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Abstract
P-glycoprotein (P-gp), which was first identified in cancer cells, is an ATP-dependent efflux transporter that expels a wide 
variety of cytotoxic compounds out of cells. This transporter can decrease the bioavailability of therapeutic drugs by prevent-
ing their sufficient intracellular accumulation. Over expression of P-gp in cancer cells lead to multidrug resistance (MDR) 
phenotype that is one of the main reasons for the failure of chemotherapy. Hence, P-gp inhibition is a favorable method to 
reverse MDR. In this study, the lignanamides from Cannabis sativa were docked against P-gp to recognize potential binding 
affinities of these phytochemicals. Tariquidar and zosuquidar, two well-known P-gp inhibitors, were selected as the control 
ligands. It was observed that cannabisin M and cannabisin N exhibited higher binding affinities (− 10.2 kcal/mol) to drug-
binding pocket of P-gp when compared with tariquidar and zosuquidar that showed binding affinities of − 10.1 and − 9.6 kcal/
mol, respectively. Based on these findings, cannabisin M and cannabisin N could be good drug candidates against P-gp.
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Introduction

P-glycoprotein (P-gp) is located at the cell surface where 
it mediates the ATP-dependent efflux of a wide range of 
hydrophobic compounds including anticancer drugs, hydro-
phobic drugs, steroids, peptides, detergents and lipids (Liu 
et al. 2000; Sharom 2006; Ambudkar et al. 1999). P-gp is 
composed of about 1280 amino acids arranged as a single 
chain with two homologous halves having 43% amino acid 
identity. A linker region of ~ 60 amino acids connects the 
two halves of the protein (Chen et al. 1986). Each half has 
six transmembrane domains (TM) and a hydrophilic domain 
containing an ATP-binding site, known as nucleotide bind-
ing domain (NBD) (Loo and Clarke 1994, 1995, 1996, 1999; 
Kast et al. 1996).

This transporter is clinically important because it can 
reduce the bioavailability of therapeutic drugs (Kim 2006). 
For example, its expression at the blood–brain barrier can 
reduce the efficacy of agents used to treat epilepsy, infec-
tions and brain tumors (Kim et al. 1998; Miller et al. 2008). 

P-gp, which was first identified in cancer cells, is encoded by 
MDR1/ABCB1 gene in humans. The gene shows an exclu-
sive over expression in cancer cells. The correlation between 
the up regulation of MDR1 mRNA transcription and the 
over expression of the P-gp transport system, led to multid-
rug resistance (MDR) phenotype, has been well established 
during cancer chemotherapy and several microbial infections 
(Srivalli and Lakshmi 2012). P-gp inhibition as a method to 
reverse MDR in cancer patients has been studied extensively, 
but the results have generally been disappointing (Gadhe 
and Cho 2011).

Phytocompounds of Cannabis sativa L. are among the 
natural compounds influencing Pgp activity. In multidrug-
resistant mouse lymphoma cells, cannabinol, cannabispirol 
and cannabidiol increased cytotoxic drug accumulation, 
whereas cannabidiolic acid, tetrahydrocannabidiolic acid 
and ∆9-tetrahydrocannabinol (THC) reduced it (Molnar 
et al. 2000).

According to the literature reports, Cannabis sativa L. 
has various medicinal usages such as the treatment of enteric 
infections, inflammatory conditions, disorders of motility, 
emesis and abdominal pain etc. (Russo 2007). A growing 
set of the secondary metabolites such as cannabinoids, fla-
vonoids, stilbenoids, terpenoids, alkaloids, and lignanamides 
have been isolated in Cannabis sativa L. (Flores-Sanchez 
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and Verpoorte 2008), among which the lignanamide fam-
ily exhibited interesting and diverse biological activities 
including feeding deterrent activity, insecticidal effects, 
antitumour-promoting effect, and antiinflammatory activ-
ity (Li et al. 2012). Here, we studied binding modes and 
potential binding affinities of lignanamides with P-gp via 
molecular docking.

