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Abstract
Density functional theory (DFT) calculations and molecular docking have been carried out on natural products containing 
eugenol, gingerol, ascorbic acid, oleurpoein, piperine, hesperidin, quercetin, Luteolin, and curcumin in order to predict their 
biological activities and to analyze their pancreatic lipase inhibition. The biological activity predictions are based on the 
global and local chemical descriptors, namely, HOMO–LUMO gaps, chemical hardness, chemical potential, electrophilicity, 
dipole moment, and Fukui functions. Our findings show that the studied compounds can be divided into two groups based 
on the chemical descriptors; the first group is composed of eugenol, gingerol, ascorbic acid, and oleuropein and the second 
one is composed of piperine, hesperidin, quercetin, Luteolin, and curcumin depending on the HOMO–LUMO gaps and 
electrophilicity values predicting best reactivity for the second group than the first one. The frontier orbitals offer a deeper 
insight concerning the electron donor and electron acceptor capabilities, whereas the local descriptors resulting from Fukui 
functions put emphasis on the active sites of different candidate ligands. The molecular docking was performed in order to 
compare and identify the inhibition activity of the natural candidate ligands against pancreatic lipase which were compared 
to that of synthesized ones. The molecular docking results revealed that the Luteolin compound has the best binding affinity 
of −8.56 kcal/mol due to their unique molecular structure and the position of -OH aromatic substituents.
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Introduction

Commonly, the natural products are of great importance due 
to their biological activities. There is a growing significance 
in developing drugs by using natural products, suggesting an 
immense possibility of new routes for therapeutic candidates 

[1–5], which possess vast chemical diversity and giving rise 
to great potential to discover different types of bioactive 
compounds [6]. Biologically active natural products should 
offer selective ligands for targets in relationship with differ-
ent diseases [7].

Obesity is among these diseases, which is a major risk 
factor for diabetes, cancer, hypertension, and cardiovascular 
illness with great suffering for humans [8–10]. Thereby, the 
inhibition of human pancreatic lipase is a promising strat-
egy to treating and controlling obesity and it is crucial for 
body health. The main role of pancreatic lipase during fat 
digestion is hydrolysis of long chain triglycerides, generating 
diglycerides and subsequently into monoglycerides and free 
fatty acids [11, 12]. Despite the great number of experimen-
tal and theoretical research on obesity, it remains without an 
effective solution. Indeed, several works attempted to pre-
dict the inhibition of the human pancreatic lipase (PDB ID: 
1LPB) by means of natural products and related compounds 
using the molecular docking techniques [13–16]. Nguyen 
et al. [13] investigated the inhibition of human pancreatic 
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lipase by (PDB ID: 1LPB) aurone derivatives. According 
to an in silico investigation, the ((Z)-5-chloro-2-(4-(2-(4-
methoxyphenyl)-2-oxoethoxy) benzylidene) benzofuran-
3(2H)-one) stands out as a potential candidate for inhibiting 
human pancreatic lipase among all studied compounds.

Sridhar and co-workers [15] conducted studies on 
2-(carbazol-3-yl)-2-oxoacetamide analogues as a new 
class of potential pancreatic lipase inhibitors. Molecular 
docking studies showed the possible role of the formation 
of covalent bonds between the pancreatic lipase and the 
studied compounds.

The natural products (herbal compounds) are widely 
employed in the development of novel therapeutic agents 
against many diseases; among this wide range of natural 
products, we can mention hesperidin (Hesp), oleuropein 
(Oleu), piperine (Pip), Luteolin (Lut), ascorbic acid (AA), 
gingerol (Gin), eugenol (Eug), quercetine (Quer), and cur-
cumin (Cur). The hesperidin is a major flavonoid encoun-
tered predominantly in the membrane and peel of citrus, 
which is known for its various pharmacological effects such 
as cardioprotective, antihyper lipidemic, antidiabetic, and 
antihypertensive activities [17–19]. Recently, Huang et al. 
[20] have studied the pancreatic lipase inhibitory activity by 
different flavonoids contained in citrus peel extracts such 
as hesperidin, naringin, neohesperidin, narirutin, and eri-
ocitrin. The obtained results showed that the hesperidin is 
the main active pancreatic lipase inhibitor among all tested 
compounds.

Luteolin is a flavonoid encountered in celery, parsley, broc-
coli, onion leaves, carrots, peppers, and cabbages [21–23] pos-
sessing anticancer and anti-inflammatory activities [14].

Ascorbic acid is known as vitamin C that is found in 
plants and food such as citrus, tomatoes, and green vegeta-
bles with antioxidant and antiviral properties [24, 25].

Gingerol has several considerable biological activities, 
namely anti-hyperglycemic, immunomodulatory, anticancer, 
antioxidant, anti-inflammatory, antimicrobial, antidiabetic, 
and so on [26–33].

Curcumin (Cur) is a natural product that has recently 
attracted great interest due to its broad range of biological 
and pharmacological activities [34, 35] displaying inhibitory 
capability against the propagation of various viruses [36, 
37], particularly corona viruses [38].

Eugenol (Eug) is a major constituent contained in clove 
known for its various benefits and revealing pharmaco-
logical properties which have been widely reported in the 
literature [39, 40].

Quercetin is a phenolic species as flavonol encountered  
in caper, onion, shallot, broccoli, tomato, tea, nut, bark, 
flower, and kale [21, 41]. An extensive biological and  
pharmacological property of querecetin was reported such 
as anti-inflammatory, gastrointestinal cytoprotective, anti-
tumor, antioxidant, and diabetic activities [42, 43]. Very 

recently, Zhou and co-workers [44] demonstrated a detailed 
study on the inhibitory activity of quercetin on pancreatic 
lipase employing both in vitro and in silico techniques. The 
molecular docking results revealed that quercetin has a high 
binding affinity towards pancreatic lipase enzyme, with low 
energy -8.9 kcal/mol.

