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Sophora flavescens Aiton methanol extract exerts anti-inflammatory effects
via reduction of Src kinase phosphorylation
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ARTICLE INFO ABSTRACT

Keywords: Ethnopharmacological relevance: Sophora flavescens Aiton (Family: Leguminosae), an herbal plant, has been used in
Sophora flavescens East Asian home remedies for centuries for treating ulcers, skin burns, fevers, and inflammatory disorders. In
Anti-Inflammatory effect addition, the dried root of S. flavescens was also applied for antipyretic, analgesic, antihelmintic, and stomachic
IS\IrFC»KB uses.

1L-1p Aim of study: Nonetheless, how this plant can show various pharmacological activities including anti-

inflammatory responses was not fully elucidated. In this study, therefore, we aimed to investigate the curative
effects of S. flavescens on inflammation and its molecular mechanism.

Materials and methods: For reaching this aim, various in vitro and in vivo experimental models with LPS-treated
RAW264.7 cells, HCl/EtOH-induced gastric ulcer, and LPS-triggered lung injury conditions were employed
and anti-inflammatory activity of S. flavescens methanol extract (Sf-ME) was also tested. Fingerprinting profile of
Sf-ME was identified via LC-MS analysis. Its anti-inflammatory molecular mechanism was also examined by
immunoblotting analysis.

Results: Nitric oxide production and mRNA expression levels of iNOS, COX-2, IL-1B, and TNF-a were decreased.
Additionally, phosphorylation of Src in the signaling cascade was decreased, and activities of the transcriptional
factor NF-kB were reduced as determined by a luciferase reporter assay. Moreover, in vivo, gastritis and lung
injury lesions were attenuated by Sf-ME.

Conclusion: Taken together, these findings suggest that Sf-ME could be a potential anti-inflammatory therapeutic
agent via suppression of Src kinase activity and regulation of IL-1p secretion.

1. Introduction

Inflammation is a major defense system against life-threatening
external stimuli that disrupt host homeostasis (Medzhitov, 2010). In-
flammatory responses result from activation of the innate and adaptive
immune systems. The innate immune system is activated by various
pathogens including bacteria, viruses, and fungi (Kim et al., 2021b; Ma
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et al., 2021). In the initial stages of this activation, pathogen-associated
molecular patterns (PAMPs) on the pathogen’s surface bind to toll-like
receptors (TLR) on antigen presenting cells (APCs) (Janeway and
Medzhitov, 2002; Yang et al., 2021b). The type of PAMP, such as lipo-
polysaccharide (LPS), polyinosinic-polycytidylic acid (poly I:C) or
Pam3CysSerLys4 (Pam3CSK4), binding to the APC depends on the na-
ture of the pathogen (Mogensen, 2009). After recognition of a PAMP by
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a TLR, cellular adaptor molecules couple with toll-interleukin receptor
(TIR) domains allowing for activation of cytoplasmic effector molecules
that create an invasion alarm (Kim et al., 2017; Wang et al., 2021). The
alarm is transmitted towards the nucleus via a series of signal trans-
ducing protein phosphorylation events. This series ultimately leads to
the activation of the target molecule NF-xB, a heterodimeric transcrip-
tion factor that regulates a variety of cellular events. Phosphorylated
NF-kB translocates into the nucleus and, to fulfill its transcription factor
capacity, binds with cellular DNA (Yi et al., 2021a). The resulting gene
transcription includes that of cytokines involved in combat with the
pathogen and molecules involved in recruitment of inflammatory
effector cells. These effector cells include natural killer (NK) cells,
dendritic cells, and macrophages that engage with antigens to defend
against the alien pathogen (Tan et al., 2021).

However, NF-kB activation can both rescue and endanger the host.
Excessive activation of NF-kB could lead to misidentifying host cell
surface molecules as pathogenic antigens. This results in a fierce attack
against “self’; a variety of cytokines are released and inflammatory
effector cells are activated against host cells. (Nathan and Ding, 2010). If
a host fails to quell abnormal inflammation at an early stage, progression
to autoimmune disease will result. This is the mechanism underlying
certain cancers (Coussens and Werb, 2002), rheumatoid arthritis (Guo
et al., 2018), inflammatory bowel disease (Guan, 2019), and other
autoimmune diseases. Controlling NF-xB is key to achieving an appro-
priate inflammatory response (Yang et al., 2021a). Anti-inflammatory
drugs may aid in this control. Non-steroidal anti-inflammatory drugs
(NSAIDs) are one example, but these have side effects that may be se-
vere. Less toxic alternatives are desirable, and phytochemicals derived
from natural herb ingredients may be the answer.

