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ARTICLE INFO ABSTRACT

Keywords: The objective of the present study was to investigate anti-inflammatory effects of disenecionyl cis-
P e_uceda_"“"‘ jﬂl_’onicum thunberg khellactone (DK) isolated from Peucedanum japonicum Thunberg, a traditional edible plant, in
Disenecionyl cis-khellactone RAW264.7 cells stimulated with lipopolysaccharide (LPS). Anti-inflammatory effects of DK were
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analyzed using various techniques, including NO assay, Western blot analysis, enzyme-linked
immunosorbent assay (ELISA), real-time PCR, and immunofluorescence staining. It was
revealed that DK reduced the production of pro-inflammatory cytokines including Monocyte
chemoattractant protein-1 (MCP-1), Tumor necrosis factor-a (TNF-a), Interleukin 1p (IL-1$), and
Interleukin 6 (IL-6) in RAW264.7 cells stimulated with LPS. It was revealed that DK effectively
downregulated expression levels of iNOS and COX-2 due to inhibition of NF-kB activation and
suppressing the phosphorylation of p38 and jun N-terminal kinase (JNK) mitogen-activated
protein kinase (MAPK) phosphorylation. Also, soluble epoxide hydrolase activity and expres-
sion were decreased by the proinflammatory inhibitor, DK. Finally, findings of this study suggest
that DK isolated from P. japonicum might have potential as a therapeutic candidate for inflam-
matory diseases.

1. Introduction

Peucedanum japonicum Thunberg is a crop cultivated for food consumption in Korea, China, and Japan. In traditional medicine, it
has been employed to treat respiratory disorders and seizures. Recent research has explored its possibilities as both an antioxidant and
a substance that could help combat obesity [1]. Chemical compositions of P. japonicum include several compounds such as rutin,
mannithorchromone, polyacetylene, and coumarin. Coumarin, a compound that is abundant in natural products, is well-known for its
anti-coagulant, anti-platelet, and anti-cancer properties [2]. In addition, coumarin-based compounds such as isosamidin,
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peucedanol-7-O-#-p-glucopyranoside, and disenecionyl cis-khellactone (DK, Fig. 1A) have been isolated from P. japonicum [3].
Especially, DK has been reported to have anti-diabetic and anti-obesity effects [4].

The human immune system can activate an inflammatory response to protect the body from damage. Inflammation response is a set
of protective mechanisms to eliminate threats, promote tissue repair, and restore physiological equilibrium. Nonetheless, studies have
shown that the transition of inflammation to a chronic or dysregulated state is associated with a wide range of diseases, from auto-
immune diseases to cardiovascular diseases, chronic respiratory diseases, neurodegenerative diseases and malignancies [5]. Macro-
phages play a key role in controlling immune reactions and significantly affect the development of inflammatory conditions.
Macrophages can recognize stimuli through toll-like receptors (TLRs) and activate signaling pathways such as mitogen-activated
protein kinase (MAPK) and nuclear factor kappa-light-chain-enhancer of activated B cells (NF-kB). MAPKs are pivotal
gene-regulatory proteins that play a central role in cellular signaling networks. These proteins, including p38, jun N-terminal kinase
(JNK), and extracellular signal-regulated kinase (ERK), function as signal transducers by detecting various external stimuli, such as
growth factors or changes in the alkaline environment. They phosphorylate and activate the respective p38, JNK, and ERK pathways,
thereby relaying diverse signals. MAPKs are reported to regulate processes like cell survival, growth, differentiation, and inflammatory
responses [6]. They can induce the production of NO, other inflammatory factors, and cytokines [7].

Nitric oxide synthase (NOS) includes neuronal NOS (nNOS), endothelial NOS (eNOS), and inducible NOS (iNOS) types. Among
them, iNOS produces a large amount of NO. It is involved in immune responses [8]. Tumor necrosis factor-a (TNF-a) is a crucial
cytokine that regulates inflammatory immune response. It has the ability to produce interleukin-1 (IL-1) and interleukin-6 (IL-6) [9].
Prostaglandin-endoperoxide synthase 2 (PGEj) produced by cyclooxygenase-2 (COX-2) and monocyte chemoattractant protein-1
(MCP-1) are typical pro-inflammatory cytokines that can regulate immune responses [10]. In particular, MCP-1 can attract immune
cells to inflammatory sites [11]. When signal transduction mechanisms of macrophages are activated by Lipopolysaccharide (LPS)
stimulation, the production of various inflammation-related factors and cytokines is increased, causing various diseases.