Oleuropein is a phenolic compound found in olive 
plant (olive fruit and leaves) [45–47], which has numerous 
pharmacological properties such as antioxidant [48], anti-
inflammatory [49], anticancer [50], antimicrobial [51], and 
antiviral [52]. The piperine is an alkaloid isolated from the 
piper plant; it is an N-acylpiperidine consisting of the sub-
stitution of the piperidine at the nitrogen atom. Based on the 
computed global and local chemical descriptors of density 
functional theory (DFT) study, we will attempt to compare 
and to predict the evolution of the possible biological activi-
ties for the aforementioned natural products. The chemical 
descriptors, namely the HOMO–LUMO gaps, chemical 
potential, chemical hardness [53, 54], and electrophilicity 
indexes [55–57], are global reactivity descriptors which have 
been calculated by means of DFT/B3LYP method to pre-
dict biological activities [58–60] with high performance in 
predicting global chemical reactivity tendencies. The elec-
trophilicity is a considerable index of reactivity permitting 
a quantitative classification of the electrophilic nature of a  
molecule [58–60]. The Fukui functions, local electrophilic-
ity, and local softness [61, 62] are investigated to get an  
overview of the local reactivity and site selectivity to better 
understand the chemical interactions.

Furthermore, the docking studies were performed to ana-
lyze the binding affinities and the mode of interactions of the 
human pancreatic lipase enzyme 1LPB with the aforesaid nine 
natural products as ligands which will be compared to previ-
ous works of synthesized compounds, in order to put empha-
sis on the effectiveness of these compounds against obesity.

Computational methods

Density functional theory (DFT) calculations were carried 
out on the studied molecules in water using the Amster-
dam Density Functional (ADF) program [63] developed 
by Baerends and co-workers [64–68]. All molecular struc-
tures were optimized at the hybrid-type B3LYP functional 
(Becke’s three-parameter hybrid exchange functional cou-
pled with the Lee–Yang–Parr non-local correlation func-
tional) [69, 70] employing the associated parametrization 
of Vosko-Wilk-Nusair [71] which treats the electron cor-
relation. The numerical integration procedure applied for 
the calculations was developed by Te Velde et al. [68]. The 
atom electronic configurations were described by a triple-ζ 
Slater-type orbital (STO) basis set for H 1 s, C 2 s and 2p,O 
2 s and 2p augmented with a 3d single-ζ polarization for 
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C and O atoms and with a 2p single-ζ polarization for H 
atoms. Full geometry optimizations were carried out using 
the analytical gradient method implemented by Versluis 
and Ziegler [72]. Frequency calculations [73, 74] were per-
formed on all the studied molecules of singlet spin state 
to check that the optimized structures are at local minima 
on the potential energy surface. The solvent effect using 
the Conductor-like Screening Model for Realistic Solvent 
(COSMO-RS) developed by Klamt and co-workers [75] 
was introduced in the single-point DFT calculations, where 
the Cartesian coordinates were extracted from the geome-
try optimizations. Representation of the molecular orbitals 
and molecular structures was done using ADF-GUI [63].

Molecular docking

The docking analyses of the candidate ligands Eug 1, Ging 2, 
AA 3, Oleu 4, Pip 5, Hesp 6, Quer 7, Lute 8, and Cur 9 with 
human pancreatic lipase protein (1LPB) were carried out 
using the AutoGrid and AutoDock programs (version 4.2.6) 
implemented in AutoDock Tools (ADT 1.5.6) software [76]. 
The 3D crystal of the pancreatic lipase (PDB ID: 1LPB) was 
downloaded from the Protein Data Bank (PDB) (http:// www. 
pdb. org/ pdb/ home/ home. do) [77], whereas for the ligands, 
the B3LYP/TZP optimized structures were used.

The 1LPB protein was cleaned by removing all water 
molecules, ligands, and ions using UCSF Chimera (ver 
1.10.2) [78]. Then, non-polar hydrogens and Kollman partial 
charges were added. The binding conformation between can-
didate ligands and pancreatic lipase enzyme 1LPB was then 
performed using the Lamarckian genetic algorithm (LGA) 
[76]. The docked receptor and ligand interactions were visu-
alized using CHIMERA (UCSF) [78] BIOVIA Discovery 
studio visualizer (version 1.10.2) [79].

Results and discussion

Geometry optimizations

The Eug 1, Ging 2, AA 3, Oleu 4, Pip 5, Hesp 6, Quer 
7, Lut 8, and Cur 9 structures are optimized as global 
minimums and are checked as true ones by frequency cal-
culations (Fig. 1). The optimized structures of the afore-
mentioned compounds give rise to an average C–C bond 
distance of 1.398 within the six-membered rings corre-
sponding to a delocalized π-electrons system as reported 
earlier [80–88] and reproduce the geometrical parameters 
found in an earlier work with an alternation between single 
and double bond of 1.336 and 1.522 Å, respectively, within 
the –CH2–CH‒CH2 allylic group encountered in Eug 1 and 
Cur 9 [89, 90].

The 6-gingerol considered Ging 2 is optimized as the 
most stable isomer compared to 8 and 10-gingerols. The 
Ging 2 presents an aromatic six-membered ring connected 
to a distorted hydrocarbon chain composed of carbon atoms 
 sp3 hybridized.

For Pip 5, the C–C and C–N bond distances are of 1.54 
and 1.46 Å of the saturated ring 1, respectively. The struc-
tures of Quer 7 and Lut 8 as flavonoids differ only by the 
presence of an additional OH group in quercetin.

