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Abstract: Soluble epoxide hydrolase (sEH) is an enzyme targeted for the treatment of inflammation
and cardiovascular diseases. Activated inflammatory cells produce nitric oxide (NO), which induces
oxidative stress and exacerbates inflammation. We identify an inhibitor able to suppress sEH and
thus NO production. Five flavonoids 1–5 isolated from Inula britannica flowers were evaluated for
their abilities to inhibit sEH with IC50 values of 12.1 ± 0.1 to 62.8 ± 1.8 µM and for their effects
on enzyme kinetics. A simulation study using computational chemistry was conducted as well.
Furthermore, five inhibitors (1–5) were confirmed to suppress NO levels at 10 µM. The results
showed that flavonoids 1–5 exhibited inhibitory activity in all tests, with compound 3 exhibiting the
most significant efficacy. Thus, in the development of anti-inflammatory inhibitors, compound 3 is a
promising natural candidate.

Keywords: Inula britannica; soluble epoxide hydrolase; flavonoids; NO production

1. Introduction

Inula britannica L. (Asteraceae), commonly known as British yellowhead or British
elecampane, is a perennial herb native to East Asia and parts of Europe [1]. It grows to a
height of 1–2 m, has lance-shaped leaves, and blooms bright yellow flowers similar to sun-
flowers. I. britannica is a traditional medicinal plant that has been used for centuries to treat
a variety of ailments, such as indigestion, diarrhea, dysentery, colic, flatulence, menstrual
cramps, respiratory problems, and skin problems [1,2]. The pharmacological activities of
the plant include anti-inflammatory, antimicrobial, antiviral, antioxidant, hepatoprotective,
and gastroprotective activities [1–3]. These properties have been attributed to the presence
of diverse secondary metabolites within the plant. The main chemical constituents of I. bri-
tannica are sesquiterpene lactones, flavonoids, tannins, saponins, polysaccharides, volatile
oils, and steroids [1–3]. Sesquiterpene lactones are the most abundant active constituents,
and they are thought to be responsible for the plant’s anti-inflammatory, anticancer, and
antibacterial properties [4]. Flavonoids are also among the main bioactive components of
I. britannica and their enzyme inhibitory, antioxidant, and cytotoxic properties have been
described [1,5].

Soluble epoxide hydrolase(sEH) is an α/β hydrolase fold protein expressed in the
cytosol and peroxisome of mammalian cells [6]. The enzyme consists of two 62.4 kDa
monomers. The 34 kDa C-terminal hydrolase domain converts epoxyeicosatrienoic acids
(EETs) into dihydroxyeicosatrienoic acids (DHETs) [6,7]. EETs are produced through the
epoxidation of arachidonic acid by epoxygenase CYP enzymes [8]. They include four
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regioisomeric EETs: 5,6-, 8,9-, 11,12-, and 14,15-EETs [8]. EETs suppress cytokine-induced
inflammatory responses, such as those mediated by NF-kB and IkB kinase [6]; 11,12-EET
has shown promise as an endothelium-derived hyperpolarizing factor in the coronary
vascular system [9]. Recently, an sEH inhibitor effective for lowering blood pressure in
mice with angiotensin-II-induced hypertension was described [10]. This inhibitor, the
urea pharmacophore 12-(3-adamantan-1-yl-ureido) dodecanoic acid (AUDA), is a com-
bination of adamantane and fatty acid chains and one of the most potent inhibitors of
sEH [11]. However, a disadvantage in its further development is its rapid metabolism
in vivo [11]. Recently, sEH inhibitors have been developed from natural plants; for example,
3β-hydroxy-25-anhydro-alisol F, 3β-hydroxy-alisol G [12], cannabisin B, grossamide [13],
4H-tomentosin, xanthalongin, and linoleic acid [14] were discovered as representative
inhibitors. Nitric oxide (NO) is produced by the reaction of L-alanin and O2 by three NO
synthase (NOS) isoforms, which are nNOS derived from neuron, eNOS from endothelial
tissue and iNOS [15]. nNOS and eNOS produce small amounts of NO in response to the
stimulation of receptors in neurons and endothelial tissues, respectively [15]. On the other
hand, iNOS produces large amounts of NO in response to inflammatory reactions [15]. LPS-
and IFN-gamma-stimulated murine macrophages produce NO by iNOS. This is known to
induce apoptosis of inflammatory cells [16].

In ongoing efforts to discover effective natural sEH inhibitors for therapeutic applica-
tions, we isolated five flavonoids from an extract of I. britannica flowers. These compounds
were evaluated for their ability to inhibit sEH and NO production. Their ligand–receptor
interaction mechanisms were also investigated through enzyme kinetics and computational
chemistry studies. This report describes the isolation and sEH inhibitory effects of the five
isolated flavonoids.

