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Abstract In 2009, swine flu (HIN1) had spread significantly
to levels that threatened pandemic influenza. There have been
many treatments that have arisen for patients since the WHO
first reported the disease. Although some progress in control-
ling influenza has taken place during the last few years, the
disease is not yet under control. The development of new and
less expensive anti-influenza drugs is still needed. Here, we
show that sesamin from the seeds of the Thai medicinal plant
Sesamum indicum has anti-inflammatory cytokines in human
peripheral blood mononuclear cells (PBMCs) induced by
2009 influenza virus type A HINI. In this study, the combi-
natorial screening method combined with the computational
approach was applied to investigate the new molecular
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binding structures of sesamin against the 2009 influenza virus
type A HINI1 (pO9N1) crystallized structure. Experimental
methods were applied to propose the mechanisms of sesamin
against cytokine production from HINI-induced human
PBMC model. The molecular dynamics simulation of sesamin
binding with the pO9INT1 crystallized structure showed new
molecular binding structures at ARG118, ILE222, ARG224,
and TYR406, and it has been proposed that sesamin could
potentially be used to produce anti-HIN1 compounds.
Furthermore, the mechanisms of sesamin against cytokine
production from influenza type A HIN1-induced PBMCs by
ELISA and signaling transduction showed that sesamin ex-
hibits the ability to inhibit proinflammatory cytokines, IL-13
and TNF-«, and to enhance the activity of the immune cell
cytokine IL-2 via downregulating the phosphorylated JNK,
p38, and ERK1/2 MAPK signaling pathways. This informa-
tion might very well be useful in the prevention and treatment
of immune-induced inflammatory disorders.

Keywords Influenza type A HIN1 virus - Sesamin -
Peripheral blood mononuclear cells - Influenza A
neuraminidase - Molecular dynamics simulation

Introduction

After the first reported case in March 2009, the 2009 HIN1
influenza virus traveled beyond borders and even across con-
tinents (Dawood et al. 2009). Canadian health authorities
demonstrated that the transmission occurred only on a
human-to-human basis, and noted that this widespread virus
was different from the virus of the swine flu that is common
among pigs. Thus, the mechanical pathway in the case of the
actual HIN1 2009 influenza is very complicated to fully com-
prehend (Chambers ef al. 1991) and has also retained a
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significant health problem (Dai ef al. 2011). Type A influenza
belongs to the “Orthomyxoviridae family,” a family of RNA
viruses that includes five genera: influenza virus A, influenza
virus B, influenza virus C, isavirus, and thogotovirus. These
are common viruses that are found among humans, birds,
pigs, as well as many other mammals (Biichen-Osmond
2006). The symptoms of this type of influenza include respi-
ratory problems such as coughing and sneezing and high fe-
ver. However, in cases of strong infection and a weak immune
system, the effects may be more severe, causing deadly symp-
toms such as pneumonia.

The influenza A virus is a single-stranded RNA virus with a
viral envelope and a segmented genome (Committee WHOE
1980). The virus attaches to the host’s sialylated glycoproteins
via the viral hemagglutinin (HA) and enters the cell by endo-
cytosis. The viral genomic ribonucleoprotein (RNP) translo-
cates to the nucleus where transcription and replication of viral
RNA occurs. During the infection of the influenza virus, spe-
cific host receptors can recognize the viral proteins, such as
HA, neuraminidase (NA), and M2 proteins that are essential
for viral particle formation and budding from host cells via the
secretory pathway (Palese et al. 2007), which initiates a series
of signal transductions of innate immune response to the virus
infection known as “cytokine storm” (Mogensen ef al. 2001).

At present, natural products derived from plants are being
investigated for their therapeutic benefits due to the increased
popularity of local medicinal plants used in the treatment of
many types of diseases. Many of these plants show antimicro-
bial activity (Cowan 1999). Sesame is a Thai herb that is
widely consumed in Thailand and is found in Sesamum
indicum seeds, which contain two unique lignan substances,
sesamin and sesamolin. To date, there have been many
research reports that have studied the biological activity of
sesamin. The work of Wang et al. (2002) has clearly demon-
strated that sesamin reduces lipopolysaccharide (LPS)-in-
duced nitric oxide (NO) production in macrophages, which
are induced by nuclear transcription factors. Moreover,
sesamin has been shown to decrease matrix metalloprotease
expression, which can degrade both proteoglycans and type II
collagen, resulting in a release of sulfated glycosaminoglycan
and hydroxyproline induced by IL-13 in porcine cartilage
explants (Phitak ef al. 2012).

In this study, a computational approach was applied to
investigate the new molecular binding structures of sesamin
that can successfully inhibit the 2009 influenza virus type A
HINTI. In addition, sesamin was used to investigate the effect
of anti-inflammatory cytokine using influenza type A HIN1-
induced human peripheral blood mononuclear cells (PBMCs)
as models. It was found that sesamin could reduce neuramin-
idase activity and inhibit the cytokine storm in the reduction of
the IL-1{3 and TNF-« release. This is possible due to its prop-
erties, which can enhance the activity of immune cells of IL-2
along with its protein release while at the same time
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downregulating the phosphorylated c-Jun N-terminal kinase
(JNK), p38, and ERK1/2 mitogen-activated protein kinase
(MAPK) signaling pathways. These findings may in fact lead
to the development of new antiviral drugs from natural prod-
uct compounds.

Materials and Methods

Materials. The purified sesamin was obtained from Assoc.
Prof. Dr. Wilart Pompimon, Lampang Province of Thailand,
and the voucher specimen (BKF no. 138181) has been depos-
ited at the Forest Herbarium, Royal Forestry Department,
Ministry of Natural Resource and Environment, Bangkok,
Thailand. The powdered seeds of S. indicum Linn were ex-
tracted and separated by column chromatography over silica
gel (Merck No. 7734, mesh 70-230 ASTM). The separated
sesamin was crystallized with ethanol to yield colorless needle
crystals and was identified by MS/NMR. The sesamin was
characterized using the HPLC method and compared to stan-
dard sesamin (Sigma-Aldrich®, St. Louis, MO).

