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ABSTRACT

Introduction: Obesity can lead to death with associated high-risk diseases such as cardiovascular disease,  
diabetes, hypertension, stroke and cancer. Obesity results from an excessive dietary fat intake. Pancreatic lipase 
(PL) is an enzyme that plays a major role in hydrolyzing fats into monoacylglycerol and fatty acids that can be  
absorbed into the small intestine. One of the strategies to treat obesity is by reducing fat absorption via PL  
inhibition. This study aims to search for potential PL inhibitors from selected Malaysian plants capable of  
reducing fat absorption. Methods: Potential PL inhibitors were virtually screened using AutoDock Vina against  
reported phytochemical compounds from the peels, fruits and leaves of five selected citrus plants namely  
Citrus aurantifolia (C. aurantifolia), C. grandis, C. medica, C. hystrix and C. microcarpa. Results: The results were  
classified based on the free energy of binding into three groups: high, moderate, and low inhibition. Eight  
compounds exhibited high activity against PL. Citrus grandis contributed the highest number of compounds,  
followed by C. medica, C. microcarpa, C. aurantifolia, and C. hystrix. To validate these findings, 15 methanolic 
extracts from various parts of these citrus plants were subjected to in vitro bioassays. Notably, the fruit extract  
of C. medica demonstrated the most potent PL inhibition at 62.59%, possibly due to the presence of  
diosmetin-6-C-glucoside. Conclusions: In conclusion, virtual screening of small molecules derived from selected 
citrus plants offers valuable insights into molecular docking and C. medica emerges as a potential anti-obesity  
plant.
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INTRODUCTION

Obesity and excess weight have emerged as significant 
global health concerns. Malaysia is at an alarming  
rate of obesity being ranked as the most obese 
population in South-East Asian countries. In essence, 
obesity can be described as an outcome arising from 
an imbalance between calorie intake and expenditure 
by the body [1]. Another perspective defines obesity 
as a medical condition characterized by the excessive 
accumulation of body fat due to an energy imbalance [2].  
Consequently, obesity is a complex condition that 
significantly elevates the risk of various serious 
metabolic disorders, including diabetes, hypertension, 
stroke, osteoarthritis, cancer, cardiovascular diseases, 
and sleep-breathing disorders [3].  

A person is categorised as obese if the Body Mass  
Index (BMI) equals or exceeds 30 (30kg/m2) [4].   
Obesity brings out various physical issues, including 
sleep apnea, joint pain, a shortened life expectancy, 
and a decline in overall quality of life [5-8]. Multiple 
approaches exist for addressing obesity, encompassing 
dietary therapy, physical activity, behavioural 
therapy, and pharmacotherapy [9-11].  In terms of 
pharmacotherapy, one strategy involves the prevention 
of obesity through the inhibition of pancreatic lipase 
activity, which, in turn, suppresses the digestion and 
absorption of dietary fat [12, 13].  

Obesity treatment encompasses two mechanisms:  
one is centrally acting, which regulates food intake, 
while the other is peripherally acting, governing the 
absorption, storage, and metabolism of dietary fat  
[14-17]. Within our body, lipase, a pancreatic enzyme, 
plays a pivotal role in the digestion and absorption of 
dietary fats. In fact, pancreatic lipase is responsible  
for catalyzing 50% to 70% of the total dietary fats 
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hydrolysis  [18]. Research has demonstrated that  
inhibiting pancreatic lipase (PL) can effectively reduce 
plasma triglyceride levels, thereby lowering the  
likelihood of obesity [19]. Orlistat is one of 
the drugs approved by the US Food and Drug 
Administration (US FDA) that works by suppressing 
the activity of the pancreatic lipase enzyme [20-22].  
Nonetheless, orlistat can lead to significant adverse 
effects in patients, including steatorrhea, fecal 
incontinence and flatulence [18]. Moreover, orlistat  
also carries a potential risk of causing vitamin  
deficiencies and liver disorders. 

Computational studies are becoming more widely 
embraced for their efficiency in saving time and 
reducing the financial and human resource demands 
in the drug discovery process. Their primary objective 
is to streamline the identification of potential drug  
candidates for specific target proteins. Computational 
methods have been instrumental in designing and 
exploring potential novel compounds to combat a  
range of diseases, proving both highly accurate and 
efficient in the process [23, 24]. Citrus plants have  
enjoyed a historical presence in Asian countries, not  
only as components of food and beverages but also 
as traditional herbal remedies.  Kawaguchi et al. 
(1997) discovered that the fruit extracts of Citrus 
paradisi (C. paradisi) and C. limon demonstrated 
inhibition percentages of 55% and 49% against 
PL, respectively [19]. Additionally, hesperidin, 
isolated from the fruit extract of C. unshiu exhibited 
PL inhibitory properties through in vitro and  
in vivo studies [19]. 

In this research, compounds derived from the extracts  
of C. aurantifolia, C. grandis, C. hystrix, C. medica and  
C. microcarpa, sourced from their fruits, leaves, and  
peels were subjected to virtual screening through 
molecular docking simulations against PL. Compounds 
exhibiting strong potential against PL were subjected  
to a detailed analysis, considering their free energy of 
binding (FEB) and interactions within the active site  
of the PL. A thorough investigation was conducted on  
a total of 15 extracts from various plant components, 
including fruits, leaves, and peels, through in vitro  
bioassays to evaluate their inhibitory effects on PL.  
Hence, this study sought to determine the potential 
of selected citrus plants by combining computational 
approach with traditional plant extraction-based in vitro 
assays. 