Sophora flavescens Aiton, “Kosam” in Korea, is a species in the
Leguminosae plant family. S. flavescens is a slow-developing evergreen
that can grow up to 1.5 m (Krishna et al., 2012). The root and leaves of
S. flavescens have been used pharmacologically as an herbal medicine
around the world, especially in Korea, China, and Japan with. In tradi-
tional Chinese medicine literatures [also in State Administration of
Traditional Chinese Medicine (1999), Chinese Pharmacopoeia Com-
mission (2010)], this plant has been mentioned to use for relief of
various inflammatory symptoms such as fever, dysentery, hema-
tochezia, jaundice, oliguria, vulvar swelling, asthma, eczema, and ulcers
(He et al., 2015). The Donguibogam written by Jun Heo (1610), a
compilation of predominately East Asian folk medicines, describes a
number of uses for the dried root and leaves of S. flavescens (Kim, 2019).
These include antipyretic, analgesic, antihelmintic, and stomachic uses
(Kim, 2019). The Donguibogam specifies the utility of this root in cases
of ulcers, skin burns, fevers, and inflammatory disorders (Yoon and Kim,
2006). S. flavescens contains various flavonoids such as quercetin, rutin,
and kushenol C; these can exert antioxidant and anti-inflammatory re-
sponses. Experimental evidence suggests that the dried root extract of
S. flavescens can inhibit inflammatory reactions and suppress inflam-
matory factors, including COX-2, iNOS, NO, IL-6, and TNF-a. The effects
of the aerial portion of the S. flavescens plant have not been reported. In
this study, we examined the effects of a stem and leaf extract of
S. flavescens on inflammation in a murine macrophage-like cell line and
in acute gastritis and acute lung injury animal models.

2. Materials and methods
2.1. Materials and reagents

The methanol extract of aerial part (stems and leaves) of S. flavescens
(Sf-ME) was supplied by the Wildlife Natural Products Bank, and the
voucher specimen (No.: NIBRGR0000594812) is preserved at the her-
barium of the National Institute of Biological Resources (Incheon,
Korea). RAW264.7 cells (ATCC number TIB-71) and HEK293 cells
(ATCC number CRL-1573) were purchased from the American Type
Culture Collection (ATTC, Rockville, MD, USA). Fetal bovine serum
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(FBS) was purchased from Gibco (Grand Island, NY, USA). Rosewell
Park Memorial Institute (RPMI) 1640 medium and Dulbecco’s modified
Eagle’s medium (DMEM) were purchased from Cytiva (Marlborough,
MA, USA). TRIzol reagent was manufactured by MRC (Cincinnati, OH,
USA). For polymerase chain reactions (PCRs), both HS Taq PreMix and
Probe Blue Mix Hi-ROX were procured from PCR Biosystems (Archway
Road, London, UK). MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenylte-
trazolium bromide, a tetrazole), lipopolysaccharide (LPS), dime-
thylsulfoxide (DMSO), and sodium dodecyl sulfate (SDS) were acquired
from Sigma-Aldrich Corporation (St. Louis, MO, USA). Ethanol, meth-
anol, and isopropanol were obtained from DAEJUNG (Seoul, Korea).
Antibodies specific for f-actin and both total form and phosphorylation
form of Src, Syk, IKKa/p, and IxkBa were acquired from Cell Signaling
Technology (Danvers, MA, USA).

2.2. Preparation of S. flavescens methanol extract, treatment of Sf-ME,
and LC-MS analysis

The dried aerial part of S. flavescens (1 kg), was cut into pieces and
extracted with 80% methanol (MeOH) for 3 h, three times in an ultra-
sonic apparatus. The extract was percolated through filter paper (3 mm;
Whatman PLC, Kent, UK), condensed using a rotary evaporator (Biichi
AG, Flawil, Switzerland) and lyophilized using a freeze dryer (Martin
Christ Gefriertrocknungsanlagen, Osterode am Harz, Germany), as re-
ported previously (Kim et al., 2021c). The powder of S. flavescens extract
(Sf-ME) was dissolved in 80% ethanol at a concentration of 10 mg/mL
for UHPLC-LTQ-Orbitrap-MS/MS analysis. Phytochemicals in Sf-ME
were profiled via LC-MS Analysis. 5 pL of sample were loaded on a
UHPLC-LTQ-Orbitrap-MS/MS system (Thermo, Vanquish Horizon
UHPLC) with auto-sampler (Thermo, Vanquish Auto sampler). Extract
was separated in a C18 column(Phenomenex KINETEX, 100 mm x 2.1
mm, 1.7 pm) and flowed with 0.1% formic acid in water and 0.1%
formic acid in acetonitrile. After fractionation, each sample was ionized
then detected with a mass spectrometer (Thermo, Orbitrap Velos Pro).
Comparing retention time and mass fragment patterns with in-house
library, references and standard compounds, each metabolite was
identified.