Computational methods. The initial structure of the 2009
pHINI N1 NA (p09N1) complex was taken from the X-ray
crystallography structure with the PDB code of 3TI6
(Vavricka et al. 2011). The amino acid sequences of pO9INI
and the ligand structures in each complex are shown in
Figs. S1 and 1, respectively. The 3D structures of the Thai
medicinal plant sesamin were built and optimized (1000 steps
of the adopted basis Newton-Raphson—ABNR) using the
CHARMmM force field in the Discovery Studio (DS) 2.5 pack-
age (Accelrys Software Inc., San Diego, CA). The structures
of proteins and inhibitors were utilized in subsequent docking
experiments with CDOCKER protocols (Wu et al. 2003) in
the DS 2.5 package. The energy minimization and molecular
dynamics (MD) simulations were performed using
PMEMD.CUDA from AMBERI12 (Case et al. 2005) on
GPUs Geforce GTX780 produced by NVIDIA, which sped
up the simulation wall time that is required to obtain the tra-
jectory files from each simulation. All MD systems were sim-
ulated under the same conditions, and all experiments were
performed under periodic boundary conditions (Weber et al.
2000). Each of the complexes’ structure was solvated in a
cubic box of TIP3P water extending to at least 12 A in each
direction from the solute, and the cutoff distance was kept to
15 A in order to compute the nonbonded interactions and Na*
ions as the neutralizing countering ions. The AMBER {f12SB
force field parameters were applied in order to describe the
molecular characteristics of the complexes. The long-range
electrostatics were treated using the particle mesh Ewald
(PME) method (Darden et al. 1993). The SHAKE algorithm
and the Langevin dynamics were applied to constrain the
bonds involving hydrogen and to control the temperature.
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The time step was set to 2 fs and the trajectory was recorded
every 0.2 ps. First, all docked complexes were energy-
minimized to remove any bad contacts and to achieve a good
starting structure, which would enable the performance of the
molecular dynamics simulations. The first step was to allow,
out of 10,000 iterations, only water molecules to move. In the
second step, each of the 10,000 iterations, hydrogen and pro-
tein side chains were relaxed, in a fixed order. Finally, 20,000
iterations were calculated with the restriction-free system.
After that, the MD simulations were performed according to
the following steps: initially, the temperature of each system
was increased by gradually heating the NVT (constant number
of atoms, volume, and temperature) dynamics with the fixed
protein atoms over 60 ps from 0 to 310.15 K. This was done
by using a force constant of 10 kcal mol™" A™%. Then, the first
200-ps pressure-constant periods (NPT; constant number of
atoms, pressure, and temperature) were applied to obtain the
equilibrated density of the constrained protein atoms at a force
constant of 5.0 kcal mol”' A™%. Next, the second group of
200 ps dynamics at no force was applied to the protein atoms.
Finally, 20 ns of unrestrained NPT-MD simulations (no force
applied to any protein atoms) were performed for each fully
flexible system at 310.15 K and 1 atm. The density of each
system was about 1.0 g/cm’. At the end of the equilibration
period, all memory of the initial configuration was intention-
ally lost. This was done so that the final results would not
depend on the initial configuration. Following the equilibra-
tion period, the structural properties and intermolecular inter-
actions of each MD system were analyzed based on the MD
trajectories from the last 10 ns. Binding free energy calcula-
tions were based on selected MD snapshots, and the energy
components were calculated using a very large cutoff (999 A).
The molecular mechanics Poisson-Boltzmann surface area
(MM-PBSA) (Donini et al. 2000) and the molecular mechan-
ics generalized Born surface area (MM-GBSA) (Chong ef al.
1999) protocols were applied in order to calculate the binding
free energy of each complex system. In this study, the binding
free energy of each system was calculated from 11-15 to 15—
20 ns of the trajectories. The 2500 snapshots were extracted
from each range, and the grid size for the PB calculations in
MM-PBSA was 0.5 A. The enzyme-ligand interaction energy
profiles were generated by decomposing the total binding free
energies into residue-residue interaction pairs via the MM-
GBSA decomposition process in the mm_pbsa program of
AMBERI12 (Gohlke et al. 2003; Hou et al. 2008). The values
of the interior and exterior dielectric constants in MM-GBSA
were set to 1 and 80, respectively. The exploration of the hot
spots on p09N1 and oseltamivir or sesamin was discussed, as
well was an assessment of the amino acid residues’ effects on
the binding affinity of each complex in aqueous solution.

Assay of neuraminidase inhibition activity. The assay is based
on the measurement of total sialic acid (TSA) released from

bovine submaxillary mucin (Kongtawelert et al. 2003).
Briefly, 50 ul of each sample, oseltamivir and sesamin, was
incubated with or without neuraminidase enzymes at 37°C for
60 min. After that, these samples were incubated with mucin
as the substrate or standard sialic acid (2—-10 pg/well) for
15 min. The solutions were added to a 96-well plate. Then,
50 pl of 1.3 mM periodic acid was added to each well and they
were mixed for 5 min. After being incubated in an icebox for
60 min, 100 pl of 0.6% (w/w) of resorcinol reagent was added
and the solutions were mixed for 5 min. The plate was heated
to 80°C for 60 min in a bath of hot water and then shaken with
a shaker for 2 min. The plate’s contents were cooled to room
temperature. Finally, 100 pl of 95% ¢-butyl alcohol was added
and mixed for 5 min before being immediately measured at
620 nm using a microplate reader spectrophotometer. The
values were converted to neuraminidase activity (units/ml)
using a standard curve.