MATERIALS AND METHODS

Ligand and Protein Preparation 
A total of 114 chemical compounds from five selected 
citrus namely C. aurantifolia, C. grandis, C. hystrix, 
C. medica and C. microcarpa were retrieved from 
several literature and journals (Table I). Throughout 
the search, Google Scholar, ScienceDirect and 
PubMed search engines were used with the following 
keywords “Phytochemical compound”, “Polyphenols”; 
“Natural products” “Isolation”; “Identification”; 
“Characterisation”; “Citrus aurantifolia”; “Citrus grandis”;  
“Citrus hystrix”; “Citrus medica” and “Citrus 
microcarpa”. The search for chemical compounds 
within the selected citrus fruits exclusively  
encompassed full research articles published in English.

Table I : List of chemical compounds from five selected citrus namely C. aurantifolia, C. grandis, C. hystrix,  
C. medica and C. microcarpa

Compound 
Code

Compound Name Plant Part Plant Sources References

 1 (E)-Caryophyllene Leaves 

Peels

C. medica
C. medica

[36]

2 (E)-Nerolidol Leaves C. medica [36]

3 (E)-β-Farnesene Leaves

Peels

C. aurantifolia
C. hystrix
C. medica 

C. aurantifolia  
C. grandis 
C. hystrix 
C medica 

C. microcarpa

[36, 37]

4 (E)-β-Ocimene Leaves 

Peels

C. medica
C. medica

[36]

5 (Z)-Nerolidol Leaves

 

Peels

C. aurantifolia
C. grandis
C. hystrix

C. microcarpa
C. aurantifolia

C. hystrix

[37]
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Compound 
Code

Compound Name Plant Part Plant Sources References

6 (Z)-β-Farnesene Leaves

Peels

C. aurantifolia
C. grandis

C. aurantifolia
C. grandis
C. hystrix

C. microcarpa

[37]

7 (Z)-β-Ocimene Leaves

Peels
C. medica
C. medica

[36]

8 1,8-Cineole Leaves C. medica [36]

9 3,3’,4’,5,6,7,8-Heptamethoxyflavone Leaves C. grandis [38]

10 6-Methylhept-5-en-2-one Peels

Leaves
C. medica
C. medica

[36]

11 Acetylnaringin Fruits

Peels
C. grandis
C. grandis

[33]

12 allo-Ocimene Peels C. medica [36]

13 Apigenin Leaves

Peels

C. aurantifolia
C. hystrix

C. aurantifolia

[39, 40]

14 Apigenin-6-C-glucosyl-7-O-glucoside Peels C. grandis [33]

15 Aromadendrene Peels C. grandis
C. microcarpa

[37]

16 Caryophyllene oxide Leaves C. medica [36]

17 Casticine Peels C. medica [36]

18 cis-Limonene-1,2-epoxide Leaves 

Peels
C. medica
C. medica

[36]

19 cis-Linalool oxide Peels C. hystrix [37]

20 cis-β-Ocimene Leaves C. aurantifolia
C. grandis

[37]

21 Citronellal Leaves

Peels

C. hystrix
C. medica
C. hystrix
C. medica

[36, 37]

22 Citronellol Leaves C. hystrix
C. medica

[36, 37]

23 Citronellyl acetate Leaves

Peels

C. grandis
C. hystrix
C. medica
C. medica

[36, 37]

24 Decanal Leaves C. medica [36]

25 Didymin Fruits C. grandis [33]

26 Diosmetin-6-C-glucoside Fruits 

Peels
C. medica 
C. grandis

[32, 33]

27 Diosmetin-6,8-di-C-glucoside Fruits

Peels
C. medica
C. medica

[32]

28 Diosmin Fruits

Peels

C. grandis
C. medica 
C. grandis
C. hystrix
C. medica

[32, 36]
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Compound 
Code

Compound Name Plant Part Plant Sources References

29 Dodecanal Leaves C. medica [36]

30 Elemol Leaves

Peels

C. aurantifolia
C. hystrix

C. microcarpa 
C. aurantifolia
C. microcarpa

[37]

31 Eriodictyol-7-O-rutinoside Fruits

Peels
C. medica
C. medica

[32]

32 Flavanomarein Peels C. medica [36]

33 Geranial Leaves

Peels

C. aurantifolia
C. grandis
C. medica

C. aurantifolia
C. grandis
C. medica

[36, 37]

34 Geranic acid Leaves C. medica [36]

35 Geraniol Leaves

Peels

C. aurantifolia
C. grandis
C. medica

C. aurantifolia
C. grandis
C. medica

[36, 37]

36 Geranyl acetate Peels

Leaves

C. aurantifolia
C. medica

C. microcarpa
C. aurantifolia

C. hystrix
C. medica

C. microcarpa

[36, 37]

37 Germacrene-D Peels C. medica [36]

38 Hedycaryol Leaves

Peels

C. grandis
C. hystrix

C. microcarpa
C. hystrix

[37]

39 Hesperetin Fruits

Leaves
C. aurantifolia

C. hystrix
[39]

40 Hesperetin-7-O-neohesperidoside Fruits

Peels

C. aurantifolia
C. medica

C. microcarpa
C. grandis
C. hystrix
C. medica

C. microcarpa

[32]

