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ABSTRACT
The low constitutive activation of Liver X receptor, an endogenous nuclear receptor with two subtypes
(a and b), is a condition lying at the crossroad of cancer and cardiovascular disease. Both natural and
synthetic Liver X receptor agonists have reportedly shown remarkable antiproliferative and atheropro-
tective effects but the repeated doses of its synthetic ones are also paradoxically associated with
hyperlipidaemic effects and neurotoxicity, though attributed to the alpha subtype. This highlights the
need for novel, safe, and potent LXR-beta-selective agonists. Hypocholesterolaemic effects of black
theaflavins have been widely reported, but data on the exact theaflavin compound (s) responsible for
these effects is currently lacking. Neither is information on the possible modulatory effects of the com-
pound (s) on LXR-beta nor its possible implications in the context of drug development for cardiovas-
cular diseases and cancers is explored. On this account, we investigated the potential interaction of
four main theaflavin monomers (TF1, TF2A, TF2B & TF3) with human LXR-beta through robust compu-
tational modelling that entails molecular docking, free energy calculations and molecular dynamics
simulations. The ligands were further profiled (in silico) for absorption, distribution, metabolism, excre-
tion, and toxicological properties. Our result revealed theaflavin TF2B as a putative LXR-beta agonist,
possibly responsible for the widely observed hypocholesterolaemic effect in black tea. This finding,
while encouraging, needs to be experimentally verified in wet studies.
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1. Introduction

Liver X receptors (LXRs) are endogenous oxysterols-activating
nuclear receptors, with a isoform (located on human
chromosome 11p11.2) and b isoform (located on human
chromosome 19q13.3) (Nguyen-Vu et al., 2013; Viennois
et al., 2011; Zhao & Dahlman-Wright, 2010). They have both
been characterized as being transcriptionally active (by form-
ing heterodimers with 9-cis retinoic acid receptors) when the
oxysterols (such as 22(R)-hydroxycholesterol, 24(S),25-epoxy-
cholesterol, etc.) and cholesterol precursors (such as desmos-
terol (PubChem ID: 439577), etc.) binds to them (Beltowski,
2008; Schulman, 2017). They however differ from conven-
tional steroid receptors in that they show low constitutive
activation in the absence of ligand, despite the fact they
play critical roles in the reverse cholesterol transport (RCT)
pathway, from decreased intestinal cholesterol uptake to cel-
lular cholesterol efflux (via ABCA1 and ABCG1 transporters)
to high-density lipoprotein metabolism to biliary cholesterol

excretion (via ABCG5 and ABCG8 transporters) (Bradley &
Tontonoz, 2005; Lund et al., 2003). The LXR-a has been
shown as highly expressed in metabolically active tissue sub-
sets including the liver, adipose tissue, small intestine,
spleen, kidney, heart, lung, and skeletal muscle, while the
LXR-beta is ubiquitously expressed throughout the human
body (Repa et al., 2002; Shao et al., 2021). They function as
cholesterol-sensing inducers of genes preventing overload of
cellular cholesterol through these pathways (Shao et al.,
2020; Zhao & Dahlman-Wright, 2010), while their low expres-
sions have been shown to characterize a wide range of car-
diovascular diseases (CVDs); a prominent (along with cancer)
cause of current global morbidity and mortality rates (Kick
et al., 2016; Nguyen-Vu et al., 2013).

The ability of LXRs, therefore, to promote macrophage
cholesterol efflux and advance the RCT pathway has estab-
lished the scientific interest in the therapeutic potential of
LXR ligands for CVDs therapy, while the discovery, however,
of hyperlipidaemic effects of LXR-alpha agonists and the
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atheroprotective sufficiency of sole LXR-beta activation has
increased the search for safe and potent LXR-beta-selective
agonists (Schulman, 2017).

Cancer cells, on the other hand, have been shown to fre-
quently gain selective proliferation via increased low-density
lipoprotein (LDL) receptor-mediated uptake of exogenous
cholesterol as well as characterized by mutated or dysregu-
lated forms of genes involved in cholesterol homeostasis
(Kick et al., 2016; Schulman, 2017). Thus, the same resultant
conditions stemming from low LXR activation (i.e. high intra-
cellular cholesterol level due to increased de novo synthesis,
and reduced ABC transporters-mediated efflux) have been
shown to sustain the metabolic needs and proliferation cap-
acity of various cancer subtypes (Morrow et al., 2010; Zeng
et al., 2012).

