-
informatics- Protein Data Bank (RCSB-PDB) (Berman 
et al. 2002). For docking studies unliganded structure of 
CYP46A1 (PDB: 2Q9G) was used to screen phytochemi-
cals. Heteroatom removal, addition of polar hydrogen 
atoms and Kolmann charges were done using AutoDock-
Tools 1.5.6 and converted to PDBQT format (Trott and 
Olson 2009).
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Mining and preparation of ligands structure

Based on the literature survey a total of 74, 153, and 89 
phytochemicals were shortlisted from B. monnieri, P. 
longum, and W. somnifera, respectively (Supplementary 
Data Table S1, S2, S3). However, many phytoconstituents 
(40, 59, 48) from the respective plants could not be used 
for docking as their three-dimensional structures were not 
available on ZINC (Irwin and Shoichet 2005) or PubChem 
(Kim et al. 2016) databases. Eventually, PubChem database 
yielded 169 molecules from all three plants in the form of 
structure data file (SDF). The structure of cholesterol 3-sul-
phate (Fig. 1b) and CYP46A1 inhibitor clotrimazole were 
downloaded as control in SDF form from PubChem. Further, 
the molecules were prepared using AutoDockTools 1.5.6 
in which hydrogen atoms, Gasteiger charges, and torsion 
were defined for each molecule that automatically detects a 
number of rotatable bonds.

Molecular docking of ligands with protein

AutoDock Vina software was used for virtual screening and 
molecular docking. It performs docking calculations based 
on the gradient optimization method (Trott and Olson 2009). 
The screened ligands were converted to PDBQT format by 
using open babel GUI (O’Boyle et al. 2011). The binding 
site or grid box for molecular docking was made around the 
previously bound ligand (Cholesterol 3-sulfate) with dimen-
sions: centre (X, Y, Z): (26.65, 0.69, 18.48) Å and size (X, 
Y, Z): (36.0, 24.0, 40.0) Å respectively. The grid file was 

saved in text format as conf_vs with grid spacing 0.375 Å. 
The molecular interactions between ligand and protein was 
studied using a Discovery Studio Visualizer 4.0 and the ICM 
browser was used for structure superimposition (Raush et al. 
2009).

ADME properties

The drug likeliness of all the ligands was assessed by thresh-
olds set by ‘Lipinski’s Rule of Five’ through the online 
server admetSAR viz. molecular weight less than 500 Da 
and lipophilicity (log P, octanol–water partition coefficient) 
less than 3.5 for greater BBB penetration and highest uptake 
(Lipinski 2004). The ADMET profiling of all the compounds 
and clotrimazole were performed using the same software 
(Cheng et al. 2012).

Molecular dynamic studies of complexes

Molecular Dynamic simulation is very useful approach 
to investigate the behaviour and stability of the potential 
inhibitors inside the active site of the target (Bowers et al. 
2006; Uniyal et al. 2022). Therefore, MD simulations for 
clotrimazole and four compounds viz. withaferin A, fargesin, 
piperolactam A, and coumaperine that showed good bind-
ing affinity along with clotrimazole as reference drug were 
performed for 100 ns using Desmond molecular dynam-
ics tool implemented in Schrodinger Molecular Modelling 
Suite. The complex was solvated using TIP3P water model 
to accommodate the orthorhombic type box around the 

Fig. 1  a Validation of docking method by superimposition of co-crys-
tal protein–ligand complex (ligand-red, chain A-green, heme-blue) 
over the docked conformation of the protein–ligand complex (ligand-

aquamarine, chain A-yellow, heme-pink) b 3-dimensional structure of 
cholesterol 3-sulfate
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protein bound with ligand and neutralized with 0.15  Na+ 
and  Cl− ions. Before the production run, the system was 
minimized with a maximum iteration of 2000 steps. It was 
then subjected to 100 ns MD simulation for equilibration 
and production run. The temperature and pressure were kept 
at 300 K and 1.01325 bar, respectively using Isothermal-
isobaric (NPT) ensemble.

Results

Validation of docking approach

The structure of CYP46A1 in complex with cholesterol 
3-sulfate (PDB: 2Q9F) was solved recently (Mast et al 2008). 
Cholesterol 3-sulfate was found to occupy the banana shape 
orientation and interact with the hydrophobic active site cav-
ity over the entire length of the protein (Mast et al. 2008). 
The position of the docking site was confirmed by redock-
ing cholesterol 3-sulfate to the active site of CYP46A1 
using AutoDock Vina. The binding affinity for CYP46A1 
complexed with cholesterol 3-sulfate was calculated to be 
− 13.1 kcal/mol. The docked structure of the protein–ligand 
complex was superimposed to the experimentally deter-
mined ligand bound structure obtained from RCSB using 
ICM-browser (Fig. 1a). Both the structures were found to 
be fully superimposed indicating that the position selected 
for the docking of the ligand with the receptor was correct. 
These observations validated the ability of the docking pro-
tocol to predict the bioactive conformation of inhibitors.