The enolic isomer of Cur 9 is found as global minimum 
structure computed more stable than the ketonic one by 
6.0 kcal/mol as reported earlier [90]. The enolic isomer 
demonstrates a distorted structure in relationship with 
the  sp3 hybridization of the carbon atoms of the aliphatic 
hydrocarbon chain. The planarity of different compounds, 
particularly Quer 7 and Lut 8, predicts strong π-π stacking 
and van der Waals interactions which could insert inside 
the protein.

Fig. 1  Optimized structures for 
Eug 1, Ging2, AA 3, Oleu 4, 
Pip 5, Hesp 6, Quer 7, Lut 8, 
and Cur 9 compounds

http://www.pdb.org/pdb/home/home.do
http://www.pdb.org/pdb/home/home.do


226 Structural Chemistry (2024) 35:223–239

1 3

Molecular properties

Global reactivity descriptors Chemical descriptors of Eug 
1, Ging 2, AA 3, Oleu 4, Pip 5, Hesp 6, Quer 7, Lut 8, and 
Cur 9 compounds were calculated to predict a comparison 
of their possible biological activities. The HOMO–LUMO 
gaps, the chemical hardness [53, 54], and chemical potential 
and global electrophilicity [55–57] are grouped in Table 1 
and the variation curves of HOMO–LUMO gaps and the 
global electrophilicity variations are plotted in Fig. 3.

The HOMO and LUMO energies are fundamental deter-
mining the chemical stability and the chemical activity of 
molecular species [91, 92]. Although the HOMOs energies 
and their localizations for all compounds are more or less 
comparable as sketched in Fig. 2, the LUMO energies can 
be divided into two groups; one is composed of Eug 1, Ging 
2, AA 3, and Oleu 4 corresponding to high-lying orbitals, 

but the second is composed of Pip 5, Hesp 6, Quer 7, Lut 8, 
and and Cur 9 that corresponds to low-lying ones as shown 
in Fig. 2. Large HOMO–LUMO gaps of about 5.0 eV are 
computed of Eug 1, Ging 2, AA 3, and Oleu 4, while those 
for Pip 5, Hesp 6, Quer 7, Lut 8, and Cur 9 are in the range 
3.033–4.44 eV, predicting more reactivity for the latter group 
than the former one, which are good indicators for reactivity 
when going from group 1 to group 2. The LUMOs of group 
2 compounds are more accessible orbital for electrons than 
those of group 1 one as sketched in Fig. 2. Accordingly, the 
calculated descriptors predict low biological activities of 
Eug 1, Ging 2, AA 3, and Oleu 4, but high and comparable 
ones of Hesp 6, Quer 7, Lut 8, and Cur 9.

The LUMO energies obey the downward order: 
1 > 2 > 4 > 3 > 6 > 7 ≈ 8 > 5 > 9, whereas the HOMO 
energies follow the upward order: 3 ≈4 < 8 < 2 ≈ 
6 < 7 < 5 < 9 < 1, ref lecting the decreasing and the 

Table 1  The molecular 
properties (HOMO and LUMO 
energies and HOMO–LUMO 
gap, ionization energy, electron 
affinity, chemical potential and 
electrophilicity in eV, and the 
dipole moment in Debye) for 
Eug1, Ging 2, AA 3, Oleu 4, 
Pip 5, Hesp 6, Quer 7, Lut 8, 
and Cur 9 compounds

Molecular descriptor Eug 1 Ging 2 AA 3 Oleu4 Pip5 Hesp6 Quer7 Lut 8 Cur9

EHOMO −5.57 −6.20 −6.59 −6.510 −5.719 −6.280 −6 059 −6.367 −5.654
ELUMO −0.70 −1.23 −1.64 −1.448 −2.630 −2.002 −2.429 −2.399 −2.622
HOMO–LUMO gap 4.87 4.98 4.96 5.065 3.666 4.442 3.630 3.960 3.033
Ionization potential 5.57 6.20 6.59 6.510 5.719 6.280 6 059 6.367 5.654
Electron affinity (EA) 0.70 1.23 1.64 1.448 2.630 2.002 2.429 2.399 2.622
Chemical hardness (η) 2.435 2.49 2.48 2.532 1.833 2.089 1.815 2.980 1.517
Chemical potential (μ) −3.13 −3.71 −4.11 −3.979 −3.886 −4.140 −4.244 −4.383 −4.138
Electrophilicity (ω) 2.02 2.79 3.41 3.126 4.119 4.210 4.961 4.850 5.64
Dipolar moment 5.05 5.29 4.43 4.11 4.38 8.09 7.37 7.25 7.71

Fig. 2  HOMO and LUMO 
representations for Eug 1, Ging 
2, AA 3, Oleu 4, Pip 5, Hesp 
6, Quer 7, Lut 8, and Cur 9 
compounds. Molecular orbital 
contour values are ± 0.06 (e/
Borh.3)
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increasing of the electron acceptor and the electron donor 
roles, respectively. The Koopmans ionization poten-
tial is the negative of the orbital energy of the HOMO 
(IP = -EHOMO) from which the electron is removed, which 
does not account for nuclear or electronic relaxation upon 
ionization, but is a good estimation of the vertical ioniza-
tion potential. Conversely, the electron affinity (EA) is the 
negative of the orbital energy of the LUMO (EA = -ELUMO) 
to which an electron is added [93].

Besides, DFT approximately satisfies Koopmans’ theo-
rem, in which the HOMO energy is identical to the minus IP 
when the orbital relaxation is neglected [94, 95].