2.3. Cell culture

Murine macrophage RAW264.7 cells were cultured at a confluency
of 80-90% in 10 cm cell culture dishes using RPMI 1640 medium con-
taining 1% penicillin, streptomycin, and 10% FBS at humidified 37 °C in
a 5% CO; incubator. Human HEK293 cells were cultured at a density of
70-80% in 10 cm cell culture dishes using 1% penicillin, streptomycin,
and 5% FBS-containing DMEM medium at humidified 37 °Cin a 5% CO»
incubator.

2.4. Nitric oxide (NO) assay

RAW264.7 cells were plated 1 x 10° cells/well in a 96 well tissue
culture plate and were incubated for 18 h. Cells were pre-treated with Sf-
ME (0, 25, and 50 pg/mL), L-NAME, or Bay11-7082 for 30 min; then LPS
stimulation was conducted for 24 h. Supernatant from each well was
collected and mixed with equivalent amounts of Griess reagent (Shu
et al., 2021). Absorbance of the mixture was measured within 5 min at
540 nm. Concentration of nitric oxide (NO) was calculated by compar-
ison with a standard curve.

2.5. MTT assay

To evaluate the cytotoxicity of Sf-ME, RAW264.7 cells and HEK293
cells were plated in 96-well plates (1 x 10° cells/mL respectively) and
incubated at humidified 37 °C in a 5% CO; incubator. After 18 h incu-
bation, cells were treated with Sf-ME at doses specified in the text for
another 24 h. Subsequently, 10 pL of MTT solution was added, and the
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Table 1
Sequences of PCR primers used in this study.
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PCR type Organism Target Direction Sequence (5’ to 3')
Semiquantitative Mus musculus IL-1p Forward CAGGATGAGGACATGAGCACC
Semiquantitative Mus musculus IL-1p Reverse CTCTGCAGACTCAAACTCCAC
Semiquantitative Mus musculus IL-6 Forward GCCTTCTTGGGACTGATGCT
Semiquantitative Mus musculus IL-6 Reverse TGGAAATTGGGGTAGGAAGGAC
Semiquantitative Mus musculus TNF-a Forward TTGACCTCAGCGCTGAGTTG
Semiquantitative Mus musculus TNF-a Reverse CCTGTAGCCCACGTCGTAGC
Semiquantitative Mus musculus iNOS Forward TGCCAGGGTCACAACTTTACA
Semiquantitative Mus musculus iNOS Reverse ACCCCAAGCAAGACTTGGAC
Semiquantitative Mus musculus COX-2 Forward TCACGTGGAGTCCGCTTTAC
Semiquantitative Mus musculus COX-2 Reverse CTTCGCAGGAAGGGGATGTT
Semiquantitative Mus musculus GAPDH Forward CACTCACGGCAAATTCAACGGCA
Semiquantitative Mus musculus GAPDH Reverse GACTCCACGACATACTCAGCAC
Real-time Mus musculus IL-1B Forward GTGAAATGCCACCTTTTGACAGTG
Real-time Mus musculus IL-1p Reverse CCTGCCTGAAGCTCTTGTTG
Real-time Mus musculus IL-6 Forward AGCCAGAGTCCTTCAGAGAGAT
Real-time Mus musculus IL-6 Reverse AGGAGAGCATTGGAAATTGGGG
Real-time Mus musculus TNF-o Forward TGCCTATGTCTCAGCCTCTT
Real-time Mus musculus TNF-a Reverse GAGGCCATTTGGGAACTTCT
Real-time Mus musculus iNOS Forward GCCACCAACAATGGCAACAT
Real-time Mus musculus iNOS Reverse TCGATGCACAACTGGGTGAA
Real-time Mus musculus COX-2 Forward TTGGAGGCGAAGTGGGTTTT
Real-time Mus musculus COX-2 Reverse TGGCTGTTTTGGTAGGCTGT
Real-time Mus musculus GAPDH Forward TGTGAACGGATTTGGCCGTA
Real-time Mus musculus GAPDH Reverse ACTGTGCCGTTGAATTTGCC

cells were incubated for 4 h (Liang et al., 2021). After incubation, the
reaction was stopped by adding 15% SDS as previously reported (Lee
et al., 2022).

2.6. Animals

The C57BL/6J mice and ICR mice were purchased from Orientbio
(Gyeonggi-do, South Korea) and housed five mice per cage in a 12 h
light/dark cycle. The care of animals was based on guidelines that were
issued by the National Institute of Health for the Care and Use of Lab-
oratory Animals (NIH Publication 80-23, revised in 1996). The study
was conducted according to the guidelines that were established by the
Institutional Animal Care and Use Committee (IACUC) at Sungkyunk-
wan University.