Soluble epoxide hydrolase (sEH) is an enzyme belonging o/p-hydrolase family that converts epoxyeiocosanoids acids (EETs) to
dihydroxyeicosatrienoic acids (DHETSs) [12]. Especially, EETs have the property of anti-inflammation by inhibiting NF-kB activity and
TNF-a-induced vascular cell adhesion protein 1 (VCAM-1) expression [13]. Among them, it revealed obviously that 11,12-EET sup-
presses LPS-induced COX-2 expression and prostaglandin E2 production [14]. Especially, sEH is highly expressed in LPS-stimulated
lung macrophages [13]. Therefore, SEH has been known as a target for anti-inflammatory treatment, and researchers are continu-
ously striving to develop natural inhibitors to replace urea-type sEH inhibitors [15,16].
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Fig. 1. The structure of DK (A) and effects of DK on cell viability and inhibition of NO, PGE, production in LPS-stimulated RAW264.7 cells. Cell
viability (0-100 pM) was assessed by WST-8 assay (B). The cells were pre-treated with DK (12.5-100 uM) for 1 h, followed by stimulation with LPS
(1 pg/mL) and incubated at 37 °C with 5 % CO; for 24 h. Subsequently, the supernatant was obtained. NO production was performed by Griess
reagent assay (C) and PGE; production confirmed by ELISA assay (D). Each bar represents the mean + SD. Different small case letters indicate
significant differences at *p < 0.05, **p < 0.01, ***p < 0.001 vs. LPS alone, ns > 0.05 vs. control.
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Recently, some studies are being actively conducted to effectively control proinflammatory cytokines [17,18]. Despite various
pharmacological properties of P. japonicum and its constituent compounds have been reported [19,20] anti-inflammatory effects of DK
are still largely unknown. Therefore, the objective of this study is to positively regulate the expression of proinflammatory cytokines in
LPS-stimulated RAW264.7 cells and an anti-inflammatory direction by isolated DK, and to inhibit sSEH activity and expression by DK.

2. Material and methods
2.1. Materials

DK was obtained from Dr. J.H Kim of Department of Herbal Crop Research, National Institute of Horticultural and Herbal Science.
Dulbecco’s modified Eagle medium (DMEM) and fetal bovine serum were bought from Gibco (Grand Island, NY, USA). Quanti-Max™
WST-8 Cell Viability Assay Kit was bought from Biomax (Guri-si, Gyeonggi-do, Korea). Lipopolysaccharides (LPS) and Griess reagent
were purchased from Sigma-Aldrich (St. Louis, MO, USA). PGE,, IL-1p, TNF-a, IL-6, and MCP-1 ELISA kit were bought from R&D
Systems (Minneapolis, MN, USA). COX-2 antibody was purchased from Cayman Chemical (Ann Arbor, MI, USA). ProLong® Gold
Antifade Reagent with DAPI (8961S) and antibodies targeting p-Erk1/2 (#9101, rabbit Polyclonal), total Erk1l/2 (#9102, rabbit
Polyclonal) were obtained form Cell signaling technology, Inc. (Danvers, MA, USA). And JNK (sc-7345, mouse monoclonal), p-JNK (sc-
293136, mouse monoclonal), p38 (sc-81621, mouse monoclonal), p-p38 (SC-166182, mouse monoclonal) NF-kB (sc-8008, mouse
monoclonal), p-NF-kB (sc-136548, mouse monoclonal), HO-1 (sc-136960, mouse monoclonal), soluble epoxide hydrolase (sEH, sc-
166961, mouse monoclonal) and actin (sc-8432, mouse monoclonal), m-IgGk BP-HRP (sc-516102, mouse) were obtained from
Santa Cruz Biotechnology, Inc. (Santa Cruz, CA, USA). Goat anti-rabbit IgG (H + L) Secondary Antibody, HRP (#31460, goat anti-
rabbit) Alexa Fluor 488-conjugated goat anti-mouse IgG secondary antibody(A-11001) was purchased from Invitrogen, Inc.(Wal-
tham, MA, USA). Human recombinant soluble epoxide hydrolase (sEH, 10011669), cyano-(6-methoxynaphthalen-2-yl)methyl] 2-(3-
phenyloxiran-2-yl)acetate (PHOME, 10009134), and 12-(3-((3s,5s,7s)-adamantan-1-yl)ureido)dodecanoic acid (AUDA, 10007972)
were purchased from Cayman Chemical (Ann Arbor, MI, USA).

