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ABSTRACT 
The most prominent sequel of multidrug regimens in type 2 diabetes mellitus patients include polypharmacy, non-
compliance with medications, and increased financial burden. An extensive study on beneficial herb–drug interactions 
is required to overcome the above concern. Molecular docking and in-silico approaches can be employed to better 
understand potential herb–drug interactions. These interactions are presumed to occur at the level of pharmacokinetics. 
Herbal phytoconstituents can either accelerate or slow down the absorption, distribution, metabolism, excretion 
and efficacy of a drug. If these interactions are proven to be beneficial, meaning, if they can accelerate the 
absorption and distribution of the drug and decelerate the metabolism and elimination of the drug, the efficacy of 
the drug can be increased. As a result, dose escalation, frequency of drug administration, and the addition of anti-
diabetic medications to current treatment can be prolonged. This study attempted to computationally analyze the 
phytoconstituents of Momordica charantia for drug likeliness and their binding affinity to specific proteins involved 
in the pharmacokinetics of Empagliflozin. Additionally, the nature of chemical bonding and binding locations of 
phytoconstituents and Empagliflozin were studied to understand potential interactions. The findings showed that 
M. charantia and Empagliflozin did not elicit any favorable herb–drug interactions. This is attributed to the non-
availability of sophisticated software that can determine the function of the amino-acid binding site. This study 
necessitates the development of advanced software to determine the function of the amino acid binding site in order 
to clearly comment on the herb–drug interaction outcome. Also, molecular dynamics and clinical pharmacokinetic 
investigations with the presented data are encouraged to confirm the findings. 

INTRODUCTION 
According to the International Diabetes Federation 

Diabetic Atlas 2019, India is positioned among the top 10 countries 
with 77 million diabetic patients affecting individuals between 20 
and 70 years of age (Hyder et al., 2020, 2021a, 2021b). These 
patients are usually started on a single anti-diabetic agent and 
eventually, multiple agents are added to the treatment regimen 
due to the development of insulin resistance. This results in 

polypharmacy, non-compliance with medications, and a significant 
increase in the financial burden on the patient. The above concern 
can be resolved by supplementing diabetic patients with functional 
foods such as Momordica charantia that besides providing nutritive 
benefits can stimulate the secretion of insulin, and increase the 
efficacy of anti-diabetic agents by inhibiting the enzymes involved 
in their metabolism (May and Schindler, 2016). By doing so, such 
herb–drug interactions can prevent dose escalation, frequency of 
drug administration, and defer the addition of anti-diabetic agents 
to the existing therapy. The above inferences can be obtained from 
the altered pharmacokinetic parameters of the targeted drug. This 
study attempted to investigate the potential herb–drug interactions 
between M. charantia and Empagliflozin.

It is estimated that about one-third of patients with 
diabetes mellitus depend on some form of an alternative or 
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complementary system of medicine for the treatment of type 
2 diabetes mellitus (Joseph and Jini, 2013). It is with this 
impression, that M. charantia was chosen as the herb of interest 
as it is widely used among the Indian population with proven anti-
diabetic potential. Empagliflozin was chosen as an exemplary 
drug counterpart for interaction studies as the literature search 
signified the few added advantages over other anti-diabetic agents 
such as the minimal risk of hypoglycemia, better reductions in 
fasting blood glucose levels, body weight, waist circumference, 
and diastolic blood pressure (Ferrannini et al., 2013; Marlene 
Busko, 2014). Further, the study was performed considering the 
popular hypothesis that herb–drug interactions occur at the level of 
absorption, distribution, metabolism, excretion (ADME). Hence, 
the proteins involved in the ADME of Empagliflozin were chosen 
as the targets for interaction studies. Since no in-silico studies from 
the literature search demonstrated potential herb–drug interactions 
between M. charantia and Empagliflozin, the in-silico approach 

was preferred to comment on the altered pharmacokinetics of 
Empagliflozin.

MATERIALS AND METHODS

Drug likeliness analysis
The list of phytoconstituents required to perform drug 

likeliness analysis was collected using Dr. Duke’s Phytochemical 
and Ethnobotanical Databases (Achutha et al., 2021). The Human 
Metabolome Database was employed to exclude endogenous 
substances (Wishart et al., 2016). For a phytoconstituents to 
exhibit drug likeliness, it should comply with the Lipinski Rule of 
Five. SwissADME software was used to check compliance with 
the Lipinski Rule of Five (Daina et al., 2017).

Selection of targets
The target proteins were selected based on the fact that 

phytoconstituent–Empagliflozin interactions occur at the level 

Table 1. SwissADME evaluation of phytoconstituents complying with Lipinski Rule of Five.

