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Abstract

Propolis, colloquially termed 'bee glue,' is a naturally occurring substance synthesized by bees, acclaimed for its
therapeutic attributes and anti-inflammatory effects. The primary objective of this investigation is to explore the anti-
inflammatory properties of the volatile compounds present in propolis. In this study, in silico drug discovery
methodologies are employed to identify these compounds and ascertain their pharmacological targets. The research
commences with the identification of volatile compounds within propolis and the prediction of their pharmacological
targets using network pharmacology. Subsequently, molecular docking analyses are conducted to assess the binding
affinity of these volatile compounds with key inflammatory proteins. This methodology yields insights into the
potential of propolis's volatile bioactive compounds to selectively inhibit the activity of crucial inflammatory targets,
including NLRP3 and cyclooxygenase-2 (COX-2). The findings of this investigation reveal that the volatile compounds
within propolis demonstrate the potential to selectively inhibit the activity of significant inflammatory targets,
particularly NLRP3 and COX-2. Volatile constituents of propolis may hold promise for therapeutic interventions in
various inflammatory diseases, with a specific emphasis on respiratory diseases.
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Introduction

Apitherapy constitutes a form of complementary medicine utilizing bee products for therapeutic purposes.
These products include honey, propolis, royal jelly, bee venom, and their derivatives [1]. The application of
bee products has emerged as an alternative treatment modality spanning oncological [2] to chronic conditions
such as cardiovascular issues [3], diabetes [4], and rheumatic diseases [S5]. Propolis, among the spectrum of
bee products, ranks prominently as a beehive compound following honey [6]. Originating as a resinous
substance with robust adhesive properties, bees manufacture propolis from diverse floral secretions to seal
hive apertures and fortify hive entrances against intruders [7]. Propolis boasts diverse biological and
pharmacological attributes, including antibacterial [8], antifungal and immunomodulatory [9], antiviral [10],
cholesterol modulation [11], and anti-inflammatory [12] properties.

Literature attests to the potent anti-inflammatory efficacy of propolis across various diseases [13-14]. Studies
on Japanese propolis investigated inhibitory effects on in vitro basophil activation to elucidate its impact on
allergic inflammation [15]. Concurrently, Chilean propolis has been studied for in vivo anti-inflammatory
potential against 12-O-tetradecanoyl-phorbol-13-acetate and arachidonic acid inflammatory agents [16].
Another investigation, using similar biomarkers as our study, focused on the effects of Korean propolis on
gastric inflammation [17]. Results indicated a significant decrease in interleukins, TNF-alpha,
cyclooxygenase-2 (COX-2), and inducible nitric oxide synthase activity with propolis treatment.
Inflammasomes, crucial regulators of interleukins, are intricately linked to diseases and various immunological
pathways [18]. Notably, the NLRP3 inflammasome plays a pivotal role in numerous inflammatory diseases,
including myocarditis and pneumonia [19]. Activation of NLRP3 inflammasomes involves the upregulation of
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NLRP3 and certain interleukins. Consequently, inhibiting the NLRP3 protein is posited to mitigate NLRP3
inflammasome activity and associated inflammation [20]. A study on inflammatory bowel disease
demonstrated that inhibiting NLRP3 activity with MCC950 significantly reduced disease symptoms in models
[8]. Employing a similar inhibition approach in another study revealed that NLRP3 inhibition alleviated glial
responses, exerting an anti-inflammatory effect, and potentially offering a novel treatment avenue for
chemotherapy-induced cognitive impairment [21].

Utilizing in-silico analysis, molecular docking experiments were conducted to explore the molecular
suppressor activity of select ligands against neuroinflammation proteins associated with Alzheimer’s disease,
specifically targeting NLRP3 [22], and multiple sclerosis [23]. Notably, Caspase-1 stands out as a pivotal
stimulatory component integral to the maturation of inflammatory cytokines. Given their shared metabolic
pathways, NLRP3 and caspase-1 exhibit a close interrelation, jointly activating the NLRP3 inflammasome.
NLRP3 regulates the assembly of the inflammasome complex, recruiting caspase-1 to this structure. Upon
caspase-1 activation, pro-inflammatory cytokines are cleaved and activated, culminating in the production of
mature IL-1B and IL-18 [24]. In a noteworthy anti-inflammatory investigation involving caspase-1 inhibition,
it was realized that the Coptis chinensis plant extract effectively inhibits caspase-1 activity, thereby diminishing
inflammation levels in experimental models [25]. Furthermore, Phyllanthus nivosus leaf extracts demonstrated
significant potential in reducing inflammation by suppressing caspase-1 activity. Cyclooxygenases, other
important factors in inflammation, are responsible for producing prostaglandins during inflammatory
processes. The initial release of arachidonic acid is facilitated by the catalysis of phospholipase A2 (PLA2),
followed by the formation of prostaglandins through the activity of COX-1 and COX-2 [26-27]. Extensive
literature underscores the anti-inflammatory properties associated with COX-2 and PLA2 inhibition across
diverse diseases and experimental models [28-29].