2.2. Cell culture

RAW264.7 cell line was obtained from ATCC (Manassas, VA, USA). Cells were cultured in DMEM supplemented with 10 % FBS and
1 % penicillin/streptomycin. Cells were subcultured every 2 days and maintained in a 37 °C, 5 % CO» incubator. All experiments were
conducted using the RAW264.7 cell line at passages 9-12.

2.3. Cell viability

RAW264.7 cells were seeded in a 96-well plate at a density of 2 x 10° cells/mL, with 100 pL per well and cultured for 24 h in an
incubator maintained at 37 °C, 5 % CO,. Cells were treated with DK (12.5-100 pM) for 20 h. Thereafter, 10 pL of Quanti-Max™ WST-8
Cell Viability Assay Kit was added into each well. After 4 h of incubation, absorbance was measured at wavelength of 450 nm using a
spectrophotometer (SUNRISE, Tecann Group, Ltd.).

2.4. Nitric oxide assay

RAW264.7 cells were seeded in a 96-well plate at a density of 2 x 10° cells/mL, with 100 pL per well and cultured for 24 h in an
incubator maintained at 37 °C, 5 % CO». Prior to LPS (1 pg/mL) stimulation, cells were pretreated with DK (12.5-100 pM) for 1 h,
followed by continued culture for an additional 24 h. After incubation, 100 pL of Griess reagent was added to 100 pL of the supernatant
in the 96-well plate. After 15 min of incubation, the absorbance was measured at wavelength of 540 nm using a spectrophotometer
(SUNRISE, Tecann Group, Ltd.).

2.5. Engyme-linked immunosorbent assay

RAW264.7 cells were seeded in a 60 mm cell culture dishes at a density of 2 x 10° cells/mL, with 4 mL per well and cultured for 24
h in an incubator maintained at 37 °C, 5 % CO». These cells were pretreated with DK (12.5-100 pM or 50 and 100 pM) for 1 h, followed
by continued culture for an additional 20 h with LPS (1 pg/mL) stimulation, after which supernatants were collected. Concentrations of
PGEj, IL-1 B, TNF-a, IL-6, and MCP-1 in the supernatants were measured using ELISA kits according to the manufacturer’s protocol.

2.6. RNA extraction and RT-PCR

RAW264.7 cells were seeded in a 60 mm cell culture dishes at a density of 2 x 10° cells/mL, with 4 mL per well and cultured for 24
h in an incubator maintained at 37 °C, 5 % CO». These cells were pretreated with DK (50 and 100 pM) for 1 h, followed by LPS (1 pg/
mL) stimulation for 3 h. Total RNAs were extracted from cells using an RNA-spin™ Total RNA Extraction Kit (iNtRON Biotechnology,
Seungnam-si, Gyeonggi-do, Korea) and reverse transcribed into cDNAs using an iScript™ cDNA Synthesis Kit (1708891) and a
T100TM Thermal Cycler (Bio-Rad, Hercules, CA, USA). Resulting cDNAs were amplified using a SYBR (TOYOBO, Osaka, Japan) kit.
Real-time PCR was performed using a StepOne Real-Time PCR system (Thermo Fisher Scientific, Waltham, MA, USA) and gene
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expression levels were quantified. Primers used for PCR analysis were: TNF-a: 5-CATGTGCTCCTCACCCACAC-3’ (forward) and 5'-
ATGGGCTCATACCAGGGCTT-3’ (reverse), iNOS: 5-CGGAGTGACGGCAAACATGA-3’ (forward) and 5-TTCCAGCCTAGGTCGATGCA-
3’ (reverse), GAPDH: 5-GGCTACACTGAGGACCAGGT-3’ (forward) and 5-TCCACCACCCTGTTGCTGTA-3’ (reverse). The thermal
profile included 95 °C for 5 min and 30 cycles of amplification at 95 °C for 30 s and 60 °C for 30 s. Expression levels were normalized to
GAPDH using the 27 AACt method. All protocols followed the manufacturer’s instructions without any modifications.