41 Hesperidin Fruits

Leaves

Peels

C. aurantifolia
C. medica

C. microcarpa
C. aurantifolia
C. aurantifolia

C. hystrix
C. medica

C. microcarpa

[32, 40, 41]
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Compound 
Code

Compound Name Plant Part Plant Sources References

42 Hyperosid Peels C. medica [36]

43 Isolimonexic acid Fruits C. aurantifolia [42]

44 Isorhamnetin Leaves C. hystrix [39]

45 Kaempferol Leaves

Peels
C. aurantifolia
C. aurantifolia

[40]

46 Limonene

Peels

C. aurantifolia
C. grandis
C. hystrix
C. medica

C. microcarpa
C. aurantifolia

C. grandis
C. hystrix
C. medica

C. microcarpa

[36, 37, 43]

47 Limonexic acid Fruits C. aurantifolia [42]

48 Limonin Fruits C. aurantifolia [42]

49 Linalool Leaves

Peels

C. aurantifolia
C. hystrix
C. medica

C. microcarpa
C. grandis
C. hystrix
C. medica

C. microcarpa

[36, 37]

50 Lucenin-2 Peels C. grandis [33]

51 Luteolin Leaves

Peels
C. hystrix
C. medica

[36, 39]

52 Melitidin Fruits

Peels
C. grandis [33]

53 Myrcene Leaves

Peels

C. medica
C. microcarpa

C. medica
C. microcarpa

[36, 37]

54 Myricetin Leaves C. hystrix [39]

55 Naringin Fruits

Leaves

Peels

C. grandis
C. grandis
C. grandis

[33, 41, 44]

56 Narirutin Peels C. medica [36]

57 Natsudaidain Leaves C. grandis [44]

58 Neodiosmin Leaves C. grandis [44]

59 Neoeriocitrin Fruits

Leaves

Peels

C. grandis
C. grandis
C. grandis

[33, 44]

60 Neral Leaves

Peels

C. aurantifolia
C. grandis
C. medica

C. aurantifolia
C. grandis
C. medica

[36, 37]
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Compound 
Code

Compound Name Plant Part Plant Sources References

61 Nerol Leaves

Peels

C. aurantifolia
C. grandis
C. medica
C. medica

[36, 37]

62 Neryl acetate Peels

Leaves
C. medica [36]

63 Nobiletin Fruits

Peels

C. hystrix
C. aurantifolia

C. grandis
C. microcarpa
C. aurantifolia

C. hystrix
C. medica

[36, 40, 41, 44]

64 Nonanal Leaves C. medica [36]

65 Octanal Leaves C. medica [36]

66 Octanol Leaves C. medica [36]

67 p-Cymene Leaves  

Peels
C. medica
C. medica

[36]

68 Peonidin Leaves C. hystrix [39]

69 Phloretin-3’,5’-di-C-glucoside Fruits

Peels

C. medica
C. microcarpa

C. medica
C. microcarpa

[32]

70 Phytol Leaves

Peels

C. aurantifolia
C. grandis

C. microcarpa
C. grandis
C. hystrix

[37]

71 Piperitone Leaves C. medica [36]

72 Quercetin Leaves

Peels

C. aurantifolia
C. hystrix

C. aurantifolia

[39, 40]

73 Retusin Peels C. medica [36]

74 Rhoifolin Fruits

Leaves

Peels

C. grandis
C. grandis
C. grandis

[33, 44]

75 Robinetin trimethylether Peels C. medica [36]

76 Rutin Fruits

Leaves

Peels

C. aurantifolia
C. aurantifolia
C. aurantifolia

C. medica

[36, 40]

77 Sabinene Leaves

Peels

C. aurantifolia
C. grandis
C. medica
C. medica

[36, 37]

78 Sinensetin Fruits

Peels
C. hystrix
C. hystrix
C. medica

[36, 41]
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Compound 
Code

Compound Name Plant Part Plant Sources References

79 Tangeretin Fruits

Leaves

Peels

C. hystrix
C. aurantifolia

C. hystrix
C. medica

[36, 40, 41]

80 Terpinen-4-ol Leaves

Peels

C. medica
C. microcarpa
C. aurantifolia

C. grandis
C. hystrix
C. medica

C. microcarpa

[36, 37]

81 Terpinolene Leaves

Peels

C. grandis
C. medica
C. hystrix
C. medica

C. microcarpa

[36, 37]

82 trans-Limonene-1,2-epoxide Leaves C. medica [36]

83 trans-Nerolidol Peels C. medica [36]

84 trans-Sabinene hydrate Leaves

Peels

C. hystrix
C. medica

[36, 37]

85 trans-α-Bergamotene Peels C. aurantifolia
C. medica

[36, 37]

86 trans-β-Ocimene Leaves C. aurantifolia
C. grandis
C. hystrix

C. microcarpa

[37]

87 Undecanal Leaves C. medica [36]

88 Vicenin-2 Fruits

Peels

C. grandis
C. microcarpa

C. grandis

[32, 33]

89 α-Bisabolene Peels C. medica [36]

90 α-Bisabolol Leaves 

Peels

C. medica
C. medica

[36]

91 α-Cadinene Leaves

Peels

C. grandis
C. hystrix
C. hystrix

[37]

92 α-Eudesmol Leaves

Peels

C. aurantifolia
C. grandis
C. hystrix

C. microcarpa
C. aurantifolia

C. grandis
C. hystrix

[37]

93 α-Guaiene Leaves

Peels

C. aurantifolia
C. grandis

C. microcarpa

[37]
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Compound 
Code

Compound Name Plant Part Plant Sources References

94 α-Humulene Leaves

Peels

C. aurantifolia
C. grandis
C. hystrix

C. microcarpa
C. aurantifolia

C. hystrix

[37]