2. Results
2.1. Isolation and Identification of Compounds 1–5

Five compounds were isolated from the ethanol extract of I. britannica flowers through
a series of chromatographic separation steps based on sEH inhibitory activity. Compounds
1–5 were obtained as yellowish amorphous powders and exhibited two characteristic UV
absorption maxima, around 338–355 and 254–272 nm, corresponding to bands I and II of
the A-ring and B-ring of flavonoids, respectively [17]. Through a detailed comparison with
the 1H- and 13C-NMR data from the literature, the following five flavonoids were identified:
eupatin (1) [5], hispidulin (2) [18], patuletin (3) [18], nepetin (4) [19], and isorhametin-3-O-
glucoside (5) [20] (Figure 1).
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2.2. Inhibitory Activity of Compounds 1–5 on sEH

The ability of isolated compounds 1–5 to inhibit sEH was evaluated. The rate of
inhibitory activity was calculated using Equation 1. As shown in Figure 2A and Table 1,
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the sEH inhibitory activity of the five flavonoids was dose-dependent over a concentra-
tion range of 3.1 to 100 µM. The IC50 values of compounds 1–5 when tested with sEH
was determined using Equation 2. Based on tests of six different concentrations of the
five compounds, the IC50 values were 42.6 ± 0.8, 22.2 ± 0.3, 12.1 ± 0.1, 40.9 ± 0.6, and
62.8 ± 1.8 µM, respectively.
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Figure 2. The inhibitory activity (A), Lineweaver–Burk (B–F) and Dixon (G–K) plots of compounds
on sEH.

Table 1. The inhibitory activity of the inhibitors 1–5 toward sEH.

IC50 (µM) a Binding Mode (µM)

1 42.6 ± 0.8 non-competitive (43.9)
2 22.2 ± 0.3 non-competitive (19.8)
3 12.1 ± 0.1 non-competitive (17.5)
4 40.9 ± 0.6 non-competitive (63.5)
5 62.8 ± 1.8 non-competitive (68.7)

AUDA b 12.3 ± 0.3 nM
a All compounds examined in a set of triplicated experiment. b Positive control.

Determinations of enzyme kinetics yield insights into the interactions between in-
hibitors and enzymes. In such studies, the changes in the initial velocity (v0) of the en-
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zymatic reaction induced by the inhibitor depending on the substrate concentration are
monitored [21]. To investigate the effects of the five flavonoids (1–5) on sEH, a substrate
concentration of 3.1–50 µM was used. As shown in Figure 2B–F and Table 1, compounds
1–5 suppressed the catalytic reaction of sEH by acting as noncompetitive inhibitors. The ki
values calculated from the Dixon plot were 43.9, 19.8, 17.5, 63.5, and 68.7 µM, respectively
(Figure 2G–K).

2.3. Static Molecular Modeling between Compounds 1–5 and sEH

The binding mode of the five compounds, as noncompetitive inhibitors, with the
enzyme was calculated using a blind docking method. Compounds 1–5 had Autodock
scores of −8.16, −8.34, −8.59, −8.18, and −7.53 kcal/mol, respectively. Compound 1
formed hydrogen bonds with Tyr383(2.98 Å) and Tyr466 (2.65 Å); compound 2 interacted
with residues Arg410(3.03 Å), Trp466(2.81 Å), Lys495(2.88 Å), Asp496(3.50 Å), Phe497(2.71
Å), and Trp525(2.90 Å); compound 3 specifically bonded with Leu408(3.43 Å), Arg410(2.68,
2.84 Å), Ser415(3.20 Å), Ser418(3.14 Å), and Trp525(2.94 Å); compound 4 interacted with
Arg410(3.08 Å), Tyr466(2.62 Å), Lys495(2.98 Å), Asp496(3.40 Å), and Phe497(2.69 Å); and
compound 5 interacted with Tyr343(2.78 Å), Pro371(2.64 Å), Ser374(3.16 Å), Tyr383(2.63 Å),
Gln384(2.68, 3.16 Å), and Met469(3.33 Å) (Figure 3A–E and Table 2).
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Table 2. The hydrogen bond interactions and binding score between sEH and the inhibitors.

Inhibitor Hydrogen Bonds (Å) Autodock Score (kcal/mol)

1 Tyr383(2.98), Tyr466(2.65) −8.16
2 Arg410(3.03), Tyr466(2.81), Lys495(2.88), Asp496(3.50), Phe497(2.71), Trp525(2.90) −8.34
3 Leu408(3.43), Arg410(2.84, 2.69), Ser415(3.20), Ser418(3.14), Trp525(2.94) −8.59
4 Arg410(3.08), Tyr466(2.62), Lys495(2.98), Asp496(3.40), Phe497(2.69), −8.18
5 Tyr343(2.78), Pro371(2.64), Ser374(3.16), Tyr383(2.63), Gln384(3.16), Met469(3.33) −7.53

2.4. Dynamic Molecular Modeling between Compound 3 and sEH

Compound 3 had the lowest IC50 value and docking score. During molecular dynamics
simulations (Figure 4A) conducted at a potential energy −5.3 × 105 kcal/mol, compound 3
had root mean square deviation (RMSD) and root mean square fluctuation (RMSF) values
of 0.30 nm and 0.2 nm, respectively (Figure 4B–D). During this simulation, 1–4 hydrogen
bonds formed between compound 3 and sEH (Figure 4E). From these values, the stability
of the molecular structures, the accuracy of the simulations, as well as the flexibility of the
molecules and their structural significance could be assessed. From 0 ns to 40 ns, the 4′-OH
and 4′O of compound 3 were approximately 3.5 Å away from the ketone and nitrogen
within the peptide bonds of Arg410 and His524, respectively (Figure 4F,G). The NH of
TR525 maintained a consistent distance of 3.5 Å from the 3′-O of compound 3 (Figure 4H),
while the N of His420 was separated by a distance of 3.5 Å from the 5’-O of compound 3
between 10 ns and 40 ns (Figure 4I).
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Figure 4. The overlapped pose of inhibitor 3 (A) with sEH for 30 ns (red: 0 ns, orange: 5 ns, yellow:
10 ns, green: 15 ns, cyan: 20 ns, blue: 25 ns, conflower blue: 30 ns, purple: 35 ns, menganta: 40 ns,
white: 45 ns, black: 50 ns). The RMSD (B), RMSF (C), potential energy (D), and hydrogen bonds (E)
of the simulation. The distance of key amino acids from inhibitor 3 (F–I).
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2.5. Inhibition of NO Production by Compounds 1–5 in Poly(I:C)-Stimulated RAW264.7 Cells