2.7. Protein extraction and western blot

RAW264.7 cells were seeded in a 60 mm cell culture dishes at a density of 2 x 10° cells/mL, with 4 mL per well and cultured for 24
h in an incubator maintained at 37 °C, 5 % COs. These cells were pretreated with DK (12.5-100 pM or 50 and 100 pM). After 1 h, cells
were stimulated with LPS (1 pg/mL) for 30 min or 24 h. Next, protein extraction was performed with RIPA buffer (with 1 % protease
and phosphatase inhibitors) and quantified by the Bradford’s method. The process of separating and analyzing proteins involved the
following steps: (1) separation of proteins with 7.5 % or 10 % polyacrylamide gels at 100 V for 1 h, (2) transfer of proteins from the gel
to PVDF membranes at 100 V for 1 h and blocking with 5 % skim milk for 1 h, (3) after washing step with TBST, incubation of
membranes with primary antibodies (COX-2, 1:2000; HO-1, 1:200; iNOS, 1:5000; p-p38, 1:500; p-38, 1:500; p-ERK, 1:1000; ERK,
1:1000; p-JNK, 1:500; JNK, 1:500; p-actin, 1:2000; p-NF-kB, 1:500; NF-kB, 1:500) overnight at 4 °C, (4) washing membranes three
times with TBST solution for 10 min, (5) incubation of membranes with either mouse or rabbit HRP-conjugated secondary antibodies
(1:5000) in 5 % skim milk for 2 h at room temperature, (6) washing membranes three times with TBST solution for 10 min, and (7)
developing membranes with an EZ-western Lumi Pico Alph reagent, capturing images of membranes using an imaging system (Alli-
ance version 15.11; UVITEC), and analyzing band densities using ImageJ program (National Institute of Health, Bethesda, MD, USA).

2.8. Immunofluorescence staining

RAW264.7 cells were seeded in a 4-well cell culture slides at a density of 2 x 10° cells/mL, with 250 pL per well and cultured for 24
h in an incubator maintained at 37 °C, 5 % CO». These cells were then treated with DK (50 or 100 pM) for 1 h followed by stimulation
with LPS (1 pg/mL) for 30 min. After incubation, cells were fixed with 4 % paraformaldehyde for 1 h and washed three times with PBS.
Subsequently, cells were incubated with 1 % BSA for 1 h and then incubated with primary antibody (p-NF-xB, 1:200; NF-kB, 1:200)
overnight at 4 °C. Next, cells were washed twice with PBS and incubated with Alexa Fluor 488-conjugated goat anti-mouse IgG
secondary antibody (1:2000) in 1 % BSA for 1 h at room temperature. After washing three times with PBS, cells were mounted with
DAPI and images were captured using a AXIOSKOP 45 14 85 fluorescence microscope (ZEISS microscope, Oberkochen, Germany). All
procedures were performed according to the manufacturer’s instructions without modification.

2.9. sEH activity assay and molecular simulation

Enzymatic assays, and molecular docking and dynamics studies were performed according to a previously described method with
some modifications [21]. sEH in 0.2 mM tris-HCI (pH 7.0) containing 0.1 % BSA buffer was mixed with 200 pL of DK in methanol.
When 50 pL. PHOME in buffer is added to the mixture, the enzyme catalytic reaction starts. The results of the reaction were measured
using a fluorescence photometer (excitiation: 330 nm, emission: 465 nm).

Molecular docking between sEH (PDB id: 3ANS) and DK was performed using Autodock 4.2 (La Jolla, CA, USA) and Chem 3D
(CambridgeSoft, Cambridge, MA, USA) programs. After setting up the grid (60 x 60 x 60 at 0.375 A) including the active site, flexible
ligand docking was performed (Lamarckian genetic algorithm). Molecular dynamics was performed using Gromacs 4.6.5 program
(Uppsala University, Uppsala, Sweden). sEH and DKwas charged by a CHARMM all-atom force field and CHARMMS360ff, respectively.
The complex was dissolved in a cubic box with HyO containing six sodium ions. The complex was energy stabilization (a maximal force
10 kJ/mol), and NVT and NPT equlibrations, and then molecular dynamics was performed. The results were represented visually as
SigmaPlot (San Jose, CA, USA) and Chimera (San Francisco, CA, USA).