PBMC preparation and culture. PBMCs were isolated from
whole blood samples using the density-gradient centrifugation
technique (Brincks er al. 2008). The whole blood samples
were heparinized and diluted with sterile PBS at a ratio of
1:1. They were under-layered with Ficoll-Hypaque (Sigma-
Aldrich®) and centrifuged at 400xg for 30 min. The PBMC
layer was collected and washed with sterile PBS. The PBMCs
were cultured in RPMI 1640 medium (Gibco, Grand Island,
NY) that was supplemented with penicillin/streptomycin
(100 U/100 pg/ml) and gentamicin 40 mg/ml at 37°C in a
humidified incubator containing 5% CO,. The cytotoxicity
of sesamin and oseltamivir (Tamiflu®) in the PBMCs was
investigated using the Alamar Blue solution as described in
the Supplementary Data section.

Influenza type A HINI preparation and culture. The influenza
virus type A HINI, inactivated by (3-propiolactone (Garlick
et al. 1976; Honda-Okubo et al. 2014), was obtained from
Prof. Yong Poovorawan, Faculty of Medicine,
Chulalongkorn University, Bangkok, Thailand. The
inactivated influenza virus type A HINI at a titer of 128
hemagglutination units (HAU), which is a protein-based virus
quantification assay, and embryonated chicken eggs that had
been propagated with the virus were used in the control group.

For HIN1-induced PBMCs and treatments, PBMCs (8%
10° cells/ml) were plated in a 24-well plate and induced with
or without HIN1. Cells were cotreated with different concen-
trations of sesamin (or oseltamivir) and incubated at 37°C
with 5% CO, for 24 h, which was a modified method based
on the work of Brincks et al. (2008). After 24 h of treatment,
the media were collected for the purposes of measuring human
IL-13, TNF-«, and IL-2 proteins using the enzyme-linked
immunosorbent assay (ELISA), and the cells were collected
for the purposes of measuring cytokine messenger RNA
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(mRNA) levels using real-time reverse transcription polymer-
ase chain reaction (RT-PCR).

Measurement of cytokines. After 24 h of treatment, the levels
of cytokine released to the media were determined using the
human IL-13, TNF-«, and IL-2 Biotrak Easy ELISA kit ac-
cording to the manufacturer’s instructions (Amersham, GE
Healthcare, Buckinghamshire, UK). Briefly, 150 ul of stan-
dard diluent buffer and 100 ul of deionized water were added
to each well of an eight-well strip plate coated with human
polyclonal IL-13 or TNF-o or IL-2 antibodies. Then, 50 pl of
each sample with sesamin or oseltamivir (0.5, 1.0, and
5.0 pg/ml) was added and incubated for 3 h at room temper-
ature. After incubation, these standards and samples were
washed with washing buffer (400 pl/well) four times. Then,
100 ul of premixed TMB substrate was added to each well
and they were then incubated at room temperature for 15 min
in the dark, and then 100 pl of the stop solution was added.
The optical density was measured at 450 nm using the
Titertek Multiskan M340 multiplate reader, and the values
were converted to concentrations using a standard curve.
The cytokines released from the culture medium of influ-
enza type A HIN1-induced PBMCs were estimated using
the following calculation:

sample medium

100
embryonated chicken egg 8

%cytokine relative =

Gene expression analysis. Total RNA from sesamin or
oseltamivir cotreated with HINI- induced PBMCs was ex-
tracted using Nucleospin™ RNA 1II procedure (Macherey-
Nagel, Diiren, Germany) according to the manufacturer’s in-
structions. Total RNA (500 ng) of each sample was used to
reverse for complementary DNA (cDNA) synthesis using
RevertAid™ First Strand cDNA synthesis kit (MBI
Fermentas, St. Leon-Rot, Germany). Real-time RT-PCR was
performed in a DNA Engine (ABi 7500) using SYBR®
GreenER™ qPCR SuperMix Universal (Invitrogen,
Waltham, MA). The program used for amplification was as
follows: 95°C for 10 min, then 55 cycles of denaturation at
95°C for 15 s, annealing at 60°C for 15 s, and elongation at
72°C for 33 s. The sequence primers of cytokine markers IL-
13 (Boeuf et al. 2005), TNF-« (Boeuf et al. 2005), and 1L-2
(Provenzano et al. 2003) are shown in Table S1. Relative
expression levels for each primer set were normalized to the
expression of GAPDH by the 27} method (Livak et al.
2001).

Western blotting analysis. HIN1-induced PBMCs that were
treated with sesamin from 0.5 to 5.0 pug/ml for 1 h were lysed
with a 2x sample buffer containing 5% [3-mercaptoethanol.
Samples were subjected to 10% SDS-PAGE under a reducing
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condition. The proteins were electrotransferred to the
polyvinylidene difluoride membrane, and the membrane was
soaked in 5% skim milk in TBS containing 0.1% Tween-20
(TBS-T) for blocking. The membrane was probed with rabbit
anti-phosphorylated p44/42 MAPK, rabbit anti-
phosphorylated p38, rabbit anti-phosphorylated SPAK/JINK,
rabbit anti-p44/42 MAPK, rabbit anti-p38, and rabbit anti-
SPAK/INK antibodies (Cell Signaling Technology®,
Danvers, MA) at 4°C overnight. The primary antibodies (di-
luted 1:1000) and secondary antibodies consisting of horse-
radish peroxidase-labeled anti-rabbit antibodies (diluted
1:2000) were used for the detection procedure. After washing
the membrane three times with TBS-T, a signal was detected
with the ECL detection system (KPL® system). The immune-
positive bands were visualized using the Chemi XRS Gel
Documentation System (Bio-Rad, Berkeley, CA). The relative
intensities of the immune-positive bands were calculated
using Quantity One 4.6.5 software and compared to those
measured in the embryonated chicken eggs of the control
group. The comparison was made using the following calcu-
lation:

MAPK signaling ratio

phosphorylated form of the sample
_ total form of the sample
- [phosphorylated form of the control

total form of the control

Statistical analysis. All data was expressed in terms of the
mean and standard error (mean+SE) of the independent trip-
licate samples. Differences were analyzed by Student’s ¢ test.
Any p value found to be less than 0.05 was considered
significant.