The activity of compounds 1–5 with respect to NO production by poly(I:C)-induced
RAW264.7 cells was evaluated by measuring the amount of nitrite that accumulated in the
culture medium using the Griess method. When tested at a concentration 10 µM, none of
the compounds affected the viability of RAW264.7 cells. In unstimulated RAW264.7 cells,
NO production was ~ 0.91 µM, whereas in poly(I:C)-induced cells, it was 19.0 ± 1.5 µM.
In induced cells simultaneously treated with compounds 1–5 at a concentration of 10 µM,
NO production was 12.5 ± 0.1, 9.6 ± 0.2, 4.0 ± 0.2, 7.0 ± 0.3, and 13.9 ± 0.8 µM, respec-
tively (Figure 5).
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3. Discussion

Compounds derived from medicinal plants and exhibiting inhibitory activity against
sEH have received considerable attention because of their potential therapeutic appli-
cations. These compounds primarily include natural flavonoids, terpenoids, alkaloids,
anthraquinones, stilbenes, and phenolics [6,22–26]. Flavonoids are a class of polyphe-
nolic compounds found abundantly in fruits, vegetables, and medicinal plants. Several
flavonoids, such as quercetin and kaempferol, are potent sEH inhibitors [26]; others exhibit
anti-inflammatory, antioxidant, and cardioprotective properties [27]. Terpenoids are di-
verse secondary metabolites produced in many plant species. They include triterpenes and
sesquiterpenes, with considerable inhibitory effects on sEH determined for 11-deoxy-25-
anhydroalisol E and 11-deoxyalisol B, two protostane-type triterpenoids found in Alisma
orientale [28].

The genus Inula is a diverse group of flowering plants in the Asteraceae family, com-
monly known as the aster, daisy, or sunflower family. Inula species are widely distributed
across Europe, Asia, and Africa, with more than 100 recognized species [1]. Many species
of Inula have long been used in traditional medicine, including for the treatment of res-
piratory conditions, digestive issues, and skin disorders [1,2,4]. Among the compounds
that contribute to the medicinal properties of Inula species are sesquiterpenes, flavonoids,
essential oils, polysaccharides, and other secondary metabolites [1–3]. The specific com-
pounds and their concentrations vary depending on the species. I. britannica, also known
as British yellowhead, is one the most prominent medicinal plants of the genus Inula.
Because of its anti-inflammatory, antibacterial, and antifungal properties, it has been used
in traditional Chinese medicine [1,2], such as for the treatment of inflammatory conditions,
digestive disorders, and skin ailments [1,2]. Flavonoids and sesquiterpene lactones are
among the primary active ingredients believed to be responsible for the medicinal effects
of I. britannica [1,2]. Thus, to identify potent sEH inhibitors from medicinal plants, we
focused on the flavonoids in I. britannica flowers. This 50% ethanolic extract improved
the relative Gr-1 density and MPO of tissue in acute lung injury. Also, the concentration
of 8,9-EET, 11,12-EET, and 14,15-EET were increased as the extract of I. japonica inhib-
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ited recombinant sEH [29]. This effect downregulated the MAPK and NF-kB signaling
pathways and oxidative stress and, on the other hand, upregulated the Nrf2 signaling
pathway [29]. This extract was determined to be quercetin, quercetin-3-O-glucopyranoside,
quercetin-3-O-rhamnopyranoside, luteolin, and kaempferol [25]. Three flavone types, in-
cluding chrysoeriol, luteolin-7-O-glucopyranoside, and isorhamnetin-7-O-glucopyranoside,
were reported as sEH non-competitive inhibitors with IC50 values of ~38(~11 µg/mL),
~32(~14 µg/mL), and ~68(~42 µg/mL) µM, respectively [23]. Flavonoles and flavone-3-
O-glycosides also had inhibitory activity with IC50 values within ~22.5 to 61.9 µM [26].
Methoxyl-flavone was found to have an IC50 of ~15 µM [30]. On the other hand, flavonone
had a very low activity with an IC50 of ~250 µM [31]. Five flavonoids (eupatin, hispidulin,
patuletin, nepetin, and isorhametin-3-O-glucoside) were isolated (1–5) and subsequently
shown to be noncompetitive inhibitors of sEH, with ki values of 43.9, 19.8, 17.5, 63.5, and
68.7 µM, and IC50 values against sEH of 42.6 ± 0.8, 22.2 ± 0.3, 12.1 ± 0.1, 40.9 ± 0.6, and
62.8 ± 1.8 µM, respectively. All the compounds were methoxyl-flavone. Moreover, the
other methoxyflavonoids and lignans from this plant also showed sEH inhibitory effects
similar to the results of this experiment [32].

