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Introduction 
Cancer, a complex and devastating disease with 

high mortality rate, has challenged the boundaries of 
medical science for decades. One of the most 
formidable obstacles in cancer treatment is the 
emergence of multidrug resistance (MDR), a 
phenomenon that renders chemotherapy ineffective 
against the relentless invasion of malignant cells (1). 
Diabetes mellitus (DM) is a chronic, metabolic disorder, 
characterized by hyperglycemia resulting from 
inadequate insulin secretion or resistance to insulin 
action, has emerged as one of the most serious disease 
worldwide causing life threatening complications with 
an estimated global prevalence of 783.2 million by 2045 
(2). P-glycoprotein, an integral transmembrane protein, 
belonging to member of ATP binding cassette (ABC) 
transporter family is ubiquitously expressed in various 

tissues and organs involved in pharmacokinetics, such 
as small intestine, bile duct, kidney tubules and 
endothelial cells of blood–brain barrier (3). It is 
primarily involved in extrusion of diverse range of 
xenobiotics and therapeutic compounds from cells, 
effectively limiting their intracellular accumulation. 
While this mechanism is intrinsic to the body's defense 
against noxious substances, it often poses a significant 
hurdle in the context of pharmaceutical intervention, 
resulting in MDR. Chemotherapeutic drugs, designed to 
target malignant cells and antidiabetic drugs, intended 
to control glucose levels, frequently encounter 
resistance due to p-glycoprotein-mediated efflux, 
thereby reducing their bioavailability and effectiveness. 
As an adaptive response, cancer cells are known to 
upregulate p-glycoprotein expression to avoid 
chemotherapy-induced cell death (1). In diabetes, p-
glycoprotein expression and activity may be altered 
affecting the pharmacokinetics and pharmacodynamics 
of orally administered medications (4). P-glycoprotein 
localized in the apical membrane of syncytiotrophoblast 
has been found to extrude glyburide, rosiglitazone, and 
metformin into the maternal circulation thus reducing 
foetal exposure (5). Furthermore, decreased p-
glycoprotein expression has been seen in the blood 
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vessels of diabetic patients which may contribute to the 
development of diabetic retinopathy (6). P-glycoprotein 
has been implicated in the efflux of antidiabetic drugs 
such as linagliptin (7), repaglinide (8) in rats thus 
reducing its effectiveness. Hence, substantial research 
has been carried out in identification of p-glycoprotein 
inhibitors of natural origin which when co-administered 
with such chemotherapeutic and antidiabetic drugs, 
would augment their bioavailability and circumvent 
drug resistance. 

In Ayurveda, herbal remedies are often used to 
complement conventional treatments for cancer and 
diabetes. These herbs harbour a myriad of bioactive 
constituents which can alter the pharmacokinetic profile 
of co-administered drugs through inhibition or 
induction of efflux transport protein which have been 
recognized as the prime mechanism for herb-drug 
interaction (HDI) (9). Medicinally important herbs and 
their bioactive ingredients can lower blood sugar levels 
as well as control the complications of diabetes and 
cancer. The alkaloidal fraction of Tinospora 
cordifolia extract exerted hypoglycemic effect through 
improvement of insulin sensitivity and inhibition of 
gluconeogenesis (10). The ethanolic extract 
of Tinospora plant is also found to induce 
differentiation in C6 glioma cells and decrease cell 
proliferation through S phase and G2/M arrest with 
concurrent inhibition of p21 expression and cyclin-
dependent kinase activity (11). Additionally, the 
alcoholic extract of the same plant is known to control 
myeloid differentiation of bone marrow progenitor cells 
and activate macrophages in response to tumour growth 
in situ (12). The extract of Stevia rebaudiana was found 
to be effective in reducing blood glucose level in 
streptozotocin-induced diabetic albino rats (13). The 
m e t h a n o l i c r o o t e x t r a c t o f R a u w o l f i a 
serpentina demonstrated its antidiabetic effect through 
improvement of glycemic, antiatherogenic, and 
cardioprotective indices in alloxan-induced diabetic 
mice (14). These bioactive principles offer functional 
scaffolds to modulate p-glycoprotein mediated MDR 
(15). Majority of chemotherapeutic drugs viz., 
vincristine, vinblastine, etoposide, paclitaxel, topotecan, 
doxorubicin, daunorubicin, mitoxantrone, epirubicin (1) 
and antidiabetic drugs viz., glibenclamide (16); 
metformin (17); repaglinide (18); rosiglitazone (5); 
linagliptin (7); saxagliptin, vildagliptin (19); sitagliptin 
(20) are substrates of the efflux transporter, p-
glycoprotein and therefore only partially retained by the 
target cell.   

Here, 19 medicinal herbs with anticancer and 
antidiabetic proficiency viz., Withania somnifera 
(21,22), Tinospora cordifolia (23,22), Caesalpinia 
bonducella (24,22), Cornus officinalis (25,22), 
Nardostachys jatamansi (26,27), Cyclea peltate (28,29), 
Ipomoea aquatica (30,31), Pausinystalia yohimbe 
(32,33), Rauwolfia serpentina (34,12), Digitalis 
purpurea (35,36), Stevia rebaudiana, (37,13), 
Actinodaphne hookeri (38), Cinchona pubescens 
(39,40), Hydrastis canadensis (41,42), Ricinus 
communis (43,44), Platycodon grandiflorum (45,46), 
Micromelum minutum (47,48), Gentiana lutea (49,50), 

Bergenia ciliata (51,52), were chosen for the purpose of 
molecular docking with the efflux transporter. These 
herbs were selected from a variety of sources, including 
traditional texts viz., Ayurvedic Pharmacopoeia, 
ethnobotanical records and scientific studies. This 
selection process is guided by pharmacological data 
supporting specific bioactivities, alongside databases 
and literature on herbs and bioactive compounds. 

The objective of this study is to explore the 
potential of Rauwolfia serpentina and other medicinal 
herbs in inhibiting p-glycoprotein, thereby improving 
the bioavailability and therapeutic efficacy of allopathic 
drugs in treating cancer and diabetes. Utilizing 
computational approach, we aim to identify specific 
compounds within these herbs that exhibit the strongest 
binding affinity to p-glycoprotein, offering a potential 
solution to drug resistance. 
  
Materials and Methods 
Preparation of protein 

The three-dimensional structure of p-glycoprotein 
(PDB code: 6C0V) in the outward-facing conformation 
was retrieved from RCSB protein data bank (http://
www.rcsb.org) (53). The protein was minimized 
utilizing Discovery Studio software which involved 
insertion of missing atoms, protonation of titratable 
residues using predicted pKs and optimization of side-
chain conformations. Dogsitescorer was employed for 
the identification of best druggable binding pocket 
(https://proteins.plus/#dogsite).  
  
Preparation of ligand 

Canonical smiles of 185 ligand molecules and 
control drug verapamil were obtained from Pubchem 
(https://pubchem.ncbi.nlm.nih.gov/), chEMBL (https://
www.ebi.ac.uk/chembl/) and ChemSpider (http://
www.chemspider.com/) databases. The canonical 
SMILES were converted into spatial data file format 
employing online SMILE translator (https://
cactus.nci.nih.gov/translate/) and were optimized prior 
to docking. 