The chemical hardness η = 1/2(IP – EA) [53, 54]. The 
chemical potential is given by the formula μ = −(IP + EA)∕2 , 
while the electrophilicity index is described by � = �2∕2� 
measuring the electrophilic nature of molecule [55–57], 
which it has been used to predict biological activity [96–98].

The electrophilicity (ω) varies inversely to the 
HOMO–LUMO gap and the chemical hardness (η), but it 
increases with the augmentation of the square of chemical 
potential (μ). The HOMO–LUMO gaps and the electrophi-
licity variations are given in Table 1 and Fig. 3, where the 
smallest value of 2.02 is calculated for Eug 1 corresponding 
to a large value of HOMO–LUMO gap of 4.87 eV.

Cur 9 exhibits the highest value of electrophilicity 
of 5.64 eV, which corresponds to the smallest value of 
HOMO–LUMO gap of 3.033 eV, predicting numerous bio-
logical activities, like as the antiviral one, which highlighted 

by previous works [37, 38]. This high electrophilicy’s value 
is related to the relatively less large HOMO–LUMO gap of 
3.033 eV compared to the more large ones of 4.98, 4.96, and 
5.055 eV computed for Ging 2, AA 3, and Oleu 4, respec-
tively, from Table 1 and Fig. 3. Hence, the possible reactiv-
ity order is established as follows: Eug 1 < Ging 2 < Oleu 
4 < AA 3 < Pip 5 < Hesp 6 < Lut 8 < Quer 7 < Cur 9.

Local reactivity descriptors

The analysis of the local reactivity is important to exam-
ine and understand the intermolecular reactivity in order to 
identify and determine which molecule sites are favored to 
electrophilic and nucleophilic attacks. Therefore, we inves-
tigated the local reactivity of selected compounds through 
the Fukui functions [99-101], local electrophilicity (relative 
electrophilicity), and local softness (relative nucleophilicity) 
using Hirshfeld charges [102].

Isosurface Fukui maps of electrophilic attack f −
k

 , nucleo-
philic attack f +

k
 , and also the most high values of calculated 

Fukui functions f +
k

 and f −
k

 using Hirshfeld atomic charges for 
the best five ligands Pip 5, Hesp 6, Quer 7, Lut 8, and Cur 9 
are presented in Fig. 4, whereas for the remaining ones (Eug 
1, Ging 2, AA 3, and Oleu 4), the isosurface Fukui maps 
of electrophilic attack f −

k
 and nucleophilic attack f +

k
 are pre-

sented in Fig. S1 (see Supplementary data). All calculated 
values of Fukui functions f +

k
 and f −

k
 , local electrophilicity 

( �+
k
 , �−

k
 ), and local softness ( �+

k
 , �−

k
 ) using Hirshfeld atomic 

Fig. 3  HOMO–LUMO gaps 
(H–L) and electrophilicities (ω) 
in eV of Eug1, Ging 2, AA 3, 
Oleu 4, Pip 5, Hesp 6, Quer 7, 
Lut 8, and Cur 9 compounds
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charges for all ligands are summarized in Supplementary data 
Tables S1 and S2. Thus, the dual local descriptors ∆f(r) are 
defined as the difference between the nucleophilic f +

k
 and 

electrophilic f −
k

 Fukui functions. If ∆f(r) > 0, the active site 
is favored for a nucleophilic attack, whereas if ∆f(r) < 0, the 
active site (k) may be favored for an electrophilic attack. As 
can be seen from Fig. 4 for Hesp 6 molecule, the isosurface 
of nucleophilic attack ( f +

k
 ) is mainly localized on both phenyl 

ring (ring 1) and its substituents of hydroxyl and methoxy 

groups associated with the maximum values of the nucleo-
philic attack at C1 (0.051), O7 (0.063), and O9 (0.065). The 
isosurface of electrophilic attack ( f −

k
 ) is localized around the 

rings 2 and 3, with the maximum values at C18 (0.122) and 
O20 (0.125). For Pip 5, the isosurfaces of nucleophilic and 
electrophilic attacks are uniformly distributed throughout the 
compound, with the maximum values of the nucleophilic 
attack at O19 (0.064) and C9 (0.077), while the maximum val-
ues of the electrophilic attack at C9 (0.064) and C12 (0.083).

Fig. 4  Isosurface Fukui maps 
of electrophilic attack f −

k
 (left), 

nucleophilic attack f +
k

 (right), 
and the most high values of 
Fukui functions f −

k
 and f +

k
 

(center) for Pip 5, Hesp 6, Quer 
7, Lut 8, and Cur 9 ligands
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A similar behavior is observed for Quer 7 and Lut 8, 
where the isosurfaces of nucleophilic and electrophilic 
attacks are distributed almost uniformly over the molecular 
structures. It can be observed in Fig. 4 that the oxygen atom 
of carbonyl group on the ring 2 of both Quer 7 and Lut 8 
structures exhibits the most favorable center of electrophilic 
attacks of 0.087 and 0.084 values, respectively.

The most favorable sites of nucleophilic attacks are O22 
(0.053), O13 (0.055), C18 (0.064), and C3 (0.077) for Quer 
7 and O20 (0.061) and C9 (0.070) for Lut 8 compound. 
However, it may be noted that the distribution of centers 
of electrophilic and nucleophilic is approximately on the 
entire atoms of Quer 7 and Lut 8 compounds due likely 
to the existence of π-electrons resonance between double 
bonds and/or aromatic ring systems (rings 1, 2, and 3), 
and also to the presence of electron donor character of the 
hydroxyl substituents.

The Fukui analysis of Cur 9 (Fig. 4) reveals that the most 
possible sites for nucleophilic attack is C13 (0.065) and the 
most possible site for electrophilic attack is C10 (0.065) 
followed by the C14 (0.058) and C12 (0.051). In addition, 
the isosurfaces of nucleophilic and electrophilic attacks are 
uniformly distributed throughout the Eug 1 and AA 3 com-
pounds (see Fig. S1 of Supplementary information).