S. No. Phyto 
constituents Drug likeliness Absorption Distribution Metabolism Excretion

1. ALPHA-ELEOSTEARIC- 
ACID Yes GI absorption – high BBB Permeability – 

Yes
CYP1A2 inhibitor, 
CYP2C9 inhibitor N/A

2. ALPHA-SPINASTEROL Yes GI absorption – low BBB Permeability – 
No N/A ‑N/A

3. BETA-SITOSTEROL Yes GI absorption – low BBB Permeability – 
No N/A N/A

4. BETA-SITOSTEROL-D- 
GLUCOSIDE Yes GI absorption – low BBB Permeability – 

No N/A N/A

5. DIOSGENIN Yes GI absorption – high BBB Permeability – 
Yes N/A N/A

6. LAURIC-ACID Yes GI absorption – high BBB Permeability – 
Yes N/A

N/A

7. STIGMASTEROL Yes GI absorption – low BBB Permeability – 
No CYP2C9 inhibitor N/A

8. CHARINE Yes GI absorption – low BBB Permeability – 
No N/A N/A

9. MOMORDICOSIDE-F-2 Yes GI absorption – low BBB Permeability – 
No N/A P-gp substrate

10. MOMORDICOSIDE-F-1 Yes GI absorption – low BBB Permeability – 
No N/A P-gp substrate

11. MOMORDICOSIDE-G Yes GI absorption – low BBB Permeability – 
No N/A P-gp substrate

12. MOMORDICOSIDE-I Yes GI absorption – low BBB Permeability  
No N/A P-gp substrate

13. MOMORDICOSIDE-K Yes GI absorption – low BBB permeability – 
No N/A P-gp substrate

14. MOMORDICOSIDE-L Yes GI absorption – BBB permeability – N/A P-gp substrate

Low No

15. STIGMASTA-7,22-DIEN- 
3BETA-OL Yes GI absorption – Low BBB permeability – 

No N/A N/A

16. ZEINOXANTHIN Yes GI absorption – Low BBB permeability – 
No N/A P-gp substrate

GI: Gastrointestinal; BBB: Blood Brain Barrier; CYP1A2: Cytochrome P450 Family 1 Subfamily A Member 2; CYP2C9: Cytochrome P450 Family 2 Subfamily C 
Member 9; P-gp: P-glycoprotein; N/A: Not Applicable.
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of ADME. The Kyoto Encyclopedia of Genes and Genomes 
database was used to identify the target proteins (Tao et al., 2020). 
The selection criteria did not include any absorption proteins as 
Empagliflozin undergoes passive diffusion. Since Empagliflozin 
exhibits its pharmacological activity via SGLT2 co-transporter, it 
was selected. UGT2B7, UGT1A3, UGT1A8, and UGT1A9 were the 
enzymes involved in the metabolism of Empagliflozin. Similarly, 
ABCB1 and ABCG2 were the proteins involved in the excretion of 
Empagliflozin. Hence, these metabolizing and excretory proteins 
were selected for molecular docking studies.

Molecular docking and molecular visualization
Docking studies were performed using AutoDock Tools 

v.1.5.6 to identify the binding affinities of phytoconstituents and 
Empagliflozin toward the proteins of interest. Blind docking was 
planned and performed to identify the best binding sites. Further, 
interaction studies were performed using the best configurations 
obtained from the blind docking of target proteins. According to 
the study hypothesis, docking scores of phytoconstituents lesser 
than the docking scores of Empagliflozin were considered for 
further analysis as they inherently exhibit stable binding and more 
potential for altering the pharmacokinetics of Empagliflozin. 
The entire docking results were validated using the molecular 
visualization software, PyMOL v2.4.1 (Valdés-Tresanco et al., 
2020).

Analysis of binding interactions
The stability of an interaction depends on the nature 

of bonding. The stronger the bond, the greater the stability of 
the interaction. Hence, the drug and phytoconstituent–protein 
complexes were analyzed for the nature of bonding. Further, the 
binding locations of phytoconstituents and Empagliflozin were 
analyzed. This was considered a crucial step in this study as 
binding to specific amino-acid residues can either accelerate or 
terminate the function of a protein. LigPlot+ v.2.2 was used to 
visualize the binding locations (Mishra and Dey, 2019).