95 α-Phellandrene Leaves 

Peels
C. microcarpa

C. grandis
C. medica

C. microcarpa

[36, 37]

96 α-Pinene Leaves

Peels

C. medica
C. microcarpa
C. aurantifolia

C. grandis
C. hystrix
C. medica

C. microcarpa

[36, 37]

97 α-Selinene Leaves C. microcarpa [37]

98 α-Sesqui-phellandrene Leaves C. microcarpa [37]

99 α-Sinensal Peels C. hystrix [37]

100 α-Terpinene Peels C. medica [36]

101 α-Terpineol Leaves

Peels

C. medica
C. microcarpa
C. aurantifolia

C. grandis
C. medica

C. microcarpa

[36, 37]

102 α-Thujene Leaves 

Peels
C. medica
C. medica

[37]

103 β-Bisabolene Leaves

Peels

C. aurantifolia
C. medica
C. medica

[36, 37]

104 β-Caryophyllene Leaves

Peels

C. aurantifolia
C. grandis
C. hystrix

C. microcarpa
C. aurantifolia

C. grandis
C. hystrix

C. microcarpa

[37]

105 β-Cubebene Leaves C. hystrix [37]

106 β-Elemene Leaves C. microcarpa [37]

107 β-Eudesmol Leaves

Peels

C. aurantifolia
C. grandis
C. hystrix

C. microcarpa
C. aurantifolia

C. hystrix
C. microcarpa

[37]
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Compound 
Code

Compound Name Plant Part Plant Sources References

108 β-Myrcene Leaves

Peels

C. aurantifolia
C. hystrix

C. aurantifolia
C. grandis
C. hystrix

[37]

109 β-Pinene Leaves

Peels

C. aurantifolia
C. grandis
C. hystrix
C. medica

C. microcarpa
C. aurantifolia

C. grandis
C. hystrix
C. medica

C. microcarpa

[37, 43]

110 γ-Cadinene Leaves C. grandis [37]

111 γ-Terpinene Leaves

Peels

C. hystrix
C. medica

C. aurantifolia
C. grandis
C. hystrix
C. medica

C. microcarpa

[37, 43]

112 δ-3-Carene Leaves

Peels

C. grandis
C. hystrix
C. medica

C. aurantifolia
C. hystrix

[36, 37]

113 δ-Cadinene Leaves

Peels

C. hystrix
C. microcarpa

C. hystrix

[37]

114 δ-Elemene Peels

Leaves
C. microcarpa
C. microcarpa

[37]

The two-dimensional structures of the retrieved 
compounds were sketched using ACD/ChemSketch 
software and then converted into pdbqt format using 
Raccoon.py script [25]. The crystal structure of PL was 
obtained from the Protein Data Bank (PDB ID: 1LPB, 
resolution; 2.46 Å) [26]. The water molecules and 
their co-crystallized compounds were removed from 
the protein structure and polar hydrogen atoms as well 
as Kollman charges were added to the structure using 
AutoDock Tools (ADT) version 1.5.6 [27], a graphical 
user interface for AutoDock 4.2 and also part of 
MGLTools [28]. The protonation states of the protein’s 
ionizable groups were determined using the PROPKA3 
empirical pKa predictor [29]. 

Control docking and virtual screening
Methoxyundecylphosphinic acid (MUP) which was 
obtained from the complex 1LPB was docked inside 
the active PL site using AutoDock Vina (Trott & Olson, 

2010). The docking was carried out at the center of  
the catalytic binding site of the lipase with the  
coordinates of 8.692, 22.943, 52.624 as x, y, z in 
Cartesian coordinates with a grid box of 25 x 25 x 25 
Å and a grid spacing of 1.0 Å. The potential chemical 
compounds from the selected citrus plants and orlistat  
as the control were docked into the PL by using 
AutoDock Vina with the same parameters as the  
control docking simulation.

Plant collection and extraction
Fruits and leaves from five specific citrus varieties 
were collected across different regions of Peninsular  
Malaysia. Among them, C. hystrix and C. microcarpa 
were sourced from Kampung Raja, Besut, Terengganu. 
Meanwhile, we obtained C. maxima fruits from 
Ipoh, Perak, C. medica from Kampung Kuar Luar, 
Pengkalan Hulu, Perak, and C. aurantifolia from Baling, 
Kedah. The leaves of these selected citrus species, 
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were ground into a fine powder and subjected to  
maceration using 80% methanol over a period of  
three days. The resulting solution was then  
concentrated using a rotary evaporator. In the case 
of the fruits, their juices were extracted and ethyl 
acetate added to facilitate the extraction process. The  
extracted fruit compounds were combined,  
concentrated, and subsequently stored at -20°C in a 
freezer for future use.

In vitro pancreatic lipase inhibition bioassay 
The pancreatic lipase inhibition activity was assessed 
using the Lipase Activity Assay Kit II (MAK047)  
according to the manufacturer’s instructions (SIGMA). 
A total of 100µL of the Master Reaction Mix was 
added to each sample as well as positive control into a  
96-well plate, ensuring thorough mixing with a  
shaker. The initial absorbance reading was measured 
at 412 nm using the GloMax®-Multi Detection System 
microplate reader after which the plate was incubated  
in the Thermo Shaker Incubator MB1004A at 37 °C  

for 15 minutes. Following the incubation period,  
Lipase Substrate was added into each well and the 
mixture was again measured at the same wavelength. 
The negative control was also included to determine  
the inhibitory activity.