2.7. HCI/EtOH-induced gastritis

ICR male mice aged five weeks were housed in plastic cage for 5 days
and randomly assigned to five groups (n = 5). Sf-ME and ranitidine were
dissolved in 0.5% CMC and dispensed based on mouse body weight. The
150 mM HCl/60% EtOH solution was composed of 100% HPLC grade
EtOH (12 ml), filtered water (8 mL), and HCI (265 pL). After removing
all food and bedding for 24 h, 0.5% CMC was provided orally to the
normal and negative control groups. Additionally, 50 mg/kg and 100
mg/kg Sf-ME was given to the compound treatment groups, and ranit-
idine 40 mg/kg was given to the positive control group. The second
administration followed 8 h later, and the last oral administration was
provided 16 h post-second oral injection. 8h after the last drug dosing,
150 mM HCl/60% EtOH 300 pL was administered orally to each group
except the normal group; the normal group received the same volume of
0.5% CMC. One hour later, mice were sacrificed by CO, and stomachs
were harvested (Kim et al., 2021a; Lee et al., 2020). Lesions were
measured via Image J software. The approval number received for this
experiment is SKKUIACUC2021-11-02-1.

2.8. LPS-induced acute lung injury

C57BL/6J male mice aged five weeks were housed in a plastic cage
for five days and randomly divided into four groups (n = 5). Sf-ME and
dexamethasone were dissolved in 0.5% CMC and dosed based on the

body weight of the mouse. Compound-dissolved solutions were admin-
istrated three times orally. The second compound treatment was given 6
h after the first and followed 1 h later by the third treatment. All mice
except normal group mice inhaled 50 pL of 5 mg/kg LPS mixture twice.
After 1 h, compounds were orally delivered for the last time. Mice were
euthanized 16 h after the last administration. Sacrifice and organ har-
vests were conducted as previously reported (Kim et al., 2021d). The
approval number received for this experiment is
SKKUIACUC2021-07-10-1.

2.9. RNA extraction and preparation of cDNA

RAW 264.7 cells were prepared by treating with Sf-ME for one half
hour and then stimulating with LPS for 6 h. Supernatants were discarded
via aspiration, and cells were frozen at —70 °C for 18 h. 300 pL of TRIzol
reagent and 30 pL of 1-bromo-3-chloropropane were used for phase
separation of RNA. The aqueous phase (110 pL) was cautiously
collected, and the same volume of isopropanol was added for precipi-
tation. Centrifugation of the mixture generated a small white pellet, and
the precipitant was washed with 75% EtOH. Dried pellets were dissolved
by DEPC-treated RNase-free water. cDNA was synthesized with 1000 ng
of RNA whose A260/A280 ratio purity was between 1.8 and 2.0.
Annealing oligo dT (18mer) occurred after incubation at 72 °C for 5 min
in a thermal cycler. ReverAid reverse transcriptase, RiboLock RNase
inhibitor, and dNTP were added up to total volume 20 pL, and cDNA
synthesis was conducted per manufacturer’s protocol.

2.10. RT-PCR and real-time qRT-PCR

Semi-quantitative RT-PCRs were conducted in a MiniAmp Thermal
Cycler (Thermo), as reported previously (Truong et al., 2021). Electro-
phoresis confirmed amplification using 12 pL of PCR product in 1 x TBE
agarose stained with EtBr. qRT-PCRs were conducted in a CFX96
Thermal Cycler (BioRad), as reported previously (Lee et al., 2021). 100
ng of cDNA were added to Probe Blue Mix Lo-ROX, and all the loaded
samples were duplicated. The sequence of primers used for amplifica-
tions are listed in Table 1.
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2.11. Luciferase reporter assay

HEK293T cells were prepared in 24-well plates. HEK293T cells were
transfected with 0.8 pg each of p-galactosidase, NF-kB-Luc, and adaptor
protein (Myc-MyD88 or CFP-TRIF) for 24 h. Following incubation, Sf-
ME treatment occurred over an additional 24 h. Luciferase assays
were performed using the Luciferase Assay System (Promega), as re-
ported previously (Liu et al., 2021). Normalization of luciferase activity
was conducted via compensation for -galactosidase activity.

2.12. Preparing whole lysates

To acquire whole lysates, RAW264.7 cells were harvested via slight
scraping and washed with ice cold PBS. After centrifugation at 3000 rpm
and aspiration of PBS, fresh protease-containing ice-cold RIPA buffer
(50 mM Tris-HCl, pH 7.4, 1% Nonidet P-40, 0.25% sodium deoxy-
cholate, 150 mM NaCl, 1 mM NagVOy, and 1 mM NaF) was added to lysis
pellets.

