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ABSTRACT

Background: P-glycoprotein is an efflux transporter implicated in drug resistance in arthritic
patients. Coadministration of medicinal herbal components as inhibitors may configure the transporter
in favour of the drug, thus curtailing its expulsion. Objective: This study endeavours to analyze the
components of antiarthritic herbs in inhibition of p-glycoprotein receptor thus enhancing the possibility
of retention of coadministered antiarthritic medications in the cell. Methods: Druggability and
pharmacokinetic profile of the compounds were examined. Cluster analysis of p-glycoprotein inhibitors
was performed with ChemMine based on structural similarities and physicochemical properties.
Molecular docking utilizing Discovery Studio, was performed to interpret the maximum binding
affinity between 22 inhibitory compounds and the receptor (6COV). Results: The docking analyses
revealed that the inhibitors viz., thionuphlutine B (Nuphar pumilum), kihadanin A (Phellodendron
amurense) and kopsamine (Kopsia arborea) bind with -187.15, -150.85 and -126.20 (Kcal/mol) energy,

respectively. Conclusion: Molecular dynamics simulation validated the stability of the receptor-
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thionuphlutine B complex, which may thus be recognized as the lead compound in augmentation of

drug bioavailability inside the cell, along with its herbal antiarthritic therapeutic efficacy.
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INTRODUCTION

Human p-glycoprotein is an adenosine
triphosphate ~ (ATP)-dependent  efflux
transporter that has been associated with
drug resistance in arthritic patients due to its

defensive extrusion of

property  of
intracellular drugs [1]. This glycoprotein is
located on the long arm of chromosome
7(7q21) and  comprises of  two
transmembrane domains, each constituting
six putative alpha helices, two nucleotide-
binding domains, all of which constitute the
channel for substrate translocation across
membrane [2]. Human p-glycoprotein is
highly expressed in the capillary endothelial
cells of blood—brain barrier, gastrointestinal
tract, proximal convoluted tubular cells of
kidney, liver, pancreas, heart, lungs, spleen,
skeletal muscle etc. where it functions as a
physiological barrier against the entry of
xenobiotics into the body [3]. Its
overexpression in lymphocytes during
rheumatoid arthritis (RA) is associated with
active efflux of corticosteroids and disease-
modifying antirheumatic drugs (DMARDs),
which are substrates of p-glycoprotein, thus
culminating in reduced drug efficacy or drug
resistance [4]. The peripheral blood
lymphocytes from RA patients with highly

active disease (Disease Activity Score

(DAS) 28-3>5.1) was analyzed to elucidate

the relationship between expression of p-
glycoprotein and efflux of intracellular
drugs. The intracellular and extracellular
concentrations of dexamethasone (substrate
of p-glycoprotein) were determined by the
C/M ratio. The lymphocytes overexpressing
p-glycoprotein showed low intracellular
dexamethasone levels compared with those
from RA patients with DAS 28-3<5.1 [5].
Inhibition of the transport function of p-
glycoprotein could revert such drug
resistance and improve bioavailability of the
orally administered drugs in the target cell.
Medicinal plants with plethora of bioactive
components, have tissue regenerative
characteristics and function in regulating
inflammation in osteoarthritis [6]. These
phytochemicals possess functional scaffolds
mediated

to reverse p-glycoprotein

multidrug resistance [7]. The major
antiarthritic drugs viz., baricitinib [8];
methotrexate  [9];  prednisone  [10];
apremilast [11]; tofacitinib [12];
cyclosporine [13] and upadacitinib [14] are
substrates of p-glycoprotein and are hence
effluxed by the cell.

So, twenty herbs with antiarthritic
potency viz., Cassia fistula, Hydnocarpus
wightiana, Ficus bengalensis, Guaiacum

officinale [15]; Artemisia japonica [16];
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Nuphar pumilum [17]; Justicia

tranquebariensis [18]; Hypericum
mysorense [19]; Sambucus ebulus [20];
Rabdosia  rubescens [21]; Tanacetum
parthenium [22]; Cynanchum paniculatum
123]; Epimedium  grandiflorum  [24];
Silybum marianum [25]; Kopsia arborea
[26]; Phellodendron amurense |27]; Toona
sinensis [28]; Peganum harmala [29];
Glycomis  arborea  [30]; Hedychium
spicatum [31] have been selected to screen
their inhibitory binding potency of the efflux
transporter by molecular docking.