This study investigated the anti-inflammatory properties of volatile organic compounds within propolis.
Briefly, propolis samples were extracted, and volatile compounds were analyzed using solid phase
microextraction (SPME) and Gas Chromatography/Mass Spectrometry (GC-MS) methods. The anti-
inflammatory effects of these volatile extracts were assessed through in-silico molecular docking
methodologies targeting key components in the inflammatory cascade, including NLRP3, caspase-1, COX-2,
and PLA2. The inhibitory activities of each compound were scrutinized, considering both binding poses and
energies. Additionally, reference inhibitor molecules underwent similar analyses to facilitate a comparative
assessment of inhibitor activity across models. Results indicate that propolis constituents collectively manifest
anti-inflammatory effects, employing a comparable inhibitory mechanism across diverse targets. Given the
gradual reduction in the efficacy of continually consumed anti-inflammatory drugs, there exists a growing
emphasis on the development of derivatives in modern synthetic organic chemistry. This work seeks to
contribute to this ongoing effort by synthesizing novel derivatives of existing drugs.

Materials and Methods
Beehive Material

Propolis samples were collected from an Apis mellifera L. beehive at the Ankara Yildirim Beyazit University,
Biotherapeutic Product Research and Development Unit at the Department of Traditional, Complementary,
and Integrative Medicine in May/2022. Samples were immediately analyzed after harvesting.

Chemicals and Materials

SPME fibers of StableFlexTM coated with carboxen/polydimethylsiloxane (CAR/PDMS, 75um), divinyl
benzene/polydimethylsiloxane (DVB/PDMS, 65 pum), and polydimethylsiloxane (PDMS, 100 um) were
purchased from Supelco (Oakville, ON, Canada).

Volatile Analysis

The volatile analysis utilizing Headspace Solid-Phase Microextraction (HS-SPME) was conducted following
recent protocols with slight adaptations [30]. Beehive propolis (250 mg) was placed into SPME screw cap
vials (10 mL). SPME fibers, temperature-conditioned (250 °C, 10 min), were manually inserted into vials
containing propolis samples and sealed using a crimper. Subsequently, the vials were placed on a heating table,



International Journal of Natural and Engineering Sciences 57

maintained at 70 °C for 40 min to allow adsorption of volatile compounds onto SPME fibers. These fibers
were then withdrawn into a needle and subsequently injected into the GC-MS port.

GC-MS analysis was executed using a Shimadzu GC-2010 gas chromatogram equipped with a Flame
Ionization Detector and a DB-5 column (30 m, 0.25 mm, 0.25 mm film thickness; Supelco), coupled to a
Shimadzu QP2010-Plus mass spectrometer. The injector and interface temperatures were set at 250 °C, while
the ion source temperature was set at 220 °C. A gradient temperature program was employed for volatiles
analysis, initiating with the oven temperature held at 40 °C for 2 min, followed by an increase to 200 °C at a
rate of 3 °C/min, held for 10 min. Subsequently, a ramp of 5 °C/min at 250 °C was implemented, held for 5
min, and a final ramp of 5 °C/min at 275 °C. The Split injection mode was used at a ratio of 1/50. To prepare
the SPME fiber for other analyses, it was placed in the injection port for 10 min at 220 °C to ensure complete
elution of volatiles. Blank runs were conducted during sample analyses. The Flame Ionization Detector was
maintained at a temperature of 300 °C, and the quadrupole mass spectrometer operated in Electron Impact (EI)
mode at 70 eV, with a scan range set at m/z 40—700 [31].

GC-MS Data Processing

The identification of volatile compounds in propolis involved a comparative analysis of retention times and
spectra with established standards. Compounds were identified by correlating their relative retention times to
a C8—C32 n-alkanes mixture and matching mass spectra with data from the NBS75K, Wiley 7, NIST7MS
search 2.0 library within the GC-MS system. Additionally, comparisons were performed with literature data
and standards for the principal components. The validity of the results was further confirmed through the
comparison of compound elution order and relative retention indices on a DB-5 column. All analyses were
conducted in triplicate to ensure the robustness and reliability of the findings.

Network Pharmacology

Network pharmacology emerges as a potent methodology for the selection of target proteins, offering the
capacity to integrate diverse biological data sources and discern potential drug targets based on their strategic
placement and significance within biological networks [32]. In the present study, network pharmacology was
employed for target selection. The 'inflammatory response' term was input into the 'Pathway / Process / Disease'
module of STRING 11.5, facilitating the specification of inflammatory targets and subsequent protein-protein
interaction (PPI) analysis. Utilizing the 'Multiple Proteins' module, the analysis was conducted with the species
set as 'Homo sapiens,' and a confidence level of >0.400 was established. The obtained results were then
imported into Cytoscape 3.7.2 for data visualization and further analysis.