RESULTS

In-silico molecular docking
(a) Quantitative analysis – binding energy
Table II summarizes the Free Energy of Binding (FEB) 
and binding interaction of MUP, orlistat and predicted 
high inhibitory activity compounds. Redocking 
of MUP against PL demonstrated that the most 
favorable conformation achieved a binding energy of  
-6.70 kcal/mol with a reference RMSD value of  
1.97 Ǻ. An RMSD value below 2.00 Ǻ indicates  
minimal deviation from the original pose, signifying  
that the docking parameters effectively replicate the 
original docking process [30, 31].  

Table II : The free energy binding (FEB) and interaction types of MUP, Orlistat and predicted high inhibitory activity com-

pounds

Code Name Free Energy Binding 
(kcal/mol)

Interaction 
Types

Key Amino Acids Other Amino 
Acids

Ser152 His263 Asp176

26 Diosmetin 6-C-glucoside -12.2 Hydrogen 1 1 - 3

Hydrophobic - - - 9

55 Naringenin 7-O-neohesperidoside -10.6 Hydrogen 1 - - 2

Hydrophobic - - - 10

40 Hesperetin-7-O-neohesperidoside -10.4 Hydrogen 1 - - 2

Hydrophobic - - - 11

74 Rhoifolin -10.4 Hydrogen 1 - - 3

Hydrophobic - - - 9

59 Neoeriocitrin -10.3 Hydrogen 1 - - 4

Hydrophobic - - - 9

58 Neodiosmin -10.2 Hydrogen 1 - - 6

Hydrophobic - - - 9

14 Apigenin 6-C-glucosyl-7-O-glu-
coside

-10.0 Hydrogen 1 1 - 3

Hydrophobic - - - 10

88 Vicenin-2 -10.0 Hydrogen 1 1 - 2

Hydrophobic - - - 11

MUP Methoxyundecyl

phosphinic acid

-6.70 Hydrogen - - - 2

Hydrophobic - 1 - 4

Covalent 1 - - -

Orlistat 
(control)

Orlistat

-7.20

Hydrogen - 1 - 2

Hydrophobic - - - 14

Covalent 1 - - -
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Orlistat which is one of the drugs approved by the  
US FDA was also docked against the PL to understand  
its interactions and FEB. The docking simulation of 
orlistat against PL had given a FEB of -7.20 kcal/mol 
which is lower than the co-crystallized ligand. 

The selected citrus compounds were effectively docked 
within the PL pocket, exhibiting a range of FEB from 
-12.20 kcal/mol to -4.60 kcal/mol. These compounds 
were categorized into three distinct groups based 
on their FEB values. The first group encompassed 
compounds with a high predicted inhibitory potential 
against PL, falling within the range of -12.20 kcal/
mol to -10.00 kcal/mol. The second group included 
compounds displaying moderate inhibitory activity, 
with FEB values ranging from -9.00 to -7.00 kcal/mol. 
Lastly, the third group comprised compounds predicted 
to have low inhibitory activity, with FEB values  
spanning from -6.00 to -4.00 kcal/mol. Notably, in 
this study we only discuss the compounds which 
predicted to possess high inhibitory activity against PL 
exhibited stronger binding affinities when compared 
to MUP and orlistat. These findings suggest that 
eight citrus compounds hold promising potential as 
PL inhibitors, given their superior affinities relative 
to the control substances. They are compounds 14 
(Apigenin 6-C-glucosyl-7-O-glucoside), 26 (Diosmetin 
6-C-glucoside), 40 (Hesperetin-7-O-neohesperidoside), 
55 (Naringin), 58 (Neodiosmin), 59 (Neoeriocitrin), 74 
(Neoeriocitrin), and 88 (Vicenin-2).

(b) Qualitative analysis – binding interaction
Figure 1 illustrates the positioning of both crystallized 
and redocked MUP compounds within the active site 
of PL, indicating their potential interactions with the 
same amino acid residues. A detailed view of their 2D 
interactions, generated using the LigPlot program, is 
presented in Figure 2. In the case of crystallized MUP, 
it formed two hydrogen bonds, one with Gly76 at a 
distance of 3.11 Å and another with Phe77 at 2.85 Å. 
Additionally, hydrophobic interactions occurred with 
Gly76, His151, Ala178, Pro180, Phe215, and His263. 
Conversely, as depicted in Figure 2, redocked MUP 
interacted with PL via hydrogen bonds with Phe77 
at a distance of 3.12 Å and Leu153 at a distance of 
2.87 Å, respectively. It also established a network 
of hydrophobic interactions involving amino acids  
Tyr114, Ala178, Phe215, His263, and Gly276. 
Remarkably, both crystallized and redocked 
MUP compounds formed a hydrogen bond with 
Phe77 and shared hydrophobic interactions 
with Ala178, Phe215, His263, in addition to a 
covalent bond with the amino acid Ser152. These 
consistent interactions with similar amino acid  
residues in both compounds elucidate their placement 
within the same binding site, as depicted in Figure 1.