Materials and methods

Molecular docking simulation

To study the binding modes of ligands in drug-binding 
pocket of P-gp (Aller et al. 2009), the crystal structure of 
mouse P-gp (PDB ID: 4Q9H; 87% identical amino acid 
sequence to human P-gp; Dolghih et al. 2011) was retrieved 
from Protein Data Bank (PDB; http://www.RCSB.org; Ber-
man et al. 2002). The chemical structures of the control 
ligands including tariquidar and zosuquidar (Nobili et al. 
2006) and the test ligands including cannabisin A, B, C, D, 
E, F, G and grossamide (Brenneisen and ElSohly 2007; Yan 
et al. 2015; Zhou et al. 2018) were obtained from PubChem 
(https ://pubch em.ncbi.nlm.nih.gov/) database in SDF format 
and 3D structures of cannabisin N and M (Yan et al. 2015) 
that are not available on the PubChem, were generated by 
Chemdraw software (Fig. 1). To get ready the structures, 
adding hydrogens and energy minimizing were performed 
by Molegro Virtual Docker (Thomsen and Christensen 
2006) and Chimera 1.13 (http://www.rbvi.ucsf.edu/chime 
ra). Thereafter docking calculations were done by using 
Autodock vina in PyRx 0.8 (Trott and Olson 2010) to deter-
mine the best pose of each of the ligands (the most nega-
tive binding affinity). Finally,  LigPlot+ was used to analyze 
protein–ligand complexes based on the type of interactions 
(bonding and nonbonding) (Wallace et al. 1995).

ADMET assay

Over the past decade, the computation of absorption, distri-
bution, metabolism, excretion and toxicity (ADMET) prop-
erties has become one of the most important issues in the 
process of drug discovery and development. Since in vivo 
and in vitro evaluations are costly and laborious, in silico 
techniques had been widely used to estimate ADMET prop-
erties of chemical compounds (Shen et al. 2010). In this 
study, the canonical SMIlES of the ligands were submit-
ted to SwissADME to analyze ADME properties including 
molecular weight, number of H-bond acceptors, number of 
H-bond donors, MlogP, gastrointestinal (GI) absorption and 
blood–brain barrier (BBB) permeability (Daina et al. 2017).

Results and discussion

P-gp efflux drastically affects the bioavailability of its 
substrates by decreasing their effective therapeutic plasma 
levels. Co-administration of the P-gp substrate-therapeu-
tics with the P-gp inhibitors can prevent/overcome the 
substrate expulsion by P-gp and present the purposeful 
therapeutic benefits of the substrate drugs (Srivalli and 
Lakshmi 2012). Third-generation inhibitors have high 
potency and specificity for P-gp. Furthermore, according 
to the pharmacokinetic studies, significant impact on drug 
metabolism and clinically drug interactions with common 
chemotherapy agents, not seen yet. The continued devel-
opment of these agents may establish the true therapeutic 
potential of P-gp-mediated MDR reversal (Gadhe and Cho 
2011).

In present study, two selective inhibitors of P-gp 
(tariquidar and zosuquidar) that are belong to third gen-
eration inhibitors (Nobili et al. 2006) were designated as 
control ligands and molecular docking was performed for 
the ligands (lignanamides and controls) against P-gp using 
Autodock vina. Binding affinity values have been dem-
onstrated in Table 1. Tariquidar is one of the most potent 
inhibitors of the P-gp drug pump. It has shown the most 
promise in clinical trials to improve chemotherapy and 
increase brain penetration of drugs (Fox and Bates 2007). 
The mechanism of P-gp inhibition by tariquidar is unclear 
yet. Due to its promise in a clinical setting, understanding 
the mechanism of tariquidar is needed to develop better 
inhibitors. Better inhibitors are required because P-gp inhi-
bition by tariquidar in the blood brain barrier appeared to 
be far from ideal (Wagner et al. 2009). Zosuquidar also is 
one of the most potent Pgp inhibitors described to date. In 
fact, it inhibits P-gp at nanomolar concentrations in vitro 
and in vivo (Dantzig et al. 2001; Green et al. 2001) and 
there is evidence that it is not an inhibitor of MRP or 
BCRP (Dantzig et al. 2001). The mechanism of action of 
zosuquidar is still unclear but a noncompetitive inhibitory 
mechanism has been suggested since it is not a substrate 
for P-gp and cannot be transported by the ABC transporter 
(Dantzig et al. 2001). Binding affinities of tariquidar and 
zosuquidar were found to be − 10.1 and − 9.6 kcal/mol 
against P-gp, respectively (Table 1).

Lignanamides are natural plant secondary metabolites 
derived from oxidative coupling mechanism with hydroxy-
cinnamic acid amides as intermediates. These compounds 
display powerful anti-inflammatory, antioxidant, anti-can-
cer and anti-hyperlipidemic capacities in vitro, cell culture 
and in vivo studies (Leonard et al. 2020).