Drug Likeness and ADMET analysis 
M o l i n s p i r a t i o n s o f t w a r e ( h t t p : / /

www.molinspiration.com) was employed for evaluation 
of drug-likeness attributes and pkCSM tool was used to 
compute the ADMET (Absorption, Distribution, 
Metabolism, Excretion and Toxicity) property of the 
components (http://biosig.unimelb.edu.au/pkcsm/
prediction). 
  
Molecular Docking analysis 

Molecular docking was carried out using 
CDOCKER programme of Discovery Studio which 
employs CHARMm (Chemis t ry a t Harvard 
Macromolecular Mechanics) based docking algorithm 
(54). The best pose for each component was chosen 
based on lowest binding free energy and highest number 
of hydrogen and hydrophobic interactions. 
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Molecular Dynamics simulation 
The simulation procedure can be divided into 

three major steps:

Input structure evaluation
The correctness of input structure is crucial in 

molecular dynamics simulations. A small error in the 
input structure can make MD simulations unreliable or 
lead to unrealistic trajectories. The initial structure 
checking page is used to check for the most common 
problems in MD simulation input and provide possible 
solutions when available. Structure checking can also 
be used to select fragments to be simulated if there are 
multiple subunits or alternate models present in the 
incoming structure.

The checking comprises of a list of possible 
alternatives to choose for the system to be simulated 
such as structure model, structure chain/s, residue/atom 
alternate locations, non-consecutive residues/sequence 
gaps, atom clashes including steric, alpha-carbon, polar 
donor, polar acceptor, apolar and ionic positive/
negative, the improper chirality, unusual peptide-bond 
cis configuration and disulphide bonds.

The complex that was used for the study was in 
sync with the major checkpoints of the evaluation 
scheme.

Simulation
In a discrete molecular dynamic simulation, 

proteins were treated as beads (Cα atoms) interacting 
through a discontinuous potential (55-59). Potentials 
were considered constant outside of discontinuities, 
implying that all particles behaved in a ballistic manner 
throughout their trajectory (constant potential, constant 
velocity) apart from when they reached a discontinuity. 
At this point, the velocities of colliding particles are 
adjusted by imposing conservation of linear momentum, 
angular momentum and total energy. As particles in this 
study were constrained to move within configurational 
space where potential energy remained constant, the 
kinetic energy remained unchanged and so all collisions 
were assumed elastic. Infinite square wells were used to 
describe the interaction potentials. The particle-particle 
distances ranged between d1 = (1 − σ)R0 and d2 = (1 + 
σ)R0, where R0 represents the distance in the native 
conformation and 2σ the width of the square well. 

In line with Brownian molecular dynamics, the 
MD-averaged conformation was considered to be the 
native conformation. Only for the particles closer than a 
cutoff radius Rc in the native conformation, were the 
residue-residue interaction potentials determined. For 
nonconsecutive Cα particles, Rc value of 8 Å and σ 
value of 0.1 were employed, however for consecutive 
pairs of residues, a smaller well width (σ = 0.05) was 
chosen to keep the Cα-Cα distances closer to the 
anticipated value of 3.8 Å.

This description of the potential accurately 
reproduced the shape of the wells as obtained by the 
distance-dependent pseudoharmonic model (60).

Trajectory analyses
GROMAC's commands were used to run 

trajectory analyses: 
• G_rms from the Gromacs package (XTC trajectory 

format) for calculation of Root Mean Square 
Deviation (RMSD) along the trajectory. 

• G_rmsf, a Gromacs package function for calculation 
of the average Root Mean Square deviation for each 
residue along the trajectory (XTC trajectory format). 

• G_rmsf from the Gromacs package (XTC trajectory 
format) for calculation of B Factor values for each 
residue. 

  
Clustering analysis 

ChemMine web tool was utilised for clustering 
small molecules based on structural similarities and 
physicochemical descriptors (61). The JOELib tool was 
employed for estimation of 38 physicochemical 
descriptors for each small molecule (https://
chemminetools.ucr.edu/tools/launch_job/Properties/).  
  
Results 

A comprehensive computational analysis was 
conducted to explore the potential of Rauwolfia 
serpentina and other medicinal herbs in p-glycoprotein 
inhibition.  

Drug likeness and ADMET analysis 
185 components of 19 anticancer and antidiabetic 

herbs were initially shortlisted based on drug likeness 
and pharmacokinetic attributes. The analysis showed 
that 179 components adhered to Lipinski’s rule of five 
(62), indicating good drug likeness properties. 
Pharmacokinetic study revealed that 30 components 
serve as p-glycoprotein inhibitors.  

Molecular docking analysis 
To i n t e r p r e t t h e b i n d i n g a f f i n i t y o f 

phytoconstituents with p-glycoprotein, molecular 
docking was performed using Discovery Studio. The p-
glycoprotein herbal inhibitors were chronologically 
analysed on basis of minimal binding energy viz., 
deserpidine, palmatine, ajmalicine, hydrastine, 
withanolide D, hexadecanoic acid 2-hydroxy-1 
(hydroxymethyl) ethyl ester (HA ester), 12-
deoxywithastromonolide, withaferin A, tembetarine, 
withanolide A, oxocanadine, alpha spinasterol, 
withanone, resibufogenin, β-sitosterol, tinocordiside, 
campesterol, cholesterol, α-amyrin, lupeol, rotundine 
and β-amyrin. Binding energy of interaction was found 
to be minimum in case of deserpidine (-191.47 Kcal/
mol), a component present in Rauwolfia serpentina 
(Figure 1).  

In order to evaluate the specificity of protein-
ligand interactions and prediction of appropriate 
binding pose, the hydrogen bonds and hydrophobic 
interactions were calculated. The p-glycoprotein herbal 
inhibitors were chronologically analysed on basis of 
maximum hydrogen bond interactions viz., deserpidine, 
hydrastine, withanolide D, withaferin A, hexadecanoic 
acid 2-hydroxy-1(hydroxymethyl)ethyl ester (HA ester), 
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rotundine, tembetarine, tinocordiside, oxocanadine, 
ajmalicine, palmatine, α-amyrin, cholesterol and alpha 
spinasterol. Highest number of hydrogen bonds was 
found to be 05 in deserpidine from Rauwolfia 
serpentina (Figure 2).  

Figure 1: Binding energy of interaction of p-glycoprotein 
inhibitors in anticancer and antidiabetic herbs  

(A) Caesalpinia bonducella; (B) Gentiana lutea; (C) Stevia 
rebaudiana; (D) Ricinus communis; (E) Digitalis purpurea; (F) 

Nardostachys jatamansi; (G) Actinodaphne hookeri; (H) Platycodon 
grandiflorum; (I) Withania somnifera; (J) Tinospora cordifolia; (K) 

Hydrastis canadensis; (L) Ipomoea aquatica; (M) Rauwolfia 
serpentina. Verapamil is considered as the control. 

Figure 2: Number of hydrogen bonds of p-glycoprotein 
inhibitors in anticancer and antidiabetic herbs  

 
(A) Hydrastis canadensis; (B) Rauwolfia serpentina; (C) Withania 
somnifera; (D) Ipomoea aquatica; (E) Tinospora cordifolia; (F) 

Caesalpinia bonducella; (G) Digitalis purpurea; (H) Ricinus 
communis; (I) Platycodon grandiflorum; (J) Actinodaphne hookeri; 

(K) Nardostachys jatamansi; (L) Gentiana lutea; (M) Stevia 
rebaudiana. Verapamil is considered as the control. 