2.13. Immunoblotting

Proteins in whole lysates were separated with 8-12% SDS-
polyacrylamide gel electrophoresis with 100 V for 2 h. Following
PAGE, proteins in the gel were transferred on PVDF membrane surfaces
via a transfer sandwich kit (Bio-Rad). 1 h-long membrane incubation
with 5 mL of 3% BSA dissolved in 1 x TBST was instituted to inhibit non-
specific binding with primary antibodies. For detecting the specific
markers Src (#2109), p-Src (Tyr416) (#2101), Syk (#2712), p-Syk
(#2710), IKKa (#2682), p-IKKa/p (#2697), IkBa (#9242), p-IkBa
(#9246), p50 (#12540), p65 (#8242), p-p65 (#3039) (Cell Signaling
Technology), p-p50 (SC271908), and p-actin (SC4778) (Santa Cruz
Biotechnology), products were used at a ratio of 1: 2500 and incubated
overnight (Chow et al., 2021; Nam et al., 2021). Washing three times
with 1 x TBST was followed by addition of rabbit- or mouse-derived
secondary antibody (Cell Signaling Technology) for 2 h. Finally, pro-
teins were detected with ECL solution.
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2.14. In vitro ADP-Glo™ kinase assay

HEK293T cells (4.5 x 10° cells) plated in 100¢ dishes were incu-
bated overnight. 24 pg of Src or PI3K gene constructs were transfected
and then incubated for 24 h. After incubation, cells were harvested and
lysed with IP lysis buffer. 1000 pg of proteins were used for immuno-
precipitation analysis. Each primary antibody which targets specifically
overexpressed protein was added and incubated overnight at 4 °C. Next
day, 50 pL of protein A-sepharose beads were added into the mixture and
incubated for another 4 h. Beads were washed and suspended with 1x
kinase buffer (25 mM Tris pH 7.5, 10 mM MgCl,, 5 mM p-glycer-
olphosphate, 0.1 mM NaVO4, and 2 mM DTT). To examine kinase
inhibitory effect, we adapted ADP-Glo™ assay (Promega, Madison, WI,
USA). Src kinase (as an enzyme source), p85/PI3K (as a substrate
source), ATP, and Sf-ME were loaded on 384-well white plate, according
to the manufacturer’s instruction and previously reported (Zare et al.,
2018). Each experimental group was performed in quadruplicates as
expressed as % of control after set 100% with the Src activity of
non-treatment group.

2.15. In vitro ubiquitination assay

HEK293T cells (3 x 10° cells) plated in 100¢ dishes were incubated
at 37 °C COy chamber. Plasmid that contained Src kinase were trans-
fected with PEI and incubated for 24 h. 100 pg/mL of Sf-ME was treated
and incubated for another 24 h. After old media was aspirated, 100 pL of
lysis buffer (2% SDS, 150 mM NacCl, 10 mM Tris-HCl, pH 8.0, and pro-
tease inhibitors) was added and cells were harvested with scrapper.
Collected cells were boiled for 10 min and then mixed with 900 pL of
dilution buffer (150 mM NaCl, 10 mM Tris-HCI, pH 8.0 2 mM EDTA, and
1% Trition). Cells were sonicated for 30 s at 30% amplitude. Following,
supernatants were collected and 800 pg of proteins were prepared for
immunoprecipitation. Immunoprecipitation and immunoblotting steps
were preceded with previously reported protocols (Hong et al., 2022;
Jiang et al., 2021).

2.16. Statistical analysis

The data are presented as the mean and standard deviation of in-
dependent replicate experiments performed with six or two technical
replicates per group for statistical comparisons. Statistical comparisons
were examined by a Student’s t-test, Mann-Whitney U test, and one-way
analysis of variance (ANOVA). A p-value <0.05 was considered statis-
tically significant. All statistical analyses were performed using Graph-
Pad Prism 8 software (GraphPad, San Diego, CA, USA).

3. Results

3.1. Effects of S. flavescens methanol extract (Sf-ME) on cell viability and
nitric oxide (NO) production under LPS-treated conditions and
phytochemical profiling of Sf-ME

To examine the effect of Sf-ME on anti-inflammatory responses, we
used murine-derived macrophage-like cell line RAW264.7 and a NO
production assay. NO synthesis was initiated by treating cells with LPS
to stimulate TLR4. NO production was decreased to 36.3% when the
dose was 25 pg/mL and 15% when the dose was 50 pg/mL (Fig. 1). We
also assessed cell viability after administration of Sf-ME. A MTT assay
demonstrated that 24 h treatments of RAW 264.7 cells with Sf-ME
increased cell viability at both doses, 104% for 25 pg/mL and 102%
for 50 pg/mL. A standard compound, BAY 11-7082, an IKK inhibitor
(Lee et al., 2012), showed a significant inhibitory effect on LPS-induced
NO production.