2.10. Statistical analysis

Data are presented as mean + standard deviation and statistical analysis was conducted using the SPSS software (SPSS Inc, Chi-
cago, IL, USA). One-way analysis of variance (ANOVA) followed by Turkey’s test to determine any significant differences among
groups. A p-value of less than 0.01, 0.05 or 0.001 was considered statistically significant. All experiments were performed in triplicate.

3. Results
3.1. DK suppresses NO and PGE, production in LPS-stimulated RAW264.7 cells

DK was isolated with silica and C-18 column chromatographies from the ethanol extract of P. japonicum. This chemical structure
was elucidated by analyzing Mass, 'H and 1*C NMR spectra (Figs. S1-S3). Inhibitory effects of DK on NO and PGE, production in LPS-
stimulated RAW264.7 cells were investigated. First, as a result of measuring the amount of NO produced after determining the
concentration of DK to be used to treat cells based on cell viability (Fig. 1B), When the amount of NO production increased by LPS was
treated with DK, NO production was shown to be suppressed starting from 12.5 pM (P < 0.001) (Fig. 1C). In addition, it was confirmed
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that the amount of PGE; produced increased by LPS was decreased by DK in a concentration-dependent manner starting from 25 pM (P
< 0.01) (Fig. 1D).

3.2. DK suppresses iNOS, COX-2 and increased HO-1 expression in LPS-stimulated RAW264.7 cells

Western blot analysis was performed for RAW264.7 cells stimulated with LPS to assess the effect of DK on the expression of iNOS,
COX-2 and HO-1 (Fig. 2A-D). As shown in Fig. 2B, when treated with DK at concentrations ranging from 12.5 uM to 100 pM, there was
a significant reduction in iNOS expression of over 40 % starting at 12.5 pM compared to the LPS-treated group. Furthermore, a
concentration-dependent trend of decreasing iNOS expression was observed, commencing at 12.5 uM (p < 0.001). Fig. 2C shows that
the expression of COX-2, which was increased by LPS, was reduced by more than 35 % starting from 25 pM of DK, and showed a
tendency to gradually decrease in a concentration-dependent manner (p < 0.001). On the other hand, Fig. 2D shows that HO-1
expression in the DK-treated group increased by more than 642 % from 12.5 pM treatment compared to the LPS-treated group (p
< 0.001).

3.3. DK suppresses TNF-a and iNOS mRNA expression in LPS-stimulated RAW264.7 cells

Inhibitory effects of DK on TNF-o and iNOS gene expression in LPS-stimulated RAW264.7 were investigated. As shown in Fig. 3A,
TNF-a mRNA levels in DK-treated groups at 50 and 100 pM were reduced by 36.0 % and 21.4 % (p < 0.001), respectively, compared to
that in the LPS-treated group. As shown in Fig. 3B, mRNA levels of iNOS in DK-treated groups at 50 and 100 pM were reduced by 58.7
% and 44.6 % (p < 0.001), respectively, compared to that in the LPS-treated group.

3.4. DK suppresses expression of pro-inflammatory cytokines in LPS-stimulated RAW264.7 cells

Inhibitory effects of DK on expression of IL-1f, TNF-a, IL-6, and MCP-1 in RAW264.7 cells stimulated with LPS were investigated.
As depicted in Fig. 4A-D, the expression of IL-1p in DK-treated groups at concentrations of 25 pM, 50 pM, and 100 pM was reduced by
21.6 %, 50.4 %, and 57.6 %, respectively, compared to that in the LPS-treated group (p < 0.001) (Fig. 4A). Similarly, as shown, the
expression of TNF-a in DK-treated groups at concentrations of 25 pM, 50 pM, and 100 pM was reduced by 10.8 %, 58.6 %, and 71.1 %,
respectively, compared to that in the LPS-treated group (p < 0.001) (Fig. 4B). Furthermore, the expression of IL-6 also decreased in the
DK-treated groups at concentrations of 25 pM, 50 pM, and 100 pM, with reduction percentages of 23.1 %, 51.6 %, and 67.2 %,
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Fig. 2. Inhibitory effect of DK on iNOS and COX-2 and increased expression of HO-1 in LPS-stimulated RAW264.7 cells. Cells were pretreated with
DK (12.5-100 pM) for 1 h and then stimulated with LPS (1 pg/mL) and incubated at 37 °C with 5 % CO,, for 24 h. Expression levels of iNOS, COX-2
and HO-1 (A) were measured by Western blot. Relative densities of iNOS (B), COX-2 (C) and HO-1 (D) were calculated using ImageJ. Each bar
represents mean + SD (n = 3). Different lowercase letters indicate significant differences at *p < 0.05, **p < 0.01, ***p < 0.001 vs. LPS alone. Refer
to Supplementary Figs. S1-4 for uncropped version of Fig. 2A.
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Fig. 4. Inhibitory effect of DK on pro-inflammatory cytokines in LPS-stimulated RAW264.7 cells. The cells were pre-treated with DK (50, 100 pM)
for 1 h, followed by stimulation with LPS (1 pg/mL) and incubated at 37 °C with 5 % CO for 24 h. Subsequently, supernatant was obtained.
Expression of IL-1p (A), TNF-a (B), IL-6 (C) and MCP-1 (D) were measured by ELISA assay. Each bar represents mean + SD (n = 3). Different
lowercase letters indicate significant differences at *p < 0.05, **p < 0.01, ***p < 0.001 vs. LPS alone.