Structure based virtual screening

Molecular docking studies showed strong interaction of 22 
(out of 34) molecules from B. monnieri, 22 (out of 94) mol-
ecules from P. longum, and 22 (out of 41) from W. somnif-
era with CYP46A1. However, ADMETsar profiling revealed 
11, 19, 16 molecules from respective plants; B. monnieri, 
P. longum, W. somnifera have the ability to cross BBB 
(Fig. 2). It is observed that binding energy of known inhibi-
tor clotrimazole for CYP46A1 is − 8.1 kcal/mol (Table 1), 
which is lower than the top hit compounds from three plants 
(Table S1, 2, 3). It indicates top scoring hits have stronger 
binding affinity for CYP46A1 as compared to reference 
ligand (clotrimazole).

Lead compounds from Bacopa monnieri

After analyzing small molecules from B. monnieri, the com-
pounds with similar structures (cucurbitacin A, cucurbitacin 
B, cucurbitacin C, cucurbitacin E, and stigmastanol) were 
eliminated from further ligand-receptor interactions. Moreo-
ver, monnieraside and plantainoside B had a predicted log 

P = 0.03 and 0.13 respectively, which indicates equal parti-
tion of both the compounds in liquid and aqueous phase, 
thus these two were also eliminated. Finally, three mol-
ecules; ebelin lactone (binding affinity − 14.1 kcal/mol), 
sitosterol (− 12.0 kcal/mol), and asiatic acid (− 11.8 kcal/
mol) had molecular weight < 500 Da but their logP values 
were more than 3.5, which were not in the acceptable range. 
Only cucurbitacin D had logP of 2.93 but its molecular 
weight was > 500 Da. Therefore, none of the molecules were 
selected for further ligand–protein interactions (Supplemen-
tary data Table S1).

Lead compounds from Piper longum

In P. longum akin molecules (sitosterol, sesamin, dehy-
dropipernonaline, pipernonaline, piperdardine, pipercha-
bamide B, piperchabamide C, brachyamide B, piperun-
decalidine, piperanine) and other phytochemicals that 
did not obey the rules of molecular weight and logP were 
discarded (Supplementary data Table S2). Among all, 6 
phytochemicals; sesamin, fargesin, pisatin, piperolactam 
A, piperine, coumaperine with binding affinity − 11.1, 
− 10.3, − 9.9, − 9.5, − 9.4, − 9.0 kcal/mol respectively 
were selected to study their interactions with CYP46A1 
(Table  1). The docking of all the compounds showed 
significant interactions with the active site amino acid 
residues; Tyr109, Leu112, Trp368, Gly369, and Ala474 
like that of clotrimazole (as shown in bold in Table 1 and 
Fig. 3) (Mast et al. 2008). They also showed polar bond 
interactions with neighboring water molecules HOH732, 
HOH765, HOH770. The sesamin, pisatin, and piperine 
formed π-alkyl interactions with residues (His81, Ala111, 
Arg226), (Leu112, Ala367) and (Ala111, Tyr109) respec-
tively (Supplementary Fig. S1 a, b, c). In addition to 
π-alkyl interactions in fargesin (Ala367, Phe121, Phe80, 
Ala111) that established conventional hydrogen bond-
ing with residue Tyr109 (Fig. 4a). Similarly, in couma-
perine (Ala111, Phe80, Arg226, Trp368) conventional 

Fig. 2  Steps in the selection of lead molecules
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hydrogen bonding with Asn227 and C-H with Ala474 were 
observed (Fig. 4c). Among all piperolactam A exhibited 
higher occupancy of the active site volume and displaced 
more water molecules. It formed three hydrogen bonds 
with Phe371, Phe80, Tyr109 and π-alkyl interactions with 
Ala111, HIS81, Phe80, Arg226 (Fig. 4b). It was identi-
fied that the entrance to active site channel is between the 
helices B′, F, and the β-1 sheet therefore His81, Phe80, 
Phe371 of β-1 sheet, Arg110, Leu112 of B′ helices, and 
Ile222, Asn227 of F helices are crucial amino acids that 
form the entrance to substrate access channel (Mast et al. 
2008) The results identified that all the molecules interact-
ing with these residues including clotrimazole. Moreover, 
all compounds had hydrophobic interactions with Phe80, 
Ala367, Val126 except piperolactam A.