Also, evidence is linking low LXRs expression levels to
diverse cancer subtypes via other mechanisms such as activ-
ity reduction of cell cycle regulators (including S-phase kin-
ase-associated protein (SPK2), cyclin-dependent kinases, etc.)
(Chu et al., 2006; Repa et al., 2000), apoptosis inhibition
(Vedin et al., 2009), lipid rafts-associated compartmentation
of vascular endothelial growth factor receptor-2 in angiogen-
esis and its consequential metastasis (Ju et al., 2017).
Therefore, it is no longer a surprise that LXR is being consid-
ered a highly druggable target for the potential treatment of
a wide variety of cancers (Ju et al., 2017; Lin & Gustafsson,
2015). The LXR agonists (both natural and synthetic) have
reportedly been shown to display remarkable antiprolifera-
tive effects against cancer via intracellular cholesterol deple-
tion (Villa et al., 2016; Bovenga et al., 2015), with broad-
spectrum activity via receptor tyrosine kinases (including epi-
dermal growth factor receptor, vascular endothelial growth
factor receptor 2, protein kinase B, phosphoinositide 3-kinase
etc.) inhibitions (Noghero et al., 2012; Shao et al., 2021;
Wang et al., 2019) as well as increased tumour suppressing
p53 levels in cancer cell lines (Vedin et al., 2009).

Long et al. (2018) discovered a positive link between LXR
expression and improved HCC survival (Long et al., 2018),
while V�azquez-S algado et al. (2019) showed the activity
boost of sorafenib by LXR agonist against hepatocellular car-
cinoma cells (V�azquez-S algado et al., 2019).

The challenge remains, however, that antiproliferative
activities of repeated doses of currently developed synthetic
LXR agonists are also usually accompanied by increasing
low-density lipoprotein cholesterol and triglycerides, as dem-
onstrated in hamsters and cynomolgus monkeys (Groot
et al., 2005; Kick et al., 2016), though this observed hyperlip-
idaemic effects may have stemmed from the alpha subtype
of the protein as reported by Schulman (2017) (Schulman,
2017), which necessitates the search for safe and potent LXR-
beta-selective agonists and formed the rationale for this
study. The LXR agonists are also associated with neurotox-
icity (Kick et al., 2016).

The most widely consumed beverage in the whole world
is tea (Camellia sinensis). The drinks being derived from it is
second only to water in consumption (Jin et al., 2013;
Ramadan et al., 2009). Tea, depending on the processing
methods, is of diverse variants, including black tea, green tea

(unfermented), and oolong tea (fully fermented), and are
known to produce diverse chemical compositions with vary-
ing nutritional and therapeutic efficacies (Ramadan et al.,
2009).

These have been shown to be rich in antioxidant polyphe-
nols (including thearubigins, flavonols, catechins, and theafla-
vins) which contain the vicinal or trihydroxy structure
responsible for the free radicals-chelating effect (Jin et al.,
2013; Ramadan et al., 2009) while, in addition, theaflavins are
known to contain electron-donating benzotropolone moiety
(Jin et al., 2013). These antioxidant properties have always
been referenced as the most significant therapeutic benefits
of tea until recent times in which several reported experi-
mental animal models and epidemiological studies have
shown an inverse relationship between the consumption of
tea and plasma cholesterol levels (Maron et al., 2003;
Trautwein et al., 2010).

Specifically, the theaflavins in black tea (being produced
by condensation of quinones; the oxidation products of cate-
chins (tea tannins) by polyphenol oxidase) have been shown
to deplete intestinal cholesterol absorption through inhib-
ition of dietary mixed micelle formation, reduce plasma tri-
glycerides, cholesterol, and LDL cholesterol through elevated
faecal lipid excretion in animal models of hypercholesterol-
aemia (Maron et al., 2003; Ramadan et al., 2009), suppresses
lipogenesis through fatty acid synthase inhibition (Jin et al.,
2013), inhibits pancreatic lipase and lipoprotein lipase
expression (Jin et al., 2013), reduce hepatic cholesterol accu-
mulation (Lin et al., 2007), as well as inhibits synthesis of
cholesterol through upregulated liver LDL receptor expres-
sion (Kuo et al., 2005; Ramadan et al., 2009).

Jin et al. (2013) reported that the four theaflavin monomers
consisting of Theaflavin (TF1) (PubChem ID: 135403798), thea-
flavin-3-gallate (TF2A) (PubChem ID: 169167), theaflavin-30-
gallate (TF2B) (PubChem ID: 135625500), and theaflavin-3,30-
digallate (TF3) (PubChem ID: 440069529) are the major theafla-
vins constituting black tea (Jin et al., 2013).

There is not yet any published data, however, on the
exact theaflavin compound (s) being responsible for the
widely observed anti-hypercholesterolaemic effects of black
tea. Neither is there any information on the possible modula-
tory effects of the compound (s) on LXR-beta and its possible
implications in the efforts to develop novel potent and safe
drugs for the treatment of cardiovascular diseases and
cancers.