The 2D interactions of the predicted high inhibitory 
activity compounds and orlistat are illustrated in  

Figures 3 and 4. Figure 3A depicts the 2D interaction 
of orlistat with PL. Notably, the ketone group of beta 
lactone from orlistat was observed to form a covalent 
bond with the amino acid Ser152, consistent with 
previous research findings that the mode of action of 
orlistat is attributable to this covalent interaction with 
Serine [20, 32]. Further inspection of the binding 
interactions revealed that orlistat established three 
hydrogen bonds, each with Gly76 (at 3.00 Å), His151  
(at 2.87 Å), and His263 (at 3.02 Å). Additionally, this 
control ligand engaged in hydrophobic interactions 
with a total of twelve amino acid residues, specifically 
Phe77, Ile78, Asp79, Tyr114, Leu153, Ala178, Pro180, 
Thr255, Arg256, Ala259, Ala260, and Leu264.

Figure 3B provides insight into the 2D interaction 
between compound 26 and PL. Compound 26 exhibited 
noteworthy binding interactions, establishing five 
hydrogen bonds with Phe77 (at 3.21 Å), Ser152 (at 3.13 

Figure 1 : The 3D orientation of crystal and redocked 
methoxyundecylphosphinic acid (MUP) inside the  
active site of pancreatic lipase (PL). The pink compound 
represents the crystal MUP while the green compound 
represents the redocked MUP.

Figure 2 : The 2D interaction of (A) crystal MUP and  
(B) redocked MUP within the pancreatic lipase ac-
tive site. The green dotted line represents the hydrogen  
bond interaction, the straight purple line represents  
the covalent bond and the red half-circle represents the 
hydrophobic interaction.
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Å), Arg256 (at 2.91 Å and 3.11 Å), and His263 (at 3.02 
Å). Furthermore, this compound actively participated 
in hydrophobic interactions with a total of nine amino  
acid residues, specifically involving Gly76, Asp79, 
Tyr114, His 151, Pro180, Phe215, Ala259, Ala260, and 
Leu264.

Figure 3C illustrates the 2D interaction of compound  
55 with PL. Compound 55 exhibited binding  
interactions involving three hydrogen bonds,  
establishing connections with Phe77 (at 2.85 Å), Ser152 
(at 2.79 Å), and Arg256 (at 2.89 Å). Furthermore, this 
ligand participated in hydrophobic interactions with a 
total of ten amino acid residues, namely Gly76, Ile78, 
Asp79, Tyr114, His151, Phe215, Ala259, Ala260, 
His263, and Leu264.

Figure 3D depicts the 2D interaction of compound 40 
with PL. Compound 40 exhibited binding interactions 
characterized by three hydrogen bonds, formed with 
Phe77 (at 2.83 Å), Ser152 (at 2.77 Å), and Arg256 
(at 2.91 Å). Furthermore, this ligand engaged in 
hydrophobic interactions with a total of eleven amino 
acid residues, specifically Gly76, Ile78, Asp79, Tyr114, 
His151, Ala178, Phe215, Ala259, Ala260, His263, and 
Leu264.

Figure 4A illustrates the 2D interaction between 
compound 74 and PL. Compound 74 exhibited robust 

binding interactions, forming four hydrogen bonds, 
including ones with Asp79 (at 3.28 Å), Ser152 (at 3.05 
Å), and Arg256 (at 3.18 Å and 3.09 Å). Additionally, 
this compound engaged in hydrophobic interactions 
with a total of nine amino acid residues, specifically 
Phe77, Ile78, Tyr114, His151, Phe215, Trp252, Thr255, 
Ala259, and His263.

Figure 4B depicts the 2D interaction of compound 
59 with PL. Compound 59 demonstrated binding 
interactions with five hydrogen bonds, each with Phe77 
(at 2.98 Å), Asp79 (at 2.97 Å), Ser152 (at 2.80 Å), and 
Arg256 (at 3.16 Å and 2.85 Å). Additionally, this ligand 
engaged in hydrophobic interactions with a total of nine 
amino acid residues, specifically Gly76, Ile78, Tyr114, 
His151, Phe215, Ala259, Ala260, His263, and Leu264.  

In Figure 4C, the 2D interaction between compound 
58 and PL is depicted. Compound 58 displayed a series 
of binding interactions, forming seven hydrogen bonds 
with Phe77 (at 3.14 Å), Asp79 (at 3.09 Å), Ser152 (at 

Figure 3 : The 2D interaction of (A) orlistat, (B) com-
pound 26, (C) compound 55 and (D) compound 40, 
within the active site of the pancreatic lipase. The 
purple straight line represents the covalent bond, the 
green dash line represents the hydrogen bond while  
red half-circle represents the hydrophobic interaction.

Figure 4 : The 2D interaction of (A) compound 74, (B) 
compound 59, (C) compound 58, (D) compound 14 
and (E) compound 88. The green dash line represents 
the hydrogen bond while the red half-circle represents 
the hydrophobic interactions.
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2.71 Å), Arg256 (at 3.18 Å and 3.13 Å), and Ala259 
(at 3.19 Å and 2.93 Å). Moreover, this ligand actively 
engaged in hydrophobic interactions with a total of nine 
amino acid residues, specifically Gly76, Ile78, Tyr114, 
His151, Ala178, Pro180, Phe215, Ala260, and His263.

Figure 4D presents the 2D interaction profile between 
compound 14 and PL. Compound 14 displayed 
substantial binding interactions, establishing seven 
hydrogen bonds, including those with Phe77 (at 2.90 
Å and 3.06 Å), Asp79 (at 2.90 Å and 3.11 Å), Ser152 
(at 2.57 Å), Arg256 (at 3.07 Å), and His263 (at 2.81 
Å). Furthermore, this ligand actively participated in 
hydrophobic interactions involving a total of nine  
amino acid residues, specifically Gly76, Ile78, Tyr114, 
His151, Phe215, Ala259, Ala260, His263, and Leu264. 