In Silico Molecular Dockings

The structures of NLRP3 (PDB ID: 7ALV), caspase-1 (PDB ID: 1RWK), COX-2 (PDB ID: 5KIR), and PLA2
(PDB ID: 1TD7) were retrieved from the Protein Data Bank, with each protein serving as a rigid receptor in
the subsequent docking simulations. The preparation of proteins for docking involved the following steps: (i)
energy minimization, employing 100 steepest descent steps with a 0.02 A step size and an update interval of
10, (ii) removal of water molecules, (iii) deletion of solvent and non-complex ions, and (iv) addition of polar
hydrogen atoms and AM1-BCC charges [33]. Ligand structures, acquired in sdf format, were retrieved from
the PubChem database. The preparation of all ligands followed a procedure similar to that of protein
preparation, with the addition of charges based on the Gasteiger charge model [34].

In this study, semi-flexible molecular docking simulations were conducted using AutoDock Vina. This
approach allows ligand conformations to adjust, seeking the minimum protein binding energy while keeping
the proteins in a stable state [35]. Initially, the blind docking method was employed to explore protein binding
sites. A known inhibitor of the target protein was used as a ligand, and the entire protein area was searched to
identify optimal binding positions. Subsequently, oriented docking was carried out using the resultant
coordinates, focusing on the smaller area identified during blind docking, as it offers the most stable interaction
conformations [36]. Molecular docking was then executed to examine inhibitory interactions between volatile
organic compounds of propolis and target inflammatory proteins. Post-docking, results with score values above
-5, according to the AutoDock Vina algorithm and energy range, were disregarded [37]. Finally, the top 2 poses
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with the minimum binding energy for each protein were selected for visualization using Discovery Studio
Visualizer. Furthermore, for each protein target, two reference inhibitors from the literature underwent the
same molecular docking experiments, and the outcomes were compared. MCC950 [38] and Oridonin [39]
were chosen as reference inhibitors for NLRP3; Emricasan [40] and Minocycline [41] for caspase-1;
Flurbiprofen [42] and Celecoxib [43] for COX-2; and Varespladib methyl [44] and CHEMBL-149502 ligand
[45] for PLA2.

Results and Discussion
Volatile Composition of Propolis

A total of 95 volatile compounds were identified using the Solid-Phase Microextraction (SPME) detection
method (Table 1).