Results

Sesamin possessing hot spot amino acids in a binding region
of the 2009 influenza virus type A HINI: computational
modeling method. An investigation of the possibility of
sesamin binding on the targeted protein in the 2009 influenza
virus type A HIN1 (p09N1) was done using the computation-
al method. The initial structure of the pOIN1 complex was
taken from the X-ray crystallography structure with PDB code
of 3TI6 (Vavricka et al. 2011). The amino acid sequences of
pO9NI1 are shown in Fig. S1. The 2D structure of sesamin was
built (Fig. 1) and docked with the p09N1 using the
CDOCKER protocol (Wu et al. 2003) as implemented in the
DS 2.5 program (Accelrys Software Inc.), according to the
above docking protocol. The interaction energies of the com-
plex structures were calculated with the CDOCKER protocol.
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Figure 1. The two-dimensional (2D) structure of sesamin.

Moreover, the docked conformations revealed that sesamin
was located in the hydrophobic/hydrophilic binding region;
however, the side chains of the amino acids in the binding
pockets were kept flexible during the docking simulation.
The scoring functions in Table 1 suggest that the interactions
of the optimum docking structures reflect the negative binding
energies, indicating that sesamin has a favorable binding with
pO9NT when compared to that of oseltamivir and zanamivir,
which were used as positive models. Moreover, the residues in
the binding pockets of p09N1 consisted of different combina-
tions of nonpolar, polar, acidic, and basic moieties. In the
binding pockets, the complementary hydrophobic and hydro-
philic interactions of the common amino acids in p09N1 were
observed, which facilitate the protein-ligand binding within
3 A of oseltamivir, and these are ARG118, GLU119,
ASP151, ARG152, TRP178, ARG224, SER246, GLU276,
GLU277, ARG292, ASN294, ARG371, and TYR406. The
same interactions are seen when using zanamivir. However,
the binding pockets within 3 A of sesamin show the interac-
tion of different amino acids. These are ARG118, GLU119,
PRO120, ARG152, ARG156, TYR406, TRP423, GLU425,
ILE427, PRO431, and LY S432 as shown in Table 1.

To confirm the geometry configuration properties and con-
formational changes, the p09N1 complexes with oseltamivir,
zanamivir, and sesamin were calculated based on the root-

mean-squared deviations (RMSD) of all C-atoms (Fig. 2) by
a MD simulation. The simulation observations and results
showed that most of the complexes fluctuated within the small
range of 1.0 to 1.5 A. In contrast, both RMSD of pO9NI-
sesamin and p09N1-oseltamivir remained at steady levels be-
tween 1 and 9 ns, but afterward, p09N1-oseltamivir fluctuated
between 1.2 and 1.7 A. The results showed that p09N 1-sesamin
and p09N1-oseltamivir (and zanamivir) did not differ much in
terms of the geometric configuration structures and their struc-
tural stability. Also, it is of importance to note that the position
of sesamin remained fairly constant with minimal deviation
within the binding pockets. Therefore, each of the docked li-
gands had a different amount of structural stability in the com-
plexes during the MD simulations. The Ligplot analyses were
used to understand the hot spots’ interaction pattern, especially
those of the hydrophobic interactions as well as the hydrogen
bonding pattern between the simulated ligands and the pO9N1
active site residues (Wallace et al. 1995). Figure 3 shows the 2D
Ligplot diagrams from the MD simulation for the three com-
pounds which were previously discussed in the section on
docking simulations. For p09N1-sesamin, the essential amino
acid ARG118 is only shown with H-bond interactions in
Table 1 of the docking results, which were obtained for all of
the compounds. These results prove that the p09N1-docked
energy had the lowest binding energy levels with sesamin
(—38.1 keal mol ") when compared to the energy levels with
oseltamivir (—83.2 kcal mol ') and zanamivir
(—64.1 keal mol "), However, from the MD simulation results,
the capability of the p09N1-sesamin complex was observed to
form hydrophobic interactions consisting of hot key residues of
GLU119 and TYR406 along with GLU227, TRP423,
GLU425, and LY S432. Hence, Ligplot analyses were especial-
ly useful in proving the hot spots’ hydrophobic interaction
pattern.

For use in future studies, it should be clarified that the
binding interaction in the binding regions was calculated
using the MM-PBSA methodology in order to gather data
on the binding free energies (PBor; keal mol ') of all of those
complexes. Table 2 lists the values of PBror that were used

Table 1. PMF scores and amino acid residues in the binding region at 3 A
Name Binding energy (kcal mol ") Key amino acid in 3 A from ligands
Nonpolar hydrophobic Polar hydrophilic

Oseltamivir —83.2 TRP178 ARGI118, GLU119, ASP151, ARG152, ARG224,

GLU276, ARG292, ASN294, ARG371, TYR406
Zanamivir —64.1 LEU134, TRP178, ILE223 ARGI118, GLU119, ASP151, ARG152, ARG156, GLU227,

GLU276, GLU277, ARG292, ASN294, ARG371, TYR406
Sesamin —38.1 TRP423, ILE427 ARG118, GLU119, PRO120, ARG152, ARG156, GLU227,

TYR406, GLU425, PRO431, LYS432

The key amino acids are in boldface type
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Figure 2. Root-mean-squared
deviations (RMSD) of all C,-
atoms of the p09N1 complexes
with oseltamivir (black),
zanamivir (blue), and sesamin
(red) as functions of simulation
time.