This study, therefore, aims, through molecular modeling,
to establish whether the possible modulatory effect of any of
the reported black tea theaflavin compounds on LXR-beta
can be established, the exact compound (s) involved, as well
as the implication (s) in hypercholesterolemia-associated can-
cer conditions.

2. Methods

2.1. Protein preparation

The PDB coordinate files (PDB ID: 6S4T) of the crystal struc-
ture of human (Homo sapiens) Liver X receptor beta isoform
(LXR-beta) were retrieved from the protein data bank (http://
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www.rcsb.org) and prepared using the protein preparation
wizard of Schrodinger maestro v 12.5.139. Briefly, the co-crys-
talized KVB compound was deleted, while the protein chain
was prepared at the OPLS2005 force field under a pH of
7.02.0. All steric clashes were removed, hydrogen bond order
was restored, and the missing side chains and loops were
replaced with prime. Water molecules with a molecular
weight greater than 5.00 and fewer than three hydrogen
bonds to non-waters were deleted from the ionized (Het)
groups, while bond orders were assigned. This was energet-
ically minimized at the polarity charge cutoff set at 0.25.

2.2. Ligand preparation

The two-dimensional structures of the four theaflavins (TF1
(PubChem ID: 135403798), TF2A (PubChem ID: 169167), TF2B
(PubChem ID: 135625500), and TF3 (PubChem ID:
440069529) compounds, as well as desmosterol (PubChem
ID: 439577), were retrieved from the PubChem database and
prepared using the Schrodinger maestro ligand preparation
wizard, in which the ligands were desalted, possible Epik
states and tautomers were generated at the target pH of
7.02.0, and then subjected to energy minimization under
OPLS2005 force field through the MacroModel wizard.

2.3. Receptor grid generation

The co-crystallized ligand was separated from the active site
of the receptor chain using the defined receptor. The atoms
had Van der Waals radii of 1.0 ångstr€om and partial atomic
charges of less than 0.25 ångstr€om by default. The active site
is represented by an enclosing box at the workspace cen-
troid of selected residues around the co-crystallized ligands
while, using the default Glide settings, a grid centered on
the ligand was generated using this protocol. All ligands
were docked into this grid structure in this study.

2.4. Glide standard precision docking and molecular
Mechanics-Generalized born surface area
calculations

Glide standard precision docking was used to dock a
sampled flexible ligand (based on nitrogen inversion and
ring conformations) into the target receptor grid, and post-
docking minimization was performed. The docking score was
calculated using input partial charges, while ligands with
more than 500 atoms were not docked or scored. The van
der Waals radii of ligand atoms with partial atomic charge
were scaled by 0.80 compared to the partial charge cut-off
of 0.15, and the Epik state penalties were added to the dock-
ing score.

Prime was also used to calculate the molecular mechanics
generalized Born surface area free energy change (MMGBSA
dG) of the docked ligands using the VSGB solvation model
and the input ligand partial charges. The flexible residues
were constrained, and the energy calculations were carried
out using all processed ligands, while more precise and

flexible docking was also performed on the defined receptor
grid using the Glide extra precision (XP) feature.

2.5. Glide quantum polarized ligand docking

The initial Glide docking ligand charges were generated
using the standard semiempirical method precision, in which
the pose was discarded as duplicate if the root mean square
deviation was less than 0.5 ångstr€om and the maximum
atomic displacement was less than 1.3. Before redocking at
standard precision, the quantum mechanics charges for free
ligands in the gas phase were calculated using the Coulson
charge semi-empirical method. Ligands with the best binding
pose were finally chosen based on the Glide Score, while the
van der Waals scaling for the receptor and ligand was 1.0
and 0.8, respectively.

2.6. Glide induced fit docking

The maximum of 20 different poses, by default, of each lig-
and were generated through standard protocol at the OPLS
3e forcefield of the induced fit docking module. These were
docked with Glide Standard precision in which the ring con-
formations of the ligands were sampled at the energy win-
dow of 2.5 Kcal/mol, the planarity of conjugated Pi groups
was enhanced, and the nonplanar conformations of amide
bonds were penalized. The receptor and ligand van der
Waals scaling were set at the default value for best-docked
ligand pose allowance (0.50), while the residues within 5.0 Å
of ligand poses were refined, with their side chains opti-
mized. The ligands within 30.0 Kcal/mol of the best structure
within top 20 of overall initially docked structures, as well as
Coulomb-van der Waals score of 100 and hydrogen bond
score of 0.05 were retained. These were then redocked with
Glide extra precision into the refined structure for final bind-
ing energy score calculation (IFDScore) and ranking of the
output poses.

Figure 1. Glide standard precision GScores of binding compounds to liver
X receptor-beta.