Lead compounds from W. somnifera

From the sixteen phytochemicals withanolide D, with-
aphysalin M, withaferin A with binding affinity − 13.8, 
− 13.7, − 12.9 kcal/mol were investigated (Table 2). Rest 
of the molecules were eliminated because they were either 
structurally similar (withaphysalin N, withanolide B, witha-
nolide C, withanolide S, dihydrowithaferin A, withaferin, 
withaphysalin F, withanone, withacnistin) or had greater 
molecular weight and logP values (diosgenin, stigmasta-
3,5-dien-7-one, sitoindoside IX, withacnistin) (Supplemen-
tary data Table S3). Ligand-receptor interactions displayed 
interactions of withanolide D, withaphysalin M, withaf-
erin A with active site residues (Table 2) similar to clotri-
mazole (Fig. 3). Single hydrogen bond interactions with 

Table 1  Binding interactions of clotrimazole and phytochemicals selected from Piper longum based on docking studies

Amino acid residues at the active site are shown in bold

Compounds MW (Da) Affinity (kcal/mol) logP Amino acids involved in interaction

Clotrimazole 344 − 8.1 5 Gly369, Ala474, Trp368, Tyr109, Leu112, Ala111
Sesamin 354.36 − 11.1 3.22 Leu112, Ala111, Phe80, Arg226, His81
Fargesin 370.40 − 10.3 3.51 Leu112, Ala111, HOH732, Tyr109, Ala367, Hem602, Phe121, Phe80, Arg226
Pisatin 314.29 − 9.9 2.14 Gly369, Leu112, Ala111, Ala367, Ala302, HOH732, HOH765
Piperolactam A 265.27 − 9.5 3.21 Arg110, Met108, Leu112, Ala111, Tyr109, HOH770, Glu472, Ala474, Arg226
Piperine 285.34 − 9.4 3.00 Leu112, Ala111, Tyr109, Ala302, Val126
Coumaperine 257.33 − 9.0 2.97 Ala474, Ala111, Trp368, Asn227, His81, Arg226, Phe371, Phe80

Fig. 3  2-dimensional and 3-dimensional interactions of clotrimazole with amino acid residues (cyan) at a particular bond distance in the pocket 
of protein CYP46A1 (silver). (atoms are coloured according to their type: carbon- orange, oxygen- red, nitrogen- blue; hydrogens are not shown)
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residues His81 (conventional) and Arg226 (C-H) were seen 
with withaphysalin M and withaferin A respectively. Fur-
ther, withanolide D displayed three hydrogen bonds with 
HOH765, Gly369 (conventional), Thr223 (C-H). The π-alkyl 
interactions of withanolide D with residues Tyr109 and 
Trp368, withaphysalin M with Phe371, withaferin A with 
His81, Phe371 were observed (Supplementary Fig. S2a, b, 
Fig. 5a). Similarly, like clotrimazole all the three molecules 
interacted with residues of substrate access channel.

ADMET profiling

To predict the pharmacological properties such as absorp-
tion, distribution, metabolism, excretion and toxicity of phy-
tochemicals, the ADMET calculations were performed for 
compounds from P. longum and W. somnifera and were com-
pared with clotrimazole as reference compound (Table 3).

P. longum: ADMET properties, as derived from admet-
SAR server, revealed that all the compounds were highly 
absorbed from the intestine and were also Caco-2 perme-
able. However, except piperolactam A all had poor oral bio-
availability similar to clotrimazole. The subcellular localiza-
tion of all the compounds were predicted to mitochondria. 
Nevertheless, pisatin, piperolactam A, piperine, and cou-
maperine and fargesin were not P-glycoprotein (P-GP) 
substrates like clotrimazole suggesting that they may be 
actively excluded from the cells by P-glycoprotein. Moreo-
ver, in terms of metabolism the compounds showed diverse 
results. As some of the cytochrome P450 isoforms could be 
inhibited by one or more of the test compounds and some 
acted as their substrates. The results of toxicity parameter 
predicted similar to the clotrimazole. Pisatin and piperine 
revealed negative for Ames test, which suggests that they are 
non-mutagenic. The carcinogenic profile also revealed that 

Fig. 4  2-dimensional and 3-dimensional interactions of a Fargesin 
b Piperolactam A c Coumaperine (orange) with amino acid residues 
(cyan) at a particular bond distance in the pocket of CYP46A1 (sil-

ver). (atoms are coloured according to their type: carbon- orange, 
oxygen- red, nitrogen- blue; hydrogens are not shown)

Table 2  Phytochemicals selected from W. somnifera based on docking studies

Amino acid residues at the active site are shown in bold

Phytochemicals MW (Da) Affinity (kcal/mol) logP Amino acids involved in interaction

Withanolide D 470.61 − 13.8 3.50 Thr223, Met108, Leu112, Ala111, Tyr109, Trp368, HOH765, Gly369, Thr223, 
Ala302, Hem602

Withaphysalin M 482.57 − 13.7 3.04 Ile222, Met108, Ala111, Leu112, Ala474, Arg226, His81, Phe371
Withaferin A 470.61 − 12.9 3.35 Ile222, Ala111, Met108, Leu112, Ala474, Trp368, Ala367, Arg226, Phe371, His81
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the ligands were non-carcinogenic in nature. The results of 
hepatotoxicity assessment predicted no toxicity for sesamin, 
fargesin, piperine and coumperine suggesting them as better 
molecules as compared to clotrimazole. (Table 3).