This study was designed to identify
medicinal herbal components as inhibitors
of p-glycoprotein, thus increasing the
accumulation of treatment oriented
chemical allopathic drugs inside the cells.
MATERIALS AND METHODS

Protein preparation: The p-
glycoprotein structure (PDB code: 6COV)
[32] was used to study molecular docking
between the receptor and medicinal herbal
components. The PDB file for p-
glycoprotein was acquired from the Protein
Data Bank (http://www.rcsb.org).
Dogsitescorer server was employed for the
identification of potential binding pockets
and subpockets in the protein structure.

The ‘prepare protein’ protocol of
Discovery Studio executed the following
steps: cleaned the protein, side-chain
conformations were optimized using the

ChiRotor algorithm, water molecules were

removed, missing loop regions were
modelled based on SEQRES information
and titratable residues were protonated using
predicted pKs.

Ligand preparation: 3D structures and
canonical smiles of 236 ligand molecules
and control drug verapamil, were obtained
for molecular docking from Pubchem
(https://pubchem.ncbi.nlm.nih.gov/)  and
ChemSpider (http://www.chemspider.com/)
database. The canonical SMILES were then
translated into spatial data file format with
the help of online SMILE translator

(https://cactus.nci.nith.gov/translate/). The

prepare/filter ligands protocol performed
tasks such as removal of duplicates,
computing isomers and tautomers and
generated 3D conformations.
Drug Likeness and ADMET analyses
Druggability of the components was
evaluated with  Molinspiration  tool
(http://www.molinspiration.com).
Pharmacokinetic study was performed to
examine the ADMET (Absorption,
Distribution, Metabolism, Excretion and
Toxicity) property of the small molecules
(http://biosig.unimelb.edu.au/pkcsm/predict
ion).
Molecular Docking analyses
The receptor-ligand docking
investigation was performed by CDOCKER
module of Discovery Studio (version 2019-
2021). CDOCKER is application of

CHARMmMm based docking algorithm using a
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rigid receptor. High-temperature molecular
dynamics was employed to produce a set of
ligand conformations. Random orientations
of the conformations were generated by
translating the center of the ligand to a
specified location within the receptor active
site and performing a series of random
rotations. Each orientation was subjected to
simulated annealing molecular dynamics. A
final minimization of the ligand in the rigid
receptor using non-softened potential was
performed. A set of refined ligand poses for
each bioactive component was generated
and analyzed on the basis of lowest binding
free energy, hydrogen bonds and
hydrophobic interactions.

Molecular Dynamics Simulation

The entire process of simulation can be
divided into three major steps:

A) Evaluation of input structure:

An important factor in molecular
dynamics (MD) simulation is the accuracy
of the input structure. MD simulations may
become unstable or give unrealistic results if
the input structure contains small errors. The
initial structure checking page checks for the
most common problems in MD simulation
inputs, allowing the user to select possible
solutions. When alternate models or
multiple subunits are present in the
incoming structure, structure checking can

also be used to select which fragments of the

system should be simulated.

Checking consists of choosing from a
list of possible options:

» Model of the structure.

» The structure chain/s.

» Alternate locations for residues and

atoms

» Non-consecutive residues and gaps
in sequence.

» Atom clashes such as steric, alpha-
carbon, polar donor, and acceptor,
apolar, and ionic positive/negative.

» The improper chirality.

» Unusual cis conformation of the
peptide bond.

» Disulphide bonds.

The complex employed for the analyses
passed the major checkpoints of the
evaluation scheme.

B) Simulation:

The protein was considered as a system
of beads (Co atoms) interacting through a
discontinuous potential in a discrete
molecular dynamic simulation [33-37].
Potentials were assumed to be constant
outside of the discontinuities, assuming a
ballistic regime for the particles (constant
potential, constant velocity) under all
circumstances except when they reached a
potential discontinuity.

At this point, the conservation of the
linear momentum, angular momentum, and
total energy is imposed, which alters the
velocities of the colliding particles. In this

investigation, all collisions were taken to be
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elastic since the particles were restricted to
move within a configurational space where
the potential energy remained constant and
kinetic energy remained unchanged.