Figure 2. Molecular mechanics – generalized born surface area values of bind-
ing compounds to liver X receptor-beta following glide standard precision
docking.
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2.7. Protein-ligand interaction analysis

The Glide merging procedure was used to create the docked
ligands in complex with the targets and their corresponding
binding poses. The BIOVIA discovery studio suite was used

to visualize the two-dimensional interactions between the
ligands and the target binding pocket residues, and PyMolVR
was used to represent the active pocket view of interactions.
The Glide ligand interaction 2D visualizer was also employed
for post-induced fit docking protein-ligand visualization.

Figure 3. Pocket view (A), pocket hydrophobicity (B) and two-dimensional view (C) of binding interactions between liver X receptor-beta and desmosterol (1), TF1
(2), TF2A (3), TF2B (4) and TF3 (5) following glide standard precision docking of the compounds.
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2.8. Normal mode - coarse grained simulation analysis
of target protein

The deformability, B-factor, covariance matrix, main chain
deformability plot, B-factor values, eigen value, as well as
elastic network model of the apo protein as well as the hit
compound-protein complex were simulated from their
internal coordinates using the online-based iMOD software
(L�opez-Blanco et al., 2014).

2.9. Atomistic molecular dynamic simulations of protein
complexes

Docked protein-ligand complexes were used to prepare top-
ology for MD simulation using CHARMM all-atom force field and
CGenFF for protein and ligand respectively (Vanommeslaeghe
et al., 2010; Yu et al., 2012). The systems were energetically mini-
mized for 5000 steps and equilibrated to a temperature of 300K
and pressure of 1 atm in NVT and NPT ensembles for 100 picosec-
onds each. This was followed by final MD run for the duration of
100ns each in the NPT ensemble. The GROMACs 2021 simulation
engine was employed for the simulation runs in which parame-
ters such as root mean square deviation (RMSD), radius of gyr-
ation (Rg), root mean square fluctuations (RMSF) and solvent-
accessible surface area (SASA) were calculated from generated
trajectories. All graphs were plotted using the Python matplotlib
library.

2.10. In-silico pharmacokinetics and toxicity profiling

The resultant hit compound from this study was profiled for
its absorption, distribution,

metabolism, excretion, and toxicity properties by submit-
ting its structure description file coordinates for evaluation
by the algorithms of web-based ProTOX-II (Prediction of
TOXicity of chemicals) and SwissADME (http://www.swis-
sadme.ch/index.php), OSIRIS Data Warrior v5.5.0 chemical
properties calculator, and Glide QikProp evaluator.

3. Results and discussion

3.1. Standard precision docking of theaflavins

Binding affinity is usually considered to be a priority in the selec-
tion of the best candidate, via virtual screening, for high
throughput tests in drug discovery, as it helps predetermine the

modulatory potential of the screened compound, via the bind-
ing effect, on the target protein (Chen, 2015). The four theafla-
vin compounds (TF1, TF2A, TF2B, TF3) displayed higher Glide
GScores than that of desmosterol (-5.079 Kcal/mol) (as shown in
Figure 1), with the TF2B having the highest binding score.
Desmosterol (-44.77 Kcal/mol), however, displayed the highest
molecular mechanics generalized Born surface area (MMGBSA)
value than the theaflavin compounds with TF3 (-44.2 Kcal/mol)
and TF2B (-44.05 Kcal/mol) having the closest values to that of
the standard (as shown in Figure 2). The free energy calculations
of the theaflavin compounds, thus, revealed the theaflavin TF3
and TF2B compounds as the closest hits comparable to that of
standard in this study post-Glide docking procedure.

3.2. Ligand-protein interactions following standard
precision docking of theaflavins

The TF1 binds in common with the desmosterol, through the
hydrophobic alkyl bond, to valine 283, and isoleucine 456
(which is at close proximity to the hydrophobic LXR-beta
H12 region; a key agonistic region of the protein), as well as
the lysine 305, of the liver X receptor-beta protein at the
bond distances of 5.32 ångstr€om, 4.89 ångstr€om, and 5.03
ångstr€om (Figure 3C; 2). It also binds through the conven-
tional hydrogen bond to threonine 308, isoleucine 301, and
lysine 287 respectively at the bond distance of 2.65
ångstr€om, 2.82 ångstr€om, 2.44 ångstr€om respectively. This is
also in addition to bonding of the compound to glutamic
acid 455 of the protein through the conventional hydrogen
bond at a distance of 1.82 ångstr€om and a rare attractive
charge at the bond distance of 1.82 ångstr€om. This also sug-
gests the stronger binding potential of the TF1 compound to
the desmosterol-binding site of the LXR-beta protein.