Overall, flavones and flavonols tended to have relatively higher efficacy than that
of flavonones. Their values obtained from the molecular docking study were −8.16,
−8.34, −8.59, −8.18, and −7.53 kcal/mol, and those determined for the inhibition of NO
production from poly(I.C.) stimulated RAW264.7 cells were 12.5 ± 0.1, 9.6 ± 0.2, 4.0 ± 0.2,
7.0 ± 0.3, and 13.9 ± 0.8 µM, respectively. The results of the enzyme assays, enzyme
kinetics, computer simulations, and NO experiments were consistent. NOS biosynthesize
hydrogen peroxide, superoxide, and NO. When the L-arginine concentration is low, the
generated superoxide reacts with NO, producing peroxynitrite and adversely affecting cell
survival [33]. These nitrogen species are related to inflammation and have been implicated
in a variety of diseases, such as cancer, coronary heart disease, and rheumatoid arthritis [34].
The potential inhibitor 3 was reported to decrease TNF-α and IL-1β levels in LPS-activated
THP-1 cells and arthritic rats [35].

Furthermore, compound 3, which exhibited the most pronounced effects among the
five compounds, was meticulously examined for its binding in flexible enzyme states.
When examined by rigid X-ray crystallography, compound 3 formed hydrogen bonds
with Arg410, Tyr466, Lys495, Asp496, Phe497, and Trp525, as observed in the simulations.
However, when simulated in a flexible state, it maintained distances conducive to hydrogen
bonding with the ketone and nitrogen of the peptide bond bearing Arg410 and His524, as
well as with the amine and nitrogen of Trp525 and His420, respectively. The catalytic triads
of rat sEH were revealed to be Asp333, Asp495, and His523. Asp333, which is nucleophile,
attacks a carbon at the epoxide of substrate. The imidazole of His523 paired with Asp495
binds to hydrogen of water. The oxygen of water attacks the ketone of Asp333, which is
ester-bound to the substrate, and then the substrate is hydrolyzed [36]. Those of human
sEH were Asp335, As496, and His524 [37]. Among these, it was confirmed that compound
3 can directly affect His524 during the MD process.

The binding of compound 3 to the enzyme complex occurs in a fluid state. Molecular
dynamics, based on the molecular docking results, indicated a higher probability of amino
acids in the presence of inhibitor 3. Trp525 and His420, rather than Arg410 and His524,
were identified as the key amino acid residues involved in inhibitor binding.

4. Materials and Methods
4.1. General Experimental Procedures

1H (400 MHz) and 13C (100 MHz) nuclear magnetic resonance (NMR) spectra were
obtained using a Bruker DRX-400 spectrometer (Bruker, Billerica, MA, USA) with tetram-
ethylsilane as the internal standard. Thin-layer chromatography (TLC) was performed on
pre-coated silica gel 60 F254 (0.25 mm; Merck, Rahway, NJ, USA) and reversed-phase-18
F254s plates (0.25 mm; Merck). Column chromatography was performed using a silica gel
(60 A, 70–230, or 230–400 mesh ASTM; Merck, Germany) and reversed-phase silica gel (ODS-
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A, S-75 µm; YMC, Kyoto, Japan). Spots were detected by UV light (254 nm) after spraying
the plates with 10% H2SO4 followed by heating. Tris (catalog no. B9754) and bovine serum
albumin (BSA, A8806) were purchased from Sigma-Aldrich (St. Louis, MO, USA), and
human recombinant sEH (10011669), 3-phenyl-cyano(6-methoxy-2-naphthalenyl)methyl
ester-2-oxiraneacetic acid (PHOME, 10009134), and AUDA (10007972) were purchased from
Cayman Chemical (Ann Arbor, MI, USA). Greiss reagent and lipopolysaccharide (LPS)
were purchased from Sigma-Aldrich (St. Louis, MO, USA). Dulbecco’s modified Eagle
medium (DMEM) and fetal bovine serum were purchased from Gibco (Grand Island, NY,
USA). Penicillin/streptomycin antibiotics came from Invitrogen (Carlsbad, CA, USA).

4.2. Plant Material

Flowers of I. britannica were purchased from a traditional herbal medicine store in
Daejeon, Republic of Korea, in August 2020 and authenticated by one of the authors (ISL).
A voucher specimen (IJ2020–032) was archived in the herbarium of the Korea Institute of
Oriental Medicine, Republic of Korea.

4.3. Extraction and Isolation

Air-dried flowers of I. britannica (400 g) were extracted three times with ethanol. The
resulting extracts were filtered and concentrated (30 g) and then subjected to silica gel
column chromatography with a methylene chloride–methanol gradient solvent system.
Three fractions (A–C) based on the TLC patterns were obtained. Fraction A was further
chromatographed on a silica gel column using a methylene chloride–methanol gradient
solvent system to yield three subfractions (A1–A3). Fraction A2 was purified over a
reversed-phase silica gel column and eluted with a methanol–water gradient solvent
system to obtain compounds 1 (15 mg), 2 (25 mg), and 3 (22 mg). Fraction B was subjected
to silica gel column chromatography with a methylene chloride–methanol gradient solvent
system, yielding four subfractions (B1–B4). Fraction B2 was further purified on a reversed-
phase silica gel column and eluted with a methanol–water gradient solvent system to afford
compounds 4 (23 mg) and 5 (32 mg). Fraction C was chromatographed on a silica gel
column using a methylene chloride–methanol gradient solvent system to generate two
subfractions (C1 and C2).

4.4. sEH Activity Assay

In 96-well plates, 20 µL of isolated compounds 15 in methanol was mixed with 100 µL
of 25 mM Tris–HCl (pH 7.0) buffer containing 0.1% BSA, followed by adding 30 µL of
1.0 µg/mL sEH and then 50 µL of 40 µM PHOME. The reaction product was measured
using a fluorescent photometer (excitation filter: 330 nm, emission filter: 465 nm).