The interaction potentials have been
described as infinite square wells, with
particle-particle distances varying between
dl = (1 —o)R0O and d2 = (1 + o)RO, with RO
representing the distance in the native
conformation and 2¢ being the width of the
square well. The MD-averaged
conformation was used as the native
conformation, as in Brownian molecular
dynamics. In the native conformation,
residue-residue interaction potentials were
determined only for particles separated by
less than a cutoff radius Rc. Rc value of 8 A
and o value of 0.1 were utilized for
nonconsecutive Ca particles, however a
smaller well width (¢ = 0.05) was chosen for
consecutive pairs of residues to keep the Ca-
Ca distances closer to the anticipated value
of 3.8 A. This description of the potential
reproduced the shape of the wells generated
by the distance-dependent pseudoharmonic
model [38].

C) Trajectory analyses:

Trajectory analyses was performed
using GROMACs commands:

* G_rms tool from the Gromacs package

(XTC trajectory format) was utilized for

the calculation of root mean square

deviation (RMSD) along the trajectory.

* G_rmsf, a Gromacs package function,

calculated the average root mean square

deviation for each residue along the

trajectory (XTC trajectory format).

* G _rmsf from the Gromacs package

(XTC trajectory format) computed B-

factor value for each residue.

Clustering

ChemMine web tool was employed for
analyzing and clustering small molecules by
structural similarities and physicochemical
properties [39]. The JOELib tool was used
for calculation of 38 physicochemical
small molecule

descriptors for each

(https://chemminetools.ucr.edu/tools/launch

job/Properties/). ChemMine tool provide

facility for hierarchical clustering which
builds agglomeratively a hierarchy of
clusters based on pairwise compound
similarities defined using the atom pair
descriptors and Tanimoto coefficient.
RESULTS AND DISCUSSION

236  components of  twenty
antiarthritic herbs were initially screened on
the basis of druggability and ADMET
properties. The drug-likeness score of 236
components were tested through Lipinski’s
rule of five. 191 components showed drug-
likeness properties whereas 45 components
failed in Lipinski’s rule of five. ADMET
predictions were designed to evaluate the
pharmacokinetic and toxicity properties.
Analysis of pkcsm results revealed that 22

of 191 components, serve as p-glycoprotein
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inhibitors, which were further assessed for
their binding affinity.
Molecular Docking analyses

To better understand binding interaction of
herbal components with p-glycoprotein,
molecular docking analysis was performed
where verapamil was selected as the control
drug. The herbal components (p-
glycoprotein inhibitors) were sequentially
analysed in order of their best (maximally
negative) binding energy viz.,
thionuphlutine B, kihadanin A, kopsamine,
palmatine, bourjotinolone A, guaiaretic
acid, richenone, hydnocarpin,
cabralealactone,  isohydnocarpin,  1,2-
benzenedicarboxylic ~ acid,  diisooctyl

ester/diisooctyl phthalate, guaiacin,
stigmasterol, ergosterol acetate, spicatanol,
kopsamidine B, matairesinol, proceranone,
spicatanol methyl ether and cubebin. The
lowest binding energy of interaction was
observed to be with thionuphlutine B (-
187.15 Kcal/mol), a component present in
N. pumilum, followed by kihadanin A (-
150.85 Kcal/mol) and kopsamine (-126.20
Kcal/mol), components present in P.
amurense and K. arborea rtespectively
(Figure 1).

To analyze the selectivity and
strength of the protein-ligand interactions,
the hydrogen bonds and hydrophobic
interactions were calculated. The analysed

inhibitory components in order of their

maximum hydrogen bonded interactions

were found to be hydnocarpin, cubebin,
kopsamine, matairesinol, thionuphlutine B,
kihadanin A, isohydnocarpin, kopsamidine
B, bourjotinolone A, proceranone, guaiacin,
1,2-benzenedicarboxylic acid, diisooctyl
ester/diisooctyl phthalate, spicatanol methyl
ether, palmatine, ergosterol acetate,
richenone, cabralealactone and guaiaretic
acid. Maximal hydrogen bond interactions
observed was 04 in hydnocarpin from H.
wightiana. Thionuphlutine B, a component
present in N. pumilum displayed two
hydrogen bond interactions (Figure 2).