The p-glycoprotein herbal inhibitors were 
sequentially analysed on the basis of maximum 
hydrophobic interactions viz., withaferin A, deserpidine, 
resibufogenin, β-sitosterol, withanolide A, 12-
deoxywithastromonolide, withanone, alpha spinasterol, 
campesterol, cholesterol, withanolide D, α-amyrin, β-
amyrin, oxocanadine, tinocordiside, lupeol, hydrastine, 
ro tund ine , hexadecano ic ac id 2 -hydroxy-1 

(hydroxymethyl)ethyl ester (HA ester), tembetarine, 
ajmalicine and palmatine. Maximal hydrophobic 
interactions were observed to be 09 in withaferin A 
from Withania somnifera. Deserpidine, a component 
from Rauwolfia serpentina exhibited 8 hydrophobic 
interactions (Figure 3). 

Figure 3: Number of hydrophobic interactions of p-
glycoprotein inhibitors in anticancer and antidiabetic herbs  

 
(A) Nardostachys jatamansi; (B) Actinodaphne hookeri; (C) 

Withania somnifera; (D) Stevia rebaudiana; (E) Digitalis purpurea; 
(F) Platycodon grandiflorum; (G) Gentiana lutea; (H) Caesalpinia 
bonducella; (I) Hydrastis canadensis; (J) Ricinus communis; (K) 

Tinospora cordifolia; (L) Rauwolfia serpentina; (M) Ipomoea 
aquatica. Verapamil is considered as the control.  

In this study, a library of 185 phytoconstituents 
derived from medicinal herbs were screened and 179 
components were docked into the best druggable 
binding pocket of p-glycoprotein. The docking results 
indicated that the phytoconstituents viz., deserpidine, 
hydrastine and ajmalicine exhibit strong binding 
interactions with the efflux transporter. The two-
dimensional structures, binding energy and details of 
various interactions of the top three components are 
displayed in Table 1. Deserpidine was found to have a 
higher binding energy of -191.47 Kcal/mol than the 
positive control verapamil (-157.24 Kcal/mol). 
Deserpidine was engaged in five hydrogen bond 
interactions with LEU332, GLU972, LEU975, THR76, 
SER979 and eight hydrophobic interactions with 
PHE72, PHE79, PHE732, LEU332, LEU975, LEU976, 
ILE736, ILE328. On the contrary, hydrastine showed 
four hydrogen bonds with residues GLU972, LEU976, 
THR76, SER979 and four hydrophobic interactions 
with LEU332, LEU976, ILE736, PHE72. Ajmalicine 
was involved in one hydrogen bond with amino acid 
residue GLU972 and three hydrophobic interactions 
with residues LEU332, LEU976 and ILE736 (Figure 4). 
Deserpidine was found to be the best compound among 
185 components on account of minimal binding free 
energy and maximum number of hydrogen and 
hydrophobic interactions.  
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Table 1: List of top three herbal phytoconstituents selected based on lowest binding energy, number of 
hydrogen and hydrophobic interactions.  

 

  

S.No. Phytoconstituent 2D structure Binding energy 
(Kcal/mol) Molecular interactions

1 Deserpidine 
(CID_8550) -191.47

Hydrogen bond: LEU332 (5.25 Å), GLU972 (5.24 Å), LEU975 (3.02 Å), 
THR76 (4.89 Å), SER979 (2.68 Å) 
Pi-pi stacked: PHE732 (5.10 Å), PHE79 (5.62 Å) 
Pi-alkyl: PHE72 (4.89 Å), LEU976 (5.43 Å), LEU975 (5.43 Å) 
Alkyl: ILE328 (4.77 Å), ILE736 (5.45 Å), LEU332 (5.41 Å)

2 Hydrastine 
(CID_197835) -114.69

Hydrogen bond: GLU972 (2.22 Å), LEU976 (2.94 Å), THR76 (2.27 Å), 
SER979 (3.02 Å) 
Pi-pi T-shaped: PHE72 (5.33 Å) 
Pi-alkyl: LEU332 (5.28 Å), LEU976 (5.30 Å), ILE736 (4.78 Å)

3 Ajmalicine 
(CID_441975) -114.79

Hydrogen bond: GLU972 (2.86 Å) 
Pi-alkyl: LEU976 (5.25 Å) 
Alkyl: LEU332 (4.78 Å), ILE736 (4.73 Å)

4 Verapamil 
(CID_2520) -157.24

Hydrogen bond: LEU332 (2.36 Å), LEU975 (2.94 Å), 
ILE736 (2.59 Å) 
Pi-alkyl: ALA729 (4.90 Å), PHE79 (4.59 Å), ILE736 (5.17 Å) 
Pi-pi stacked: PHE336 (5.63 Å) 
Pi-pi T-shaped: PHE732 (4.46 Å)

Figure 4: 2D (A,C,E) and 3D (B,D,F) diagrams show the interactions and preferred binding poses of inhibitors:  
(A-B) Deserpidine, (C-D) Hydrastine and (E-F) Ajmalicine with 6C0V structure of human p-glycoprotein.
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Molecular dynamics simulation  
Molecular dynamics simulation was performed 

using GROMACS software for a period of 40 
nanoseconds to assess the stability of p-glycoprotein-
deserpidine complex under dynamic conditions. The 
best pose was obtained from the molecular docking 
experiment by CDOCKER and subjected to MD 
simulation.  

RMSD is an important parameter which measures 
the deviation of the positions of atoms or residues in a 
molecular system, from their initial positions over the 
course of a simulation. This information is crucial for 
understanding the structural dynamics, interactions and 
stability of biomolecules. In this study, the RMSD value 
per residue was analysed to assess the stability of the 
docked complex. When the protein was bound with the 
ligand, uniformity was observed in RMSD fluctuation 
in the context of amino acid residues (Figure 5).   

Another key criterion for determining the 
stability of the complex is the B factor, also known as 
the temperature factor or Debye-Waller factor. It 
indicates the average squared displacement of every 
atom over time from its mean position. Analysing B 
factor can reveal the movement of different regions of a 
molecule and fluctuation over time. The uniformity in B 
factor graph is a sign that the complex has remained 
stable during the entire duration of simulation (Figure 
6). Therefore, the interaction of deserpidine with p-
glycoprotein is stable and the desired effect of the small 
molecule should be imparted. 

   

With a box size of 10, the TIPS3BOX solvent model 
was successfully implemented for the evaluation of the 
p-glycoprotein-deserpidine complex. This resulted in a 
stable B factor and RMSD, indicating that simulation 
was successful and the complex was stable, showing 
that the ligand was binding efficiently with the receptor. 
  
Clustering analysis 

Clustering of small molecules based on structural 
and physicochemical similarities is a strategy for 
relating their structural features with functions. The 
clustering tree is depicted in Figure 7. Deserpidine is 
clustering with a known inhibitor verapamil (control) 
and other eight compounds such as hydrastine, 
ajmalicine, 2-hydroxy-1(hydroxymethyl)ethyl ester (HA 
ester), rotundine, tembetarine, tinocordiside, 
oxocanadine, palmatine, which are p-glycoprotein 
inhibitors. Deserpidine shows similarity to this group of 
small molecules according to physicochemical 
properties. 