Table 1. Identified volatile components in propolis by SPME-GCMS

Volatiles compounds of Propolis Types of SPME fiber
PDMS CAR- DVB-
PDMS PDMS
LRI | LRI Compound Chemical IM
(cal) | (lit) structures of % % %
compounds
1 538 536 Acetic acid, a
methyl ester o
” - 0,21+0,01 | -
,// ao.-""‘
2 578 | 594 | Acetic acid a,b
~A° - 2,57+0,05 | 0,52:0,02
OH
3 654 652 2-Propanone, 1- a
hydroxy- oy T/\OH ) ) 0,1240,00
4 686 685 3-Buten-2-ol, 2- a
methyl- L : - 0,27+0,01
5 720 716 3-Buten-1-ol, 3- a,b
methyl- S 10,1340,00 | 0,27+£0,01 | 0,190,00
6 745 746 2-Buten-1-ol, 3- a
methyl-
Y\/ OH 0,51+0,03 | 0,40+0,02 | -
7 796 794 Furfural a
° - 0,14+0,01 | -
WA
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8 834 | 836 | 2-Methylbutanoic a
acid 0
/\HL 0,32+0,02 | - -
9 860 861 4-Pentenyl acetate \5 a,b
, - 0,26+0,02 | 0,32+0,03
‘éf
10 | 915 917 2-Buten-1-ol, 3- ‘ a
methyl-, acetate- | i _ _lL_ 0,86+0,06 0,48+0,04
Prenyl acetate
11 | 920 | 922 | (+)-3-Carene a
< ) ) 0.33:0.02
12 | 926 928 Benzaldehyde a,b
(CAS) IO
©) 0,53+0,03 | 0,210,04 | -
13 | 930 | 931 | (-)-o-Pinene a,b
& 1,12+0,03 | 0,20+0,01 | 0,20+0,01
14 | 955 | 953 | Senecioic acid a
JW 0,33+0,03 | - -
0]
15 | 978 | 979 | beta.-Myrcene a
7'\\%_; 0,53+0,05 | 0,07£0,00 | -
N
16 | 1062 | 1062 | beta.-Terpinyl o a
acetate
1,19+0,12 | - 0,07+0,01
17 | 1065 | 1068 | 1,8-Cineole \ a,b
& 0,45+0,08 | - 0,05+0,00
18 | 1067 | 1069 | Cycloprop[a]inde a
ne, 1,1a,6,6a- ©ﬁ> - 2,174£0,13 | -
tetrahydro T
19 | 1076 | 1078 | .alpha- : a,b
Terpinolene
7,19+0,56 | - -
20 | 1080 | 1081 | n-Nonanal e 10.3240,11 | 0,6340,03 | 0,0940,00 a
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21 [1081 [ 1082 | Phenylethyl ab
Alcohol @ 0,7120,12 | 0,43+0,09 | 0,58+0,09
22 | 1162 | 1160 | Benzoic acid a,b
NN - 1,97+0,43 | 0,95+0,32
V4 \‘\.-’f
23 | 1185 | 1187 | Benzofuran, 2,3- o a
dihydro- OL . 6,24+0,54 | 2,88+0,12
24 | 1226 | 1228 | Phenethyl acetate a
L= - 0,38+0,12 | 0,88+0,23
\\\;//I/'
25 | 1228 | 1229 | Benzene, [(2,2- a
dimethylcyclopro - 0,17+0,01 | 0,11+0,01
pyl) methyl]-
26 | 1231 | 1230 | Benzylacetone 2\ a
\ SN - 0,15£0,01 | 0,23+0,01
27 | 1234 | 1235 | Cinnamaldehyde, a,b
(E)- A
© . 1,23+0,02 | 0,17+0,00 | 1,43+0,03
S
28 [ 1236 | 1236 |5- o~ a
Hydroxymethylfu ;% [( - 0,11+0,00 | 0,32+0,02
rfural g M
29 | 1266 | 1265 | (Z2)-Cinnamyl AN a
alcohol *\:f 0,97+0,09 | 1,35+£0,23 | 1,54+0,19
30 | 1296 | 1295 | p-Vinylguaiacol — a
HO—<:: :)—/
= - 0,78+0,02 | 0,26+0,03
31 | 1315 | 1317 | Benzaldehyde, 2- 04 a
hydroxy-6- Ho - 3,000,10 | -
methyl-
32 | 1321 | 1320 | Benzylmalonic 7\ a
acid AN\
— - 0,38+0,03 | 0,77+0,04
S°
33 | 1323 | 1323 | Benzylideneaceto 0 a
ne AT - 0,34+0,04 | 0,24+0,01
34 | 1324 | 1324 | Benzaldehyde, 4- =\ o a
hydroxy- o )—"" |- 0,19+0,02 | -
35 | 1366 | 1367 | 3,4- SCH, a
Dimethoxystyrene | w,co . 0,1540,01 | 0,23+0,02
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36 | 1383 | 1384 | n-Decanoic acid 0 a,b
Y E 0,25+0,02 | 0,97+0,05
OH
37 | 1404 | 1405 | Farnesol , a,b
T ] 1,56+0,09 | 0114003 | 1,52+0,08
38 | 1406 | 1407 | (-)-alpha-cedrene a
- - 0,21+0,04
39 | 1419 | 1420 | trans- / a,b
7
Caryophyllene B 0,34£0,02 | - 0,29+0,01
40 | 1435 | 1434 | trans-o- a
Bergamotene - 0,63+0,04 | 0,70+0,05
41 | 1436 | 1435 | trans-Cinnamic N\ a
acid ) ; 0,69+0,04 | -
42 | 1438 | 1440 | Cinnamyl acetate a
O | 2,1420,12 | 2,2740,16 | 2,46+0,18
43 | 1454 | 1456 | alpha.-Humulene a
0,13+£0,02 | - 0,21+0,05
44 | 1465 | 1466 | 2,5-di-tert-Butyl- i a
1,4-benzoquinone > 0,84+0,14 | 0,34+0,02 | 1,55+0,23
45 | 1475 | 1477 | .beta.-Selinene K | a
CT1) 0,54+0,02 | 0,07+0,00 | -
46 | 1482 | 1483 | ar-Curcumene a
%ﬁ%@ 0,20£0,01 | 0,53£0,04 | 1,40+0,10
47 | 1486 | 1488 | 4-Pentenoic acid, o a
5-phenyl- J\M\@ 0,97+0,09 | 8,08+0,26 | 5,09+0,12
48 | 1491 | 1493 | Zingiberene a
S~ 0,69+0,04 | 0,44+0,03 | 1,09+0,05
49 | 1496 | 1497 | B- Bisabolene \ a,b
N 0,43+0,11 | 0,22+0,02 | 0,72+0,08
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S50 | 1498 | 1498 | gamma- I a
Muurolene Al
| }‘ 0,38+0,11 | - 0,61+0,23
51 | 1508 | 1509 | trans-a- Copaene
0,5140,18 | 0.21+0,05 | 24004 |
52 | 1515 | 1517 | .beta.- a
Sesquiphellandren 0.7740.05 | 0.48£0.02
e P ’ ) D ) -
53 | 1534 | 1535 | .alpha.-Copaen- . a
11-ol A 0,58+0,03 | 0,33£0,01 | 1,540,06
54 | 1536 | 1537 | 10-epi-Elemol a
0,76+0,02 | 0,29+0,01 | -
55 | 1562 | 1564 | 5-Phenylpenta- i a
2,4-diecoic acid T e | 3,19+0,12 | 1,64+0,13
56 | 1570 | 1572 | (-)-Caryophyllene \ a
oxide ) 0,59+0,02 | 0,1120,00 | 0,11:£0,00
57 | 1574 | 1575 | (+) spathulenol . a
0,760,04 0,13+0,00
58 | 1580 | 1582 | (+)-Cedrol a
0,23+0,02 | - 0,85+0,04
59 | 1596 | 1598 | - (-)Epicedrol % a
ST 0,24+0,01 | 0,85+0,06
AN
60 | 1610 | 1612 | Hexadecane N NP y i 1.8740.10 | - a,b
61 | 1618 | 1619 | 10-epi-y- e a
PN ¢
Eudesmol S8k - 1,39+0,08 | 3,730,12
62 | 1620 | 1620 | Thujyl alcohol N/ a,b
AR 0,54+0,03 | 0,13+0,00 | 0,43+0,02
63 | 1634 | 1635 | 4- - = a
Hydroxycinnamic / 0,45+0,02 | 0,11+0,00 | 0,54+0,03
acid ¢
64 | 1640 | 1642 | A-Cadinol a
W L 0,58+0,06 | 0,11+0,00 | 1,22+0,09
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65 | 1644 | 1645 | B-Eudesmol wo. / a
o AN
T ) 2,8+0,07 | 2,43+0,08 | 6,54+0,11
66 | 1648 | 1649 | 7-epi-B-Eudesmol o a
2,60£0,06 | 2,63+0,05 | 8,55+0,19
67 | 1655 | 1654 | Tumerone [ \.T a
() 0,570,05 | 0,52:£0,04 | 2,16+0,09
-\T’
68 | 1656 | 1658 | (-)-o-Bisabolol W \ a,b
oxide { ‘‘‘‘‘‘ O 1,74£0,11 | 1,53+0,09 | 0,12:0,02
69 | 1662 | 1664 | Ar-tumerone 1§ a
J’;’C’:‘/ﬁ” T 2,12+0,09 | 2,73+0,11 | 6,16+0,17
70 | 1664 | 1665 | alpha-Humulene RN a
W.\ (" 0,18+0,00 | 0,5420,06 | 0,15+0,00
71 | 1666 | 1666 | 2-Propenoic acid, S a
3-(4- PN N\
methoxyphenyl)- Y | 0:38+0,03 1 3,78+0,23 | -
72 11680 | 1681 | B-Turmerone 1 a
(. 0,79+0,06 | 1,79+0,07
P W
73 | 1684 | 1684 | n-Hexyl salicylate i w a
o > 0,14+0,00 | -
74 | 1700 | 1700 | Heptadecane i 0.1340,00 | - a,b
75 | 1706 | 1706 | (+)-epi- ‘ a
Bicyclosesquiphel >
landrene 0,11£0,01 | -
76 | 1740 | 1743 | (+)-.alpha.- 0 a
Atlantone W 0,15+0,01 | -
77 | 1747 | 1749 | .beta.-Selinenol v/ a
200 0,97+0,04 | 0,25+0,02
78 | 1766 | 1768 | Methyl 4- = oo a
methoxycinnamat |~ " [ ] 0,31£0,02 | 1,09+0,05 | -
e
79 | 1874 | 1873 | 2-Propenoic acid, . i a
3-(3,4- S\ 0,23+0,02 | -