respectively, compared to the LPS-treated group (p < 0.001) (Fig. 4C). Similarly, the expression of MCP-1 exhibited comparable re-
sults, with reductions of more than 14.9 %, 31.7 %, and 48.4 % in the 25 pM, 50 pM, and 100 pM DK-treated groups, respectively,
compared to the LPS-treated group (p < 0.001) (Fig. 4D).

3.5. DK suppresses phosphorylation of p-38 and JNK in LPS-stimulated RAW264.7 cells

To investigate the mechanism of DK’s inhibition on inflammation, its inhibitory effect on MAPK phosphorylation was evaluated in
LPS-stimulated RAW264.7 cells. Fig. 5A-D showed that the phosphorylation levels of p-38 and JNK increased in the LPS-treated group.
On the other hand, in groups treated with 50 pM and 100 pM concentrations of DK, the phosphorylation levels of p-38 decreased by 27
% and 42 %, respectively (p < 0.001) (Fig. 5B). A similar trend was observed in the phosphorylation levels of JNK (Fig. 4D). The
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Fig. 5. Inhibitory effect of DK on MAPK activation in LPS-stimulated RAW264.7 cells. Cells were pretreated with DK (50, 100 pM) for 1 h and then
stimulated with LPS (1 pg/mL) and incubated at 37 °C with 5 % CO;, for 30 min. Phosphorylation level of MAPKs (A) were measured by Western
blot. Relative densities of p-38 (B), ERK (C), JNK (D) were calculated using ImageJ. Each bar represents mean + SD (n = 3). Different lowercase
letters indicate significant differences at *p < 0.05, **p < 0.01, ***p < 0.001, ns > 0.05 vs. LPS alone. Refer to Supplementary Figs. S5-11 for
uncropped version of Fig. 5A.

increase in JNK phosphorylation seen in the LPS-treated group was reduced by 22 % and 37 % in the DK 50 and 100 pM treated groups,
respectively (p < 0.001). But ERK phosphorylation was not decreased by DK treatment (Fig. 5C).

3.6. DK suppresses phosphorylation of NF-kB in LPS-stimulated RAW264.7 cells

To investigate the mechanism of DK’s inhibition on inflammation, the inhibitory effect on NF-kB phosphorylation in LPS-stimulated
RAW264.7 was evaluated by Western blot (Fig. 6A and B) and immunofluorescence staining (Fig. 6C and D). The phosphorylation of
NF-xB, which increased due to LPS stimulation, was significantly reduced by 71 % and 77 % in the DK 50 and 100 pM treatment groups,
respectively (p < 0.001) (Fig. 6A and B). Furthermore, phosphorylated NF-kB translocated to the nucleus. However, the NF-kB
translocation potential was partially restored, showing increases of 4 % and 26 % in the 50 and 100 pM DK treatment groups,
respectively (p < 0.01) (Fig. 6C and D).