The analysed inhibitory components
in order of their maximum hydrophobic
interactions were found to be richenone,
thionuphlutine B, bourjotinolone A,
ergosterol acetate, guaiacin, guaiaretic acid,
spicatanol

kopsamine, methyl ether,

isohydnocarpin, hydnocarpin, spicatanol,

proceranone, matairesinol, 1,2-
benzenedicarboxylic ~ acid,  diisooctyl
ester/diisooctyl  phthalate, stigmasterol,

kopsamidine B, cabralealactone, cubebin,
kihadanin A and palmatine. Maximal
hydrophobic interaction detected was 09 in
richenone from 7. sinensis. Thionuphlutine
B, a component present in N. pumilum
displayed 8 hydrophobic interactions
(Figure 3).

For studying the receptor-ligand
binding mechanism, the components were
docked with p-glycoprotein by using
CDOCKER module of Discovery Studio.
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The results revealed that thionuphlutine B,
kihadanin A and kopsamine may serve as
three best inhibitors of p-glycoprotein.
Thionuphlutine B was involved in two
hydrogen bond interactions with amino acid
residues SER733, GLU972 at distance of
2.67 A" and 2.62 A’ respectively and eight
hydrophobic  (pi-alkyl and  alkyl)
interactions were detected with amino acid
PHE79, PHE336, PHE732,
LEU332, LEU975, LEU976, ALA729 and

ILE736. Similarly, kihadanin A displayed

residues

two hydrogen bond interactions with
SER733 and GLY737 at distance of 2.44 A”
and 2.95 A’ respectively and three
hydrophobic interactions (pi-alkyl and
alkyl) with LEU332, PHE79, ILE736 at
distance of 4.60 A", 3.57 A" and 4.26 A’
respectively. Kopsamine showed three
hydrogen bond interactions with MET75,
THR76, GLU972 at distance of 2.83 A’,
2.31 A" and 2.90 A’ respectively and six
hydrophobic (pi-pi stacked, pi-alkyl and
alkyl) interactions with PHE72, PHE79,
ILE328, LEU975, LEU976, ILE736 at a
distance of 3.88 A”, 5.15 A°, 548 A", 5.15
A’,4.51 A’and 5.34 A’ respectively (Figure
4). Thionuphlutine B was thus found to be
the best compound among the 236
components, primarily based on lowest
binding energy, along with maximum
hydrogen and hydrophobic interactions with
p-glycoprotein. It was thus MD simulated to

obtain more detailed and accurate energy

values and trajectories to comprehend the
binding affinity.
Molecular Dynamics Simulation

To validate the binding mode of the
inhibitor and to evaluate the stability of p-
glycoprotein-thionuphlutine B complex
under dynamic conditions, MD simulation
was conducted for 40 ns to acquire the best
conformation. RMSD is an important
parameter to examine the stability of the
complex (Figure 5). There was uniformity
in RMSD fluctuation in context of amino
acid residue of the protein when p-
glycoprotein is bound with the ligand,
thionuphlutine B.

Another crucial parameter for
determining the complex's stability is its B-
factor. It is calculated based on the atomic
fluctuations observed during the simulation
trajectory. The uniform B-factor graph
(Figure 6) depicts that stability of the
complex is maintained throughout the
duration of simulation. The TIPS3BOX
solvent model was successfully
implemented with a box size of 10 for the p-
glycoprotein-thionuphlutine B  complex,
resulting in a stable B-factor and RMSD
graph, indicating that the simulation was
successful and the complex was stable.
Clustering

Clustering of small molecules by

structural and physicochemical similarities
is a powerful approach for correlating

structural features of molecules with their
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activities. The clustering tree is shown in
Figure 7. Thionuphlutine B is clustering
with a known inhibitor verapamil (control)
and other eight molecules, viz., diisooctyl
phthalate,

hydnocarpin, isohydnocarpin,

palmatine, guaiacin, cubebin, matairesinol

and guaiaretic acid, which are p-
glycoprotein inhibitors. Based on structural
similarity and physicochemical properties,
thionuphlutine B is similar to this group of