W. somnifera: The absorption parameters for W. somnif-
era revealed that all three compounds had greater Human 
intestinal absorption (HIA) but were Caco-2 impermeable. 
Withaphysalin M and Withaferin A were found to have poor 
oral bioavailability. Moreover, Withaphysalin N was found 
to be the only non-inhibitor and non-substrate for P-GP like 
clotrimazole. Furthermore, through metabolic parameters it 
was found that all the three tested compounds showed varia-
ble results in comparison to clotrimazole as they could act as 
substrate for only CYP3A4, the cytochrome P450 isoform, 
while non-substrate and non-inhibitor for other cytochrome 
P450 isoforms, which indicates that the molecules may not 
hamper biotransformation of drug metabolised by CYP450 
enzymes. Fortunately, all compounds were suggested not to 
have any acute toxicity and mutagenic effects with regard 
to hepatoxicity and Ames test. The detailed results for the 
pharmacokinetic parameters and toxicity analysis are shown 
in Table 3.

MD simulation studies

To understand the type of interactions between the ligand 
and protein and their thermodynamic stability, molecu-
lar dynamic simulations for time period of 100 ns were 

performed. The results of MD for each complex were ana-
lyzed by calculating root mean square deviation (RMSD) 
and root mean square fluctuation (RMSF) for whole trajec-
tory that are presented in the following sections:

Clotrimazole: Trajectory analysis of Clotrimazole-pro-
tein complex is shown in Fig. 6. The RMSD of the protein 
provides insights into its structural conformation through-
out the simulation. RMSD analysis (Fig. 6a, blue line) indi-
cates the changes in the order of 1.0–1.6 Å are perfectly 
acceptable for small, globular proteins while ligand RMSD 
(Fig. 6a, purple line) is lower than that of protein swapping 
in between 0.4 and 1.4 Å. The stable RMSD plot reveals that 
protein and ligand are well equilibrated and there is no dras-
tic change through the simulation. The RMSF plot (Fig. 6b) 
for protein ranged from 0.4 to 1.8 Å, which is acceptable 
and the plot indicates that the residues that are involved 
in binding of ligand have less fluctuations. Interactions 
(Fig. 6c) involved in stabilisation of complex reveal that the 
phenyl ring, chloro-substituted phenyl ring and imidazole 
ring interact with Phe80, Tyr109 and Trp368 respectively. 
The nitrogen atom of imidazole ring is also responsible for 
hydrogen bond formation with Trp368. Ligand RMSF value 
is between 0.58 and 0.8 Å provided in the Fig. 6d where 
the phenyl ring atoms have higher RMSF values indicating 
interactions within the catalytic pocket of the enzyme.

Protein ligand interactions and their distribution are 
depicted in Fig. 7, the distribution and type of interactions 
are depicted in Fig. 7a along with the residues that interact 

Fig. 5  2-dimensional and 3-dimensional interactions of Withaferin A with amino acid residues (cyan) at a particular bond distance in the pocket 
of CYP46A1 (silver). (atoms are coloured according to their type: carbon- orange, oxygen- red, nitrogen- blue; hydrogens are not shown)
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with the ligand in each trajectory frame are depicted in 
Fig. 7b, the top panel shows the total number of specific 
contacts of protein with the ligand over the course of the 
trajectory. It is clear that most of the residues form hydro-
phobic interactions such as Phe80, Tyr109, Ile222, Phe371 
throughout the simulation indicating that these interactions 
have major role in stabilisation of ligand with protein. The 
Trp368 and Gly369 also appear to participate in hydrogen 
bond formation for about half of the simulation time period.