Inhibitor efficiency (%) was calculated as shown in Equation (1):

Inhibitory activity = 100 − [(I40 − I0)/(M40 − M0)] × 100 (1)

where I40 and M40 are the fluorescence of the candidate inhibitor (I) and methanol (M) after
40 min, and I0 and M0 are the fluorescence of I and M at 0 min, respectively.

The IC50 values were calculated using Equation (2):

y = y0 + [(a × x)/(b + x)] (2)

where y0 is the minimum value on the y-axis, a represents the disparity between the
maximum and minimum values, and b is the x value corresponding to 50%.

4.5. Molecular Docking

Three-dimensional (3D) structures of the candidate inhibitors were generated and
optimized using Chem3D Pro (CambridgeSoft, Cambridge, MA, USA). The 3D structure of
sEH (ID: 3ANS) was retrieved from the RCSB Protein Data Bank. The enzyme’s structure
was modeled by excluding water and 4-cyano-N-[(1S,2R)-2-phenylcyclopropyl]benzamide,
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followed by hydrogen addition, using AutoDockTools 4.2 (Scripps Research, La Jolla, CA,
USA) with the Gasteiger charge model. Flexible patuletin docking employed a torsion tree
approach to identify the torsion root and rotatable bonds. Docking was conducted within a
grid box size of 126 × 126 × 126 with 0.375 Å spacing to accommodate a non-competitive
inhibitor within the enzyme. Molecular docking was carried out based on a Lamarckian
genetic algorithm using Chimera ver. 1.14 (University of California, San Francisco, San
Francisco, CA, USA). In the visualization and analysis of the results, LigPlot 2.2 (European
Bioinformatics Institute, Hinxton, UK) was used.

4.6. Molecular Dynamics

Simulation of the sEH-patuletin (3) complex was performed using Gromacs 4.6.5,
employing the CHARMM all-atom force field to charge the complex. The ligand structure,
generated initially as an str file by the GGenFF server, was converted into gro and itp
files using CHARMM36-ff. Subsequently, the charged sEH-patuletin (3) complex was
solvated in a cubic water box using the simple point charge water model and ionized with
sodium ions. mdp files of ions, energy minimization, NVT, NPT, and MD were generated
according to GROMACS instructions and used for energy minimization, employing the
steepest-descent method until a maximal force of 10 kJ/mol was reached. The equilibration
phase involved NVT (canonical ensemble) at 300 K for 100 ps, followed by NPT (isothermal–
isobaric ensemble) at 1 bar for another 100 ps. Finally, a molecular dynamics simulation
was conducted for 50 ns. The results were analyzed using g utility and visualized using
SigmaPlot 15 (San Jose, CA, USA) and Chimera 1.17.3 (San Francisco, CA, USA).

4.7. Cell Culture and Viability

RAW264.7 macrophages in DMEM containing 10% FBS and 1% penicillin/streptomycin
were seeded into a 96-well plate at a concentration of 2 × 105 cells/well and then cultured
in a CO2 incubator. After 24 h, 10 µM of the candidate inhibitor was added. After another
24 h incubation, 10 µL water-soluble tetrazolium salt (WST-8) was added to each well
and the plate was incubated for 4 h. The absorbance at 450 nm was measured using a
spectrophotometer (Tecan Group, Ltd., Mannedorf, Switzerland).

4.8. Nitric Oxide Assay

RAW264.7 macrophages were initially cultured as described above and then pretreated
for 2 h with 10 µM of the candidate inhibitor. Then, they were stimulated with 1 µg LPS
/mL for 24 h. Then, 100 µL each of supernatant and Griess reagent were added to the plate.
The absorbance at 450 nm was measured as described.

4.9. Statistical Analysis

All measurements were performed in triplicate across three independent experiments.
The results are expressed as the mean ± standard error of the mean (SEM). The data were
analyzed using Sigma Plot 15 (Systat Software Inc., San Jose, CS, USA).

5. Conclusions

The ethanol extract of I. britannica was purified using column chromatography to
obtain five flavonoids 1–5. Their chemical structures, determined spectrophotometrically,
revealed them to be eupatin (1), hispidulin (2), patuletin (3), nepetin (4), and isorhametin-
3-O-glucoside (5). The IC50 values of compounds 1–5 when tested against sEH were in
the range of 12.1 ± 0.1–62.8 ± 1.8 µM. The IC50 value of compound 3 was the lowest at
12.1 ± 0.1 µM. The ki values calculated from the Dixon plot were 43.9, 19.8, 17.5, 63.5, and
68.7 µM, and the Autodock scores were −8.16, −8.34, −8.59, −8.18, and −7.53 kcal/mol,
respectively. Potential inhibitor 3 was shown to bind very intimately with sEH in a fluid
state based on molecular dynamics. In particular, it was confirmed that this maintained
a sufficient distance of ~ 3.5Å from Arg410 and Trp525, which participate in hydrogen
bonding in the docking. In poly(I:C)-stimulated RAW264.8 cells, compounds 3 and 4
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inhibited NO production by more than 50% at 10 µM. In the enzyme assay and in studies
of enzyme kinetics, molecular simulation, and NO inhibition, flavonoids 1–5 showed
similar trends. Our results indicate that compound 3 should be further examined as an anti-
inflammatory agent in inhibition experiments involving other cell types and animal models.