Grossamide, a representative lignanamide in hemp seed, 
has been reported to possess potential antiinflammatory 
effects (Luo et al. 2017). Its binding affinity was found to 
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Fig. 1  Structures of the ligands (The control ligands; tariquidar and zosuquidar and test ligands; the lignanamides from Cannabis sativa 
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be − 10.0 kcal/mol against P-gp (Table 1). This compound 
interacted with drug-binding pocket of P-gp via hydropho-
bic interactions (Tyr303, Ile302, Phe339, Ile336, Leu335, 
Tyr306, Phe724) and hydrogen bonds (Phe332, Gln721; 
Fig. 2). Cannabisin A is an arylnaphthalene lignanamide 
from fruits of Cannabis sativa L. (Sakakibara et al. 1991). 
Similar to tariquidar, cannabisin A binding affinity was 
found to be − 10.1 kcal/mol against P-gp (Table 1). This 
compound has been docked with drug-binding pocket 
of P-gp via hydrophobic interactions (Gln721, Ile302, 
Phe724, Leu335, Tyr306, Phe339, Tyr303) and hydrogen 
bonds (Gln986; Fig. 2). Cannabisin B, a lignanamide from 
hemp seed, was first identified in 1992 (Sakakibara et al. 
1992). Its binding affinity was found to be − 10.1 kcal/
mol against P-gp (Table 1). Cannabisin B interacted with 
drug-binding pocket of P-gp via hydrophobic interactions 
with Tyr306, Phe724, Gln721 and Met982 and through 
hydrogen bonds with Gln986 and Tyr303 (Fig. 2). Can-
nabisin C binding affinity also was found to be -10.1 kcal/
mol against P-gp (Table 1). This compound interacted 
with drug-binding pocket of P-gp via hydrophobic interac-
tions (Met982, Phe724, Tyr303, Ile302, Leu335, Phe339, 
Tyr306, Gln721) and hydrogen bond (Gln986; Fig. 2). 

Table 1  Docking results of the ligands with P-gp

RMSD root mean-square deviation is the measure of the average dis-
tance between the atoms

Compound Binding affinity 
(kcal/mol)

RMSD/up RMSD/low

Tariquidar (control) − 10.1 12.785 6.095
Zosuquidar (control) − 9.6 8.196 3.376
Grossamide − 10.0 2.871 2.256
Cannabisin A − 10.1 1.357 0.712
Cannabisin B − 10.1 8.769 1.275
Cannabisin C − 10.1 3.422 2.63
Cannabisin D − 10.1 2.704 2.058
Cannabisin E − 8.9 13.803 8.097
Cannabisin F − 9.4 2.444 1.732
Cannabisin G − 9.2 1.913 1.422
Cannabisin M − 10.2 16.497 10.559
Cannabisin N − 10.2 9.245 5.246

Fig. 2  Bonding and nonbonding interactions of the lignanamides with 
P-gp (PDB code: 4Q9H). Green dashed lines are hydrogen bonds and 
dashed half-moons present hydrophobic interactions with the corre-
sponding amino acid residues of the protein

▸
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Cannabisin D binding affinity was found to be − 10.1 kcal/
mol against P-gp (Table 1). As shown in Fig. 2, involved 
residues in binding of cannabisin D to drug-binding pocket 
of P-gp are Gln721, Gln986, Met982, Ser975, Phe724, 
Phe332, Tyr306 and Tyr303. Cannabisin-E binding affin-
ity was found to be − 8.9 kcal/mol against P-gp (Table 1). 
This compound interacted with drugbinding pocket of 
P-gp via hydrophobic interactions (Phe974, Ser975, 
Tyr949, Ile864, Phe339, Val978, Leu335, Phe332, Ile336, 
Leu64) and hydrogen bond (Tyr306; Fig. 2). Cannabisin 
F belongs to the lignanamides, and it was first isolated 

from cannabis fruits and roots in 1995 (Sakakibara et al. 
1995). Its binding affinity was found to be − 9.4 kcal/mol 
against P-gp (Table 1). This compound interacted with 
drug-binding pocket of P-gp hydrophobically (Gln721, 
Phe724, Ile336, Phe339, Leu335, Phe332, Tyr306, Tyr303, 
Ile302; Fig. 2). Cannabisin G was first isolated from the 
fruits of Cannabis sativa L. in 1995 (Xia et al. 2010). Its 
binding affinity was found to be − 9.2 kcal/mol against 
P-gp (Table 1). Cannabisin G also interacted with drug-
binding pocket of P-gp via hydrophobic interactions with 
Gln986, Tyr306, Phe724, Phe332 and Tyr303. In addition, 