The results obtained, given in Fig. S1 (supplementary 
information), showed that the isosurfaces of nucleophilic 
attacks of Ging 2 molecule are localized on both phenyl 
ring and their substituents of hydroxyl and methoxy groups, 
whereas the most probable electrophilic attack site is mainly 
localized on carbonyl group C12 and O21. On the other 
hand, the most plausible electrophilic attack site of Oleu 4 
molecule is localized at C6 atom, while that of nucleophilic 
attack one is localized on O22.

Docking results

The docking analysis results of predicted free binding 
energy (BE), estimated inhibition constant (KiC), total 
intermolecular energy (TIE), final total internal energy 
(FIE), and electrostatic energy (EE) between the nine 
candidate ligands and binding sites of 1LPB (best dock-
ing poses obtained) are outlined in Table 2. The best 
docking positions of the Lut 8, Hesp 6, Pip 5, Quer 7, 
and Cur 9 ligands at the binding site residues of the 
receptor protein 1LPB (associate with the lowest energy 
of Table 2 results) are shown respectively in Figs. 6, 7, 
8, 9 and 10, and their amino acid residues involved in 
the interactions are summarized in Table 2. The main 
ligand-receptor distances were measured using BIOVIA 
discovery studio visualize [79]. However, the remaining 
complexes (Eug1@1LPB, Ging2@1LPB, AA3@1LPB, 
and Oleu4@1LPB) are described in Supplementary 
information (Table S10 and Figs. S2–S5).

Based on the interaction data (Table 2), it can be observed 
that all free binding energies are negative, suggesting favora-
ble interactions between the different candidate ligands and 
the pancreatic lipase 1LPB. All ligands bind to the active 
sites of the protein target with binding affinities ranging 
from −3.21 to −8.58 kcal/mol, which Lut 8, Hesp 6, Pip 
5, Quer 7, and Cur 9 ligands exhibit significant affinities 
towards the 1LPB compared to the remaining studied ligands 
(Eug 1, Ging 2, Oleu 4, and AA 3) as schematically outlined 
in Fig. 5, and were found to be in the following increas-
ing order: Lut 8 < Hesp 6 ≃ Pip 5 < Quer 7 < Cur 9 < Eug 
1 < Ging 2 < Oleu 4 < AA 3.

The molecular docking results (Table 2) revealed that 
the Lut 8 compound exhibits the highest binding affin-
ity (−8.58 kcal/mol) and lowest inhibition constant KiC  
(504 nM) among the other candidate ligands.

Recently, George and co-workers [103] have widely 
investigated a series of synthesized indole-thiazolidinedione 
hybrid analogues as potential pancreatic lipase inhibitors by 
both in vitro and in silico approaches. The biological evalu-
ation results showed that the 7 k and 7 m ((Z)-3-Benzyl-
5-(1-benzyl-2-oxoindolin-3-ylidene)thiazolidine-2,4-dione 
and (Z)-3-Benzyl-5-(1-(4-bromobenzyl)-2-oxoindolin-
3-ylidene)-thiazolidine-2,4-dione) exhibited the most poten-
tial inhibitory activity against pancreatic lipase compared to 
their studied analogues.

The molecular docking results are in perfect agreement 
with experiment analysis, and confirmed that 7 k and 7 m 
compounds have the best affinity against the human pancre-
atic lipase (PDB ID: 1LPB). Motivated and intrigued by the 

Table 2  Calculated  parameters(a–e) of docked nine candidate ligands 
at human pancreatic lipase 1LPB protein

a BE: free energy of binding (kcal/mol)
b KiC: estimated inhibition constant, Ki (µM: micromolar/mM: milli-
molar and nM: nanomolar)
c TIE: total intermolecular energy (kcal/mol)
d FIE: final total internal energy
e EE: electrostatic energy (kcal/mol)

Rece BEa KiCb TIEc FIEd EEe

Eug1@1LPB −5.68 68.72 µM −6.87 −0.32 −0.53
Ging2@1LPB −4.76 325.43 µM −8.64 −1.61 −0.35
AA3@1LPB −3.21 4.45 mM −4.70 −1.83 −0.52
Oleu4@1LPB −3.58 2.39 mM −8.35 −6.54 −0.30
Pip5@1LPB −7.56 2.87 µM −8.46 −0.46 −0.15
Hesp6@1LPB −7.53 3.00 µM −12.01 −6.26 −1.27
Quer7@1LPB −6.89 8.94 µM −8.68 −1.72 −0.77
Lut8@1LPB −8.58 505 nM −10.08 −1.87 −0.35
Cur9@1LPB −6.72 11.89 µM −9.70 −2.81 −0.42
7 k@1LPB [[[103]]] −8.21 956.37 nM −9.41 −1.31 −1.17
7 m@1LPB [[[103]]] −8.45 432.13 nM −9.88 −1.14 −0.02
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high affinity interaction observed of 7 k and 7 m compounds 
with 1LPB target protein [103], we have thus studied the 
complex formation of 7 k@1LPB and 7 m@1LPB by using 

the same process used in our present investigation, in order 
to evaluate and compare the results and the behavior of the 
ligand–protein complexes. The docking results for the best 

Fig. 5  The binding free energy 
values in kcal/mol for various 
Eug1, Ging 2, AA 3, Oleu 4, 
Pip 5, Hesp 6, Quer 7, Lut 8, 
and Cur 9 compounds