Figure 7: Clustering of p-glycoprotein inhibitors 
based on structural similarity and physicochemical 

attributes computed by ChemMine software 

 

Discussion 
With the rapid rise of diabetes incidence, there is 

an urgent need for safe and effective herbal biologically 
active ingredients with antidiabetic potential. 
Chemotherapeutic drugs, often plagued by multidrug 
resistance, could potentially be administered in 
combination with herbal p-glycoprotein inhibitors, 
significantly elevating their therapeutic potential. This 
may not only potentiate the drug's bioavailability but 
also curtail the adverse effects associated with 
chemotherapy, thereby improving the overall quality of 
life for cancer patients. Chemotherapeutic and 
antidiabetic drugs are effluxed out from the target cell 
membrane due to altered expression of p-glycoprotein. 
Inhibiting the transport function of p-glycoprotein 
would increase the concentration of the concerned drugs 
as there would be limited drug outflow from the target 
cell membrane.   

Figure 5: Root Mean Square Deviation curve of p-
glycoprotein-deserpidine complex.

Figure 6: B factor graph of p-glycoprotein-deserpidine 
complex.
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The efficacy of herbal phytoconstituents in 
modulation of p-glycoprotein mediated efflux have been 
observed in case of reserpine (Rauwolfia serpentina) 
(63); p-glycoprotein inhibitory activity by kaempferol 
in Caco-2 cells and multidrug-resistant 1 transfected 
MDCK cells (Stevia rebaudiana) (64); reversal of MDR 
in KB CHR 8-5 cells by quercetin (Cornus officinalis) 
(65). These reflect the role of herbal components in 
inhibiting p-glycoprotein mediated drug efflux which 
allows retention of drugs inside the target cell.  

Medicinal herbs with its wide spectrum of active 
ingredients have shown therapeutic effect in various 
animal models and in cancer and diabetic patients. 
These phytoconstituents can act on multiple molecular 
targets and several mechanisms may be involved in 
glucose-lowering and/or anticancer action, including: 
regulation of signalling pathways, accelerated GLUT4 
translocation, lowering of oxidative stress, suppression 
of pro-inflammatory cytokines production, upregulation 
of PPARγ gene expression, inhibition of angiogenesis, 
anti-inflammatory effect and immunomodulatory action 
(66,67). Withaferin A, a withanolide from Withania 
somnifera was found to increase glucose uptake in 
skeletal myotubes (68) as well as inhibit inflammatory 
response in pancreatic beta cells and protect against 
cytokine induced damage in mice and human islets 
(69,70). It has also been extensively studied for its 
anticancer effects and numerous interactions 
contributing to its anticancer effect have been 
investigated. When human cervical cancer cells were 
treated with withaferin A, the expression of human 
papillomavirus oncoproteins was lowered, p53 was 
induced and cell proliferation was suppressed. Human 
endometrial cancer cell proliferation was reported to be 
inhibited by withaferin A through modulation of TGF-β 
signaling and by preventing TGF-β dependent Smad2 
phosphorylation (71). Hydrastine, an isoquinoline 
alkaloid from Hydrastis canadensis exhibited anticancer 
effect through suppression of invasion of human lung 
adenocarcinoma cells along with inhibition of the 
PAK4/LIMK1/cofilin, PAK4/SCG10 and PAK4/MMP2 
pathways (72). Stevioside, a glycoside from Stevia 
rebaudiana was shown to increase insulin level and 
curtail gluconeogenesis through downregulation of 
phosphoenolpyruvate carboxykinase gene in rat liver 
(73). In addition, it reduced fasting blood glucose level 
a n d g l y c o s y l a t e d h a e m o g l o b i n a m o u n t i n 
streptozotocin- induced diabetic rats (13). Kaempferol 
from Stevia rebaudiana was reported to inhibit NF-κB 
pathway activation which led to amelioration of defect 
in insulin signalling pathway (74). Moreover, it exerted 
protective effect on pancreatic β-cell through improved 
cAMP signalling and inhibition of apoptosis (75) as 
well as lowered fasting blood glucose level (76). 
Quercetin, one of the most distributed flavonol from 
Cornus officinalis exhibit its antidiabetic effect through 
protection against streptozotocin-induced β-cell damage 
in rat pancreas (77), inhibition of glucose transporter 
GLUT2 (78) and also α-amylase, α-glucosidase (79). 
Moreover, it exerted anticancer effect through down 
regulation of the expression of IQGAP1 and ERK and 
suppression of STAT3 and PI3K/AKT/mTOR pathways 

in primary effusion lymphoma cells (80). Therefore, 
concomitant administration of these valuable 
phytochemicals would increase the serum concentration 
of the desired drugs inside the cell as well as impart 
additional therapeutic effect.  

The herbal phytoconstituents with significant p-
glycoprotein inhibitory effect may be analysed based on 
their magnitude of negative binding free energy and 
number of hydrogen bonds and hydrophobic 
interactions. These are vital parameters for determining 
binding affinity in protein-ligand interactions as they 
contribute to the stability and specificity of the 
complex. The strength of these interactions can provide 
insights into the thermodynamics and kinetics of the 
binding process and potentially recognise ways to 
optimise ligand binding (81). 

Verapamil is an established and extensively 
studied inhibitor of p-glycoprotein (82) with a well-
defined interaction profile. Its effect on p-glycoprotein 
makes it a reliable standard for evaluating the 
pharmacokinetic implications of p-glycoprotein 
modulation. Its role as a calcium channel blocker, along 
with its vasodilatory and cardiac effects, allows for the 
examination of p-glycoprotein inhibition in the context 
of various physiological pathways, providing insights 
into drug behaviour that may not be fully captured by 
antidiabetic or anticancer drugs. Deserpidine exhibited 
binding energy of -191.47 Kcal/mol which was better 
than the standard drug verapamil (-157.24 Kcal/mol). 
Verapamil was engaged in three hydrogen bond 
interactions (carbon-hydrogen) with LEU332 (2.36 Å), 
LEU975 (2.94 Å), ILE736 (2.59 Å) and five 
hydrophobic (one pi-pi T-shaped, one pi-pi stacked and 
three pi-alkyl) interactions with residues PHE732 (4.46 
Å), PHE336 (5.63 Å), PHE79 (4.59 Å), ALA729 (4.90 
Å), ILE736 (5.17Å) respectively whereas deserpidine 
showed better binding affinity with five hydrogen bond 
interactions and eight hydrophobic interactions at the 
same binding site. Thus, deserpidine, a non-toxic 
bioactive ingredient of Rauwolfia serpentina with its 
stronger and favorable binding interactions than 
verapamil maybe considered as the lead compound in 
the circumvention of drug efflux mediated by p-
glycoprotein. Combining herbal phytoconstituents with 
conventional drugs could enhance their therapeutic 
effects by increasing intracellular drug concentrations. 
  
Conclusion 

The natural compounds enumerated in this study 
have the potential to inhibit p-glycoprotein, displaying 
promising druggability and ADMET attributes, allowing 
retention of substrate drugs, thereby making them 
potential lead molecules for co-administration. Cluster 
analysis by physicochemical similarities further 
validated that deserpidine belongs to the same group of 
compounds which are known inhibitors of p-
glycoprotein. Therefore, deserpidine from Rauwolfia 
serpentina is identified as the lead inhibitory molecule, 
followed by hydrastine and ajmalicine, based on 
analysis of a pool of 19 herbs with anticancer and 
antidiabetic properties. These compounds may play 
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crucial role in evasion of drug resistance conferred by 
p-glycoprotein as well as augment therapeutic action. 
Further in vitro and in vivo studies are warranted to 
validate their efficacy as adjuncts in the treatment of 
cancer and diabetes.  