2,5 +

RMSD (A)

—— Oseltamivir

—— Zanamivir —— Sesamin

for comparison between the simulation complexes. The values
shown in Table 2 reveal more negative values, indicating more
favorable conditions for binding. The calculations from MM-
PBSA between 1 and 20 ns corresponded with the MM-
GBSA protocol. The binding energies that were identified
by the MM-PBSA protocol between 11 and 20 ns are listed
as follows: oseltamivir>zanamivir>sesamin, with values of
—29.18,-27.20, and —15.10 kcal mol ', respectively. The ma-
jor contributions to the binding free energy arose from elec-
trostatic energy as calculated by the molecular mechanic
(MM) force field (ELE) from the electrostatic contribution to
the solvation free energy as calculated by PB (PBcar) and
from the van der Waals contribution from MM (VDW).
Concerning the first two binding ligands, both VDW and
ELE showed calculations that varied between low- and high-
activity groups. These calculations indicate that both terms are

Time (ns)

factors that determine the binding activity. Sesamin did have a
lower electrostatic contribution (—4.5 kcal mol "). The result
does not equal the real binding free energy levels since the
entropy contribution to the binding was not estimated in this
study. However, the results suggest that the structural proper-
ties of sesamin, which is a hydrophilic, may play a role—
however poorly—in the binding affinity in differently pocked
regions in the binding sites.

Finally, to verify the hot key residue interactions, the MM-
GBSA protocol was used to calculate the binding free energy
of the docked complexes. This was done using the parameter-
ization of Tsui and Case (Sali et al. 1993). Thus, the most
important residues showed the more negative contributions,
which are the strongest interactions of docked ligands in the
binding pockets. Figure 4 shows a plot of the decomposed
energies (kcal mol ') versus the significant amino acid

Figure 3. The 2D Ligplot diagram representations of ligand-protein
interactions were analyzed between the p09N1 binding sites and (4)
oseltamivir, (B) zanamivir, and (C) sesamin. The red circles and ellipses
in each plot indicate protein residues that are in equivalent 3D positions to
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the residues in the first plot. Hydrogen bonds are shown as green dotted
lines, and residues interacting through hydrophobic interactions are
represented as spoked arcs in red.
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Table 2. Binding free energies
(kcal mol ") resulting from MM- Method Contribution Energy in each contribution (kcal mol™")
PBSA/GBSA calculation of the
PO9INI complexes with pOINT1-oseltamivir pOIN1-zanamivir pOIN1-sesamin
oseltamivir, zanamivir, and
sesamin during 1-10 and 11— 1-10 ns 11-20 ns 1-10 ns 11-20 ns 1-10 ns 11-20 ns
20 ns of the MD simulations
MM ELE —195.5 -196.0 —-183.2 —-156.1 -92 —4.5
VDW -29.5 -26.9 -31.5 -30.0 -39.5 -34.6
INT 0.0 0.0 0.0 0.0 0.0 0.0
GAS —224.9 —2229 —214.8 —186.1 —48.7 -39.1
PBSA PBsur =52 -52 =51 -4.9 -5.6 -4.9
PBcaL 202.8 198.8 183.7 163.8 424 28.9
PBsoL 197.7 193.7 178.7 158.9 36.9 24.0
PBEre 7.4 2.8 0.5 7.8 33.3 24.4
PBrot -27.3 -29.2 -36.1 =27.2 -11.8 =151
GBSA GBsur =51 =5.1 =51 —4.9 =55 —4.7
GBcaL 178.3 1779 168.4 148.1 23.1 15.3
GBsoL 1732 172.8 163.4 1433 17.6 10.5
GBg e =172 -18.2 -14.8 -7.9 13.9 10.8
GBror -51.8 -50.1 =514 —42.9 =31.1 -28.6

The significantly values in intalics are refered to the total binding free energy calculated by the MMPBSA or

MM-GBSA methods

ELE accounts for the electrostatic interactions, VDW denotes the van der Waals interactions between the frag-
ments, GAS accounts for the addition ELE+VDW+INT being the binding enthalpic contributions in vacuo,
PBgsur accounts for the nonpolar contribution to solvation, PB¢c,y is the polar contribution of solvation, PBgor.
denotes the PBsyr +PBcar, PBgg accounts for the PBcsp +ELE addition, and PByor accounts for the total
binding free energy calculated by the MM-PBSA method

residues in the binding pockets of pO9N1 for each of the
docked ligands. All amino acids in the p09N1 sequence were
found to exhibit positive or negative influences on the bind-
ings with substrate molecules. Several residues of oseltamivir
were verified to have significant and effective contributions to
the absolute relative energy that was larger than 1 kcal mol !
for the stabilization energy. The pO9N1 is classified into group