3.7. Inhibitory activity of DK on sEH

DK was tested for inhibitory activities toward sEH catalytic reaction and expression in vitro. As showed in Fig. 7A and Table 1, it is
obvious that the degree of inhibition in the reaction is reduced by increasing DK concentration. As the result, the compound was
confirmed to have the property with ICsq value of 1.7 + 0.4 pM (Fig. 7A). Positive control was used as AUDA. Moreover, the potential
inhibitor was bound into sEH as competitive mode with k; value of 1.1 &+ 0.7 pM by lineweaver burk and dixon plots (Fig. 7B and C).
Moreover, the sEH expression level in LPS-stimulated RAW264.7 cells was found to be increased compared to the normal control
group. However, in a dose-dependent manner, the sEH expression level decreased by 7 %, 76 %, and 96 % in LPS-stimulated
RAW264.7 cells treated with 25, 50, and 100 pM of DK, respectively (p < 0.05) (Fig. 7D).

3.8. Predicted binding of DK with sEH

DK was simulated using autodock 4.2 and gromacs 4.6.2 packages based on computational chemistry theory to predict binding at
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Fig. 6. Inhibitory effect of DK on NF-kB phosphorylation and nuclear translocation in LPS- stimulated RAW264.7 cells. Cells were pretreated with
DK (50, 100 pM) for 1 h and then stimulated with LPS (1 pg/mL) and incubated at 37 °C with 5 % CO», for 30 min. Expression levels of NF- kB (A)
was measured by Western blot. Relative densities of NF- kB (B). Translocation of NF- kB intensity ratio (C) was measured by immunofluorescence
(D). There were calculated using ImageJ. Each bar represents mean + SD (n = 3). Different lowercase letters indicate significant differences at *p <
0.05, **p < 0.01, ***p < 0.001 vs. LPS alone. Refer to Supplementary Figs. S12-13 for uncropped version of Fig. 6A.

the sEH active site (based on competitive inhibitor). As indicated in Fig. 8A-B, Table 1, DK made the hydrogen bond at 2.93 A distance
to GIn284 with —9.8 kcal/mol autodock score. The most stable state of ligand docked into receptor was performed molecular dynamics
study with CHARMMS36 force field. As the result, the complex was stable in the active site for 30 ns and exhibited a flexible movement
with about —1.32 x 10° kJ/mol potential energy (Fig. 8G-D). The protein-based root-mean-square deviation (RMSD) and root-mean
square deviation (RMSF) values of sEH by DK were within - 0.30 nm (Fig. 8E-F). Furthermore, DK maintained 0-1 hydrogen bonds
with amino acids (Fig. 8G).

4. Discussion

An inflammatory reaction is a typical innate immune response that protects the body from external stimuli [22]. Activation of
macrophages is the main cause of an immune response, and LPS is a typical substance that causes a macrophage-mediated inflam-
matory response [23]. Several studies have shown that NO, PGE,, pro-inflammatory cytokines, and other inflammation-related factors
increase in RAW264.7 cells (rodent-derived macrophages) when they are stimulated with LPS [24]. iNOS produce NO, a
pro-inflammatory mediator, and COX-2 is an enzyme expressed by cytokine or LPS in macrophages to play an important role in
converting arachidonic acid into PGEy, an inflammatory mediator [25,26]. Additionally, SEH serves to lower the concentration of EETs
which have anti-inflammatory activity by hydrolyzing those [12,13]. Therefore, the downregulation of COX-2 and iNOS expression by
natural components might inhibit the generation of PGE; and NO, and the perseveration of EETs level by inhibiting sEH activity and
expression might also soften the inflammation.

Accordingly, the present study revealed that DK isolated from roots of P. japonicum significantly downregulated NO and PGE; of
which the level was increased due to LPS in RAW264.7 cells. This might be because DK inhibited the expression of COX-2 and iNOS. IL-
1B, TNF-a, IL-6, and MCP-1 are known as pro-inflammatory cytokines expressed when macrophages are activated by inflammation
[27]. Many previous studies have reported that inhibiting this is useful for regulating inflammation [28,29]. Our study findings
showed that DK reduced the expression of IL-1f, TNF-a, IL-6, and MCP-1.

The generation of pro-inflammatory cytokines is related to the activation of MAPK and NF-kB. MAPK is a central signaling pathway
that responds to various extracellular stimuli and is activated by kinase cascade to cause the phosphorylation of protein. It regulates
various cellular processes, among which it is closely related also to inflammation responses [30]. MAPK is classified into ERK, JNK, and
p38. ERK is activated mainly by mitotic stimuli such as growth factors or hormones while JNK and p38 are activated by stress stimuli
[31].