RESULTS AND DISCUSSION

Drug likeliness analysis
A total of 241 phytoconstituents were identified in M. 

charantia using Dr. Duke’s Phytochemical and Ethnobotanical 
Databases. These phytoconstituents were present in various parts 
of the plant like cotyledon, fruit, leaf, pericarp, seed, seed oil, and 
shoot. Among these, the widely consumed edible portion of the 
plant is considered to be the fruit of M. charantia. Hence, phy-
toconstituents in the fruit portion of M. charantia were shortlist-
ed and 97 of them were identified. This list contained a majori-
ty of phytoconstituents that were also present in human beings 
referred to as endogenous substances. A study performed with 
such endogenous substances can result in bias (difficult to dis-
tinguish if the herb–drug interaction has occurred because of the 
phytoconstituents or the endogenous substances). So, endogenous 
substances like neurotransmitters (5-hydroxytryptamine, Gamma 
Amino Butyric Acid), amino acids (alanine, phenylalanine, glu-
tamic acid, proline), polypeptides, vitamins (thiamine, riboflavin, 
niacin), cholesterol, lanosterol, elements (calcium, copper, iron, 
magnesium, manganese, nickel, phosphorus, potassium, sodium, 
titanium, lead), halogens (fluoride, iodine), enzymes (peroxi-

dase), and carbohydrates identified using Human Metabolome 
Database were excluded. By excluding the above categories, 35 
phytoconstituents were obtained. These 35 phytoconstituents were 
subjected to drug-likeliness analysis. A drug-likeliness analysis 
with SwissADME software revealed phytoconstituents namely: 
alpha-eleostearic acid, alpha-spinasterol, beta-sitosterol, beta-sit-
osterol-D-glucoside, diosgenin, lauric acid, stigmasterol, charine, 
momordicoside-F2, momordicoside-F1, momordicoside-G, mo-
mordicoside-I, momordicoside-K, momordicoside-L, stigmas-
ta-7,22-dien-3 beta-ol, and zeinoxanthin to comply with Lipinski 
Rule of Five. To assess if these 16 phytoconstituents had the poten-
tial to interact with specific targets of Empagliflozin, their ADME 
profile was studied (Table 1). This preliminary analysis revealed 
possible high gastrointestinal (GI) absorption of alpha-eleostearic 
acid, diosgenin, and lauric acid, the interaction of alpha-eleostea-
ric acid and stigmasterol with CYP1A2 and CYP2C9, and the in-
teraction of momordicoside and zeinoxanthin with permeability 
glycoprotein (P-gp). The early ADME profile of the phytoconstit-
uents suggested that they had a strong potential to influence the 
absorption, metabolism, and excretion of Empagliflozin.

Selection of targets
The 3D structures of UGT2B7 (PDB ID: 206L), ABCB1 

(PDB ID: 6FN1), and ABCG2 (PDB
ID: 6VX1) were retrieved from the Protein Data Bank 

(PDB). SWISS-MODEL was used to predict the 3D structures for 
the remaining proteins. This requires the entry of sequence in

Figure 1. 3D structures of proteins predicted using SWISS-MODEL. These 
predicted structures were further used for molecular docking, visualization 
studies, and determination of amino-acid binding sites.
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Table 2. Evaluation of Empagliflozin–M. charantia interactions by AutoDoc Tools v.1.5.6.
Proteins/enzymes/target Phytoconstituents Docking scores

UGT2B7

Empagliflozin −5.9

Alpha-Spinasterol −6.8

Beta-Sitosterol-D-Glucoside −6.8

Diosgenin −7.2

Stigmasterol −6.2

Charine −5.9

Momordicoside-F-2 −7.6

Momordicoside-F-1 −6.9

Momordicoside-G −6.4

Momordicoside-I −7.4

Momordicoside-K −6.3

Momordicoside-L −6.5

Zeinoxanthin −5.9

ABCB1

Empagliflozin −8.5

Diosgenin −10.4

Momordicoside-F-1 −8.8

ABCG2

Empagliflozin −7.2

Alpha-Spinasterol −7.5

Beta-Sitosterol-D-Glucoside −7.4

Diosgenin −8.8

Stigmasterol −7.3

Momordicoside-G −8.1

Momordicoside-I −8.6

Momordicoside-K −7.8

Momordicoside-L −7.9

Stigmasta-7,22-Dien-3beta-ol −7.3

Zeinoxanthin −8.3

UGT1A3

Empagliflozin −6.3

Alpha-Spinasterol −7.2

Beta-Sitosterol-D-Glucoside −7.0

Diosgenin −9.0

Stigmasterol −6.6

Momordicoside-F-2 −8.1

Momordicoside-F-1 −7.9

Momordicoside-G −7.5

Momordicoside-I −8.6

Momordicoside-K −7.9

Momordicoside-L −6.7

Stigmasta-7,22-Dien-3beta-ol −6.4

Continued
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FASTA format which was obtained using the UniProt 
database. The 3D structures of UGT1A3 (P35503), UGT1A8 
(Q9HAW9), UGT1A9 (O60656), and SGLT2 (P31639) are 
depicted in (Fig. 1).