1 2 3 4 5 6 7 8 9

-8.5

-8.0

-7.5

-7.0

-6.5

-6.0

-5.5

-5.0

-4.5

-4.0

-3.5

-3.0

)lo
m/lack(

ygrenE

Compound

Binding free energy

Fig. 6  3D visual representations of Lut8@1LPB complex; a best binding mode in the protein pocket, b amino acid residues involved in the interaction



231Structural Chemistry (2024) 35:223–239 

1 3

binding pose of the tested ligands 7 k and 7 m with 1LPB pro-
tein are listed in the bottom of Table 2. The calculated bind-
ing affinity energies were found to be −8.21 and −8.45 kcal/
mol for 7 k and 7 m, respectively, which are comparable to  
our findings (Table 2), but slightly lower in energy to that 
found for Lut 8. It is worth noting that the binding energies 
obtained for pip 5, Hesp6, Quer 7, and Lut 8 are comparable 
to those obtained for aurone and its derivatives [13], catechin 
and chlorogenic acid [104], and to Quer and Hesp [20, 44] 
as natural products. Nevertheless, Pip 5 and Hesp 6 ligands 
have important free binding energy and occupy the second 
rank of binding affinity (−7.53 and −7.56 kcal/mol), with 
the lowest inhibition constants KiC (3.00 and 2.87 µM) com-
pared to the remaining studied ligands except for Lut 8 (see 
Table 2). The molecular docking results (Fig. 6) displayed 
that the Lut 8 compound interacted with the binding site of 
the 1LPB receptor at the coordinate center of 8.98, 25.12, and 
50.09. The Lut 8 formed six conventional hydrogen bonds 
with the active site of 1LPB including Asp79(B), His151(B), 
Gly76(B), Ser152(B), Phe215(B), and Tyr114(B) amino acid 
residues, which interacted via the hydroxyl groups at aro-
matic rings (ring 2 and 3) and also via the ring oxygen atom 
of oxa at ring 2. All the hydrogen bond distances between the 
corresponding amino acid residues and Lut 8 compound are 
found in the range 1.85 − 2.37 Å.

In addition, Lut 8 compound interacted with the bind-
ing site of the 1LPB receptor through three electrostatic 
interactions (π-cation) including His263(B) and His151(B) 
residues, and two π-alkyl interactions with both amino acid 
residues of Ala260(B) and Ala(178), as depicted in Fig. 6b 
and Table 2. It should be emphasized that the high affinity 
interaction between Lut 8 and 1LPB target protein is directly 
related to orientation of aromatic rings 1 and 2 in relation 
with ring 3, and in particular the position of hydroxyl sub-
stituents on the rings. This observation corroborates per-
fectly with our results obtained from the Fukui function.

It is worth noting that the best docking poses of Pip 5 
and Hesp 6 ligands (Figs. 7 and 8) are not docked in the 
same active site of the receptor protein 1LPB, located at 
coordinates −8.82, 21.42, 31.56 and 4.22, 25.68, 34.68, 
respectively. Moreover, based on the docking analysis results 
depicted in Fig. 7 and given in Table 3, the main intermolec-
ular interactions between the Hesp 6 and 1LPB imply both 
chains A and B that are mainly governed by the hydrogen 
bonding, whose several amino acid residues are involved in 
the binding mode such as Glu13(A), Arg337(B), Lys367(B), 
Ala332(B), Asp387(B), and Asp328(B). All the hydrogen 
bond distances found for Hesp6@1LPB are observed within 
the range of 1.83 Å to 2.92 Å, in which the hydrogen atom 
of hydroxyl group (in rings 3, 4, and 5, as illustrated in 

Fig. 7  3D visual representations of Hesp6@1LPB complex; a best binding mode in the protein pocket, b amino acid residues involved in the 
interaction
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Fig. 7b) interacted with Glu13(A), Gln29(A), Ala332(B), 
Arg337(B), Asp328(B), and Asp387(B), respectively, while 
the oxygen atoms both at the Tetrahydropyrane rings 4 and 
5 (Fig. 7b) and the ether link formed hydrogen bonds with 
Lys367(B) and Asp328(B).

In addition to hydrogen bonding, the interaction of Hesp 
6 at the active site of 1LPB involves also the hydrophobic 
(alkyl, π-alkyl) and anion–π non-covalent interactions with 
several amino acid residues including Ala40(A), Arg38(A), 
Leu41(A), and Ala332(B). On the other hand, in the best 
docking position of Pip 5 ligand at the active site of 1LPB, 
the hydrophobic interactions of amide-Pi stacked, alkyl 
and π-alkyl play a key role in stabilizing Pip5@1LPB com-
plex (Fig. 8b), including Tyr267(B), Trp85(B), Val89(B), 
Lys268(B), and Ala332(B), whereas Ser333(B) formed a 
single hydrogen bond with the oxygen atom of carbonyl 
group in Pip 5 ligand with a distance of 1.97 Å.

Furthermore, our results (Table 2) provide evidence that 
Quer 7 and Cur 9 ligands exhibit also a significant affinity 
with 1LPB receptor, occupy the third place in terms of bind-
ing affinity (−6.89 and −6.72 kcal/mol, respectively). The 
Quer 7 ligand has shown four conventional hydrogen bonds 
with the key amino acid residues Asp249(B), Lys268(B), 
Asp331(B), and Asp257(B) via its hydrogen atoms of 
hydroxyl functional groups, while Lys239(B) showed 

interactions with the oxygen atoms of hydroxyl group (see 
Fig. 9 and Table 2).