Figure 4. Decomposed energies
(kcal mol ") of the amino acid
residues of p09N1 with 2.0
oseltamivir (blue), zanamivir
(red), and sesamin (green) during
11-20 ns simulations.
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1 serotype, based upon its primary sequence (Colman 1994;
Russell e al. 2006), which comprised a 150-cavity formation
(amino acids 147-151) of amino acids in the active sites.
Group 2 does not have this in its sequence (Vavricka et al
2011). Additionally, the 430-loop in those active sites plays a
critical confederacy role with the 150-loop for the 150-cavity
formation. The MD simulations also illustrated some
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differences in the flexibility of the 150-loop between
oseltamivir and sesamin. Recent configuration studies reveal
that ASP151 and ARG152 of the 150-loop form a hot spot key
amino acid that interacts with oseltamivir at the 4-group and
N-acetyl group, respectively. The results showed that there
were four amino acid residues: ARG118 (—2.08), ILE222
(—2.91), ARG224 (—3.46), and TYR406 (—4.77). All of these
showed strong negative (kcal mol ") bindings with sesamin at
levels which correlated with those of the binding amino acid
residues with both oseltamivir and zanamivir. In addition, the
residues which showed strong negative bindings with
oseltamivir were ASP151 (—1.90), SER179 (—2.11), ILE222
(—2.49), ARG224 (-3.66), ARG292 (—9.42), LYS350
(-3.78), ARG371 (-9.22), and TYR406 (—2.51). The residue
bindings with zanamivir exhibited the strongest binding levels
with different amino acids such as ARG118 (—4.04), ARG152
(—2.24), GLU227 (-2.25), and ARG371 (—6.10). The 150-
loop formed hot spot key amino acid interactions that showed
differences in each case between ASP151 and oseltamivir
(—1.90), as well as with sesamin (0.14). The interactions between
ARG152 with zanamivir (—2.24) and with sesamin (—1.29) were
also observed. Also, PRO431 showed a more favorable binding
interaction with sesamin (—4.04) than with oseltamivir (0.01).
These interactions made a significant contribution to the overall
binding for the stabilization of the structures during the MD
simulations. The simulation results suggested that the hot spots’
interactions consist of residues of ARG118, ILE222, ARG224,
and TYR406, whereas residues ARG152, SER179, and SER246
were identified as secondary hot spots for sesamin.

Sesamin inhibited neuraminidase activity similar to
oseltamivir. To investigate the effect of sesamin on neuramin-
idase inhibitory effect, direct ELISA assay of neuraminidase
inhibition activity was conducted. The measurement of total
sialic acid released from bovine submaxillary mucin substance

Figure 5. The assay of 0.012 1
neuraminidase-inhibition activity e
(units/ml). Total sialic acid (TSA) E

released from bovine = 0.010 4
submaxillary mucin was used in E
the control group. Data are )

displayed as mean+SD of three T 0.008 1
independent experiments. '?
**p<0.01, denoted values that -E

were significantly different from = 0.006 -
the control group. W
g

:E 0.004 +
g

= 0.002 -
z

0.000 -
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was taken as the standard curve (Fig. S2). Figure 5 shows that
the neuraminidase activity of oseltamivir and sesamin signifi-
cantly reduced the release of sialic acid from mucin substrate
by 0.6- and 0.48-fold, respectively, when compared with the
control groups. In order to ensure that neither sesamin nor
oseltamivir affected the toxicity levels while inhibiting the
neuraminidase activity, measurements of the cell cytotoxicity
on PBMCs were taken using the Alamar Blue assay. The re-
sults showed that the percentages of cell viability of sesamin
and oseltamivir were more than 80% of the control (Fig. S3),
indicating that the concentrations 0.5 to 5.0 pg/ml of sesamin
and oseltamivir had no toxicity on PBMCs. This data con-
firmed that sesamin and oseltamivir did not affect the toxicity
levels while inhibiting the neuraminidase activity.

Sesamin reduced proinflammatory cytokine and enhanced im-
munity cytokine production. Next, the effects of sesamin on
influenza HIN1-induced PBMCs were investigated using the
ELISA method for cytokine release detection and real-time
RT-PCR for cytokine gene expressions. Influenza type A
HINI-induced PBMCs were optimized for the release of IL-
13 cytokines. It was found that the dilution of influenza type
A HINI at 1:7,812,500 increased the highest level of IL-1f3
proteins (Fig. S4). This dilution value of influenza type A
HINI was selected for further studies concerning the effects
of the phytochemicals. The results from the screening studies
showed that IL-13 and TNF-« were released into the media in
increased amounts by influenza HIN1-induced PBMCs when
compared to those of the control groups. When a concentra-
tion of sesamin 5.0 pg/ml was cotreated with influenza HIN1-
induced PBMCs, the cytokine levels of IL-13 and TNF-«
were reduced by 103.6% and 79.7%, respectively (Fig. 64),
indicating that sesamin is responsible for the anti-
inflammatory activity. Similarly, when a high dosage of
oseltamivir (5.0 pug/ml) was used in the treatment, the results

* %
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Control
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Figure 6. The effects of sesamin (4, C) and oseltamivir (B, D) on
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cotreated with sesamin or oseltamivir (Tamiflu®), protein levels of
cytokine in the conditional medium were determined using the human

showed a surprising level of correspondence with those found
under the sesamin treatment: the expression levels of IL-13
and TNF-« were decreased by 123.0% and 66.4%, respective-
ly (Fig. 64). In contrast, the immune responsive cytokine IL-2
numbers reduced influenza HIN1-induced PBMCs by 60.0%
when compared with the control groups, whereas a 5.0-pg/ml
dosage of sesamin increased the expression levels of IL-2
released in the media by 119.0% (Fig. 64). The expression
levels of IL-2 did increase by 235.0% when treated with only
0.5 pg/ml oseltamivir, but higher concentrations always
proved to cause a decrease in IL-2 levels in the media
(Fig. 6B). In contrast, sesamin at low concentration levels
seemed to suppress the cytokine storm by reducing the IL-
13 levels and increasing the IL-2 levels at the same time.
Moreover, the detection of cytokine gene expressions using
real-time RT-PCR showed that HIN1-induced PBMCs in-
creased the IL-13 and TNF-ox mRNA levels by 1.56- and
0.80-fold when compared with the control, respectively
(Fig. 6C, D). When cotreatment of sesamin 5.0 pg/ml was
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IL-1f3, TNF-«, and IL-2 Biotrak Easy ELISA, and mRNA levels of
cytokine in the cells were determined using real-time RT-PCR.
Embryonated chicken eggs were used in the control group. Data are
displayed as mean+SE (n>2). *p<0.05, denoted values that were
significantly different from the HIN1.