The TF2A binds to glutamine 280, lysine 287, threonine
308, leucine 304, valine 279, glutamic acid 455 through the
conventional hydrogen bond respectively at the distances of
1.72 ångstr€om, 2.37 ångstr€om, 1.80 ångstr€om, 2.64 ångstr€om,
2.25 ångstr€om, 2.16 ångstr€om in addition to the binding of
the compound through the carbon-hydrogen bond to lysine
305 at the distance of 2.59 ångstr€om; valine 279, isoleucine
456 and valine 283 through the hydrophobic Pi-alkyl bond at
the bond distance of 5.23, 4.51, and 5.12 ångstr€om respect-
ively, as well as glutamic acid 455 through the hydrophobic
Pi-Anion bond at 4.84 ångstr€om (Figure 3C; 3).

The theaflavin compound TF2B binds to valine 283, iso-
leucine 456, valine 279, and leucine 452 respectively at the

Figure 4. Glide extra precision GScores of binding compounds to liver X recep-
tor-beta following quantum polarized ligand docking.

Figure 5. Molecular mechanics – generalized born surface area values of bind-
ing compounds to liver X receptor-beta following quantum polarized ligand
docking.
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bond distances of 4.90 ångstr€om, 5.40 ångstr€om, 5.42
ångstr€om, and average bond distance of 5.2 ångstr€om
through the hydrophobic alkyl bond, in addition to binding
of the compound respectively through conventional hydro-
gen bond to glutamine 280, glutamic acid 455, threonine

308 of the protein at the distances of 1.70 ångstr€om, 1.75
ångstr€om, 2.75 ångstr€om (Figure 3C; 4).

Compound TF2B also binds to lysine 305 through the
hydrophobic Pi-anion and Pi-Alkyl bonds at the average dis-
tance of 4.8 ångstr€om in addition to carbon-hydrogen bond

Figure 6. Pocket view (A), pocket hydrophobicity (B) and two-dimensional view (C) of binding interactions between liver X receptor-beta and desmosterol (1), TF1
(2), TF2A (3), TF2B (4) and TF3 (5) following quantum polarized ligand docking of the compounds.
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at the distance of 2.97 ångstr€om. It also binds to arginine
297 of the protein through Pi-anion bond at a distance of
5.43 ångstr€om, as well as lysine 287 through the Pi-Cation
and Carbon-Hydrogen bond at the distances of 4.48 and
3.03 ångstr€om respectively, while the TF3 compound binds
through the hydrophobic alkyl and Pi-alkyl bonds to isoleu-
cine 301, leucine 304, valine 283, valine 279, and isoleucine
456 at the distances of 5.13, 4.69, 4.30, 4.36, and 4.60
ångstr€om respectively as well as glutamic acid 455 through a
rare attractive charge and a salt bridge at the bond distances
of 3.09 and 2.14 ångstr€om respectively (Figure 3C; 5).

The theaflavin compounds, therefore, binds to the various
LXR-beta protein functional residues, including leucine 452,
valine 283 and 279, as well as lysine 287, thereby revealing
the modulatory potentials of the compounds against the
LXR-beta protein target.

3.3. Quantum polarized ligand docking of theaflavins

The QM-polarized ligand docking replaces the resultant
charges of quantum mechanical calculations on ligands in
the receptor field to enhance the partial charges on ligand
atoms in a Glide docking run, thereby accounting for polar-
ization of the ligand charges by the receptor, while redock-
ing of the ligands with the resultant new charges can result
in improved docking accuracy.

The TF2B (-6.427 Kcal/mol) and TF1 (-4.880 Kcal/mol) com-
pounds exhibited higher Glide GScores than Desmosterol
(-4.879 Kcal/mol) following quantum polarized ligand docking
in this study, while the compound with the least value is TF3
(-4.009 Kcal/mol) (Figure 4).

The MMGBSA values of the theaflavin compounds, except
the TF2A (- 35.44 Kcal/mol), were however higher than that
of desmosterol (-40.94 Kcal/mol), with the TF3 compound dis-
playing the highest energy value of �47.32 Kcal/mol
(Figure 5).

3.4. Ligand-protein interactions following quantum
polarized ligand docking of theaflavins

The discovery of novel compounds with effective interactions
to the target receptor, with its consequential high likelihood
of potency in vivo, entails optimizing the structure interac-
tions with the target (Patrick, 2013), as observed in the
improved docking pose by the receptor-ligand polarization
in this study.

The TF1 compound binds to threonine 308 of the protein
through the conventional hydrogen bond at the distance of

1.83 ångstr€om, as well as valine 279 and isoleucine 301, in
common with desmosterol binding, through the hydropho-
bic alkyl bond at the distances of 5.00 and 5.29 respectively.
This is in addition to binding of the compound to valine 283
and isoleucine 456 of the protein through the hydrophobic
Pi-Alkyl at the average bond distances respectively of 5.21
and 4.83 ångstr€om respectively, following quantum polarized
ligand docking (Figure 6C; 2).