To determine which phytochemical components of Sf-ME exert the
anti-inflammatory effect, we performed liquid chromatography-mass
spectrometry (LC-MS/MS). The chromatogram included 34 metabolite
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Fig. 2. Sf-ME downregulates cytokine mRNA expression under LPS stimulation.
(a) Via semi-quantitative RT-PCR. Each cytokine mRNA expression level is
indicated by band intensity. (b-d) Real-time qRT-PCR was conducted to quan-
tify mRNA expression of iNOS (b), IL-6 (c), and IL-1f (d). All data are presented
as means + standard deviations (SDs) calculated from at least five independent
samples. Numeric in (a) is relative intensity values, measured using ImageJ
(Wayne Rasband, NIH, Bethesda, MD, USA). ##: p < 0.01 compared to the non-
stimulated group, *: p < 0.05 and **: p < 0.01 compared to the control groups.

peaks (Fig. 1E). These metabolites included daidzein, genistein, genistin,
kushenol N, and kushenol D (Dong et al., 2021) as reported previously
(Supplementary Table 1). However, unlike the root of S. flavescens used
for traditional medications, the aerial portion also contained dihexose
(Kumar et al., 2018), vicenin-2 (Ibrahim et al., 2015), tuberonic acid
glucoside, wighteone (Wojakowska et al., 2013), norkurarinone (Dong
et al., 2021), and hydroxylinoleic acid. These additional components
suggest an anti-inflammatory potential.

3.2. Decrease in cytokine mRNA expression level under LPS-treated
conditions

Both real-time quantitative RT-PCR (qRT-PCR) and semi-
quantitative RT-PCR (sqRT-PCR) were conducted to test for suppres-
sion of specific cytokine genes. For real-time RT-PCR, 100 ng of cDNA
was used for all reactions and amplifications for 25 and 45 cycles. Via
sqRT-PCR, we visualized downregulation of iNOS, COX-2, TNFa, IL-B,
and IL-6 mRNA expression after Sf-ME treatment (Fig. 2a). Using real-
time qRT-PCR, we confirmed gene suppression more precisely by
SYBR Green signal computation as indicated in Fig. 2b-d. Each mRNA
expression level was decreased in a dose-dependent manner.

3.3. Regulation of transcription factor activity

Before conducting a luciferase reporter assay, cytotoxicity of Sf-ME
was determined in HEK293 cells that were used for transfection
(Fig. 1d). Luciferase reporter assays were conducted to identify the
transcription factors affected by Sf-ME treatment. We transfected rele-
vant transcription factors and adaptor molecules simultaneously and
evaluated activity by measuring intensity of luminescence. AP-1 and NF-
kB were downregulated with both MyD88 and TRIF adaptor proteins.
The greatest luminescence decrease was observed with the NF-kB and
MyD88 combination. This suggested Sf-ME may exert its effects on the
MyD88-mediated NF-«B, rather than AP-1, pathway (Fig. 3a-d).
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A B Fig. 3. Transcription factor activation is influenced
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Also, we assessed transcriptional factor phosphorylation in Sf-ME
treated RAW264.7 cell lysates. As Fig. 3e shows, the phosphorylation
level of p65 was reduced from 5 to 50 min during Sf-ME- treated con-
ditions, while phospho-p50 levels were strikingly downregulated at 15
and 30 min in Sf-ME-treated groups (Fig. 3e). Meanwhile, since AP-1-
mediated luciferase activity was also reduced by this extract (Fig. 3¢
and d), we also examined whether Sf-ME can also affect the phosphor-
ylation patterns of AP-1 transcription factors using immunoblotting
analysis. Unfortunately, the phosphorylation levels of c-Jun and c-Fos
was not strikingly altered by Sf-ME, when the intensity was calculated
with their total forms. This result seems to imply that downregulation of
AP-1 activity by Sf-ME is not a major outcome in Sf-ME-mediated anti-
inflammatory action.

3.4. Src phosphorylation regulation in signaling cascade

One of the important characteristics of innate immunity is the TLR
signal transduction cascade from TLR to transcription factor. To deter-
mine time-dependent changes in signal amplification, we performed cell
lysate immunoblotting at different time points, 5, 15, 30, and 60 min, to
test late signaling activities and at 2, 3, and 5 min to test the early
cascade activities.