dimethoxyphenyl)
-, methyl ester
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80 | 1875 | 1874 | Ferulic acid T’ a
methyl ester MO
y T ] 0.3820,02 | 0,220,01
81 | 1884 | 1883 | 2-Heptadecanone | a
0,66+0,04 | 0,12+0,00 | 0,16+0,00
82 | 1905 | 1904 | Hexadecanoic a,b
acid, methyl ester 8
(CAS) Methyl n 1,26+0,08 | 0,97+0,05 | -
palmitate
83 | 1960 | 1960 | n-Hexadecanoic a,b
acid ° 0,94+0,04 | 3,98+0,12 | 0,11+0,00
84 | 1976 | 1976 | Ethyl n- a
hexadecenoate ] 0,18+0,01 | 0,33+0,02 | -
85 | 2020 | 2021 | a-Bisabolol W a,b
— S 15,18+0,7 | 15,27+0,8 30,9+1,13
P 8 9
86 | 2052 | 2054 | B-Nerolidol NN a
o 0,23+0,03 | 0,31+0,04 | -
87 | 2065 | 2067 | Ethanone, 1- B a
cyclododecyl- 0,79+0,03 | 0,16+0,01
88 | 2085 | 2087 | 2-Nonadecanone | ° 2,3720,10 | 2,64£0,09 | - a
89 | 2123 | 2123 | 9-Octadecenoic a,b
acid (2)- (CAS) 0,55+0,05 | 3,48+0,12 | -
Oleic acid
90 | 2132 | 2134 |9,12- a,b
Octadecadienoic ‘ 1.2820.08 | 028001
acid (Z2,2)- \ ’ ’ ’ ’ )
91 | 2300 | 2300 | n-Tricosane a,b
3,76+0,15 | 1,98+0,09 | 1,0120,05
92 | 2315 | 2317 | 1,2- a
Benzenedicarbox
ylic acid, butyl 0,51£0,04 | 0,16+0,01 | -
octyl ester
93 | 2400 | 2401 | Pinostrobin a
chalcone UL T | 2,3920,11 | 0,5940,02 | 1,130,04
94 | 2403 | 2405 | 9,12- a,b
Octadecadienoic »
acid, methyl ester, c 0,58+0,02 | 0,49+0,01 | -
(E!E)'
95 | 2461 | 2463 | 2- e a
methyltetracosane 4,28+0,21 | - 0,78+0,03
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2 Compounds listed in order of elution from a DB-5 column. b Identification of components based on standard compounds;
All values are mean + standard deviation of triplicates; LRI (cal): Linear retention indices (DB-5 column) calculated
against n-alkanes. % calculated from FID data with standard LRI (lit): https://pubchem. ncbi.nlm.nih.gov; IM:
Identification Method