Figure 4E illustrates the 2D interaction between 
compound 88 and PL. Compound 88 exhibited binding 
interactions characterized by four hydrogen bonds, 
forming connections with Phe77 (at 2.98 Å and 3.19 Å), 
Ser152 (at 2.89 Å), and His263 (at 3.07 Å). Additionally, 
this compound actively participated in hydrophobic 
interactions with a total of eleven amino acid residues, 

of 56.10%, the peel and fruit extracts of C. grandis 
with inhibition percentages of 55.75% and 54.50% 
respectively, the fruit extract of C. hystrix with an 
inhibition percentage of 51.71%, the fruit extract of C. 
aurantifolia with an inhibition percentage of 49.72%, 
the peel extract of C. medica with an inhibition 
percentage of 46.68%, the peel extract of C. aurantifolia 
with an inhibition percentage of 43.80% and lastly the 
leaf extracts of C. hystrix, C. microcarpa, C. aurantifolia, 
C. medica and C. grandis with inhibition percentages 
of 42.55%, 31.72%, 16.90%, 10.64% and 5.59%, 
respectively.

DISCUSSION

The validation of docking parameters has been performed 
by redocking of PL with its co-crystallized ligand, MUP. 
The results of redocking MUP within the active site of 
the PL revealed a minor deviation of 1.97 Å from the 
original crystal MUP orientation. This deviation, less 
than 2.00 Å, indicates a close alignment between the 
molecular docking parameters employed for redocking 
MUP and those utilized for docking the crystal MUP, 
as previously documented [30]. Furthermore, we 
compared the interactions of redocked MUP with the 
catalytic triads of the PL, involving residues Ser152, 
Asp176, and His263 with the crystal structure of MUP. 
Notably, Ser152 emerged as the key amino acid in the 
lipolytic activity of the PL.

The diagrams of the 2D interactions between the 
small compounds and the PL have been generated 
using LigPlot program. LigPlot illustrates the patterns 
of hydrogen-bond interactions and hydrophobic 
contacts occurring between the ligand(s) and various 
elements of the protein, including both its main-chain 
and side-chain components. This system is capable to 
graphically represent related sets of interactions between 
ligands and proteins in a consistent orientation. This 
functionality greatly aids in various research tasks, such 
as the analysis of multiple small molecules binding to a 
common protein target, the interaction of a single ligand 
with homologous proteins, or the broader scenario in 
which both the protein and the ligand undergo changes. 

Based on the results, the redocked MUP exhibited a 
covalent bond with the Ser152 residue, mirroring the 
interaction seen in the crystal MUP binding to PL. 
This interaction aligns with the findings of Egloff and 
colleagues, who observed that the phosphorous atom 
of the crystal MUP forms a covalent bond with the 
Ser152 residue of PL [26]. Additionally, both the crystal 
and redocked MUP formed a hydrogen bond with the 
Phe77 residue of PL. It’s worth noting that Phe77 plays 
a crucial role as one of the oxyanion holes, stabilizing 
the protein-ligand complex, as described by Egloff et 
al.  (1995) [26]. Given the comparable RMSD value 
and interactions observed between the redocked MUP 
and PL when compared to the crystal MUP, we can 

Figure 5 : Comparison of inhibition percentage of  
peels, leaves and fruits parts of Citrus plants (CM:  
C. microcarpa, CH: C. hystrix, CG: C. grandis, CMe:  
C. medica, CA: C. aurantifolia) extracts against the  
pancreatic lipase. 

specifically Ile78, Asp79, Tyr114, Ala178, Pro180, 
Ile209, Phe215, Arg256, Ala259, Ala260, and Leu264.
In vitro bioassay of citrus plant extracts on pancreatic 
lipase inhibition
As shown in Figure 5, the citrus plant extracts from 
peels, leaves and fruits show moderate to low inhibitory 
activity on the PL compared to the control, orlistat, 
with an inhibition percentage of 84.75%. The highest 
inhibition was from the fruit extract of C. medica with  
an inhibition percentage of 62.57 %, followed by the  
peel extracts of C. microcarpa with an inhibition 
percentage of 59.73%, and C. hystrix with an inhibition 
percentage of 58.45%, subsequently followed by fruit 
extract of C. microcarpa with an inhibition percentage 
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confidently affirm the validation of the redocked MUP’s 
docking parameters. These validated parameters were 
subsequently employed in the virtual screening of 
isolated compounds from the selected citrus plants.

In this study, we selected orlistat, an FDA-approved 
drug utilized to inhibit PL, as our control. A molecular 
docking simulation of orlistat with PL was conducted 
to gain insights into its binding orientation and affinity. 
The results of the docking revealed that orlistat exhibited 
an FEB of -6.90 kcal/mol, surpassing the FEB of MUP, 
which scored at -6.70 kcal/mol. This heightened 
binding affinity of orlistat in comparison to MUP has 
been corroborated by a study indicating that orlistat is 
three times more potent than MUP as a PL inhibitor [33]. 
Furthermore, we observed that the ketone group within 
the beta lactone ring of orlistat established a covalent 
bond with the Ser152 residue of PL.