Author Contributions: Conceptualization, J.H.K.; methodology, J.H.K. and K.-S.H.; software, J.H.K.
and B.O.C.; validation, J.H.K., E.-S.L. and Y.-G.K.; formal analysis, J.H.K., I.S.L. and B.O.C.; investiga-
tion, J.H.K.; resources, J.H.K.; data curation, J.H.K. and Y.-I.K.; writing—original draft preparation,
J.H.K. and I.S.L.; writing—review and editing, K.-S.H., E.-S.L., Y.-G.K. and Y.-I.K.; visualization, J.H.K.
and I.S.L.; supervision, J.H.K., B.O.C. and I.S.L.; project administration, J.H.K.; funding acquisition,
J.H.K. All authors have read and agreed to the published version of the manuscript.

Funding: The research presented in this paper was supported by a Cooperative Research Program of
Agriculture Science & Technology Development (RS-2022-RD010239) funded by the rural develop-
ment administration of the Republic of Korea.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data are contained within the article.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Khan, A.L.; Hussain, J.; Hamayun, M.; Gilani, S.A.; Ahmad, S.; Rehman, G.; Kim, Y.H.; Kang, S.M.; Lee, I.J. Secondary metabolites

from Inlula britannica L. and their biological activities. Molecules 2010, 15, 1562–1577. [CrossRef] [PubMed]
2. Yang, L.; Wang, X.; Hou, A.; Zhang, J.; Wang, S.; Man, W.; Yu, H.; Zheng, S.; Wang, Q.; Jiang, H.; et al. A review of the botany,

traditional uses, phytochemistry, and pharmacology of the Flos Inulae. J. Ethnopharmacol. 2021, 276, 114125. [CrossRef] [PubMed]
3. Zhao, Y.M.; Zhang, M.L.; Shi, Q.W.; Kiyota, H. Chemical constituents of plants from the genus Inula. Chem. Biodivers. 2006,

3, 371–384. [CrossRef] [PubMed]
4. Seca, A.M.; Grigore, A.; Pinto, D.C.; Silva, A.M. The genus Inula and their metabolites: From ethnopharmacological to medicinal

uses. J. Ethnopharmacol. 2014, 154, 286–310. [CrossRef] [PubMed]
5. Park, Y.I.; Kim, J.H.; Lee, S.; Lee, I.S.; Park, J. Eupatin, a flavonoid, inhibits coronavirus 3CL protease and replication. Int. J. Mol.

Sci. 2023, 24, 9211. [CrossRef]
6. Sun, C.-P.; Zhang, X.-Y.; Morisseau, C.; Hwang, S.H.; Zhang, Z.-J.; Hammock, B.D.; Ma, X.-C. Discovery of soluble epoxide

hydrolase inhibitors from chemical synthesis and natural products. J. Med. Chem. 2021, 64, 184–215. [CrossRef]
7. Morisseau, C.; Hammock, B.D. Epoxide hydrolases: Mechanisms, inhibitor designs, and biological roles. Annu. Rev. Pharmacol.

2005, 45, 311–333. [CrossRef] [PubMed]
8. Imig, J.D.; Hammock, B.D. Soluble epoxide hydrolase as a therapeutic target for cardiovascular diseases. Nat. Rev. Drug Discov.

2009, 8, 794–805. [CrossRef] [PubMed]
9. Spector, A.A.; Fang, X.; Snyder, G.D.; Weintraub, N.L. Epoxyeicosatrienoic acids (EETs): Metabolism and biochemical function.

Prog. Lipid Res. 2004, 43, 55–90. [CrossRef]
10. Jung, O.; Brandes, R.P.; Kim, I.-H.; Schweda, F.; Schmidt, R.; Hammock, B.D.; Busse, R.; Fleming, I. Soluble epoxide hydrolase is a

main effector of angiotensin II–Induced hypertension. Hypertension 2005, 45, 759–765. [CrossRef]
11. Morisseau, C.; Hammock, B.D. Impact of soluble epoxide hydrolase and epoxyeicosaoids on human health. Annu. Rev. Pharmacol.

Toxicol. 2013, 53, 37–58. [CrossRef] [PubMed]
12. Zhao, W.-Y.; Zhangm, X.-Y.; Zhou, M.-R.; Tian, X.-G.; Lv, X.; Zhang, H.-L.; Deng, S.; Zhang, B.-J.; Sun, C.-P.; Ma, X.-C. Natural

soluble epoxide hydrolase inhibitors from alisma orientale and their potential mechanism with soluble epoxide hydrolase. Inter. J.
Biol. Macromol. 2021, 183, 811–817. [CrossRef] [PubMed]

13. Kim, J.H.; Huh, Y.-C.; Hur, M.; Park, W.T.; Moon, Y.-H.; Kim, T.I.; Kim, S.M.; Koo, S.C. Inhibitory activity of lignanamides isolated
from hemp seed hulls (Cannabis sativa L.) against soluble epoxide hydrolase. Heliyon 2023, 9, e19772. [CrossRef] [PubMed]

14. He, X.; Zhao, W.-Y.; Shao, B.; Zhang, B.-J.; Liu, T.-T.; Sun, C.-P.; Huang, H.-L.; Wu, J.-R.; Liang, J.-H.; Ma, X.-C. Natural soluble
epoxide hydrolase inhibitors from Inula helenium and their interactions with soluble epoxide hydrolase. Int. J. Biol. Macromol.
2020, 158, 1362–1368. [CrossRef] [PubMed]

15. Iwata, M.; Inoue, T.; Asai, Y.; Hori, K.; Fujiwara, M.; Matsuo, S.; Tsuchida, W.; Suzukim, S. The protective role of localized nitric
oxide production during inflammation may be mediated by the heme oxygenase-1/carbon monoxide pathway. Biochem. Biophys.
Rep. 2020, 23, 100790. [CrossRef] [PubMed]

