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ABSTRACT

Anti-inflammatory agents inhibit prostaglandin synthesis by blocking cyclooxygenases
(COXs). The compounds extracted from ginger, 10-gingerol and 10-shogaol can inhibit
inflammation but the mechanism of inhibition remains unclear. Here we used molecular
docking to predict the molecular interactions between COXs and the three inhibitors,
acetaminophen (CID1983), 10-gingerol (CID168115) and 10-shogaol (C1D6442612). By
using that acetaminophen as a gold standard, the results demonstrated that acetaminophen,
10-gingerol, and 10-shogaol could bind catalytic domain and membrane binding domain of
cyclooxygenase-1 (COX-1) and cyclooxygenase-2 (COX-2). The 10-shogaol did not show
significantly different binding energy to bind to COX-1 and COX-2. The 10-gingerol
posed a stronger and more specific binding to the membrane-binding domain of COX-2
than acetaminophen and 10-shogaol. The specific binding of the 10-gingerol to COX-2
could prevent the binding of the natural substrate, arachidonic acid. The results provide
useful information to improving activities of anti-inflammatory.
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INTRODUCTION

Inflammation is part of the body's immune response to remove harmful stimuli and
begin the healing process. The anti-inflammatory agents and chronic inflammation can
eventually cause several diseases and conditions, including some cancers and rheumatoid
arthritis. Non-steroidal anti-inflammatory drugs (NSAIDs) alleviate pain by counteracting the
cyclooxygenase (COX) activity. The two isoforms, COX-1 and COX-2 use arachidonic acid
as a substrate to synthesize prostaglandins, creating inflammation [1-3]. COX-1 is
responsible for the baseline levels of prostaglandins modulate an initial phase of acute
inflammation whereas COX-2, an essential factor or inflammation, produces prostaglandins
through stimulation [1,4,5]. COX-1 and COX-2 are sharing 65% amino acid sequence
identity and posting near-identical catalytic sites [6]. The classical COX inhibitors are not
selective and inhibit all types of COX resulting in inhibiting prostaglandin and thromboxane
synthesis. The most frequent adverse effect of NSAIDs is irritation of the gastric mucosa
because prostaglandins normally have a protective role in the gastrointestinal tract. Long-
term use of NSAIDs can cause gastric erosions, stomach ulcers and in extreme cases can
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cause severe hemorrhage, resulting in death. Not only the COX-2 selective inhibitor drug has
less side effects than the non-selective inhibitors but some of them also have antipyretic and
analgesic effect [7,8].

Acetaminophen, a COX-2 selective inhibitor is commonly used as a drug to treat pain
and fever due to its less side effect [9]. However, long term use of acetaminophen gives
negative side effects such as causing gastrointestinal problem and promoting high blood
pressure then lead to cardiovascular disease [10-13].

Herbal medicines are become more popular in today’s world because of less negative
side effects [14]. Ginger has also been used for thousands of years for medicinal purposes.
Possible health benefits include relieving nausea, loss of appetite, motion sickness, and pain.
The number of reports has shown the evidence on ginger effects as an anti-inflammatory and
anti-oxidative [15].

Ginger (Zingiber officinale) is species from Zingiberaceae family. That natural resource
is widely distributed in South and Southeast Asia. Indonesia is one of the places that
cultivates ginger [16,17]. The ginger rhizome is used to treat several health problems such as
pain, coughs, and fever. Ginger also has other effects as anti-bacteria, anti-oxidant, and anti-
inflammatory. Gingerols and shogaols are the most potent bioactive compounds in the ginger
extract [18-21]. Both gingerols and shogaols exhibit biological activities, ranging from
anticancer, anti-oxidant, antimicrobial, anti-inflammatory and anti-allergic to various central
nervous system activities [22]. Gingerols and shogaols are more commonly found in fresh
and dry rhizome, respectively [23,24]. Gingerols have four isoforms 6-gingerol, 8-gingerol,
10-gingerol, and 12-gingerol compounds. Similar to gingerols, shogaols have 4 isomers 6-
shogaol, 8-shogaol, 10-shogaol, and 12-shogaol compounds [23,25]. The 10-gingerol and 10-
shogaol are predicted as COXs inhibitors [26,27]. In vitro experiments have shown that 10-
gingerol inhibit COX-2 and suppress synthesis of prostaglandin E (PGE) [25,27]. The 10-
shogaol reduce the PGE level that produced by COX-2 [23]. The details of 10-gingerol and
10-shogaol binding to COX-1 or COX-2 enzymes remain unknown. Therefore, this study
focus on identifies the binding of 10-gingerol and 10-shogaol b to COX-1 and COX-2 in
comparison with acetaminophen, a common anti-inflammation drug.