Acknowledgement 
We would like to sincerely thank West Bengal 

State University for providing the infrastructural 
facilities required for this study. 
  
Conflict of Interest  

There is no conflict of interest. 
   
References 
1. Robinson K, Tiriveedhi V. Perplexing Role of P-

glycoprotein in Tumor Microenvironment. Front. Oncol. 
2020; 10. https://doi.org/10.3389/fonc.2020.00265 

2. Sun H, Saeedi P, Karuranga S, Pinkepank M, Ogurtsova 
K, Duncan B.B, et al. IDF Diabetes Atlas: Global, 
regional and country-level diabetes prevalence estimates 
for 2021 and projections for 2045. Diabetes Res Clin 
Pract. 2022; 183: 109119. https://doi.org/10.1016/
j.diabres.2021.109119 

3. Zhou SF. Structure, function and regulation of P-
glycoprotein and its clinical relevance in drug disposition. 
Xenobiotica. 2008; 38(7–8): 802–32. https://doi.org/
10.1080/00498250701867889  

4. Abbasi M.M, Valizadeh H, Hamishehkar H, Zakeri-Milani 
P. Inhibition of P-glycoprotein expression and function by 
anti-diabetic drugs gliclazide, metformin, and 
pioglitazone in vitro and in situ. Res Pharm Sci. 2016; 
11(3): 177–86. 

5. Hemauer S.J, Patrikeeva S.L, Nanovskaya T.N, Hankins 
G.D, Ahmed M.S. Role of human placental apical 
membrane transporters in the efflux of glyburide, 
rosiglitazone, and metformin. Am J Obstet Gynecol. 
2010; 202(4): 383.e1-383.e7. https://doi.org/10.1016/
j.ajog.2010.01.035 

6. Zhang Y, Li C, Sun X, Kuang X, Ruan X. High glucose 
decreases expression and activity of p-glycoprotein in 
cultured human retinal pigment epithelium possibly 
through iNOS induction. PloS one. 2012; 7(2): e31631. 
https://doi.org/10.1371/journal.pone.0031631 

7. Fuchs H, Runge F, Held H.D. Excretion of the dipeptidyl 
peptidase-4 inhibitor linagliptin in rats is primarily by 
biliary excretion and P-gp-mediated efflux. Eur J Pharm 
Sci. 2012; 45(5): 533–38. https://doi.org/10.1016/
j.ejps.2011.11.018 

8. Lee C.K, Choi J.S, Bang J.S. Effects of Fluvastatin on the 
Pharmacokinetics of Repaglinide: Possible Role of 
C Y P 3 A 4 a n d P - g l y c o p r o t e i n I n h i b i t i o n b y 
Fluvastatin. Korean J Physiol Pharmacol. 2013; 17(3): 
245–51. https://doi.org/10.4196/kjpp.2013.17.3.245 

9. Ondieki G, Nyagblordzro M, Kikete S, Liang R, Wang L, 
He X. Cytochrome P450 and P-Glycoprotein-Mediated 
Interactions Involving African Herbs Indicated for 
Common Noncommunicable Diseases. Evid Based 
Complement Alternat Med. 2017; 2582463. https://
doi.org/10.1155/2017/2582463 

10. Patel MB, Mishra S. Hypoglycemic activity of alkaloidal 
fraction of Tinospora cordifolia. Phytomedicine. 2011; 
1 8 ( 1 2 ) : 1 0 4 5 – 5 2 . h t t p s : / / d o i . o r g / 1 0 . 1 0 1 6 /
j.phymed.2011.05.006 

11. Chi S, She G, Han D, Wang W, Liu Z, Liu B. Genus 
Tinospora: Ethnopharmacology, Phytochemistry, and 

Pharmacology. Evid Based Complement Alternat Med. 
2016; 9232593. https://doi.org/10.1155/2016/9232593 

12. Mishra R, Kaur G. Tinospora cordifolia Induces 
Diffe ren t ia t ion and Senescence Pa thways in 
Neuroblastoma Cells. Molecular Neurobiology. 2015; 
5 2 ( 1 ) : 7 1 9 – 3 3 . h t t p s : / / d o i . o r g / 1 0 . 1 0 0 7 /
s12035-014-8892-5 

13. Ahmad U, Ahmad R.S. Antidiabetic property of aqueous 
extract of Stevia rebaudiana Bertoni leaves in 
Streptozotocin-induced diabetes in albino rats. BMC 
Complement Altern Med. 2018; 18(1). https://doi.org/
10.1186/s12906-018-2245-2 

14. Azmi M.B, Qureshi S.A. Methanolic Root Extract of 
Rauwolfia serpentina Benth Improves the Glycemic, 
Antiatherogenic, and Cardioprotective Indices in Alloxan-
Induced Diabetic Mice. Advances in pharmacological 
s c i e n c e s . 2 0 1 2 ; 3 7 6 4 2 9 . h t t p s : / / d o i . o r g /
10.1155/2012/376429 

15. Ganesan M, Kanimozhi G, Pradhapsingh B, Khan H.A, 
Alhomida A.S, Ekhzaimy A, et al. Phytochemicals reverse 
P-glycoprotein mediated multidrug resistance via signal 
transduction pathways. Biomed Pharmacother. 2021; 139: 
111632. https://doi.org/10.1016/j.biopha.2021.111632 

16. Lilja J.J, Niemi M, Fredrikson H, Neuvonen P.J. Effects 
of clarithromycin and grapefruit juice on the 
pharmacokinetics of glibenclamide. Br J Clin Pharmacol. 
2007; 63(6): 732–40. ht tps: / /doi .org/10.1111/
j.1365-2125.2006.02836.x 

17. Choi Y.H, Lee D.C, Lee I, Lee M.G. Changes in 
metformin pharmacokinetics after intravenous and oral 
administration to rats with short-term and long-term 
diabetes induced by streptozotocin. Journal of 
Pharmaceutical Sciences. 2008; 97(12): 5363–75. https://
doi.org/10.1002/jps.21349 

18. Li C, Choi D.H, Choi J.S. Effects of efonidipine on the 
pharmacokinetics and pharmacodynamics of repaglinide: 
possible role of CYP3A4 and P-glycoprotein inhibition by 
efonidipine. J Pharmacokinet Pharmacodyn. 2012; 39(1): 
99–108. https://doi.org/10.1007/s10928-011-9234-0 

19. Scheen A.J. Pharmacokinetics of dipeptidylpeptidase-4 
inhibitors. Diabetes Obes Metab. 2010; 12(8): 648–58. 
https://doi.org/10.1111/j.1463-1326.2010.01212.x 

20. Chu X.Y, Bleasby K, Yabut J, Cai X, Chan G.H, Hafey 
M.J, et al. Transport of the Dipeptidyl Peptidase-4 
Inhibitor Sitagliptin by Human Organic Anion Transporter 
3, Organic Anion Transporting Polypeptide 4C1, and 
Multidrug Resistance P-glycoprotein. J Pharmacol Exp 
Ther. 2007; 321(2): 673–83. https://doi.org/10.1124/
jpet.106.116517 

21. Palliyaguru D.L, Singh S.V, Kensler T.W. Withania 
somnifera: From prevention to treatment of cancer. Mol 
Nutr Food Res. 2016; 60(6): 1342–53. https://doi.org/
10.1002/mnfr.201500756 

22. Salehi B, Ata A, V Anil Kumar N, Sharopov F, Ramírez-
Alarcón K, Ruiz-Ortega A, et al. Antidiabetic Potential of 
Medicinal Plants and Their Active Components. 
Biomolecules. 2019; 9(10): 551. https://doi.org/10.3390/
biom9100551.  