Kinases comprising the signaling cascade regulating NF-kB activa-
tion, including IKK and IKBa, were tested for activation under Sf-ME

treatment conditions. This approach revealed that the phospho-IxBa
level was reduced at 5 min (weakly), and 30 and 60 min (strongly), as
shown in the case of p-IKKa/p level (Fig. 4a). Since early state of
phosphorylation was reported to be regulated by Src and Syk (Kim et al.,
2021a, 2021c), we also confirmed whether Sf-ME can reduce the
phosphorylation of these enzymes with whole cell lysates of
Sf-ME-pretreated RAW264.7 cells exposed with LPS for 2, 3, and 5 min.
As Fig. 4B show, Src phosphorylation was found to be reduced by Sf-ME
at 2 and 3 min. These findings indicate that Src may be a target protein
of Sf-ME in the NF-kB pathway. To ensure this possibility, we directly
tested inhibitory activity of Sf-ME on Src activity using kinase assay
conditions. Expectedly, Sf-ME strongly suppressed Src kinase activity up
to 70% (Fig. 4c).

Since Sf-ME reduced the level of post-translational modification of
Src (eg., phosphorylation), we also conducted to check whether ubiq-
uitination level of Src can be also controlled by this extract using whole
cell lysates prepared with Src-overexpressed HEK293 cells. As Fig. 4d
shows, there was no striking difference between treatment and non-
treatment of Sf-ME, implying that Src degradation was not regulated
by this extract.

3.5. Anti-inflammatory effect of Sf-ME in vivo disease models

Acute lung injury was induced via nasal administration of 5 mg/kg
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LPS solution, and the anti-inflammatory effect of Sf-ME was evaluated
by histological and mRNA expression data (Fig. 5a-b). H&E staining
revealed that alveolar damage was reduced in the Sf-ME pre-treatment
group. Also, IL-1f mRNA expression was suppressed with Sf-ME inha-
lation treatment. Sf-ME showed a similar preventive effect on acute
gastritis. Blood spot areas in the stomach indicative of mucosal mem-
brane damage extent were reduced with administration of Sf-ME
compared to the negative control group (Fig. 5c). A suppressive effect
of Sf-ME on cytokine gene expression was confirmed with real-time qRT-
PCR as shown in Fig. 5d. Also, phosphorylation of the two dimers, p50
and p65, was reduced.

4. Discussion

Sophora genus members, comprised of over 70 species, are indige-
nous to Asia, Oceania, and the Pacific Islands (Abd-Alla et al., 2021).
Among the Sophora genera, S. flavescens has been used in folk medicine,
especially its root. The root of S. flavescens has been brewed as a tea, but
the bitter taste is a hurdle to its use as a medicine. S. flavescens powder
has been used for treating urticaria in Korea, and this is documented in
the Donguibogam (Heo, 1969). A variety of secondary metabolites
including flavonoids, alkaloids, and other components have been iden-
tified in S. flavescens roots. Among these compounds, the kushenol
compounds have anti-inflammatory effects. Our LC-MS/MS analysis
determined that the aerial part of S. flavescens also has kushenol N and
kushenol D. In addition, dihexoses, vicenin-2, genistin, genistein,
wighteone, and tuberonic acid glucoside were detected as major com-
ponents (Supplementary Table 1). Based on ethnopharmacological
knowledge and the LC-MS/MS results (Fig. le), we tested the
anti-inflammatory effects of Sf-ME.

We demonstrated for the first time that Sf-ME reduced NO secretion
which was activated by TLR4 stimulation with LPS. NO is a signal carrier
under inflammatory conditions; NO production is intimately involved in
the pathogenesis of inflammation (Rahmawati et al., 2021). NO inhi-
bition efficacy of Sf-ME was compared with that of BAY 11-7082, the
kinase inhibitor. Suppressed iNOS mRNA expression level was evidence

of S-ME’s NO inhibitory ability as shown in Fig. 1A. Moreover, atten-
uation of expression of various cytokine genes including those for
COX-2, TNF-q, and the interleukins indicate anti-inflammatory effects of
Sf-ME.