Coumaperine: RMSD plot showed in Fig. 8a (blue line) 
reveals that all the protein frames aligned with RMSD values 
between 1.4–1.8 Å on the reference frame C alpha except 
for initial 11 ns having RMSD of 1.2–1.4 Å. Overall RMSD 
value for protein trajectory remain below 1.8 Å which is 
within the acceptable limit. As expected the RMSD of small 
molecule i.e., coumaperine (Fig. 8a, purple line) fluctuates 
along the whole trajectory in the range of 0.4–1.8 Å, which 
is likely to the protein RMSD indicating that the complex 
was stable during the simulation. To check the flexibility 
and stability of amino acid residues throughout the time 
period of simulation RMSF plot was generated. Figure 8b 
shows the RMSF for protein with the value ranging between 
0.5–3.5 Å that is in the acceptable range. In addition, the 
ligand that interacts with the protein amino acid residues 
are marked with green colour in the graph. Further the 

interaction formed within the complex can be seen from 
the Fig. 8c, which reveals that carboxyl group of the ligand 
forms hydrogen bond with Tyr109 for about 33% of simu-
lation. Ligand RMSF value is between 1.4 and 2.5 Å pro-
vided in the Fig. 8d where the carboxyl group have higher 
RMSF value indicating the flexibility of that atoms during 
the simulation.

Protein ligand interactions and their distribution were 
also monitored throughout the simulation, represented in 
the Fig. 9, where the distribution and type of interaction is 
depicted in Fig. 9a and the residues that interact with the 
ligand in each trajectory frame are depicted in Fig. 9b where 
the top panel shows the total number of specific contacts the 
protein makes with the ligand over the course of the trajec-
tory. The ligand forming hydrophobic contacts with various 
amino acids viz. Phe80, Ala111, Leu112, Phe121, Val126, 
water bridges with His81, Arg226, Ser225 and forming 
hydrogen bonds with Tyr109, Ser225, Arg226 throughout 
the simulation at different time intervals with varying per-
centage. According to the graphical plot, interactions in 
terms of hydrogen bonding, water bridges and hydrophobic 
interactions were essential for the linkage of ligands with 
the protein active site.

Fargesin:RMSD plot for fargesin and protein is given 
in Fig. 10a which indicates that protein RMSD remained 

Fig. 6  Molecular dynamics trajectory analysis of the Clotrimazole-protein complex. a Protein–ligand RMSD; b RMSF for protein, green colored 
lines marked to indicate the residues which interacts with ligand; c Interaction of protein and ligand and d RMSF for ligand
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Fig. 7  Contact Analysis of MD trajectory of Clotrimazole complex a Protein–ligand contact distribution histogram; b protein–ligand contacts

Fig. 8  Molecular dynamics trajectory analysis of the Coumaperine-protein complex. a Protein–ligand RMSD; b RMSF for protein, green 
colored lines marked to indicate the residues which interacts with ligand; c Interaction of protein and ligand and d RMSF for ligand
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between 1.1 and 1.8 Å, while RMSD of the fargesin rises ini-
tially from 1.1 to 1.8 Å upto 19 ns then was stable between 
1.2 and 1.7 Å throughout the simulation period. Overall 
RMSD values for protein and ligand remain below 1.8 Å, 
which is within the acceptable limit. Figure 10b shows the 
RMSF for protein with values ranging between 0.4 and 3.2 Å 
that is within the acceptable range. Further Fig. 10c repre-
sents the protein–ligand interaction diagram, which reveals 
that benzopyran moiety of the ligand is forming pi-pi stack-
ing with Tyr109 and Phe80 for about half of the simulation 
time. The ligand RMSF values are between 0.5 and 1.2 Å 
plotted in Fig. 10d, where the oxygen and carbon atom of 
benzopyran ring have higher RMSF values than the other 
atoms indicating the flexibility of these atoms during the 
simulation.

The distribution and type of interactions by fargesin are 
depicted in Fig. 11a and the residues that interact with it in 
each trajectory frame are depicted in Fig. 11b where the top 
panel shows the total number of specific contacts the protein 
makes with the ligand over the course of the trajectory. The 
ligand forming hydrophobic contacts with various amino 
acids viz. Phe80, Tyr109, Leu112, Phe371, water bridges 

with Aag226, Thr306 throughout the simulation at differ-
ent time intervals with varying percentage. According to 
the graphical plot interactions in terms of hydrophobic and 
water bridges interactions are essential for the linkage of 
ligands with the active site of protein.

Piperolactam: Piperolactam and protein  RMSD plot 
is depicted in Fig.  12a that reveals that RMSD of pro-
tein remained stable between 1.0 and 1.7 Å throughout the 
simulation, while RMSD of piperolactam fluctuates from 0.2 
to 1.4 Å upto 55 ns then was stable for last 45 ns between 
1.3 and 1.7 Å. Overall RMSD values for protein and ligand 
remained below 1.7 Å which is within the acceptable range. 
Figure 12b shows RMSF for protein with the values rang-
ing between 0.4 and 3.2 Å that is also within the acceptable 
range. Further Fig. 12c represented the protein–ligand inter-
action diagram, revealing that dibenzo rings of the ligand are 
forming pi-pi stacking with Tyr109, Phe80 and Trp368 for 
about half of the simulation time and oxygen atom and -NH 
group of the indolone ring form hydrogen bond with Trp368 
and Ala474 respectively. The ligand RMSF values ranged 
between 0.5 and 2.0 Å plotted in Fig. 12d, where the atoms 
of dibenzo ring of piperolactam were found to have higher 

Fig. 9  Contact Analysis of MD trajectory of Coumaperine complex a Protein–ligand contact distribution histogram; b protein–ligand contacts
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RMSF values than the other atoms indicating the flexibility 
of these atoms during the simulation.