EXPERIMENT
Chemicals and instrumentation

Protein structure COX-1 (PDB ID: 1EQG) and COX-2 (PDB ID: 6COX) proteins in
3D-PDB formats were downloaded from PDB database and chemical structures of
acetaminophen (CID1983), 10-gingerol (CID168115), and 10-shogaol (CID6442612) were
obtained from Pubchem. Using Discovery Studio Clients 3.5 prepared the proteins structure
while ligands structure was use PyRx 0.8. The preparation of protein involves removing
ligands and water molecules using Discovery Studio Client 3.5 (http://www.3dsbiovia.com).
The ligands structures were converted in PDB format and minimized the energy using PyRx
0.8.

Docking and Bioactivities Prediction

The COX-1 and COX-2 proteins were docked with acetaminophen, 10-gingerol, and
10-shogaol by HEX 8.0.0 and the results were analyzed by using Discovery Studio Client 3.5
(http://lwww.3dsbiovia.com). The data for analysis showed in two dimensions and three
dimensions visualization. The interaction and details were compiled in the table. The
SMILES from each compound was used to predict the compound activities and inactivity.
The prediction was done by PASS online (http://www.pharmaexpert.ru/passonline/).
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RESULT AND DISCUSSION
Acetaminophen Bind to COXs

The analysis found that the head part of acetaminophen (phenyl group) could bind
COX-1 and COX-2 in different manners (Figure la, Table 1, and Table 2). Acetaminophen
made interactions with the catalytic domain of COX-1 with the H-bond between the
hydrogen atom of the hydroxyl group and Tyr-234, and the hydrophobic interaction between
the phenyl ring and Asn-236. These interactions were potentially suffered by the unfavorable
steric bumps between its hydroxyl oxygen and Gly-235. Unlike binding to COX-1,
acetaminophen made interactions not only with the catalytic domain but also the membrane-
binding domain (MBD) of COX-2. The major interactions at the MBD comprised the H-bond
between the carbonyl oxygen and Asn-144, and the Pi-anion type electrostatic interaction
between a negative charge of Glu-140 and the Pi-orbital of the phenyl ring. The interaction at
the catalytic domain was the hydrophobic interaction between Leu-238 and the phenyl ring
(on the opposite site to Glu-140). The calculation showed that the repulsion between the 2 H-
donors (the hydroxyl group and Lys-333) could encounter the binding at the catalytic domain.

Acetaminophen has not aliphatic tail as 10-gingerol and 10-shogaol. The Etota Of
acetaminophen to COX-1 was -179.6kJ/mol, calculated from the conventional H-bond,
electrostatic interaction and unfavorable bump. Acetaminophen bound to COX-2 stronger
than COX-1. The Ewtal was -192.7 kJ/mol, calculated from three the attraction, conventional
H-bond, electrostatic interaction and hydrophobic interaction, and repulsion from the
hydrogen donor-donor.

Combination of interactions indicates strength and selectivity of the binding of the
molecules. The strength of binding, presenting in negative value, depending on types of
interactions and the distance between the atoms [28]. The total binding energy (Etota) is
product of the attractive and repulsive forces between the two molecules [29]. The higher
Etwtar indicates the more selectivity of the binding. Our results showed that acetaminophen
bound to COXs weaker than 10-gingerol and 10-shogaol. Acetaminophen and 10-gingerol
bound to COX-2 stronger than COX-1. The Etwta 0f 10-shogaol binding to COX-1 and COX-
2 were not significantly different. It showed the ability of acetaminophen to bind with COX-2
[30], but might not as strong as 10-gingerol and 10-shogaol.