The TF2A compound also binds to isoleucine 301 and val-
ine 283 in common with that of desmosterol through the
hydrophobic alkyl bond at the distance of 4.64 ångstr€om
and the average distance of 5.02 ångstr€om respectively, glu-
tamine 280 through the conventional hydrogen bond at the
distance of 2.02 ångstr€om, as well as leucine 452 through
the hydrophobic Pi-alkyl and hydrophilic carbon-hydrogen
bond respectively at the bond distances of 3.87 ångstr€om
and 2.86 ångstr€om (Figure 6C; 3).

The TF2B binds to leucine 452 through the Pi-Sigma bond
at the average distance of 3.71 ångstr€om, glutamic acid 455
through a rare attractive charge at the distance of 4.95
ångstr€om, threonine 308 and glutamine 280 through the
conventional hydrogen bond at 1.77 and 2.82 ångstr€om
respectively, in addition to its binding to the functional val-
ine 279, 283, and isoleucine 456 residues through the hydro-
phobic alkyl and pi-alkyl bond at the distance of 5.09
ångstr€om, average distance of 2.58 ångstr€om, and bond dis-
tance of 4.69 ångstr€om respectively (Figure 6C; 4). The com-
pound also binds to lysine 287 of the compound through
the conventional hydrogen bond at a distance of 2.71
ångstr€om and a rare attractive charge at the distance 4.01
ångstr€om.

Compound TF3 binds to isoleucine 301, leucine 304, val-
ine 283, leucine 452, isoleucine 456 through the hydrophobic
alkyl bond at the distances of 5.22, 4.63, 4.55, 4.74, and 4.99
ångstr€om respectively in addition to its binding to lysine 305
through the Pi-alkyl and carbon-hydrogen bond at 5.18 and
2.60 ångstr€om respectively, as well as glutamic acid 455 of
the protein through the conventional hydrogen bond, car-
bon-hydrogen bond, and a salt bridge at the distances of
2.02, 5.46, and 1.94 ångstr€om respectively (Figure 6C; 5).

3.5. Induced fit docking of theaflavins

Globular proteins are known to be not rigid but flexibly alter
their side chain conformation (characterized by loops move-
ment or even large domains), upon ligand binding, to fit the
optimal ligand pose, in a chain of the process that also
involves the target conformational transitions governing the
binding-unbinding process (Sherman et al., 2006). This conse-
quently results in significant changes in the free energies of all
states along the binding–unbinding pathway and determines
appreciable differences in the ligand affinity changes up to
multiple hundred folds (Hecht et al., 1992; Hu et al., 2020).

The theaflavin compounds, except the TF1 compound
(-7.073 Kcal/mol), exhibited higher Glide GScores of binding
than that of desmosterol (-8.144 Kcal/mol), with the TF2A com-
pound showing the highest value, following induced-fit dock-
ing of the compounds post-induced-fit docking (Figure 7).

Figure 7. Induced fit docking gscores of binding compounds to liver X recep-
tor-beta.
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3.6. Ligand-protein interactions following induced fit
docking of theaflavins

The TF2A compound, in common with that of desmosterol,
binds to leucine 292, 293, 304, 452, 453, isoleucine 276, 301,
456, tryptophan 457, as well as valine 279 and 283 residues
of the protein through the hydrophobic alkyl bond; lysine

305, 287, and arginine 297 through the carbon-hydrogen
bond, as well as glutamine 280, 300, and threonine 308

through the conventional hydrogen bond, following induced
fit docking analysis in this study (Figure 8C; 2).

The TF2B compound binds to leucine 293, 452, 304, iso-
leucine 301, 456, tryptophan 457, phenylalanine 292, and

Figure 8. Pocket view (A), pocket hydrophobicity (B) and two-dimensional view (C) of binding interactions between liver X receptor-beta and desmosterol (1), TF1
(2), TF2A (3), TF2B (4) and TF3 (5) following induced fit docking of the compounds.
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valine 279, 283 of the protein through the hydrophobic alkyl
bond; arginine 297, lysine 287, 305 through the conventional
hydrogen bond, glutamic acid 455 through the hydrophobic
pi-anion bond, as well as glutamine 280, 300, and threonine
308 through the carbon-hydrogen bond (Figure 8C; 3).
However, the TF3 compound binds to isoleucine 301, 456,
leucine 304, 453, 452 of the Liver X receptor protein through
the hydrophobic alkyl bond, lysine 305 through the conven-
tional hydrogen bond; threonine 308 through carbon-hydro-
gen bond; tryptophan 457 through the Pi-Pi stacking bond;
as well as glutamic acid 455 through the hydrophobic
Pi-anion bond (Figure 8C; 4).