NF-«B is a transcription factor involved in the mechanism of inflammation and the activation of abnormal NF-kB is known to cause
various immunity-related diseases [32,33]. NF-xB responds to various stimuli and a study has shown that activation of NF-kB in
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Fig. 7. The inhibitory activity (A), lineweaver burk (B) and Dixon (C) plots of inhibitor on sEH. The inhibitory activity of SEH expression in LPS-
stimulated RAW264.7 cells by DK (D). Cells were pretreated with DK (12.5-100 pM) for 1 h and then stimulated with LPS (1 pg/mL) for 24 h.
Expression levels of SEH were measured by Western blot. Relative density of sEH was calculated using ImageJ. Each bar represents mean + SD (n =

3). Different lowercase letters indicate significant differences at *p < 0.05, **p < 0.01, ***p < 0.001 vs. LPS alone. Refer to Supplementary
Figs. §14-15 for uncropped version of Fig. 7D.

Table 1
The inhibitory activity, kinetics, and molecular docking of inhibitor with sEH.
ICso(pM)* Binding Mode(k;, pM) Autodock score(kcal/mol) hydrogen bonds
DK 1.7+ 04 1.1+0.7 —9.8;

GIn384(2.93)
AUDA" 21.2 + 0.3 M

2 All compound examined in a set of triplicated experiment.
b Ppositive control.

immune cells stimulated by LPS involves expression of inflammatory cytokines [34]. NF-kxB combined with IxB exists in the cytoplasm
and, when IkB is phosphorylated as a result of IKK activation by a stimulus, NF-kB moves to the nucleus in an activated state to
transcribe various inflammatory cytokines [35]. Therefore, we investigated the activation of MAPK and NF-«B signaling pathways to
study DK’s mechanism of inhibiting pro-inflammation cytokines and inflammatory mediators. The result showed that DK significantly
inhibited the phosphorylation of JNK and p38. Such a result suggests that DK can inhibit inflammatory responses by regulating MAPK’s
JNK and p38 pathways. In addition, DK inhibited the phosphorylation and nuclear translocation of NF-kB. Findings of the present
study suggest that the anti-inflammation effect of DK is due to inhibition of MAPK and NF-«B signaling pathways.

DK inhibited the catalytic reaction and expression of sEH at the same time. For this reason, it is believed that DK will have an anti-
inflammatory effect by maintaining the concentration of EETs and exerting an inhibitory effect on the expression of inflammatory
cytokines. It was unveiled that the inhibitor inhibits the enzyme activity by stably binding to the active site of sEH. However, it can be
confirmed that the hydrogen bonding strength is very low in their flexible bonding state, which is probably because the two prenyl
groups of DK play a role in hindering hydrogen bonding with amino acids.

5. Conclusion

In conclusion, DK increased the expression of HO-1 in RAW264.7 cells stimulated by LPS and inhibited the generation of NO, iNOS,
COX-2, and other inflammatory mediators including PGEy, TNF-a, IL-6, IL1-p, and MCP-1. It was thought that inflammatory mediators
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Fig. 8. The best docking position (A) and hydrogen bonds (B) of inhibitor. The superpositions of sEH with inhibitor for the simulation time (red:
Ons, orange: 3ns, yellow: 6ns, green: 9ns, cyan: 12ns, blue: 15ns, conflower blue: 18ns, purple: 21ns, hot pink: 24ns, magenta:27ns, black: 30ns) (C),
The RMSD (D), RMSF (E), potential energy (F), and hydrogen bond numbers (G) of the simulation calculated during 30 ns.

were regulated by inhibition of MAPK and NF-«B. Additionally, the potential inhibitor was confirmed to show the effects on the in-
hibition of SEH activity and expression. Taken together, findings of the present study suggest that DK might be a candidate medicine for
treating inflammatory diseases. Animal studies should be additionally conducted in the future to evaluate the potential of DK for
treating inflammatory diseases. This study, by verifying the effective anti-inflammatory capabilities of DK, a compound derived from
P. japonicum, is anticipated to contribute to research into the anti-inflammatory effects of other compounds isolated from P. japonicum.

Furthermore, this research is expected to serve as a valuable resource for exploring compounds associated with the anti-inflammatory
properties inherent to P. japonicum.
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