16. Taylor, E.L.; Megson, I.L.; Haslett, C.; Rossi, A.G. Nitric oxide: A key regulator of yeloid inflammatory cell apoptosis. Cell Death
Differ. 2003, 10, 418–430. [CrossRef] [PubMed]

https://doi.org/10.3390/molecules15031562
https://www.ncbi.nlm.nih.gov/pubmed/20336001
https://doi.org/10.1016/j.jep.2021.114125
https://www.ncbi.nlm.nih.gov/pubmed/33961997
https://doi.org/10.1002/cbdv.200690041
https://www.ncbi.nlm.nih.gov/pubmed/17193274
https://doi.org/10.1016/j.jep.2014.04.010
https://www.ncbi.nlm.nih.gov/pubmed/24754913
https://doi.org/10.3390/ijms24119211
https://doi.org/10.1021/acs.jmedchem.0c01507
https://doi.org/10.1146/annurev.pharmtox.45.120403.095920
https://www.ncbi.nlm.nih.gov/pubmed/15822179
https://doi.org/10.1038/nrd2875
https://www.ncbi.nlm.nih.gov/pubmed/19794443
https://doi.org/10.1016/S0163-7827(03)00049-3
https://doi.org/10.1161/01.HYP.0000153792.29478.1d
https://doi.org/10.1146/annurev-pharmtox-011112-140244
https://www.ncbi.nlm.nih.gov/pubmed/23020295
https://doi.org/10.1016/j.ijbiomac.2021.04.187
https://www.ncbi.nlm.nih.gov/pubmed/33957203
https://doi.org/10.1016/j.heliyon.2023.e19772
https://www.ncbi.nlm.nih.gov/pubmed/37810102
https://doi.org/10.1016/j.ijbiomac.2020.04.227
https://www.ncbi.nlm.nih.gov/pubmed/32360461
https://doi.org/10.1016/j.bbrep.2020.100790
https://www.ncbi.nlm.nih.gov/pubmed/32760814
https://doi.org/10.1038/sj.cdd.4401152
https://www.ncbi.nlm.nih.gov/pubmed/12719719


Int. J. Mol. Sci. 2024, 25, 4357 11 of 11

17. Maurice, D.A.; Pierre, T.; Hiroyuki, M. Isolation and structure characterization of flavonoids. In Flavonoids; Goncalo, C.J., Ed.;
IntechOpen: Rijeka, Croatia, 2017; p. 3.

18. Zeng, W.; Quesheng; Zhang, Q.; Liang, H. Flavonoids from Artemisia gmelinii Web. ex Stechm. J. Chin. Pharm. Sci. 2014,
23, 496–499. [CrossRef]

19. Bai, N.S.; Zhou, Z.; Zhu, N.Q.; Zhang, L.; Quan, Z.; He, K.; Zheng, Q.Y.; Ho, C.T. Antioxidative flavonoids from the flower of
Inula britannica. J. Food Lipids. 2005, 12, 141–149. [CrossRef]

20. El-Hawiet, A.M.; Toaima, S.M.; Asaad, A.M.; Radwan, M.M.; El-Sebakhy, N.A. Chemical constituents from Astragalus annularis
Forssk. and A. trimestris L., Fabaceae. Rev. Bras. Farmacogn. 2010, 20, 860–865. [CrossRef]

21. Robinson, P.K. Enzyme: Principles and biotechnology applications. Essays Biochem. 2015, 59, 1–41. [CrossRef]
22. Kim, J.H.; Cho, C.W.; Hur, M.; Park, W.T.; Moon, Y.H.; Koo, S.C.; Hur, Y.C.; Kang, J.S.; Lee, I.S. Inhibitory activity of quaternary

isoquinoline alkaloids on soluble epoxide hydrolase. Curr. Issues Mol. Biol. 2022, 44, 4282–4289. [CrossRef]
23. Kim, J.H.; Jin, C.H. Inhibitory activity of flavonoids, chrysoeriol and luteolin-7-O-glucopyranoside, on soluble epoxide hydrolase

from Capsicum chinense. Biomolecules 2020, 10, 180. [CrossRef]
24. Kim, J.H.; Thao, N.P.; Han, Y.K.; Lee, Y.S.; Luyen, B.T.T.; Oanh, H.V.; Kim, Y.H.; Yang, S.Y. The insight of in vitro and in silico

studies on cholinesterase inhibitors from the roots of Cimicifuga dahurica (Turcz.) Maxim. J. Enzyme Inhib. Med. Chem. 2018, 33,
1174–1180. [CrossRef] [PubMed]

25. Cho, I.S.; Kim, J.H.; Lin, Y.; Su, X.D.; Kang, J.S.; Yang, S.Y.; Kim, Y.H. Inhibitory activity of quercetin 3-O-arabinofuranoside and
2-oxopomolic acid derived from Malus domestica on Soluble Epoxide Hydrolase. Molecules 2020, 25, 4352. [CrossRef]

26. Bai, M.M.; Shi, W.; Tian, J.M.; Lei, M.; Kim, J.H.; Sun, Y.N.; Kim, Y.H.; Gao, J.M. Soluble epoxide hydrolase inhibitory and
anti-inflammatory components from the leaves of Eucommia ulmoides Oliver (duzhong). J. Agric. Food Chem. 2015, 63, 2198–2205.
[CrossRef]

27. Dabeek, W.M.; Marra, M.V. Dietary qquercetin and kaempferol: Bioavailability and potential cardiovascular-related bioactivity in
humans. Nutrients 2019, 11, 2288. [CrossRef]