In addition, the Quer 7 showed π-sigma interaction with 
Ser333(B), π-alkyl interaction with Ala332(B), and also 
an electrostatic interaction (π-cation or π-anion) of both 
amino acid residues Arg265(B) and Asp247(B). On the 
other hand, Cur 9 ligand (Fig. 10 and Table 3) formed five 
conventional hydrogen bonds with the nearest amino acid 
residues Ser333(B), Lys268(B), Asp249(B), Arg265(B), and 
Asp257(B), and one carbon hydrogen bond with Asn88(B). 
Only one other π-anion interaction was detected between 
Asp247(B) and aromatic ring (ring 1). It was observed from 
the present result (Table 2) that the Eug1@1LPB complex 
has shown a considerable binding energy (BE =  − 5.68 
kcal/mol), associated with a inhibition constant value 
KiC = 68.72 µM, by interacting with nearest residues 
Lys239(B), Asp331(B), Arg265(B), Gln244(B), Cys261(B), 
and Asp247(B) of 1LPB via four hydrogen bonds, two car-
bon hydrogen bonds, one alkyl interaction, and two electro-
static interactions (π-cation or π-anion).

In the case of Ging 2 ligand, the best docking position 
at the pocket of 1LPB is characterized by binding energy 
of −4.76 kcal/mol and inhibition constant KiC of 325.43 µM 
(see Table 2). The interaction map between Ging 2 and the 
1LPB protein is illustrated in Fig. S3 in Supplementary data.  

Fig. 8  3D visual representations of Pip5@1LPB complex; a best binding mode in the protein pocket, b amino acid residues involved in the interaction
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Only two conventional hydrogen bonds were formed between 
Ging 2 and 1LPB, including Glu253(B) and Asp257(B) 
and one carbon hydrogen bond with Lys268(B). Besides 
hydrogen bonding, there are two electrostatic interactions 
(π-cation or π-anion) with Arg265(B) and Asp147(B), and 
two alkyl or π-alkyl with Ile248(B) and Lys268(B), as shown 
in Fig. S3 and Table 3.

Additionally, our molecular docking results (Table 2) 
showed that the AA 3 and Oleu 4 compounds have very close 
values of binding energy (in the range −3.21 to −3.58 kcal/
mol), and have a higher values of inhibition constant (2.39 to 
4.45 mM) compared with all previously studied compounds.

Compound AA 3 interacts with the binding site of the 
1LPB receptor and stabilizes only through hydrogen bonds 
as presented in Fig. S4b. Hydroxyl groups of AA 3 structure 
play an essential role in making these interactions with the 
key amino acid residues of the site Asp272(B), Ser333(B), 
and Asp249(B), whereas the Oleu 4 compound interacts 
with the active site of the 1LPB receptor via three differ-
ent types of interactions including nine conventional hydro-
gen bonds involving Arg265(B), Asp257(B), Glu257(B), 
Asn92(B), Lys95(B), and Ser333(B), one carbon hydro-
gen bond with Asp272 (B), and one alkyl interaction via 
Lys268(B) (Fig. S5 and Table 3).

Table 3  Amino acids involved in interactions of Pip 5, Hesp 6, and Lut 8 ligands at human pancreatic lipase 1LPB protein

Rece. Amino acid involved in interaction (Interaction site) Distances (Å)

Lut8@1LPB Asp79(B), His151(B), Gly76(B), Ser152(B), Phe215(B), Tyr114(B), His263(B), 
Ala178(B), and Ala260(B)

Lig − Asp79(B) (2.09)
Lig − His151(B) (1.97, 4.49)
Lig − Gly76(B) (1.85)
Lig − Ser152(B) (2.30)
Lig − Phe215(B) (2.30, 4.79)
Lig − Tyr114(B) (2.37, 4.94)
Lig − His263(B) (3.40, 3.98)
Lig − Ala178(B) (4.81)
Lig − Ala260(B) (5.39)

Hesp6@1LPB Ala40(A), Glu13(A), Arg38(A), Gln29(A), Leu41(A), Arg337(B), Lys367(B), Ala332(B), 
Asp387(B), Asp328(B), and Asp331(B)

Lig − Ala40(A) (5.00)
Lig − Glu13(A) (2.08, 1.89)
Lig − Arg38(A) (4.04, 5.18)
Lig − Gln29(A) (3.69, 3.67)
Lig − Leu41(A) (5.46)
Lig − Arg337(B) (2.92, 2.59)
Lig − Ala332(B) (2.91, 5.38)
Lig − Asp387(B) (1.83, 2.43)
Lig − Asp328(B) (2.46)
Lig − Lys367(B) (2.03, 2.74)
Lig − Asp331(B) (3.30)

Pip5@1LPB Ser333(B), Trp85(B), Tyr267(B), Val89(B), Lys268(B), Phe335(B), and Ala332(B) Lig − Ser333(B) (1.97)
Lig − Trp85(B) (5.07, 5.07)
Lig − Tyr267(B) (4.61)
Lig − Val89(B) (5.13)
Lig − Lys268(B) (5.21, 2.71, 3.62)
Lig − Phe335(B) (5. 02)
Lig − Ala332(B) (5.02)

Quer7@1LPB Asp249(B), Lys268(B), Asp331(B), Lys239(B), Asp257(B), Ser333(B), Arg265(B), 
Asp247(B), and Ala332(B)

Lig − Asp249(B) (2.00, 4.77)
Lig − Lys268(B) (1.93, 4.66, 6.24)
Lig − Asp331(B) (1.83)
Lig − Lys239(B) (2.21, 2.33, 2.71)
Lig − Asp257(B) (2.54)
Lig − Ser333(B) (2.21, 2.71, 2.33)
Lig − Arg265(B) (3.74)
Lig − Asp247(B) (4.07)
Lig − Ala332(B) (5.30)