The distribution and type of interactions formed by the 
piperolactam are depicted in Fig.  13a and the residues 
that interact with it in each trajectory frame are depicted 
in Fig. 13b where the top panel shows the total number of 
specific contacts the protein makes with the ligand over 
the course of the trajectory. The ligand forming hydropho-
bic contacts with various amino acids viz. Phe80, Tyr109, 
Leu112, Phe371, and hydrogen bonding with Trp368, 
Ala474 and Gly369 throughout the simulation at differ-
ent time intervals with varying percentage. According to 
the graphical plot interactions in terms of hydrophobic and 
hydrogen bond are essential for the linkage of ligands with 
the active site of protein.

Withaferin A: RMSD plot of withaferin and protein 
are shown in Fig. 14a which indicates that protein RMSD 
remained stable between 1.0 and 1.7 Å for first half of the 
simulation and increased to 1.8 Å in the second half of 
simulation and remained stable at the same value, while 
ligand RMSD fluctuated from 0.4 to 1.7 Å. Overall RMSD 
values for protein and ligand remain below 1.8 Å, which is 

within the acceptable range. Figure 14b shows the RMSF 
for protein with the values ranging between 0.4 and 3.0 Å 
that is also within the acceptable range. Further Fig. 14c 
represents the protein–ligand interaction diagram, show-
ing that hydroxyl group of phenanthroxirenone moiety and 
pyran form hydrogen bond with Thr306 for 91% of trajec-
tory and Met108 for about 40% of the simulation time 
respectively. The carboxyl group of phenanthroxirenone 
moiety participated in water bridge with Lys104 for about 
36% of trajectory. The ligand RMSF values were between 
0.5 and 2.0 Å and are presented in Fig. 14d, where the 
carboxyl oxygen atom of pyran ring was found to have 
higher RMSF values than the other atoms indicating the 
flexibility of this atom during the simulation.

The distribution and type of interaction with withaferin 
are shown in Fig. 15a and the residues that interact with it 
in each trajectory frame are depicted in Fig. 15b where the 
top panel shows the total number of specific contacts the 
protein makes with the ligand over the course of the trajec-
tory. The ligand forming hydrophobic contacts with vari-
ous amino acids Phe80, Ala302, Ala367, Trp368; water 
bridge with His81, L104, Ile222 and hydrogen bonding 

Fig. 10  Molecular dynamics trajectory analysis of the Fargesin-protein complex. a Protein–ligand RMSD; b RMSF for protein, green colored 
lines marked to indicate the residues that interacts with ligand; c Interactions of protein and ligand and d RMSF for ligand
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with Met108 and Thr306 throughout the simulation at dif-
ferent time intervals with varying percentage. According 
to the graphical plot interactions in terms of hydrophobic, 
water bridge and hydrogen bond interactions are essential 
for the linkage of ligands with the active site of protein.

Discussion

CYP46A1, a cholesterol-catabolic enzyme specific to 
the brain, has received attention as a potential drug target 
because of its role in neurodegenerative conditions. Many 
seminal studies have tested drugs such as bicalutamide, 
clotrimazole, fluvoxamine, thioperamide, tranylcypromine, 
and voriconazole (Mast et al. 2003) and non-pharmaceutical 
agents like soticlestat for inhibition of CYP46A1 (Nishi et al. 
2020). However, long-term use of such molecules has been 
linked to increased risk of other co-morbidities for example 
interference of voriconazole with extracerebral cholesterol 
metabolism (Shafaati et al. 2010). Therefore, focus across 
the world is to identify potential plant-based natural mole-
cules as therapeutics. Moreover, the active site of CYP46A1 
is flexible and undergoes ligand-induced conformational fit 

(Mast et al. 2008), which explains the ability of CYP46A1 
to bind wide range of structurally varied and unrelated com-
pounds. In addition, a study has shown that that the residues 
far from the active site are also involved in interaction of 
compounds with CYP46A1 (Anderson et al. 2016). Plant 
derived phytochemicals because of their pleiotropic proper-
ties have been a source of potential therapeutics since ages. 
Thus, the current study attempts to identify phytochemicals 
from Indian traditional medicinal plants as CYP46A1 inhibi-
tors using in silico approach.