molecules.
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Figure 1: Binding energy of interaction of inhibitory components in antiarthritic herbs viz., (4) Justicia
tranquebariensis; (B) Hedychium spicatum; (C) Cassia fistula; (D) Ficus bengalensis; (E) Kopsia arborea; (F) Artemesia
Jjaponica; (G) Hypericum mysorense; (H) Hydnocarpus wightiana; (I) Guaiacum officinale; (J) Toona sinensis; (K)
Phellodendron amurense; (L) Nuphar pumilum (in sequence of their efficiency) with verapamil as control
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Hedychium spicatum; (C) Artemesia japonica; (D) Hypericum mysorense; (E) Ficus bengalensis; (F) Phellodendron
amurense; (G) Guaiacum officinale; (H) Kopsia arborea; (I) Nuphar pumilum; (J) Toona sinensis; (K) Hydnocarpus

wightiana; (L) Justicia tranquebariensis (in sequence of their efficiency), where verapamil is considered as the control
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Figure 3: Hydrophobic interactions of inhibitory components in antiarthritic herbs viz., (4) Phellodendron amurense;

(B) Justicia tranquebariensis; (C) Cassia fistula; (D) Hypericum mysorense; (E) Artemesia japonica; (F) Ficus
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Figure 4: 2D (Left) and 3D (Right) binding poses of inhibitors: (a-b) Thionuphlutine B, (c-d) Kihadanin A and (e-f)
Kopsamine with human p-glycoprotein (6C0V). Graphics have been generated by CDOCKER
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Figure 7: Clustering of p-glycoprotein inhibitors based on structural similarity and physicochemical property
calculated by ChemMine software

The present study revealed that
thionuphlutine B with its maximum negative
binding energy and favourable molecular
likely

glycoprotein better than the control drug

interactions  could inhibit  p-
verapamil and be considered as the lead

compound in modulation of p-glycoprotein
efflux.
RMSD

mediated  antiarthritic  drug
Additionally,

fluctuation and B-factor graph observed

uniformity  in

during MD simulation revealed that the

interaction  of  p-glycoprotein  with

thionuphlutine B is stable and hence the

desired antiarthritic effect should be

imparted. Cluster analysis by

physicochemical similarities  extended
support that thionuphlutine B belongs to the
same group of compounds which are known
to be inhibitors of p-glycoprotein.

This is hitherto the first work on
molecular docking of most of the herbal
inhibitors (including thionuphlutine B,
kihadanin A and kopsamine) mentioned in
this study with 6COV structure of p-
glycoprotein. This is also the first MD
simulation study on p-glycoprotein-
thionuphlutine B complex. Previous study
of molecular docking of p-glycoprotein
(6COV) using AutoDock4.2 program with

stigmasterol have shown that it interacts
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with binding energy of -8.6 kcal/mol with no
hydrogen bond interaction [40]. Our
docking study using CDOCKER program
shows that stigmasterol interacts with 6COV
receptor with binding energy of -67.28
kcal/mol  with no hydrogen bond
interactions and  four  hydrophobic
interactions.

The docking results further revealed that
thionuphlutine B displayed better binding
affinity (-187.15 Kcal/mol) than the
established inhibitor of p-glycoprotein such
as verapamil [41] whose binding energy has
been determined to be -157.24 Kcal/mol.
Verapamil was involved in three hydrogen
bond interactions (carbon-hydrogen bond)
with amino acid residues LEU332 (bond
length 2.36 A), LEU975 (bond length 2.94
A) and ILE736 (bond length 2.59 A). It was
engaged in five hydrophobic interactions
(one pi-pi T-shaped, one pi-pi stacked and
three pi-alkyl) with residues PHE732 (4.46
A), PHE336 (5.63 A), PHE79 (4.59 A),
ALA729 (490 A) and ILE736 (5.17A)
respectively. Thionuphlutine B exhibited
stronger interactions than verapamil at the
same binding position which was evident
from two hydrogen bond (conventional and
carbon-hydrogen) interactions with amino
acid residues SER733 (2.67 A"), GLU972
(2.62 A") and eight hydrophobic (pi-alkyl,
alkyl and pi-pi T-shaped) interactions with
residues viz., PHE79 (4.81 A), PHE732
(4.86 A), LEU332 (4.54 A), LEU975 (4.74

A), LEU976 (5.13 A), ALA729 (4.28 A),
ILE736 (4.74 A) and PHE336 (3.63 A)
respectively.