Ginger Bioactive Compounds (10-gingerol and 10-shogaol) with COXs Binding

The major differences between 10-gingerol and acetaminophen are the presence of a
methoxy group at the head part and the long alkyl chain as a tail of the molecule. These
molecular differences played an important role in binding to COXs. The main interaction
with COX-1 located at the catalytic domain whereas the major interaction with COX-2 was at
the MBD (Figure 1b, Figure 2b; 2e, Table 1, and Table 2). To interact with COX-1, GIn-370
and Pro-542 play crucial roles in making the H-bonds and the hydrophobic interactions with
the catalytic domain. GIn-370 acted as both H-donor and H-acceptor of the carbonyl oxygen
and methyl of the methoxy group, respectively. Pro542 made the hydrophobic interactions
with benzyl group at the head and alkyl at the tail of 10-gongerol. Methyl group of the
methoxy group made H-bond with the Asn-122 of the MBD by acting as H-donor. More
interactions between 10-gingerol with COX-2 are shown in Figure 1b, Figure 2e, and Table
2. Trp-139 at the MBD made H-bonds with the hydroxyl and methoxy group at the head part
of 10-gongerol. At the catalytic domain, Asp-229 made an electrostatic interaction with the
phenyl ring while Leu-238 made hydrophobic interaction with the alkyl tail. A steric
unfavorable between the tail and the catalytic domain was observed at Leu-224 and the
carbonyl oxygen.
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Similar to acetaminophen, 10-gingerol bound to COX-1 stronger than COX-2 with the
Etotal equal to -278.0 kJ/mol and -309.8 kJ/mol, respectively. Although 10-gingerol contains
the aliphatic tail, the major interaction presented at the head part of the molecule. The 10-
gingerol made more interactions to COX-1 and COX-2 than acetaminophen. The key
interactions that made 10-gingerol bound to COX-2 stronger than COX-1 were the two
conventional H-bonds shown in Table 1 and Table 2.

The absence of the hydroxyl group at the tail and different orientation of the methoxy
group were differences between 10-gingerol and 10-shogaol. These differences played key
roles in altering the interaction with COX-1 and COX-2. The methoxy group of 10-shogaol
did not make interaction with COX-1 as presented in 10-gingerol, however it was able to
make an H-bond with Glu236 of COX-2. The head part of 10-shogaol makes an H-bond and
hydrophobic interaction with Glu-543 and Pro-542 respectively. The long alkyl tail of 10-
shogaol does not interact to COX-1 but made two hydrophobic interactions with Leu-145 at
the MBD and Leu-224 at the catalytic domain. There is no unfavorable interaction in the
bindings between 10-shogaol and COX-1, and 10-shogaol and COX-2 (Figure 1c, Table 1,
Table 2).

The 10-shogaol is slightly more polar than 10-gingerol due to the presence of the
hydroxyl group at the aliphatic tail of the molecule. Although there were less pairs of
interaction, an absence of repulsion made 10-shogaol bound to COX-1 and COX-2 with
higher binding energies than acetaminophen and 10-gingerol. The Etwta of 10-shogaol to
COX-1 and COX-2 were not significantly different, were equal to -305.7 kJ/mol and -303.5
kJ/mol respectively.

The prediction presented here has demonstrated that acetaminophen, 10-gingerol, and
10-shogaol not only bind to the catalytic sites but also the membrane-binding domain of
COX-1 and COX-2. The presences of the methoxyl group and the aliphatic tails in 10-
gingerol and 10-shogaol play important roles in the strength and selectivity of the binding.
The extension tail of 10-gingerol and 10-shogaol is a major different from acetaminophen
played important roles in strength and selectivity of the molecular bindings. Together these
data have revealed the strength and selectivity of the binding of acetaminophen, 10-gingerol,
and 10-shogaol with COX-1 and COX-2.

Our analysis showed that 10-gingerol and 10-shogaol bound to COXs stronger than
acetaminophen. The carbon hydrogen bond is known as weak hydrogen bond (C—H---O) and
it is weaker than conventional hydrogen bond (N-H:--:O, N-H--:N, O-H---O) [29]. An
electrostatic interaction and hydrophobic interaction that could enhance the ligand binding
efficiency are also scored in binding energy calculation [7,28,29,31]. The distance between
the atoms also supports the strength of interaction. The shorter of distance indicates the
stronger interaction [32,33].

The Ewtal of 10-gingerol and 10-shogaol were approximate twice the amount of
acetaminophen. Although 10-shogaol also can bind to COX-2 very strong comparable to 10-
gingerol, The Etwta of 10-shogaol to COX-1 and COX-2 were not very different. The 10-
gingerol/COX-1 interactions were dominated by carbon hydrogen bonds, whereas 10-
gingerol/COX-2 interactions were dominated by conventional hydrogen bonds. These made
10-gingerol bound to COX-2 stronger than COX-1. Although 10-shogaol interacted with
COX-1 and COX-2 in different manners, the binging strength was not much different because
the conventional hydrogen bond and hydrophobic interaction between 10-shogaol and COX-1
were equivalent to two hydrophobic interactions combining with carbon hydrogen bond
between 10-shogaol and COX-2.
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Potency of 10-gingerol as anti-inflammatory inhibitor

Further analyses were conducted by using PASS online to predict the potency of ginger
bioactive compounds towards COX-2. The prediction from PASS online (Table 3) showed
that 10-gingerol and 10-shogaol have potency as anti-inflammatory and antipyretic agent.
The 10-shogaol had high activity as anti-inflammatory, non-steroidal anti-inflammatory
agent, and cyclooxygenase substrate compared to others. Whereas, 10-gingerol had the
highest activity as antipyretic, this is the main function of acetaminophen.