Fig. 3  Binding modes of top-
ranked ligands in drug-binding 
pocket of P-gp: Cannabisin N 
(blue), Cannabisin M (green)

Table 2  ADMET properties of the ligands by SwissADME

MW Molecular weight, HBA Num. H-bond acceptors, HBD Num. H-bond donors, BBB Blood brain barrier, GI Absorption Gastro intestinal 
absorption

Compound MW MlogP HBA HBD Lipinski violations GI absorption BBB permeant

Tariquidar (control) 646.73 g/mol 2.68 8 2 1 violation: MW > 500 Low No
Zosuquidar (control) 527.60 g/mol 3.66 7 1 1 violation: MW > 500 High Yes
Grossamide 624.68 g/mol 1.90 8 5 1 violation: MW > 500 Low No
Cannabisin A 594.61 g/mol 2.36 8 8 2 violations: MW > 500, NHorOH > 5 Low No
Cannabisin B 596.63 g/mol 1.53 8 8 2 violations: MW > 500, NHorOH > 5 Low No
Cannabisin C 610.65 g/mol 1.72 8 7 2 violations: MW > 500, NHorOH > 5 Low No
Cannabisin D 624.68 g/mol 1.90 8 6 2 violations: MW > 500, NHorOH > 5 Low No
Cannabisin E 642.69 g/mol 1.53 9 6 2 violations: MW > 500, NHorOH > 5 Low No
Cannabisin F 624.68 g/mol 2.22 8 5 1 violation:  MW > 500 Low No
Cannabisin G 624.68 g/mol 2.22 8 6 2 violations: MW > 500, NHorOH > 5 Low No
Cannabisin M 596.63 g/mol 1.53 8 6 2 violations: MW > 500, NHorOH > 5 Low No
Cannabisin N 610.65 g/mol 1.72 8 5 1 violation: MW > 500 Low No
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this compound cantacted with Met982 and Gln721 through 
hydrogen bonds (Fig. 2). Cannabisin M and cannabisin 
N were top-ranked ligands that binding affinities of both 
were found to be − 10.2 kcal/mol against P-gp (Table 1). 
Binding modes of these two compounds in drug-binding 
pocket of P-gp have been shown in Fig. 3. Cannabisin M 
interacted with drugbinding pocket of P-gp via hydropho-
bic interactions (Ile864, Tyr949, Phe339, Phe332, Phe728, 
Leu335, Leu64, Val978, Phe974) and hydrogen bonds 
(Tyr306, Ile336; Fig. 2). Cannabisin N also interacted with 
this area via hydrophobic interactions (Phe974, Ser975, 
Phe724, Gln721, Tye303, Tyr306, Phe332) and hydrogen 
bond (Tyr949; Fig. 2).

ADME property values have been shown in Table 2 The 
Lipinski’s rule of five (ROF) enlist some criteria that is 
needed for a compound to be considered to be drug like 
in nature, this criterion includes a molecular weight that is 
less than 500 Da, hydrogen bond donors that is less or equal 
to 5 (≤ 5), hydrogen bond acceptors that is less or equal to 
(≤ 10) and octanolwater partition coefficient (ClogP) that is 
less than 5 (or MIogP < 4.15). Therefore, compounds that 
are coherent with this rule are considered to be drug-like in 
nature (David et al. 2018; Kharkar et al. 2009). Tariquidar, 
zosuquidar, grossamide, cannabisin-F and cannabisin-N 
obeyed ‘Rule of 5′ with 1 violation (MW > 500). Whereas 
others violated two properties by having MW > 500 and 
NHorOH > 5. Among these compounds only zosuquidar has 
high GI absorption and can be crossed from BBB.

Conclusion

Our study demonstrates that the lignanamids interacted 
with important residues in drugbinding pocket of P-gp 
with acceptable binding affinity ranging from − 8.9 to 
− 10.2 kcal/mol. Among the ligands best binding affinities 
were related to cannabisin N and cannabisin M that both 
have been docked with P-gp with most negative binding 
affinity (− 10.2 kcal/mol) compared to tariquidar and zos-
uquidar (binding affinity: − 10.1 and − 9.6 kcal/mol respec-
tively). Overall, these data suggest that lignanamids might be 
potential therapeutic candidates against P-gp. More studies 
are needed in order to prove these results.
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