Overcoming p-glycoprotein efflux is an
important  strategy to improve the
bioavailability and pharmacokinetics of its
substrate drugs. Increased activity and
overexpression of p-glycoprotein leads to
development of multidrug resistance,
besides changing the pharmacokinetics and
pharmacodynamics of these drugs by
dictating their ADMET properties [42].
Concurrent administration of p-glycoprotein
inhibitors along with substrate drugs can
overcome the substrate expulsion and render
the intended therapeutic benefits in arthritic
patients.

Phytochemicals exert  synergistic
interactions with drugs and overcome
resistance via modulation of p-glycoprotein
transport through multiple molecular targets
and signaling pathways [43]. The efficacy of
phytochemicals in modulation of p-
glycoprotein mediated efflux have been
observed in case of silymarin (S. marianum)
in multidrug resistant human breast cancer
MCEF-7 cells [44]; p-glycoprotein inhibitory
activity by kaempferol in Caco-2 cells and
multidrug-resistant 1 transfected MDCK
cells (C. fistula) [45]; such inhibition by
hydnocarpin in lymphoblastic leukemia cell
line (H. wightiana) [46]; reversal of
multidrug resistance in KB CHR 8-5 cells by

quercetin (7. sinensis) [47]; modulation of
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MDR by ferulic acid via inhibition of
PI3K/Akt/NF-xB signaling pathway (4.
japonica) [48]. These reflect the role of
herbal components in inhibiting p-
glycoprotein mediated drug efflux which
lowers the drug concentration in the target
cell.

Medicinal herbs and their bioactive
phytoconstituents interact with numerous
drug targets and pathways which make them
promising candidate for arthritis treatment.
P. amurense extract is known to reduce
levels of anti-Colll IgG2a antibody,
prostaglandin E2, tumor necrosis factor-a
(TNF-a) and interleukin-17 in the joints of
collagen-induced arthritis in mice [27].
Flavonoids viz., quercetin (7. sinensis) is
found to inhibit cyclooxygenase and
lipoxygenase pathways and exhibit
antioxidant activity which repress the
macrophage phagocytosis in RA [49].
Luteolin (H. wightiana) and apigenin (7.
parthenium) lowered the expression of nitric
oxide, reactive oxygen species and various
cytokines such as TNF-a, [L-6, interferon-y,
and interleukin-2, which is helpful in
combating RA [50, 51]. Emodin (C. fistula)
mitigates  cartilage  inflammation in
osteoarthritis by inhibiting nuclear factor-
kB and Wnt/B-catenin signaling pathways
[52]. Kaempferol, a natural flavanol from T.
sinensis lowered cyclooxygenase 2 level in
RAW 264.7 cells, and suppressed reactive
species  production

oxygen through

inhibition of inducible nitric oxide synthase
and TNF-a expression [53].
Deoxynupharidine, an alkaloid isolated
from the rhizome of N. pumilum has been
implicated in the treatment of rheumatoid
arthritis through inhibition of synthesis of
interleukin-1 and TNF by murine peritoneal

macrophages [17]. Dimeric sesquiterpene

thioalkaloids Viz., 6-
hydroxythiobinupharidine, 6,6'-
dihydroxythiobinupharidine, 6-
hydroxythionuphlutine B and quinolizidine
alkaloids Viz., neothiobinupharidine,
nupharidine, deoxynupharidine, 7-
epideoxynupharidine and nupharolutine

derived from the rhizome of Nuphar plant

have been observed to exhibit

immunosuppressive activity [54]. So,
antiarthritic herbal components (acting as p-
glycoprotein inhibitors), in conjunction with
allopathic drugs, would help retain the drug
substrate in the cell while enhancing its
ameliorative treatment.
CONCLUSION

This study thus delineates the
inhibitory capacity of these natural
compounds on p-glycoprotein which would
allow retention of the antiarthritic drugs that
are substrates of the efflux carrier protein.
These herbal components promise drug-
likeness in addition to ADMET
characteristics, suggesting their candidature
as  potential lead molecules  for

coadministration with allopathic drugs.
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Thionuphlutine B is thus the lead inhibitory
compound, followed by kihadanin A and
kopsamine, as analyzed from an array of
antiarthritic phytocompounds which might
play a crucial role in circumvention of p-
glycoprotein mediated drug efflux. Further
in vitro and in vivo study may be necessary
to authenticate the pharmacological
significance of these lead compounds.
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