The ligand-binding cavity of the LXR-beta protein is
known to be largely hydrophobic, surrounded by key hydro-
phobic helical regions including H3, H5, H6, H7, H11 and
H12 (Hoerer et al., 2003), while the ligand-induced LXR-beta
receptor activation has been shown, by mutational analysis
study (Spencer et al., 2001), to be mediated by tryptophan at
position 457 (Trp457) (a key residue of the H12 region)
through an edge-on hydrophobic interaction of its indole
ring (Hoerer et al., 2003). The direct interactions of the thea-
flavins 2 A, 2B, and 3 with Trp457 post-induced fit docking
screens, in this study, may result in stable positioning of acti-
vation function 2 (H12) region on top of the H11, H5, and
H3 regions, thereby causing subsequent closed-looping on
the ligand-binding pocket; a key event that has been
inferred from structural data (Xu et al., 2001) as an agonistic
conformation of the protein.

3.7. Normal mode – coarse-grained simulation result of
liver X receptor-beta apo protein

3.8. Normal mode - coarse grained simulation result of
liver X receptor-beta following induced fit docking

The normal mode analysis helps simulate the collective har-
monic oscillating motions, closely related to functional
motions, of both the unbound (Figure 9) and bound protein
(Figure 10) based on harmonic approximation around a local
minimum at extended timescales (Dykeman & Sankey, 2010),
while its resultant low eigenvalues (2.945452e-04) (Figures 9D
and 10D) and deformability values at each of its amino acid
residues (Figures 9A, 10A and 9B, 10B) revealed the orthog-
onal flexibility and high motion stiffness of the protein in
both the bound and unbound forms. The deformability val-
ues of both the bound and unbound protein in this study,
which relies on the singular distortion of each residue (char-
acterizing the chain hinges) indicate that the protein, based
on its crystal structure data, is flexible enough for optimal
ligand-induced conformation alterations and thermostable
enough in dynamic motion for the complex to produce the
possible pharmacodynamic effects. The covariance (Figures
9E and 10E) and elastic network (9 F, 10 F) values respectively
of both the apo and bound form of the protein also sup-
ported this. The covariance values represent the coupling
patterns between the pairs of residues with the red, blue,
and white colours indicating the correlated, anti-correlated,
and uncorrelated motions respectively (L�opez-Blanco et al.,

Figure 9. Deformability representation (along with the arrow fields) (A), main chain deformability (B), experimental B-factor (C), eigen values (D), covariance matrix
(E), and elastic network model (F) of crystal structure of liver X receptor-beta (6S4T) through normal mode – coarse-grained simulation analysis.
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2014). The derived experimental B-factors scores (Figures 9C
and 10C) also revealed the relative amplitude of atomic dis-
placements around the equilibrium conformation in both the
apo and bound form. The simple curved arrows in Figures
9A and 10A depicts the dynamic motions of clustered atoms
of the protein and its ligand-bound complex moving
together as rigid bodies (Bryden et al., 2012), while the
curved arrows in Figure 10 shows the more possible dynamic

motions of the bound protein following induced fit docking
of theaflavin TF2B compound.

3.9. Molecular dynamics simulations of complexes of
compounds with liver X receptor-beta

The solvent-accessible surface area (SASA) value is the rough
metric of the degree at which the system reliably mimics the

Figure 10. Deformability representation (along with the arrow fields) (A), main chain deformability (B), experimental B-factor (C), eigen values (D), covariance
matrix (E), and elastic network model (F) of the extended structure of liver X receptor-beta (6S4T) through normal mode - coarse grained simulation analysis follow-
ing induced fit docking of compounds.

Figure 11. Solvent-accessible surface area (SASA) of theaflavin 2B and desmosterol following 100 nanoseconds molecular dynamics simulations.
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internal milieu of the fluidic biological environment during
the simulation process, through the accessibility of the sur-
face area of the molecules to solvent (Boyenle et al., 2022;
Hikmawati et al., 2022). The mean SASA values (Figure 11) of
both the TF2B-LXR-beta complex and that of the standard
revealed stable and consistent interaction of both the TF2B
compound and desmosterol with the solvent throughout the
entire simulation, as well as consistent stability of both pro-
tein-ligand complexes.

The root mean square deviation (RMSD) is the average
change in displacement of the frame of the protein-ligand
complex atoms with respect to the reference frame that is,
by default, the first frame at 0 secs. The simulation result of
this study revealed the conformational fluctuations of the
LXR-beta protein within the range of 1 Å to 1.75 Å (Figure
12) which falls within the simulation of some thermal aver-
age structures with the acceptability of changes of the order
of 1 Å to 3 Å for most globular proteins. There were

Figure 12. Root mean square deviation of theaflavin 2B and desmosterol following 100 nanoseconds molecular dynamics simulations.

Figure 13. Root mean square fluctuations of theaflavin 2B and desmosterol following 100 nanoseconds molecular dynamics simulations.