The molecular docking is one of the most prominent 
methods for drug discovery in which binding orientation 
and interactions of small ligands with receptor protein is 
monitored. In the present study by comprehensive litera-
ture survey of three plants; B. monnieri, P. longum, and W. 
somnifera provided 74, 153, and 89 phytochemicals respec-
tively which belong to different classes such as flavonoids, 
indoles, prenol lipids, and derivatives of alkaloids. How-
ever, only 34, 94, and 41 compounds had three-dimensional 
structures available in the PubChem. Therefore, these mol-
ecules were examined for their inhibitory potential using 
in silico approach wherein virtual screening was performed 
against CYP46A1 protein and ranking of different ligand 

Fig. 11  Contact Analysis of MD trajectory of Fargesin complex a Protein–ligand contact distribution histogram; b protein–ligand contacts
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conformations was based on predicted binding affinities with 
default scoring function in Vina. The energy comparison and 
selection of ligand molecules from three plants were done 
based on the standard values of cholesterol 3-sulfate and 
clotrimazole which was − 13.0 and − 8.1 kcal/mol respec-
tively. Although, plants derived compounds are much safer 
than synthetic drugs still their fundamental physiological 
properties determine whether they can be used as a therapeu-
tic drug. For this reason, compounds with molecular weight 
less than 500 Da and lipophilicity (log P) less than 3.5 for 
greater BBB penetration and highest uptake were selected. 
As a result, all the phytochemicals from B. monnieri were 
eliminated from further study either due to their structural 
similarity or insufficient molecular weight or log P values. 
The analysis of docking results of six phytochemicals; sesa-
min, fargesin, pisatin, piperolactam A, piperine, coumaper-
ine from P. longum and three phytochemicals; withanolide 
D, withaphysalin M, withaferin A from W. somnifera dis-
played better binding affinity. The interaction analysis with 
protein–ligand complex suggested that all the molecules 
had significant binding pattern similar to clotrimazole due 
to their interaction with active site amino acid residues; 

Tyr109, Leu112, Trp368, Gly369, and Ala474, which were 
also in accordance with prediction by Mast et al (2008). 
The molecules also exhibited entrance to substrate access 
channel by interacting with His81, Phe80, Phe371 of β-1 
sheet, Arg110, Leu112 of B′ helices, and Ile222, Asn227 
of F helices residues (Mast et al. 2008). Multiple hydrogen 
bonds were displayed between ligand molecule and target 
protein, except sesamin and piperine of P. longum. For 
instance, fargesin, piperolactam A and coumaperine from 
P. longum laid their structures in a way that they can form 
critical hydrogen bonding (Mast et al. 2012) with residues 
HOH732, Tyr109; Leu112, Tyr109; Asn227, Ala474 respec-
tively. Previously, fargesin from the Magnolia plants which 
are used in the treatment of headache, nasal congestion and 
sinusitis was shown to improve dyslipidemia and hypergly-
cemia in high fat-induced obese mice by phosphorylating 
and activating Akt, AMP-activated protein kinase (AMPK), 
and acetyl-CoA carboxylase in both 3T3-L1 adipocytes and 
white adipose tissue (Lee et al. 2012). In addition, in vitro 
inhibitory activities of fargesin from Flos Magnoliae on 
eight different cytochrome P450 enzymes were determined 
suggesting that fargesin may modulate drug metabolism, but 

Fig. 12  Molecular dynamics trajectory analysis of the Piperolactam-protein complex. a Protein–ligand RMSD; b RMSF for protein, green 
colored lines marked to indicate the residues which interacts with ligand; c Interaction of protein and ligand and d RMSF for ligand
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more in vivo studies are required to investigate drug interac-
tions (Kim et al. 2017). A recent study showed that fargesin 
inhibits atherosclerosis by promoting reverse cholesterol 
transport process and reduced inflammatory response via 
CEBPαS21/LXRα and TLR4/NF-κB pathways (Wang 
et al. 2020) Similarly, alteration of CYP46A1 and HMG-
CoA reductase on Lipopolysaccharide stimulation through 
TLR4/MyD88/NF-κB signalling pathway leading to neu-
roinflammation has been reported (Na et al. 2021). Cou-
maperine and its derivatives, CP-9 and CP-38 have been 
shown to act as a potent inhibitors of NF-κB subunits p50 
and p65 in L428 and A549 cancer cells (Nandakumar et al. 
2017). Therefore, it might be possible that coumaperine 
and its derivatives may inhibit NF-κB signalling pathway 
in neurons. However, further studies to evaluate the effects 
are needed. Inhibitory activity of Piperolactam A was only 
analysed against pathogenic bacteria and SARS-CoV-2 
(Kothandan et al. 2021; Nongmai et al. 2022). In W. somnif-
era single critical hydrogen bonding of withaferin A with 
His81 was observed. In silico studies revealed inhibition 
of NPC1 and SRB1 by withaferin A with binding energies 
− 5.73 and − 7.16 kcal/mol respectively in hypercholester-
olemia (Ulhas and Malaviya 2022). Moreover, permeability 
of withaferin A through computational membrane models 