done with influenza HIN1-induced PBMCs, the TNF-«
mRNA level was reduced by 0.15-fold while the IL-1f3
mRNA level was induced by 3.80-fold (Fig. 6C). As a high
dosage of oseltamivir (5.0 ng/ml) was used in the treatment,
the results indicated that the mRNA levels of IL-13 and
TNF-« were increased 5.07- and 5.45-fold, respectively
(Fig. 6D). In contrast, the mRNA level of the immune respon-
sive cytokine IL-2 was reduced in influenza HIN1-induced
PBMCs 0.95-fold when compared with the control groups,
whereas a low dosage (0.5 pg/ml) of sesamin and oseltamivir
increased the mRNA levels of IL-2 by 1.45- and 2.16-fold,
respectively (Fig. 6C, D).

Sesamin inhibits cytokine production though downregulated
the phosphorylation of JNK, p38, and ERK1/2 MAPK signal-
ing pathways. The effect of sesamin on the cell signal trans-
duction was evaluated in order to understand the mechanism
of sesamin on the reduction of cytokine expression. In this
study, we focused on MAPK signaling leading to an
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investigation on sesamin inhibiting cytokine production
through MAPK signal transduction. Band density analysis of
each MAPK signaling molecule was normalized to total form
at 1 h treatment showing that HIN1-induced PBMCs in-
creased the phosphorylated form of JNK, p38, and ERK1/2
MAPK signaling transduction by 1.64-, 1.32-, and 3.80-fold
when compared with the control, respectively. The
cotreatment of a low dose of sesamin (0.5 png/ml) with
HIN1-induced PBMCs had downregulated the phosphoryla-
tion of the INK, p38, and ERK1/2 MAPK signaling cascades
by 0.55-, 2.46-, and 1.35-fold when compared with the con-
trol, respectively. In addition, the cotreatment of a high dose of
sesamin (5 pg/ml) with HIN1-induced PBMCs had downreg-
ulated the phosphorylation of JNK, p38, and ERK1/2 MAPK
signaling cascades by 0.86-, 0.83-, and 1.30-fold when com-
pared with the control, respectively (Fig. 7).

Discussion

Influenza is still a major cause of morbidity and mortality, and
it also causes enormous economic disorder (Ludwig 2009).
The mechanism, especially concerning the expression of
symptoms and the development of secondary complications
that result in respiratory failure, is still not well understood.
The excessive inflammation due to cytokine storm and lung
failure is still considered an important factor in disease
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Figure 7. MAPK signaling protein activation in the presence of very
concentrated doses of sesamin. After HIN1-induced PBMCs were
cotreated with sesamin for 1 h, MAPK signal protein activation in cells
was determined using western blotting. The numbers denote the quality
density value based on Quantity One 4.6.5 software. The data represents
three independent studies.
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pathogenesis (Schnitzler et al. 2009). Despite the success in
the development of new antiviral drugs such as oseltamivir in
recent years, problems regarding these chemotherapeutic
drugs have been reported, such as certain adverse effects, risk
of emergence of resistant viruses, and loss of effects due to
serotype variation (Hayden et al. 1999; Wong et al. 2006).
Therefore, the development of safe and effective anti-
influenza virus drugs remains to be of significant value.
Sesamin from the Thai medicinal plant shows high potency
in antioxidant properties (Jeng et al. 2005), and it has been
widely used as a dietary fat-reduction supplement, although
no controlled studies on this application have been performed
(Utsunomiya et al. 2000). Based on this information, we
sought the possibility of using sesamin on targeting protein
through the use of the computational method by a molecular
dynamics simulation and (3-propiolactone-inactivated HIN1-
induced PBMC model to study its effect on the molecular
mechanism.

The molecular dynamic simulation showed the new molec-
ular binding structure of sesamin with the 2009 influenza virus
type A HINI crystallized structure, indicating that sesamin
might be used as an alternative antiviral HIN1 compound.
Although the neuraminidase inhibitor drugs including
oseltamivir and zanamivir also bind the 2009 influenza virus
type A HINI crystallized structure, these drugs showed an
interaction with different amino acids. Furthermore, sesamin
inhibits neuraminidase activity similar to oseltamivir. The as-
say of neuraminidase inhibition activity is based on the mea-
surement of TSA released from bovine submaxillary mucin
(Kongtawelert et al. 2003), indicating that this assay is not
only specific for HIN1 neuraminidase but also detects viruses
which expressed neuraminidase. Thus, sesamin can display
the specific purpose to bind with the influenza virus type A
HINI and to inhibit viruses containing neuraminidase
activity.

In this study, we used the [3-propiolactone-inactivated in-
fluenza virus type A HIN1 (Garlick et al. 1976; Honda-
Okubo et al. 2014) antigen-induced PBMC model to study
the antiviral activity of sesamin. However, previous studies
have recommended using the mouse infection model as the
primary tool for studying the anti-influenza virus effects on
early immune responses during influenza virus infection (Liu
et al. 2008). The -propiolactone-inactivated HIN1 antigen
was found to lose RNA-dependent RNA polymerase activity
(Garlick et al. 1976) but it can induce host cells leading to
immunity response (Tamura ez al. 2005). In addition, we used
HAU, which is a traditional protein-based virus quantification
assay, for virus quantification and the optimized condition of
[3-propiolactone-inactivated HIN1-induced PBMCs for fur-
ther studies concerning the effects of the phytochemicals
(Fig. S4). Moreover, phytochemicals, which inhibit the cyto-
kine storm and increase immune response, have never been
studied concerning their anti-influenza virus effect on



SESAMIN INHIBITS CYTOKINE PRODUCTION FROM HINI-INDUCED PBMCS 117

PBMCs. The PBMC suspension contains about 10% mono-
cytes, which release IL-13 and TNF-c, and 90% lymphocytes
which release IL-2 (Brincks et al. 2008). Therefore, the influ-
enza type A HINI1-induced PBMC model was useful to in-
vestigate the effect of phytochemicals from sesamin on cyto-
kine production.