High selectivity to COX-2 is a key property for an inflammation drug. The COXs
inhibition occurred near the heme-binding or peroxidase site [6], which might indirectly
prevent the prostaglandin synthesis [34]. The data presented here have showed that
acetaminophen, 10-gingerol and 10-shogaol bound to COXs at the catalytic and membrane
binding domain, and have provided the insights into the interactions of the three compounds
to COX-1 and COX-2. The result has revealed the key interactions resulting in selectivity of
acetaminophen and 10-gingerol to COX-2 but not 10-shogaol.

A phenyl ring is a common moiety of acetaminophen, 10-gingerol and 10-shogaol. The
ring mainly participated in COXs binding, especially COX-1. However, the phenyl ring of
10-shogaol did not interact with COX-2. Acetaminophen and 10-gingerol showed selectivity
to COX-2 but not 10-shogaol. Our result demonstrated that the selectivity to COX-2 of
acetaminophen derived from the stronger interactions at the phenyl ring and at the carbonyl at
the tail of the molecule. These show the selective COX-2 binding of acetaminophen.

Although the presence of an aliphatic tail in 10-gingerol is one of the differences from
acetaminophen, the selectivity to COX-2 was lined at the head part of the 10-gingerol. The
orientation of methoxy group and hydroxyl group at the head part of 10-gingerol made more
interactions with COX-2 than COX-1, indicating the selectivity of 10-gingerol to COX-2.

Ginger has many biological activities, for example as anti-inflammatory through COX
inhibition [35]. In the result, 10-gingerol posed a role as potential anti-inflammatory. The
predicted mechanism of 10-gingerol inhibits prostaglandin (PG) synthesis by COX-2 is
shown in Figure 3. The substrate of COX-2 is arachidonic acid (AA), locates at cell
membrane. Regard to our results, the inhibition site of 10-gingerol was located at membrane
binding domain and catalytic domain on the same site with AA. AA is synthesized by
phospholipase A2 (PLA2) at the cell membrane could not effectively bind to COX-2. The
figure shows that 10-gingerol blocks the binding site of AA on COX-2, resulting in inhibiting
the PG synthesis.

The result of ginger potency prediction predicted by PASS online was consistent with
the early in vitro and in vivo studies reported that either 10-gingerol can be anti-
inflammatory, anti-cancer, and inhibit apoptosis [22,36]. Antipyretic is one of acetaminophen
major function [37]. It also correlated with prediction score. Interestingly, the prediction has
shown that anti-inflammatory score of 10-gingerol and 10-shogaol is much higher than
acetaminophen (Table 3) that suggested the 10-gingerol had similar properties to
acetaminophen and potentially a good anti-inflammation agent.
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Figure 1. The two dimensions visualization of COX-1 and COX-2 interactions with
acetaminophen, 10-gingerol, and 10-shogaol
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COX-1

10-gingerol Acetaminophen

10-shogaol

COX-2
10-gingerol  Acetaminophen

10-shogaol

Figure 2. The three dimensions visualization of COXs binding with ligands: a) COX-1 with
acetaminophen, b) COX-1 with 10-gingerol, ¢c) COX-1 with 10-shogaol, d) COX-2 with
acetaminophen, e) COX-2 with 10-gingerol, f) COX-2 with 10-shogaol
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Table 1. Interaction and binding energy of cyclooxygenase 1 (COX-1) with ligands