Cur9@1LPB Ser333(B), Lys268(B), Asp249(B), Arg265(B), Asp257(B), Asn88(B), and Asp247(B) Lig − Ser333(B) (2.03)
Lig − Lys268(B) (2.19, 4.56)
Lig − Asp249(B) (2.03)
Lig − Arg265(B) (2.81)
Lig − Asp257(B) (1.93)
Lig − Asn88(B) (3.59)
Lig − Asp247(B) (4.63)
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Fig. 9  3D visual representations of Quer7@1LPB complex; a best binding mode in the protein pocket, b amino acid residues involved in the 
interaction

Fig. 10  3D visual representations of Cur9@1LPB complex; a best binding mode in the protein pocket, b amino acid residues involved in the 
interaction
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ADMET predictions, pharmacokinetics, drug‑like 
likeness, and toxicity

ADMET (Absorption, Distribution, Metabolism, Excre-
tion, and Toxicity) predictions were employed to evalu-
ate and compare the drug-likeness and pharmacokinetics 
properties of our nine natural products by using the Swis-
sADME server, which is freely available online http:// 
www. swiss adme. ch/ index. php. Moreover, in silico toxic-
ity predictions was carried out employing ProTox-II web 
server (https:// tox- new. chari te. de/ protox_ II/ index. php? 
site= home). Lipophilicity and water solubility are two 
important properties related to drug absorption and distri-
bution in biological systems. The high solubility of a drug 
in water significantly facilitates its handling and formula-
tion. However, the optimum lipophilicity of a drug ensures 
its facile penetration in the lipid bilayer. In contrast, low 
water solubility and high lipophilicity obstructs drugs’ 

excretion in human metabolism, thereby increases toxicity 
due to its longer residence in the body.

The predicted values of lipophilicity (iLOGP and Consen-
sus  LogPo/w) and water solubility (LogS (ESOL) and LogS 
(Ali)) are illustrated in Fig. 11, and all ADMET evaluation 
findings are detailed in supplementary data (Table S11). 
Based on the predicted LogS (ESOL) and Log S (Ali) val-
ues from SwissADME (Table 4 and Fig. 11), all the nine 
studied compounds shown less water solubility which have 
negative values of log S (ESOL) and Log S (Ali) from −2.16 
to −4.96, except for the AA compound which has good water 
solubility (log S (ESOL) = 0.23). However, from the consen-
sus Log  Po/w and ILOGP values illustrated in Fig. 11, AA 
3, Oleu 4, and Hesp 6 showed poor lipophilicity character, 
whereas for Eug 1, Ging 2, Pip 5, Quer 7, Lut 8, and Cur 9 
compounds exhibited good lipophilicity.

On the other hand, the blood–brain barrier (BBB) pen-
etration results, shown in Table 4, reveals that only Eug 1, 

Fig. 11  Predicted lipophilicity 
(iLOGP and Consensus Log 
 Po/w) and water solubility (Log 
S (ESOL) and Log S (Ali)) of 
the nine studied compounds

Table 4  Pharmacokinetics 
properties of the nine studied 
compounds

Ligands Molecular weight 
(g/mol)

Water solubility GI absorption BBB permeant

Eug 1 164.20 Soluble High Yes
Ging 2 294.39 Soluble High Yes
AA 3 176.12 Highly soluble High No
Oleu 4 540.51 Soluble Low No
Pip 5 285.34 Soluble High Yes
Hesp 6 610.56 Soluble Low No
Quer 7 302.24 Soluble High No
Lut 8 286.24 Soluble High No
Cur 9 368.38 Soluble High No

http://www.swissadme.ch/index.php
http://www.swissadme.ch/index.php
https://tox-new.charite.de/protox_II/index.php?site=home
https://tox-new.charite.de/protox_II/index.php?site=home
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Ging 2, and Pip 5 may readily cross the blood–brain barrier. 
Furthermore, with the exception of Olue 4 and Hesp 6, all 
compounds have high gastrointestinal absorption (GI), as 
displayed in Table 4.

The hepatoxicity and cytotoxicity results were observed 
inactive for the nine studied compounds. For carcinogenic-
ity prediction, the Pip 5, Quer 7, and Lut 8 compounds were 
obtained active with probability score, while for the remain-
ing compounds (Eug 1, Ging 2, AA 3, Oleu 4, Hesp 6, and 
Cur 9) were obtained inactive with probability score, as 
reported in Table S12.

Conclusion

This theoretical investigation is based on the DFT-opti-
mized structures and exploiting the global and local 
chemical descriptors. The HOMO and LUMO nega-
tive energies involve high stability which is required for 
ligand–protein stabilizing interactions. The smallest energy 
HOMO–LUMO gap induces the highest influence on inter-
molecular charge transfer and bioactivity. Hence, a large 
energy HOMO–LUMO gap reduces the electron ability 
and weakens the inhibition affinity towards the target pro-
tein, although the HOMO energies are comparable for all 
compounds, whereas those of LUMOs are divided into two 
groups; the first composed of eugenol, gingerol, ascorbic 
acid, and oleuropein with high energies and the second 
compose of pepirine, hesperidin, Luteolin, and curcumin 
with low energies giving rise to the best ligand–protein 
interactions. This tendency is corroborate by molecular 
docking analysis, where the best interactions highlighting 
the pancreatic lipase inhibition are found for Lut 8 followed 
respectively by those of Pip 5, Hesp 6, Quer 7, and Cur 9. 
The frontier orbital localizations and Fukui functions are 
in good relationship with interaction types described by 
molecular docking. The frontier orbital localizations point 
out the interaction type with the active sites of the lipase 
protein described by molecular docking which are mainly 
of π-π and hydrogen bonding interactions.

The paper evidences that these natural products could 
serve as therapeutic agents to treat the human obesity safety 
and with low cost.
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