such as POPC (1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-
choline) revealed that interaction of oxygen at fifth position 
of withaferin A with phosphate group of the membranes 
drive high permeability across the bilayer (Wadhwa et al. 
2021). Modi et al. (2022) studied the pharmacokinetics of 
withaferin A (500 mg/kg) in rats using UHPLC-MS/MS. 
The results revealed half-life of withaferin of 7.6 ± 3.3 h and 
bioavailability of 32.4 ± 4.8%. Thus, these studies revealed 
that withaferin can be further designed to test against the 
CYP46A1 in vivo. Further, the three lead molecules fargesin, 
piperolactam A and coumaperine from P. longum and with-
aferin A from W. somnifera were subjected to molecular 
dynamic studies which revealed their structural stability and 
less conformational changes of receptor-ligand complex dur-
ing 100 ns trajectory.

In order to assess the safety and efficacy of ligand mol-
ecules, their pharmacokinetics was studied using ADMET 
profiling. According to Lipinski's “Rule-of-Five”, ADMET 
screening of all the nine molecules from P. longum, and 
W. somnifera showed greater HIA absorptivity whereas 
piperolactam A, withaphysalin M and withaferin A showed 
good oral bioavailability. In addition, none of the molecules 
displayed acute toxicity and mutagenic effects evaluated 
in terms of hepatoxicity and Ames test and have favorable 

Fig. 13  Contact Analysis of MD trajectory of Piperolactam complex a Protein–ligand contact distribution histogram; b protein–ligand contact



242 Journal of Proteins and Proteomics (2022) 13:227–245

1 3

drug-likeness features. The information available in litera-
ture also supports the fact that these plant-derived molecules 
have no reported toxicity (Kumar and Patnaik 2016; Mandlik 
and Namdeo 2020; Kaushik et al. 2021; Xia et al. 2021). 
Based on the data obtained it appears that many of the com-
pounds studied may be potential inhibitors of the CYP46A1. 
Furthermore, all of the phytochemicals were found to be 
even BBB permeable, which suggests that they may be use-
ful against neurodegenerative conditions with perturbed 
cholesterol homeostasis. Thus, the predicted results from 
both plants indicate that ADMET characteristics of most 
phytochemicals are similar with those of clotrimazole. 
Interestingly, mice treated with voriconazole, a CYP46A1 
inhibitor showed decrease in 24S-hydroxycholesterol lev-
els which is product of CYP46A1 suggesting inhibition. 
Furthermore, administration of CYP46A1-containing 
adenovirus to APP23 or APP/PS mice revealed enhanced 
CYP46A1 activity increased CYP46A1 expression and lev-
els of 24S-hydroxycholesterol in the brain. This was accom-
panied by reduction in amyloid β load and rescuing of cog-
nitive deficits (Hudry et al 2010), Therefore, in vitro and in 

vivo studies would be needed to evaluate the bioavailabity of 
these molecules especially BBB permeability and their abil-
ity of reverse pathology observed in various neurodegenera-
tive conditions wherein CYP46A1 may be a potential target. 
A recent study has shown that treatment with distinct classes 
of CYP46A1 inhibitors led to central 24S-hydroxycholes-
terol reduction in vivo and ablation of long term depression 
in hippocampal slices (Popiolek et al. 2021).

In conclusion, the present study has provided lead 
compounds as novel CYP46A1 inhibitors based on bind-
ing interactions and MD studies. Three molecules were 
identified from P. longum; fargesin, piperolactam A and 
coumaperine that had binding affinity values of − 10.3, 
− 9.5, − 9.0 kcal/moles and one lead molecule from W. 
somnifera; withaferin A with binding affinity value of 
− 12.9 kcal/mol for CYP46A1. However, further improve-
ments in these ligands may be required through structural 
optimization and validation through in vitro and in vivo 
studies to design potential phytochemical CYP46A1 inhib-
itors that may be effective in treating neurological condi-
tions involving perturbed cholesterol homeostasis.

Fig. 14  Molecular dynamics trajectory analysis of the Withferin-protein complex. a Protein–ligand RMSD; b RMSF for protein, green colored 
lines marked to indicate the residues which interacts with ligand; c Interaction of protein and ligand and d RMSF for ligand
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