IL-1P and TNF-« play an important role on stimulating
neutrophil and macrophage functions (Veckman et al. 2006).
In addition, these cytokines stimulated the production of other
cytokines such as IL-6 and IL-8 and other chemokines leading
to the cytokine storm (Headley et al. 1997; Van Reeth 2000).
Moreover, macrophages are antigen-presenting cells which
stimulate adaptive host defense T cells by presenting influenza
A viral peptides, resulting in the production of IL-2 that sends
a signal to the white blood cells in propagation for the fight
against the virus (Lee et al. 2007). HIN1-induced PBMCs
upregulated IL-1f3 and TNF-« levels but downregulated IL-
2 both in terms of mRNA and protein levels, suggesting that
HINI-induced PBMCs produced and released cytokines lead-
ing to a cytokine storm while suppressing other immune cells.
Interestingly, sesamin reversed these effects of HIN1. In ad-
dition, oseltamivir also increased IL-13 and TNF-« levels
similar to HIN1-induced PBMC:s. In contrast, oseltamivir in-
creased IL-2, suggesting that it might be activated by immune
cells in inhibiting HIN1-induced PBMCs due to an activation
of the immune system. Even though our data did not show
significant differences in cytokine production from f3-
propiolactone-inactivated H1N1-induced PBMCs, the trend
of our data showed that sesamin reduced IL-13 and TNF-«
levels and increased IL-2 levels. The cytokine concentrations
were correlated with cytokine mRNA gene expressions,
which showed that sesamin significantly reduced TNF-«
levels and increased IL-2 levels. Furthermore, we observed
that the effect of sesamin on IL-1f3 levels and the effect of
oseltamivir on IL-13 and TNF-o«c mRNA levels were not cor-
related with protein expression levels, and these effects might
be caused by the detection time of the mRNA level as we
collected the cells at the same time the cytokine was released
into the media at 24 h. Therefore, sesamin inhibits influenza
type A HINTI infection via reduced IL-13 and TNF-« levels
leading to inhibition of the cytokine storm and increased IL-2
levels leading to a stimulation of immune response.

The mechanism of (3-propiolactone-inactivated HIN1 uses
the same signaling pathways as HIN1 when infecting host
cells (Garlick et al. 1976), which involves many signaling
cascades that occur through the NF-kB, PI3K/Akt, PKC/
PKR, TLR/RIG-I, and MAPK signaling pathways (Gaur et al.
2011). In this study, we used embryonic chicken eggs, which
were used for the culture of HINT1 virus as a control to com-
pare the effects of inactivated HIN1-induced PBMCs. A pre-
vious report has shown that oseltamivir binds to neuramini-
dase and activates TLR7 signaling molecules in order to in-
hibit the release of HINI-induced dendritic cells and

macrophages (Chen ef al. 2012). Our data demonstrated that
sesamin inhibited influenza type A virus HIN1 infection via
reduced neuraminidase activity. Sesamin reduces inflammato-
ry cytokines (IL-13 and TNF-o) and increases immune re-
sponsive cytokine (IL-2) expression via the inhibition of the
MAPK (p-JNK, p-p38, and p-ERK1/2) signaling pathways.
These observations were consistent with a previous study,
which showed that sesamin downregulated p38 and JNK
MAPK signaling pathways via IL-13-induced human articu-
lar chondrocytes (Phitak ef al. 2012). Moreover, a recent re-
port has shown that andrographolide inhibited the HIN1-
infected cell model, while using the HIN1-infected respirato-
ry epithelial cells and coculturing with the immunological
cells including the dendritic cells, macrophage, and mono-
cytes, via the RIG-I-like receptor signaling pathway (Yu ef al.
2014). Thus, it may be that sesamin can inhibit HIN1-induced
PBMC:s not only though MAPK inhibition but also via other
signaling cascades, which should be further investigated.

Our results demonstrated that the antiviral effect of sesamin
might be related to the inhibition of neuraminidase activity
and the reduction of inflammatory cytokines via the MAPK
signaling pathway. Therefore, sesamin could be applied as an
alternative antiviral treatment; however, the side effects that
occur besides the desired therapeutic effect need to be consid-
ered. The intention of this study is to design a model that will
be useful in the efforts made toward producing new inhibitors
that are able to bind to the proposed critical sites.

Conclusions

This study revealed important results that highlight the novel
strategies used in the early phases of preclinical development
of sesamin from a Thai medicinal plant for the prevention of
viral induction of the cytokine storm. The molecular docking
studies of sesamin show that it could be bound to the binding
region of the 2009 influenza virus type A HIN1. However,
there are some stability configuration issues, as observed in
the structural changes during MD simulations. Furthermore,
the results showed that sesamin reduced the release of IL-1f3
and TNF-« leading to an inhibition of the cytokine storm and
enhancing the activity of the immune cells via an increase of
IL-2 levels through the downregulation of the phosphoryla-
tion of JNK, p38, and ERK1/2 MAPK signaling pathways.
Therefore, this study found sesamin to be of great interest and
worthy of further study as a potential new pharmacological
agent in the prevention and treatment of immune-induced in-
flammatory disorders.
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