In comparison to other studies on propolis volatiles in the literature, our results are notably extensive [46].
Across different SPME fiber types, 59 compounds were identified for PDMS, 80 for CAR/PDMS, and 63 for
DVB/PDMS. The abundant compound percentages for each fiber type are presented as follows:
e PDMS Fiber: The highest to lowest compound percentages were alpha bisabolol (15.18+0.78), alpha
terpinolene (7.19 £ 0.56), 2-methytetracosane (4.28+0.21), and beta-eudesmol (2.8+0.07).
e CAR/PDMS Fiber: The highest to lowest compound percentages were alpha bisabolol (15.27+0.89),
4 penteoic acid, 5-phenyl (8.08+0.26), benzofurane 2,3 dihydro- (6.24+0.54), and n-Hexadecanoic
acid (3.98+0.12).
o DVB/PDMS Fiber: The highest to lowest compound percentages were alpha bisabolol (30.9+1.13), 7-
epi-beta-eudesmol (8.55+0.19), beta-eudesmol (6.54+0.11), and ar-tumerone (6.16+0.17) (Table 1).

Target Selection and PPI Analysis

Network pharmacology analysis is a valuable tool for identifying potential drug targets across diverse diseases.
In the context of this research, network pharmacology analysis was conducted to identify potential drug targets
for NLRP3 inflammasome activation, a process implicated in various inflammatory diseases and serving as
the initial step in the inflammatory cascade [47]. Through this analysis, we identified four potential drug targets
for anti-inflammatory intervention: NLRP3 itself, caspase-1, COX-2, and PLA2. The selection of these targets
was grounded in their strategic position and significance within the network of interactions between genes and
proteins implicated in NLRP3 inflammasome activation (Fig. 1).
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Figure 1. Network analysis results of inflammatory proteins
Molecular Docking

The in silico drug discovery experiments employed in our study have successfully identified potential
inhibitors of the inflammatory response, shedding light on the physicochemical basis of inhibitory mechanisms
through molecular docking. The selection of the lowest binding affinity in the docking results as a favorable
docking score, with visualization of the top 2 scores, contributed to our analysis. Overall, the mean binding
affinities for each protein indicate the order NLRP3 > PLA2 > COX-2 > Caspase-1, ranked from highest to
lowest. The highest scores for each protein were as follows:

e NLRP3: -8.7 kcal/mol for alpha cedrene and -8.5 kcal/mol for alpha bisabolol oxide.

e (Caspase-1: -7.3 kcal/mol for pinostrobin chalcone and -6.7 kcal/mol for alpha bisabolol oxide.

e  (COX-2:-6.9 kcal/mol for zingiberene and -7 kcal/mol for pinostrobin chalcone.