The covalent bond formation between orlistat and the 
Ser152 residue of PL resembles the interaction observed 
between MUP and PL. This type of interaction with the 
Ser152 residue plays a crucial role in inhibiting the 
lipolytic activities of PL, as indicated by Veeramachaneni 
and fellow researchers [34].  To further enhance the 
orlistat-pancreatic lipase complex stability, the methoxy 
group within the beta lactone ring of orlistat established 
a hydrogen bond with the His263 residue of PL, which 
is one of the catalytic triad residues responsible for the 
lipolytic activities of PL. The potential PL inhibitors, 
derived from extracts of peels, leaves, and fruits of 
C. microcarpa, C. hystrix, C. medica, C. grandis and 
C. aurantifolia were identified by using an in-silico 
molecular docking approach. This method involved 
predicting the orientation and binding affinity of the 
compounds against PL.  

As outlined in Table 2, a total of eight compounds 
exhibited significant inhibitory potential against PL, 
displaying superior affinity compared to the control, 
with FEB values ranging from -12.20 kcal/mol to -10.00 
kcal/mol. In the case of all these compounds, they 
established a single hydrogen bond with the Ser152 
residue within PL. However, compounds 26, 14, and 88 
were noteworthy as they formed a hydrogen bond not 
only with Ser152 but also with His263, both of which 
are vital components within the catalytic triads of PL. 
Remarkably, all eight compounds predicted to exhibit 
strong inhibition against PL shared a common structural 
scaffold derived from the flavonoid class.

This particular scaffold has demonstrated effective 
inhibitory activity against PL. For example, hesperidin, a 
citrus flavonoid isolated from C. unshiu peels, exhibited 
notable PL inhibitory activity with an IC50 of 32 µg/
ml. Notably, it was observed that the hydroxy groups 
on the phenol ring within the flavonoid structure of all 
eight compounds derived from those selected citrus 
plants were actively engaged in forming hydrogen 

bonds with the Ser152 residue in PL. Furthermore, these 
eight compounds, including orlistat, established at least 
one hydrogen bond with key amino acids, with the 
exception of MUP. The catalytic triad of PL comprises 
Ser152, Asp176, and His263, with Ser152 being the 
most pivotal residue in facilitating the lipolytic activity 
of pancreatic lipase [34]. 

Consequently, compounds capable of interacting with 
Ser152 may indicate their capability to inhibit the 
lipolytic activity of PL. Compound 26, also known as 
diosmetin 6-C-glucoside, emerged as the top-ranking 
compound among the eight predicted to possess high 
PL inhibitory activity, exhibiting an FEB of -12.2 kcal/
mol. This compound can be isolated from both the 
fruit extract of C. medica and the peel extract of C. 
grandis. Compound 26 established one hydrogen bond 
each with both Ser152 and His263 residues within 
PL. Results from in vitro studies revealed that the fruit 
extract of C. medica exhibited the highest PL inhibitory 
activity, displaying an impressive inhibition percentage 
of 62.59%.

It has been noted that compound 26 is found within the 
fruit extract of C. medica. Consequently, it is hypothesized 
that the enhanced inhibition observed in the C. medica 
fruit extract could likely be attributed to the presence 
of compound 26, which was predicted to exhibit the 
highest inhibitory activity against PL. Compound 26 
is a C-glycosidic flavone, obtainable from both the 
fruit of C. medica and the peel extracts of C. grandis, 
as documented in studies by Roowi & Crozier (2011) 
and Zhang et al. (2014) [35, 36]. Previous research has 
highlighted the potent inhibitory activity of this flavone 
class on PL, as demonstrated by Lee and colleagues 
[37]. Additionally, the C. grandis leaf extract contains 
a total of four compounds - namely compounds 55, 74, 
59, and 58 - predicted to possess significant inhibitory 
activities against PL.

Compound 58 secured the sixth position among the 
eight compounds categorized within the high inhibitory 
activity group. It distinguishably formed the greatest 
number of hydrogen bonds when compared to the 
other seven compounds in the same high activity group, 
establishing a total of seven hydrogen bonds within 
the PL’s active site. A higher count of hydrogen bonds 
in the protein-ligand complex often signifies robust 
inhibition of the compound against the protein target 
[38]. Nevertheless, in contrast to its promising in silico 
inhibitory activity, the leaf extract of C. grandis displayed 
the lowest inhibition among the compounds when 
assessed in vitro, registering an inhibition percentage 
of 5.59%. It is worth noting that despite compound 58 
establishing the most significant number of hydrogen 
bonds with PL, the in vitro assessment of the inhibitory 
activity in the C. grandis leaf extract exhibited the lowest 
inhibition percentage. This discrepancy may be attributed 
to the fact that interactions between compound 58 and 
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PL resulted in the formation of only one hydrogen bond 
with the critical amino acids. This outcome highlights 
the crucial significance of interactions formed between 
compounds and the key amino acids within the protein 
target.

CONCLUSION

Following the results, eight compounds were identified 
with significant inhibitory potential against PL through 
molecular docking, with diosmetin 6-C-glucoside 
ranking as the highest-scoring compound. Subsequent 
in vitro studies on chosen citrus extracts confirmed 
the outcomes of the molecular docking, highlighting 
C. medica fruit extract as exhibiting the most potent 
inhibition, with published data of the presence of 
diosmetin 6-C-glucoside predicted in this extract. 
The collective results from both in silico and in vitro 
methods, in conjunction with existing literature, strongly 
suggest that diosmetin 6-C-glucoside holds promise as a 
potential PL inhibitor. Further investigations, including 
isolation and in vitro bioassay assessments of these 
potential inhibitors, are warranted to validate their 
inhibitory capabilities against PL. 
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