28. Sun, C.-P.; Zhang, J.; Zhao, W.-Y.; Yi, J.; Yan, J.-K.; Wang, Y.-L.; Morisseau, C.; Liu, Z.-B.; Hammock, B.D.; Ma, X.-C. Protostane-type
triterpenoids as natural soluble epoxide hydrolase inhibitors: Inhibition potentials and molecular dynamics. Bioorg. Chem. 2020,
96, 103637. [CrossRef] [PubMed]

29. Zhang, J.; Zhang, M.; Zhang, W.-H.; Zhum, Q.-M.; Hou, X.-K.; Sun, C.-P.; Ma, X.-C.; Xiao, H.-T. Total flavonoids of Inula japonica
alleviated the inflammatory response and oxidative stress in LPS-induced acute lung injury via inhibiting the sEH activity:
Insights from lipid metabolomics. Phytomedicine 2022, 107, 154380. [CrossRef] [PubMed]

30. Leem, H.H.; Lee, G.Y.; Lee, J.S.; Lee, H.; Kim, J.H.; Kim, Y.H. Soluble epoxide hydrolase inhibitory activity of components from
Leonurus japonicas. Int. J. Biol. Macromol. 2017, 103, 451–457. [CrossRef]

31. Azuma, S.; Murakami, Y.; Azuma, E.; Baba, K.; Taniguchi, M. Anti-flammatory effects of flavonoids in Citrus jabara fruit peels.
Trends Immunother. 2020, 4, 5–14. [CrossRef]

32. Zhao, W.-Y.; Yan, J.-J.; Zhang, M.; Wang, C.; Feng, L.; Lv, X.; Hou, X.-K.; Sum, C.-P.; Chen, L.-X.; Ma, X.-C. Natural soluble epoxide
hydrolase inhibitors from Inula britanica and their potential interactions with soluble epoxide hydrolase: Insight from inhibition
kinetics and molecular dynamics. Chem. Biol. Interact. 2021, 345, 109571. [CrossRef] [PubMed]

33. Rosselli Marinella RJ Keller Raghvendra, K. Role of nitric oxide in the biology, physiology and pathophysiology of reproduction.
Hum. Reprod. Update 1998, 4, 3–24.

34. Inkanuwat, A.; Sukaboon, R.; Reamtong, O.; Asawanonda, P.; Pattaratanakun, A.; Saisavoey, T.; Sangtanoo, P.; Karnchanatat,
A. Nitric oxide synthesis inhibition and anti-inflammatory effect of polypeptide isolated from chicken feather meal in
lipopolysaccharide-stimulated RAW264.7 macrophages. Food Technol. Biotechnol. 2019, 57, 200–212. [CrossRef] [PubMed]

35. Jabeen, A.; Mesaik, M.A.; Simjee, S.U.; Lubna; Bano, S.; Faizi, S. Anti-TNF-α and anti-arthritic effect of patuletin: A rare flavonoid
from tagetes patula. Inter. Immunopharm. 2016, 36, 232–240. [CrossRef]

36. Arand, M.; Wager, H.; Oesch, F. Asp333, Asp495, and His523 form the catalytic triad of rat soluble epoxide hydrolase. J. Biol. Chem.
1996, 271, 4223–4229. [CrossRef]

37. RCSB Protein Data Bank. Available online: https://www.rcsb.org/3d-view/3ANS (accessed on 11 April 2024).

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.5246/jcps.2014.08.065
https://doi.org/10.1111/j.1745-4522.2005.00012.x
https://doi.org/10.1590/S0102-695X2010005000047
https://doi.org/10.1042/bse0590001
https://doi.org/10.3390/cimb44090294
https://doi.org/10.3390/biom10020180
https://doi.org/10.1080/14756366.2018.1491847
https://www.ncbi.nlm.nih.gov/pubmed/30286669
https://doi.org/10.3390/molecules25184352
https://doi.org/10.1021/acs.jafc.5b00055
https://doi.org/10.3390/nu11102288
https://doi.org/10.1016/j.bioorg.2020.103637
https://www.ncbi.nlm.nih.gov/pubmed/32032849
https://doi.org/10.1016/j.phymed.2022.154380
https://www.ncbi.nlm.nih.gov/pubmed/36150346
https://doi.org/10.1016/j.ijbiomac.2017.05.038
https://doi.org/10.24294/ti.v4.i1.844
https://doi.org/10.1016/j.cbi.2021.109571
https://www.ncbi.nlm.nih.gov/pubmed/34217688
https://doi.org/10.17113/ftb.57.02.19.5964
https://www.ncbi.nlm.nih.gov/pubmed/31537969
https://doi.org/10.1016/j.intimp.2016.04.034
https://doi.org/10.1074/jbc.271.8.4223
https://www.rcsb.org/3d-view/3ANS

	Introduction 
	Results 
	Isolation and Identification of Compounds 1–5 
	Inhibitory Activity of Compounds 1–5 on sEH 
	Static Molecular Modeling between Compounds 1–5 and sEH 
	Dynamic Molecular Modeling between Compound 3 and sEH 
	Inhibition of NO Production by Compounds 1–5 in Poly(I:C)-Stimulated RAW264.7 Cells 

	Discussion 
	Materials and Methods 
	General Experimental Procedures 
	Plant Material 
	Extraction and Isolation 
	sEH Activity Assay 
	Molecular Docking 
	Molecular Dynamics 
	Cell Culture and Viability 
	Nitric Oxide Assay 
	Statistical Analysis 

	Conclusions 
	References