Molecular docking and molecular visualization
The study findings demonstrate that a majority of 

phytoconstituents had a better binding affinity toward UGT2B7 
except for charine and zeinoxanthin with maximum affinity 
expressed by momordicoside-F2 (−7.6). Diosgenin exhibited 
maximum binding affinity toward ABCB1, ABCG2, UGT1A3, 
and UGT1A8 with a docking score of −10.4, −8.8, −9.0, and −9.6 
respectively. Beta-sitosterol exhibited maximum affinity toward 
UGT1A9. Momordicoside-F2 exhibited maximum affinity toward 
SGLT2 with a docking score of −8.9 (Table 2). The PyMOL v2.4.1 
results comply with the findings of the docking study (Fig. 2). 

Analysis of binding interactions
The phytoconstituent-protein complexes and 

Empagliflozin-protein complexes invariably exhibited hydrogen 
bonding, a relatively weak bond when compared to an ionic 
and covalent bond. The binding location results are depicted in 
Figure 3. From Figure 3a and b, it is evident that Empagliflozin 
and momordicoside-F-2 share similar non-interacting amino-
acid residues indicating that the binding pocket of Empagliflozin 
is found adjacent to the binding pocket of momordicoside-F-2. 
Similarly, Figure 3c and d demonstrate that momordicoside-G 

and momordicoside-I almost share the same non-interacting 
amino-acid residues indicating that they share almost similar 
binding pockets. From Figure 3e and f, it is understood that 
momordicoside-K and momordicoside-L compete for Val450 
and  Leu454 and completely share similar non-interacting 
residues indicating that there exists competitive binding between 
momordicoside-K and momordicoside-L.

LIMITATIONS
Although the study was conducted following a sound 

methodology, it failed to demonstrate potential herb–drug 
interactions between Empagliflozin and M. charantia. This is 
attributed to the non-availability of software that could assist 
in identifying the function of the amino-acid binding site. 
Our thorough literature search could find only one software 
called CASTp v.3.0 that could aid in the identification of the 
functionality of the amino-acid binding site (Dundas et al., 2006). 
However, it failed to provide useful information with respect 
to this study. If this inference was obtained, the exact effect of 
phytoconstituents on the pharmacokinetics of Empagliflozin 
would have been predicted. Despite this limitation, the study 
conferred a catalog of phytoconstituents that had the potential 
to elicit herb–drug interactions between Empagliflozin and M. 
charantia. Hence, the foremost prospect of the study would be to 
develop advanced software that helps precisely comment on herb–
drug interactions. Further, this study encourages more research 
into Molecular Dynamics and Clinical Pharmacokinetics of herb–
drug interactions with the furnished data. The research findings of 

Proteins/enzymes/target Phytoconstituents Docking scores

UGT1A8

Empagliflozin −6.1

Beta-Sitosterol −7.0

Beta-Sitosterol-D-Glucoside −7.2

Diosgenin -9.6

Stigmasterol −7.7

Charine −6.1

Momordicoside-F-2 −9.2

Momordicoside-F-1 −7.2

Momordicoside-G −8.2

Momordicoside-I −7.1

Momordicoside-K −7.6

Momordicoside-L −8.1

Stigmasta-7,22-Dien-3beta-ol −6.8

UGT1A9

Empagliflozin −8.1

Beta-Sitosterol −9.7

Diosgenin −9.1

Momordicoside-G −8.6

Momordicoside-K −8.1

SGLT2

Empagliflozin −8.3

Diosgenin −8.8

Momordicoside-F-2 −8.9

Momordicoside-F-1 −8.7

Momordicoside-I −8.3
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Figure 2. (a)–(g) Confirm the stable binding of phytoconstituents that exhibited maximum affinity in 
molecular docking studies.
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Figure 3. Different types of binding interactions exhibited by Empagliflozin and phytoconstituents with the proteins 
of interest. The green circles in (a) and (b), represent that Empagliflozin and momordicoside-F-2 share similar non-
interacting amino acid residues. Likewise, green circles in (c), (d), (e), and (f) demonstrate that momordicoside-G 
and Momordicoside-I; Momordicoside-K and Momordicoside-L share similar binding pockets. The red circles in (e) 
and (f) indicate that the phytoconstituents momordicoside-K and momordicoside-L compete for the same amino-acid 
residues Leu454 and Val450 of ABCG2.
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such studies can revolutionize the current clinical practice of type 
2 diabetes mellitus.

CONCLUSION
The study did not demonstrate any beneficial herb–

drug interactions between Empagliflozin and M. charantia. To 
conclude from the above findings, Momordica charantia does not 
alter the pharmacokinetics of Empagliflozin. However, studies on 
herb–drug interactions are required to confirm the same in animal 
models and human volunteers. Molecular dynamics and clinical 
pharmacokinetic studies with the presented data are appreciated 
to study the absolute effect of herb–drug interactions in the real-
world setting.
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