e PLA2:-7.5 kcal/mol for both alpha-copaen-11-ol and gamma murolene (Fig. 2).
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Figure 2. Molecular docking results illustrated by heatmap [48]
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Reference docking was also conducted to validate and calibrate the inhibitory behaviors of the other
ligands (Table 2). Reference ligands, including a range of known binding affinities, were used to
benchmark the performance of diverse docking methods, or scoring functions. Despite PLA2 not having
the lowest mean binding affinity, it exhibited the lowest reference binding affinities. In another
molecular docking study of PLA2, scores were consistently around -6 kcal/mol for various ligands [49].
PLA2 exhibits an extensive and intricate structure featuring multiple binding sites, highly specific for
certain types of phospholipids, potentially leading to inappropriate interactions with ligands. However,
the binding affinity value may not consistently serve as the optimal indicator of specific inhibitory
interactions, given its susceptibility to various influencing factors. Among these factors, protein
flexibility differences play a crucial role, as proteins are dynamic structures capable of undergoing
conformational changes that can affect the binding affinity scores of ligands. If the protein undergoes
substantial conformational changes during ligand interaction, the docking simulation may fail to capture
this behavior, resulting in lower binding affinity predictions.

Table 2. Binding affinities of reference ligands

NLRP3 Caspase-1 COX-2 Phospholipase A2

-11,2 -8 -8,4 Varespladib -5,7
MCC950 | kcal/mol | Emricasan | kcal/mol | Flurbiprofen | kcal/mol methyl kcal/mol
-9,4 -6,2 -8,2 -5,6
Oridonin | kcal/mol | 54675783 | kcal/mol | Celecoxib | kcal/mol | CHEMBL149502 | kcal/mol

To enhance the accuracy of the predicted binding affinities, inhibition constants were calculated, and the
Ki values of the top scores were identified within the range of 0.4-12. This range signifies excellent
inhibitory behavior, aligning with the Ki <100 pm rule [50]. Both binding affinities and inhibitory
constants highlight the robust binding relations between NLRP3 and ligands. The binding site of NLRP3
exhibits a complex topology characterized by multiple pockets and channels, offering numerous
opportunities for ligand interactions, and enhancing binding affinities. Consistent with other molecular
docking studies on NLRP3, our findings also reveal elevated binding affinities and conformations [51].
Notably, the highest scores for NLRP3 were -8.7 kcal/mol for alpha cedrene and -8.5 kcal/mol for alpha
bisabolol oxide. Upon closer examination (Fig. 3), alpha cedrene forms alkyl and pi-alkyl interactions
with residues ILE151, TYR168, LEU171, ILE234, PHE373, and PRO412, along with van der Waals
interactions with ARG167, THR169, GLY231, TYR381, LEU413, and TRP416 (Fig. 3a). Species
known for their high alpha-cedrene content, such as Pinus koraiensis and Chamaecyparis obtusa, exhibit
a potent anti-inflammatory profile [52, 53]. Similarly, alpha-bisabolol oxide, as depicted in Fig. 3b,
engages in alkyl and pi-alkyl interactions with residues TYR168, LEU171, ILE234, PHE373, and
PRO412, coupled with van der Waals interactions with ILE151, GLU152, THR169, GLY229, GLY231,
THR233, TYR381, and LEU 413 residues. The formation of alkyl interactions between the protein and
the ligand augments the binding affinity by causing the hydrophobic regions of the protein to tightly
encircle the ligand, forming a more stable complex.



International Journal of Natural and Engineering Sciences 68

a ILE
TRP A:151
] A416 ARG
Frod12 Phe3Ts ey
LEU
A413
TYR
A| lng A:381
GLY
. ) A231  ppo
Tyrss TYR A:d12 THR
He234 A:168 A:169
[ LEU
V A:l71
7 Retsd PHE
A:373
Inerectsonn
- o
Y
Gluis2
b flets1
ILE
. \ A151 THR
A
ne234 Thiyss ' A v
A:152
TyriSBarg167 =
% LEU
| " - A171
Thui6o
e PRO
s GLY  Ad12
A A A522 A231 a6
174 doi/ ILE
' Tz THR e 238
A233 PHE
- M R A:373
Prod 12 Cauy ,f{;g I\.:r:rﬁ 438

e ives

Figure 3. NLRP3 docking results for top 2 binding affinities (a) alpha cedrene and (b) alpha-bisabolol
oxide