23. Patil S, Ashi H, Hosmani J, Almalki A.Y, Alhazmi Y.A, 
Mushtaq S, et al. Tinospora cordifolia (Thunb.) Miers 
(Giloy) inhibits oral cancer cells in a dose-dependent 
manner by inducing apoptosis and attenuating epithelial-
mesenchymal transition. Saudi J Biol Sci. 2021; 28(8): 
4553–59. https://doi.org/10.1016/j.sjbs.2021.04.056 

24. Iheagwam F.N, Ogunlana O.O, Ogunlana O.E, Isewon I, 
Oyelade J. Potential Anti-Cancer Flavonoids Isolated 
from Caesalpinia bonduc Young Twigs and Leaves: 
Molecular Docking and In Silico Studies. Bioinform Biol 

876

http://ijam.co.in
https://doi.org/10.3389/fonc.2020.00265
https://doi.org/10.1016/j.ajog.2010.01.035
https://doi.org/10.1016/j.ajog.2010.01.035
https://doi.org/10.1371/journal.pone.0031631
https://doi.org/10.1155/2017/2582463
https://doi.org/10.1155/2017/2582463
https://doi.org/10.1155/2016/9232593
https://doi.org/10.1155/2012/376429
https://doi.org/10.1155/2012/376429
https://doi.org/10.1111/j.1365-2125.2006.02836.x
https://doi.org/10.1111/j.1365-2125.2006.02836.x
https://doi.org/10.1002/mnfr.201500756
https://doi.org/10.1002/mnfr.201500756
https://doi.org/10.1016/j.sjbs.2021.04.056





Published online in http://ijam.co.in 

International Journal of Ayurvedic Medicine, Vol 15 (4), 2024; 869-878

  
ISSN No: 0976-5921

Insights. 2019; 13: 117793221882137. https://doi.org/
10.1177/1177932218821371 

25. Gao X, Liu Y, An Z, Ni J. Active Components and 
Pharmacological Effects of Cornus officinalis: Literature 
Review. Front Pharmacol. 2021; 12: 633447. https://
doi.org/10.3389/fphar.2021.633447 

26. Chaudhary S, Chandrashekar K.S, Pai K.S.R, Setty M.M, 
Devkar R.A, Reddy N.D, et al. Evaluation of antioxidant 
and anticancer activity of extract and fractions of 
Nardostachys jatamansi DC in breast carcinoma. BMC 
Complement Altern Med. 2015; 15(1). https://doi.org/
10.1186/s12906-015-0563-1 

27. You H.N, Park M.H, Hwang S.Y, Han J.S. Nardostachys 
jatamansi DC extract alleviates insulin resistance and 
regulates glucose metabolism in C57BL/KSJ-DB/DB 
Mice through the AMP-activated protein kinase signaling 
pathway. J Med Food. 2018; 21(4): 324-31. doi:10.1089/
jmf.2017.4015 

28. Une H.D, Bhagure L.B. The Anti-leukemic Potential of 
Cyclea peltata as Validated by Phytochemical and Cell 
Line Studies. Res J Pharm Technol. 2022; 15(3): 1064-0. 
https://doi.org/10.52711/0974-360X.2022.00178 

29. Kirana H, Srinivasan B.P. Effect of Cyclea peltata Lam. 
roots aqueous extract on glucose levels, lipid profile, 
insulin, TNF-alpha and skeletal muscle glycogen in type 2 
diabetic rats. Indian J Exp Biol. 2010; 48(5): 499–502. 

30. Sasikala M, Mohan, Swarnakumari S, Nagarajan A. 
Evaluation of the Role of Merromoside from Ipomoea 
aquatica Forsskal Hydroalcoholic Extract in the 
Downregulation of ROS Species in Overcoming MDR in 
Breast Cancer. Asian Pac J Cancer Prev. 2022; 23(11): 
3657–63. https://doi.org/10.31557/apjcp.2022.23.11.3657 

31. El-Sawi N, Hefny M, Al-Seeni M.N. Evaluation of 
antidiabetic activity of Ipomoea aquatica fractions in 
streptozotocin induced diabetic in male rat model. Journal 
of Science. 2017; 2(1): 9-17. 

32. Igwe K.K, Madubuike A.J, Chika I, Otuokere I.E, Amaku 
F.J. Studies of the medicinal plant Pausinystalia yohimbe 
ethanol leaf extract phytocomponents by GCMS analysis. 
International Journal of Scientific Research and 
Management. 2016; 4(5). https://ijsrm.net/index.php/
ijsrm/article/view/322 

33. Hassan H.M, Mohamed T.E.I, Ahmed E.M.M, Mohamed 
A.E.H, Sirag N. Effects of methanolic extract of 
Pausinystalia yohimbe bark on blood glucose level in 
normal fasting rats. Health. 2012; 4(12): 1225–28. https://
doi.org/10.4236/health.2012.412180 

34. Abuzenadah A.M, Al-Sayes F, Mahafujul Alam S.S, 
Hoque M, Karim S, Hussain I.M, et al. Identification of 
Potential Poly (ADP-Ribose) Polymerase-1 Inhibitors 
Derived from Rauwolfia serpentina: Possible Implication 
in Cancer Therapy. Evid Based Complement Alternat 
Med. 2022; 1–9. https://doi.org/10.1155/2022/3787162 

35. López-Lázaro M, de la Peña N.P, Pastor N, Martín-
Cordero C, Navarro E, Cortés F, et al. Anti-Tumour 
Activity of Digitalis purpurea L. subsp.heywoodii. Planta 
Med. 2003; 69(8): 701–4. https://doi.org/10.1055/
s-2003-42789 

36. Al-Snafi A. Phytochemical constituents and medicinal 
properties of Digitalis lanata and Digitalis purpurea-a 
review. Indo American Journal of Pharmaceutical 
Sciences. 2017; 4: 225-34. 10.5281/zenodo.344926 

37. Iatridis N, Kougioumtzi A, Vlataki K, Papadaki S, 
Magklara A. Anti-Cancer Properties of Stevia rebaudiana; 
More than a Sweetener. Molecules. 2022; 27(4): 1362. 
https://doi.org/10.3390/molecules27041362 

38. Prajapati D.D, Patel N.M, Patel S.S, Patel M.S, Savadi 
R.V, Akki K.S, et al. Pharmacognostic studies on 
Actinodaphne hookeri Meissn leaves. J Pharm Res. 2008; 
1: 48-54. 

39. Hariyanti H, Mauludin R, Sumirtapura Y.C, Kurniati N.F. 
A Review: Pharmacological Activities of Quinoline 
Alkaloid of Cinchona sp. Biointerface Res Appl Chem. 
2023; 13(4): 319. https://doi.org/10.33263/briac134.319 

40. Dyer JR, Davis TM, Giele C, Annus T, Garcia-Webb P, 
Robson J. The pharmacokinetics and pharmacodynamics 
of quinine in the diabetic and non-diabetic elderly. Br J 
Clin Pharmacol. 1994;38(3):205-12. 