Figure 14. Number of hydrogen bonds of theaflavin 2B and desmosterol following 100 nanoseconds molecular dynamics simulations.

Figure 15. Radius of gyration of theaflavin 2B and desmosterol following 100 nanoseconds molecular dynamics simulations.
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marginally higher deviations in the RMSD value of desmos-
terol at 80 ns when compared with the slight deviation of
the RMSD value of TF2B at around 62 ns, thereby indicating
the TF2B compound binds more stably to the protein and its
binding pocket and equilibrate throughout the entire 100 ns
when compared with that of desmosterol.

The root mean square fluctuations of the protein residue,
with respect to each bound ligand, revealed higher local
alterations in the protein chain when bound to TF2B
compound which is indicated by the various peaks on the
residues at positions 25, 75, 60-70, 100-110, 150-175, and
200-250 in comparison with that of the desmosterol-LXR-
beta complex showing the various changes with the corre-
sponding peaks on the residues at positions 25, 30-40, 220-
250 (Figure 13). These indicate relatively higher flexibility of
the residues in the protein and its active site when bound to
the TF2B compound than in the Desmosterol-Liver X recep-
tor-beta complex.

The hydrogen bond plays critical role in drug binding to
protein, due to its high influence on the specificity, absorp-
tion, and metabolism of the drug (Al-Karmalawy et al., 2021;
Iman et al., 2015). The TF2B compound in this study formed
relatively higher hydrogen bonds to the protein that of the
desmosterol (Figure 14) and may have partly contributed to
the observed relatively higher stability and equilibration of
the TF2B to the protein and its binding pocket, thereby
revealing the consistent ability of the compound to maintain
hydrogen bond interactions throughout the entire simulation
and the relatively higher degree of interaction of the com-
pound with liver X receptor-beta protein; an indicator of
high modulatory potential of the compound on the protein.

The radius of gyration is a measure of the compactness and
size of the drug-protein complex; a critical component of the
functional reliability and, in consequence, efficacy of chemical
space of the drug in the living system (Attitalla & Saad, 2017;
Singh et al., 2013). The radius of gyration of both the TF2B-
LXR-beta complex and desmosterol-LXR-beta complex were
approximately constant, within the range of 1.850� 1.875 nm
(Figure 15), and supports the observed overall stability of both
complexes throughout the entire 100 ns simulation.

3.10. Absorption, distribution, metabolism, and toxicity
of theaflavin TF2B

The theaflavin TF2B compound showed no blood-brain bar-
rier permeability, thereby revealing the non-neurotoxic
potential of the compound (Figure 16), unlike most devel-
oped LXR-beta agonists that are known to exhibit neurotox-
icity; a major limitation of currently developed LXR-beta
agonists.

The toxicity evaluation of TF2B compound, over the
DataWarrior v5.5.0 algorithm, revealed that it has no tumori-
genic, mutagenic, reproductive toxicity potential as well as a
weak inhibitory potential (probability of 0.9918) (Figure 16)
against human ether a go go-related gene, a critical cardio-
toxicity evaluation of compounds. It showed no inhibitory
potential against the major cytochrome-containing metabolic
enzymes such as cytochrome P1A2, 2C19, 2C9, 2D6, and 3A4;
possesses a positive drug-likeness score of 1.4858 and ligand
efficiency lipophilic price (LELP) of 125.84 (based on the algo-
rithm implemented within Osiris DataWarrior version 5.5.0),
thereby presenting its drug-like features (calculated based on
its drug-likeness, water-octanol coefficient, solubility values,
molecular weight, as well as toxicity risks) within the range
of current FDA-approved drugs (Richter et al., 2017), and it is
easily synthesized for further validation in in vitro high
throughput screening against LXR-beta protein.

4. Conclusion

Cardiovascular diseases and cancer are the first two leading
causes of global deaths with shared aetiologies and mecha-
nisms including hypercholesterolemia, while the low activity
levels of LXR-beta have been established at the intersection
of both. The in silico molecular modeling of identified thea-
flavins in black tea, widely reported for its hypocholesterolae-
mic effect, revealed theaflavin TF2B as a putatively stable
and effective modulatory agent of LXR-beta following
induced fit docking and simulations in this study. There is a
need, however, for further validation of these findings in
in vitro high throughput screens and in vivo models.

Figure 16. Toxicity, druglikeness, and synthetic accessibility values of theaflavin 2B.
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Nevertheless, this indicates that theaflavin-30-gallate (theafla-
vin TF2B) is possibly responsible for the widely observed
hypocholesterolaemic effect in black tea and that modulation
of LXR-beta activity is a probable mechanism involved. This
may have a profound impact on the effort to develop novel,
safe, and stably potent drug compounds and supplements
for the supportive treatment of cardiovascular diseases and
their associated cancers.
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