In addition, these interactions contribute to the orientation of the ligand within the protein binding site,
increasing the likelihood of other types of interactions [54]. In Fig. 4a, pinostrobin chalcone establishes
conventional hydrogen bonds with residues LEU258, ARG286, and ARG391, along with alkyl
interactions involving ILE243, ILE282, and ALA284. Additionally, it forms amide-pi stacked
interactions with GLU241 and GLY242, and van der Waals interactions with residues GLY238, ILE239,
ARG240, GLN257, ASN259, and CYS 285. In Fig. 4b, alpha bisabolol oxide engages in conventional
hydrogen bonds with residues ARG286 and GLU390. It further forms alkyl interactions with ILE243,
LEU258, ILE282, and ALLA284, as well as van der Waals interactions with residues GLY238, ILE239,
ARG240, GLU241, GLY242, CYS285, and PRO335. Notably, the van der Waals interaction involving
CYS285 aligns with the electron density specified in a literature study on the 3D structure of caspase 1,
which is consistent with our results [55].
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Figure 4. Caspase-1 docking results for top 2 binding affinities (a) pinostrobin chalcone and (b) alpha-
bisabolol oxide

In Fig. 5a, zingiberene establishes a pi-Sigma interaction with the HIS386 residue and alkyl interactions
with ALA199, ALA202, HIS207, HIS388, LEU390, and LEU391. Van der Waals interactions are also
formed with GLN203, THR206, PHE210, ASN382, TYR385, and TRP 387. Also, in Fig. 5b,
pinostrobin chalcone forms two conventional hydrogen bonds with THR 212 and HIS386 residues,
along with pi-pi T-shaped and carbon-hydrogen bond interactions with HIS388 residue. van der Waals
interactions involve ALA202, GLN203, THR206, HIS207, PHE210, LYS211, HIS214, GLN289,
VAL291, ASN382, TRP387, HIS388, and VAL447 residues. Zingiberene, a component frequently
studied for its anti-inflammatory and anti-apoptotic properties in the literature, is notably associated with
ginger species [56]. It has been reported that zingiberene and its derivative biochemical components
present in essential oils from species such as Casearia sylvestris can effectively suppress inflammatory
angiogenesis [57]. Similarly, essential oils derived from Xylopia laevigata leaves, rich in gamma-
muurolene content, demonstrate pronounced anti-inflammatory and antinociceptive effects [58].
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Figure 5. COX-2 docking results for top 2 binding affinities (a) zingiberene and (b) pinostrobin chalcone

In Fig. 6a, alpha-copaen-11-ol forms a conventional hydrogen bond with GLY30 and alkyl interactions
with LEU2, PHES, LYS6, and ALA23 residues. Additionally, Van der Waals interactions involve
residues ILE9, TRP19, PHE22, LYS31, HIS48, ASP49, TYRS52, TYR64, and PHE 101. Fig. 6b shows
that gamma muurolene engages in numerous alkyl interactions with LEU2, PHES, LYS6, ILE9, TRP19,
ALA23, and TYR64 residues, accompanied by van der Waals interactions with similar residues PHE22,
CYS29, GLY30, CYS45, HIS48, and PHE101. The observed pi-sigma interactions, occurring between
a pi-electron cloud (e.g., aromatic ring) and a sigma bond (e.g., C-H bond), contribute to the overall
stability of the ligand-receptor complex by providing additional attractive forces [59]. Additionally,
amide-pi stacked interactions, a non-covalent interaction between an amide group and an aromatic ring,
further enhance stability by facilitating attractive forces between the ligand and the receptor. Noteworthy
is the formation of conventional hydrogen bonds, typically linear and relatively strong interactions
between a hydrogen atom and an electronegative atom such as fluorine or nitrogen.
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Figure 6. PLA2 docking results for top 2 binding affinities (a) alpha-copaen-11-ol and (b) gamma
murolene

Remarkably, one of the highest-scoring values across all three inflammation protein targets was
observed for alpha bisabolol-derived biochemical compounds. Alpha-bisabolol, a monocyclic
sesquiterpene, has been extensively studied for its biotherapeutic effects [60]. Various studies have
highlighted the down-regulating effects of alpha-bisabolol and its derivatives on neuroinflammation
[61], wound inflammation [62], and gastric inflammation [63], along with a reducing effect on NLRP3
and TNF inflammation biomarkers. Beyond their anti-inflammatory effects, bisabolol derivatives have
significant anticancer potential. Studies have reported the reducing effect of alpha-bisabolol on
endometrial cancer markers related to COX-2 [64] and its promotion of cell death in glioma cancer cells
[65].

Conclusion

In conclusion, the utilizations of in silico molecular docking approaches has provided valuable insights
into the potential anti-inflammatory effects of propolis volatile compounds. These findings indicate that
these compounds hold promise in inhibiting the activity of crucial inflammatory proteins, thereby
presenting potential therapeutic benefits for a spectrum of inflammatory diseases. Although further
experimental studies are required to validate and corroborate these computational predictions, this
research establishes a promising foundation for future investigations exploring the application of
propolis as a natural anti-inflammatory agent.
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