41. Karmakar S.R, Biswas S.J, Khuda-Bukhsh A.R. Anti-
carcinogenic potentials of a plant extract (Hydrastis 
canadensis): I. Evidence from in vivo studies in mice 
(Mus musculus). Asian Pac J Cancer Prev. 2010; 11(2): 
545-1. 

42. Asmi S, Thangavelu L. Therapeutic aspects of goldenseal. 
International Research Journal of Pharmacy. 2013; 2: 
41-43. 10.7897/2230-8407.04909 

43. Majumder M, Debnath S, Gajbhiye R.L, Saikia R, Gogoi 
B, Samanta S.K, et al. Ricinus communis L. fruit extract 
inhibits migration/invasion, induces apoptosis in breast 
cancer cells and arrests tumor progression in vivo. 
Scientific Reports. 2019; 9(1): 14493. 

44. Gad-Elkareem M.A, Abdelgadir E.H, Badawy O.M, Kadri 
A. Potential antidiabetic effect of ethanolic and aqueous-
ethanolic extracts of Ricinus communis leaves on 
streptozotocin-induced diabetes in rats. Peer J. 2019; 7: 
e6441. https://doi.org/10.7717/peerj.6441 

45. Nyakudya E, Jeong J.H, Lee N.K, Jeong Y.S. Platycosides 
from the Roots of Platycodon grandiflorum and Their 
Health Benefits. Prev Nutr Food Sci. 2014; 19(2): 59–68. 
https://doi.org/10.3746/pnf.2014.19.2.059 

46. Zheng J, He J, Ji B, Li Y, Zhang X. Antihyperglycemic 
effects of Platycodon grandiflorum (Jacq.) A. DC. extract 
on streptozotocin-induced diabetic mice. Plant Foods 
Hum Nutr. 2007; 62: 7-11. 

47. S a k u n p a k A , M a t s u n a m i K , O t s u k a H , 
Panichayupakaranant P. Isolation of new monoterpene 
coumarins from Micromelum minutum leaves and their 
cytotoxic activity against Leishmania major and cancer 
cells. Food Chemistry. 2013; 139(1–4): 458–63. https://
doi.org/10.1016/j.foodchem.2013.01.031 

48. Koriem K.M, Aminuddin M, Kader A, Sheikh N. 
Antihyperglycemic, antihyperlipidemic and antiapoptotic 
activities of Micromelum minutum seeds in diabetic rats. J 
Mol Genet Med. 2013; 2013: 1-8. 

49. Rodrigues C, Karmali A, Machado J. The extracts of 
Gentiana lutea with potential cytotoxic effects on human 
carcinoma cell lines: A preliminary study. Eur J Integr 
Med. 2019; 27: 34–38. https://doi.org/10.1016/
j.eujim.2019.02.008  

50. Akileshwari C, Muthenna P, Nastasijević B, Joksić G, 
Petrash JM, Reddy GB. Inhibition of aldose reductase by 
Gentiana lutea extracts. Exp Diabetes Res. 2012; 147965. 
https://doi.org/10.1155/2012/147965 

51. Spriha S.E, Rahman S.M.A. In silico Evaluation of 
Selected Compounds from Bergenia ciliata (Haw.) Sternb 
against Molecular Targets of Breast Cancer. Indian 
Journal of Pharmaceutical Education and Research. 2022; 
56(1s): s105–s114. https://doi.org/10.5530/ijper.56.1s.49 

52. Bohara M, Ghaju S, Sharma K, Kalauni S.K, Khadayat K. 
In vitro and in silico analysis of Bergenia ciliata and 
Mimosa pudica for inhibition of α-Amylase. Journal of 
Chemistry. 2022.https://doi.org/10.1155/2022/6997173. 

877

http://ijam.co.in
https://doi.org/10.1177/1177932218821371
https://doi.org/10.1177/1177932218821371
https://doi.org/10.3389/fphar.2021.633447
https://doi.org/10.3389/fphar.2021.633447
https://doi.org/10.3390/molecules27041362
https://doi.org/10.7717/peerj.6441
https://doi.org/10.3746/pnf.2014.19.2.059
https://doi.org/10.1155/2012/147965





Published online in http://ijam.co.in 

Chandana Roy et.al., Rauwolfia serpentina in P-Glycoprotein Inhibition of Cancer & Diabetes

ISSN No: 0976-5921

53. Kim Y, Chen J. Molecular structure of human P-
glycoprotein in the ATP-bound, outward-facing 
conformation. Science. 2018; 359(6378): 915–19. https://
doi.org/10.1126/science.aar7389 

54. Roy C, Ghosh P. Co-administration of herbal inhibitors of 
P-glycoprotein with renal drugs enhance their 
bioavailability – In silico approach. J Herbmed 
Pharmacol. 2023; 12(2): 241-49. https://doi.org/10.34172/
jhp.2023.26. 

55. Alder B.J, Wainwright T.E. Studies in Molecular 
Dynamics. I. General Method. J Chem Phys. 1959; 31(2): 
459–66. https://doi.org/10.1063/1.1730376 

56. Ding F, Buldyrev S.V, Dokholyan N.V. Folding Trp-Cage 
to NMR Resolution Native Structure Using a Coarse-
Grained Protein Model. Biophysical Journal. 2005; 88(1): 
147–55. https://doi.org/10.1529/biophysj.104.046375 

57. Marchut A.J, Hall C.K. Side-Chain Interactions 
Determine Amyloid Formation by Model Polyglutamine 
Peptides in Molecular Dynamics Simulations. Biophysical 
Journal. 2006; 90(12): 4574–84. https://doi.org/10.1529/
biophysj.105.079269 

58. Nguyen H.D, Hall C.K. Molecular dynamics simulations 
of spontaneous fibril formation by random-coil peptides. 
Proceedings of the National Academy of Sciences. 2004; 
101 (46 ) : 16180–85 . h t t p s : / / do i . o rg /10 .1073 /
pnas.0407273101 

59. Nguyen H.D, Reddy V.S, Brooks C.L. Deciphering the 
Kinetic Mechanism of Spontaneous Self-Assembly of 
Icosahedral Capsids. Nano Lett. 2007; 7(2): 338–44. 
https://doi.org/10.1021/nl062449h 

60. Kovacs J.A, Chacón P, Abagyan R. Predictions of protein 
flexibility: First-order measures. Proteins: Structure, 
Function, and Bioinformatics. 2004; 56(4): 661–68. 
https://doi.org/10.1002/prot.20151 

61. Backman T.W, Cao Y, Girke T. ChemMine tools: an 
online service for analyzing and clustering small 
molecules. Nucleic Acids Res. 2011; 39(suppl_2): 
W486-91.  