Protein Ligand
Eotal Atom / Atom / Distance
Name Categor
(kd/mol) gory Residue  Moiety Domain  "artof Moiety A)
: molecule .
(function) (function)
Conventional Hoityg:r}ll ! . Hydroxyl
Tyr234 Catalytic Head group (H- 3.0021
H-bond (H-
donor)
acceptor)
Electrostatic Amide
Acetaminophen  -179.6 |nter.act|on, Asp236 group Catalytic Head Phenyl ring 41295
Cation...w (positive (m electron)
interaction charge)
Carbonyl
Unfavorable . . Hydroxyl
bump Gly235 oxyg)en «d Catalytic Head oxygen (d) 2.0398
Carbonyl
Carbon H-bond  GIn370 Alkyl (H- Catalytic Tail oxygen (H- 2.7152
donor)
acceptor)
Carbonyl
Methoxy
Carbon H-bond  Asn122 OXygen Me_mb_rane Head group (H- 2.8582
(H- binding d
onor)
acceptor)
. Methoxy
10-gingerol 2780 caonH-bond  Glnaro ANV (H- Catalytic Tail group (H- 2.4644
donor) d
onor)
. Akyl
H_ydroph_oblc Pro542 group Catalytic Tail Alkyl (non 5.3721
interaction polar)
(non-polar)
Hydroxyl group Akyl . Phenyl ring
Pro542  group (non  Catalytic Head 4.8198
(H-donor) (w electron)
polar)
Conventional Coe;rbogz | Hydroxy
Glu534 Y9 Catalytic Head group (H- 2.4996
Hydrogen Bond (H- donor)
10-shogaol -305.7 acceptor)
: Side chain .
I—!ydroph_oblc Pro542 ring (non Catalytic Head Phenyl ring 3.4497
interaction polar) (m electron)

Table 2. Interaction and binding energy of cyclooxygenase 2 (COX-2) with ligands

Protein Ligand
. E Distance
Ligand (kJ/Tr?;i)ll) Category Atom / Part of Atom / | A
Residue Moiety Domain molecule Moiety
(function) (function)
Conventional Amine Membrane Carbonyl
Asnl44  group (H- L Head oxygen (H-  2.8471
H-bond binding
donor) acceptor)
Electrostatic Carboxyl
interaction, Membrane Phenyl ring
Acetaminophen  -192.7 Anion...n Glu140 (g;?gﬁ) binding Head (m electron) 4.3765
interaction
Hydrophobic Alkyl
interaction, group . Phenyl ring
Alkyl...7 Leu238 (non- Catalytic Head (n electron) 4.8139
interactions polar)
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Amine Hydroxyl
;J;:g\r/_%?r?é? Lys333  group (H- Catalytic Head group (H- 2.0542
donor) donor)
. Carbonyl Hydroxyl
Conventional Trp139  oxygen (H- Membrane 44 group (H-  2.7261
H-bond binding
acceptor) donor)
. Methoxy
Conventional Indole NH  Membrane
H-bond Trp139 (H-donor) binding Head group (H- 1.8961
accceptor)
Beta Membrane Hydroxyl
Carbon H-bond ~ Ser143  carbon (H- bindi Head oxygen(H-  3.4048
inding
donor) acceptor)
Beta Membrane Methoxy
10-ai | 3098 Carbon H-bond ~ Ser143  carbon (H- bindin Head oxygen (H-  3.6122
-gingero TR donor) 9 acceptor)
Electrostatic
interaction Carboxyl Phenyl rin
. ' Asp229 group Catalytic Head YITng 3 5600
Anion...Tt - (m electron)
; : (anion)
interaction
Hydrophobic o oag  Sidechain o iic  Tail Alkyl 46407
interaction alkyl group
Carbonyl
U”fg‘""mb'e Leuzza  CADOWLcoivtic  Tail oXygen g7
ump oxygen (steric
bump)
Side chain Methoxy
Carbon H-bond  Glu236 carbon (H-  Catalytic Head group (H- 2.8965
donor) acceptor)
10-shogaol -303.5 Hydrophobic Alkyl Membrane .
interaction Leul45 sidechain binding Tail Alkyl 5.4084
Hydrophobic o ooy AKYL - coaiytic Tl Alkyl 34599
interaction sidechain

Table 3. Bioactive prediction from PASS Online

Bioactive compounds Activity Pa (activity score) Pi (inhibition score)
10-Gingerol 0.532 0.048
10-Shogaol Anti-inflammatory 0.717 0.014

Acetaminophen 0.319 0.144
10-Gingerol 0.327 0.038
10-Shogaol Antipyretic 0.315 0.040

Acetaminophen 0.675 0.005

CONCLUSION

The 10-gingerol is a ginger bioactive compound that has the potential to replace
acetaminophen as an antipyretic and anti-inflammatory drug through COX-2 inhibition. The
interaction data provide useful information that could be used for drug design and
development. However, this study needs further investigation through toxicology and/or pre-
clinical study of 10-gingerol mechanisms towards COX-2 and the complex reaction of 10-
gingerol with another bioactive compound in ginger.
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