Moreover, activity of transcription factors that direct inflammation
responses was downregulated. Luciferase reporter assays demonstrated
functional activity of the adaptor molecules that interact with the
cytoplasmic domain of TLR4 and the inactivation of major transcription
factors that direct inflammation responses (Yang et al., 2020a, 2020b).
Compared to the non-treatment group, both AP-1 and NF-kB pathways
were deactivated by Sf-ME treatment. Since AP-1 and NF-kB families are
core components of the transcription factor network (Kim et al., 2021d),
these results suggest that Sf-ME affects inflammation control at the
cellular level. Phosphorylation levels of kinase proteins were assessed by
immunoblotting. Signal cascades that are induced by activation of
classical immunoreceptors such as TLRs, were tightly regulated by
Sf-ME. The Src family of protein tyrosine kinases play key roles in signal
transduction regulation (Parsons and Parsons, 2004). With a diverse set
of cell surface receptors, Src is a component of multiple molecular op-
erations that couple receptors (Yi et al., 2021b). Regulating Src kinase
activity, as assessed by ADP-GloTM kinase assay (Fig. 4c), can affect
fundamental cellular processes like cell growth, cell differentiation, cell
migration, and cell survival (Lowell, 2011). Sf-ME’s impacts on Src
could have a wide range of effects on basic cellular mechanisms. Future
research should focus on Sf-ME’s target binding site in Src domains and
an overexpression of candidate target gene experiments.

Sf-ME not only prevented phosphorylation/kinase activity of Src, but
also IKK. The IKK kinase complex is composed of two kinases, IKKa and
IKKp, and a regulatory subunit NEMO/IKKy. Activation of the IKK kinase
subunit ultimately induces nuclear translocation of NF-kB heterodimers
(Israel, 2010). With Sf-ME treatment, phosphorylation of IKK was
downregulated; this can influence NF-kB heterodimeric activity as
shown as Fig. 3e.

Effects of Sf-ME in vivo were examined in two animal disease models:
an acute gastritis model and an acute lung injury (ALI) model (Kim et al.,
2021a, 2021d). At the point of tissue damage, Sf-ME demonstrated
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Fig. 5. Effect of Sf-ME in the in vivo experiments. (a) Sf-ME showed preventive effects on lung tissue damage after acute lung injury. (b) mRNA expression level of IL-
1p was suppressed under Sf-ME treatment conditions. (c¢) Stomach images after acute gastritis induction. (d) Blood spot regions were measured via Image J software.
(e) mRNA expression was quantified with real-time qRT-PCR of stomach tissue. (f) Stomach tissue lysates were immunoblotted with p50, p65, phospho-p50, and
phospho-p65 antibodies. All data are presented as means + standard deviations (SDs) calculated from at least five independent samples. Upper numeric in (f) is
relative intensity values, measured using ImageJ (Wayne Rasband, NIH, Bethesda, MD, USA). Arrows in (a) indicate alveolar damages. ##: p < 0.01 compared to the

non-stimulated group, *: p < 0.05 and *

damage prevention in both conditions. In the ALI model, fibrosis of
alveoli was reduced as shown in Fig. 5a, and the size of blood spots in the
stomach wall was decreased in the gastritis model.

Moreover, IL-1p mRNA expression level was downregulated in the
animal disease models. IL-1p is one of the major pro-inflammatory cy-
tokines produced by cells of the innate immune system (Dinarello,
2018). The IL-1 family has two subtypes, IL-1a and IL-1f, which can

: p < 0.01 compared to the control groups.

exert pleiotropic effects on a variety of cell types (Kaneko et al., 2019).
Via binding with IL-1RI, IL-1 receptor accessory protein is recruited for
assembly of a high-affinity binding complex. Since IL-1$ maintains ho-
meostasis, overproduction of IL-1f would be implicated in disruption of
the host’s immune system equilibrium. Blocking IL-1f is a standard
approach for treating inflammatory syndromes; therefore, the IL-1p
suppressive ability of Sf-ME suggests its potential to be an herbal
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Fig. 6. Putative mechanism of Sf-ME’s anti-inflammatory effect.

treatment for a variety of inflammatory diseases.
5. Conclusions

We have demonstrated that Sf-ME can suppress acute inflammation
via attenuation of Src kinase phosphorylation and reduction of IL-1f
mRNA expression as summarized in Fig. 6. These findings indicate that
Sf-ME can be an herbal medicine for regulating inflammation symptoms.
Sf-ME requires further testing prior to pharmacological use. Toxicities or
any probabilities for side effects need to be quantified. Findings related
to Sf-ME’s mechanism of action can increase our national ethno-
pharmacological knowledge and improve our understanding of inflam-
mation downregulation.
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Sf-ME  Sophora flavescens methanol extract

TRIF TIR-domain-containing adaptor protein inducing interferon-f
LPS lipopolysaccharide

PRRs pattern recognition receptors

COX-2  cyclooxygenase-2
TLR4 toll-like receptor 4
NO nitric oxide

iNOS inducible nitric oxide synthase
IL-1B interleukin 1 beta

MyD88 myeloid differentiation factor 88
NF-xB  nuclear factor-kB

PEI polyethylene imidazole

IL-6 interleukin 6
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