62. Lipinski C.A. Lead- and drug-like compounds: the rule-
of-five revolution. Drug Discov Today Technol. 2004; 
1(4): 337–41. https://doi.org/10.1016/j.ddtec.2004.11.007 

63. Abdelfatah S.A, Efferth T. Cytotoxicity of the indole 
alkaloid reserpine from Rauwolfia serpentina against 
drug-resistant tumor cells. Phytomedicine. 2015; 22(2): 
308–18. https://doi.org/10.1016/j.phymed.2015.01.002 

64. Patel J, Buddha B, Dey S, Pal D, Mitra A.K. In Vitro 
Interaction of the HIV Protease Inhibitor Ritonavir with 
Herbal Constituents: Changes in P-gp and CYP3A4 
Act iv i ty. Amer ican Journal of Therapeut ics . 
2 0 0 4 ; 1 1 ( 4 ) : 2 6 2 – 7 7 . h t t p s : / / d o i . o r g /
10.1097/01.mjt.0000101827.94820.22  

65. Mohana S, Ganesan M, Agilan B, Karthikeyan R, Srithar 
G, Mary R.B, et al. Screening dietary flavonoids for the 
reversal of P-glycoprotein-mediated multidrug resistance 
in cancer. Mol Biosyst. 2016; 12(8): 2458-70. 

66. Ota A, Ulrih N.P. An Overview of Herbal Products and 
Secondary Metabolites Used for Management of Type 
Two Diabetes. Front Pharmacol. 2017; 8. https://doi.org/
10.3389/fphar.2017.00436 

67. Reuter S, Gupta S.C, Chaturvedi M.M, Aggarwal B.B. 
Oxidative stress, inflammation, and cancer: how are they 
linked? Free Radic Biol Med. 2010; 49(11): 1603–16. 
https://doi.org/10.1016/j.freeradbiomed.2010.09.006 

68. Gorelick J, Rosenberg R, Smotrich A, Hanuš L, Bernstein 
N. Hypoglycemic activity of withanolides and elicitated 

Withania somnifera. Phytochemistry. 2015; 116: 283–89. 
https://doi.org/10.1016/j.phytochem.2015.02.029 

69. Peng H, Olsen G, Tamura Y, Noguchi H, Matsumoto S, 
Levy MF, et al. Inhibition of inflammatory cytokine-
induced response in human islet cells by withaferin 
A. Transplant Proc. 2010; 42(6): 2058–61. https://doi.org/
10.1016/j.transproceed.2010.05.131  

70. SoRelle J.A, Itoh T, Peng H, Kanak M.A, Sugimoto K, 
Matsumoto S, et al. Withaferin A inhibits pro-
inflammatory cytokine-induced damage to islets in culture 
and following transplantation. Diabetologia. 2013; 56(4): 
814–24. https://doi.org/10.1007/s00125-012-2813-9 

71. Atteeq M. Evaluating anticancer properties of Withaferin 
A-a potent phytochemical. Front Pharmacol. 2022; 13: 
975320. https://doi.org/10.3389/fphar.2022.975320 

72. Guo B, Li X, Song S, Chen M, Cheng M, Zhao D, et al. 
(-)-β-hydrastine suppresses the proliferation and invasion 
of human lung adenocarcinoma cells by inhibiting PAK4 
kinase activity. Oncology reports. 2016; 35(4): 2246–56. 
https://doi.org/10.3892/or.2016.4594 

73. Chen T.H, Chen S.C, Chan P, Chu Y.L, Yang H.Y, Cheng 
J.T. Mechanism of the Hypoglycemic Effect of 
Stevioside, a Glycoside of Stevia rebaudiana. Planta Med. 
2005; 71(2): 108–13. ht tps: / /doi .org/10.1055/
s-2005-837775 

74. Luo C, Yang H, Tang C, Yao G, Kong L, et al. 
Kaempferol alleviates insulin resistance via hepatic IKK/
N F -κB s i g n a l i n t y p e 2 d i a b e t i c r a t s . I n t 
Immunopharmacol. 2015; 28(1): 744–50. https://doi.org/
10.1016/j.intimp.2015.07.018 

75. Zhang Y, Liu D. Flavonol kaempferol improves chronic 
hyperglycemia-impaired pancreatic beta-cell viability and 
insulin secretory function. Eur J Pharmacol. 2011; 670(1): 
325–32. https://doi.org/10.1016/j.ejphar.2011.08.011 

76. Vinayagam R, Xu B. Antidiabetic properties of dietary 
flavonoids: a cellular mechanism review. Nutr Metab. 
2015; 12: 60. https://doi.org/10.1186/s12986-015-0057-7 

77. Coskun O, Kanter M, Korkmaz A, Oter S. Quercetin, a 
f lavonoid ant ioxidant , prevents and protects 
streptozotocin-induced oxidative stress and β -cell damage 
in rat pancreas. Pharmacological Research. 2005; 51(2): 
117–23. https://doi.org/10.1016/j.phrs.2004.06.002 

78. Kwon O, Eck P, Chen S, Corpe C.P, Lee J.H, Kruhlak M, 
et al. Inhibition of the intestinal glucose transporter 
GLUT2 by flavonoids. FASEB J. 2007; 21(2): 366-77. 

79. Meng Y, Su A, Yuan S, Zhao H, Tan S, Hu C, et al. 
Evaluation of Total Flavonoids, Myricetin, and Quercetin 
from Hovenia dulcis Thunb. As Inhibitors of α-Amylase 
and α-Glucosidase. Plant Foods Hum Nutr. 2016; 71(4): 
444–49. https://doi.org/10.1007/s11130-016-0581-2 

80. Vafadar A, Shabaninejad Z, Movahedpour A, Fallahi F, 
Taghavipour M, Ghasemi Y, et al. Quercetin and cancer: 
new insights into its therapeutic effects on ovarian cancer 
cells. Cell Biosci. 2020; 10(1). https://doi.org/10.1186/
s13578-020-00397-0 

81. Du X, Li Y, Xia Y.L, Ai S.M, Liang J, Sang P, et al. 
Insights into Protein-Ligand Interactions: Mechanisms, 
Models, and Methods. Int J Mol Sci. 2016; 17(2): 144. 
https://doi.org/10.3390/ijms17020144 

82. Bansal T, Mishra G, Jaggi M, Khar R.K, Talegaonkar S. 
Effect of P-glycoprotein inhibitor, verapamil, on oral 
bioavailability and pharmacokinetics of irinotecan in rats. 
Eur J Pharm Sci. 2009; 36(4–5): 580–90. https://doi.org/
10.1016/j.ejps.2008.12.005.  

  

*****

878

http://ijam.co.in
https://doi.org/10.34172/jhp.2023.26
https://doi.org/10.34172/jhp.2023.26
https://doi.org/10.1529/biophysj.104.046375
https://doi.org/10.1529/biophysj.105.079269
https://doi.org/10.1529/biophysj.105.079269
https://doi.org/10.1021/nl062449h
https://doi.org/10.1002/prot.20151
https://doi.org/10.1016/j.phymed.2015.01.002
https://doi.org/10.1016/j.phytochem.2015.02.029
https://doi.org/10.1007/s00125-012-2813-9
https://doi.org/10.3389/fphar.2022.975320
https://doi.org/10.1055/s-2005-837775
https://doi.org/10.1055/s-2005-837775
https://doi.org/10.1016/j.intimp.2015.07.018
https://doi.org/10.1016/j.intimp.2015.07.018
https://doi.org/10.1186/s12986-015-0057-7
https://doi.org/10.1016/j.phrs.2004.06.002
https://doi.org/10.1186/s13578-020-00397-0
https://doi.org/10.1186/s13578-020-00397-0
https://doi.org/10.3390/ijms17020144
https://doi.org/10.1016/j.ejps.2008.12.005
https://doi.org/10.1016/j.ejps.2008.12.005

