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a b s t r a c t 

Background: The root of Saposhnikovia divaricata (Turcz.) Schischk is a well-known traditional medicinal plant, 
containing various bioactive compounds with anti-inflammatory, antioxidant, and analgesic properties. However, 
no scientific studies have validated its clinical use as an anti-inflammatory agent against inflammatory bowel 
disease (IBD). This study aimed to investigate whether the root extract of S. divaricata ameliorates IBD and 
induces gut microbial alteration, using a RAW 264.7 cell line and a DSS-induced colitis mouse model. 
Methods: To investigate the anti-inflammatory effects and alleviation of IBD, using a methanol extract of Saposh- 

nikovia divaricata (Turcz.) Schischk. root (MESD), RAW 264.7, murine macrophages and a dextran sodium sulfate 
(DSS)-induced colitis mouse model were employed. 16S rRNA gene sequencing was conducted to determine the 
alterations in the gut microbiota of mice with DSS-induced colitis. 
Results: MESD significantly decreased nitric oxide (NO) and inflammatory cytokine levels in lipopolysaccharide 
(LPS)-induced RAW 264.7 cells in vitro . Oral administration of MESD reduced the expression of inflammatory 
cytokines in the colons of mice with DSS-induced colitis. Additionally, MESD inhibited the abundance of Clostrid- 

ium sensu stricto 1 and enhanced the predicted functional pathways, including l -glutamate degradation VIII (to 
propanoic acid). Seven compounds with anti-inflammatory properties were isolated from the MESD. Among them, 
3 ′ -O-acetylhamaudol and 3 ′ -O-angeloylhamaudol exhibited strong anti-inflammatory effects in vitro . 
Conclusion: Overall, MESD may be a potential natural product for the treatment of IBD by lowering inflammatory 
cytokine levels and altering gut microbiota composition. 
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. Introduction 

Inflammatory bowel disease (IBD) includes two main types of in-
ammatory disorders, Crohn’s disease (CD) and ulcerative colitis (UC),
hich are typically induced by multiple factors, including genetic, en-
ironmental, and immunological factors as well as abnormal immune
esponses related to the microbiota. However, the primary cause of
BD remains unknown. 1 The most common symptoms of IBD include
eight loss, fever, abdominal pain, diarrhea, and bloody stool. 2 The

ncidence of IBD is increasing worldwide, along with the burden on
atients’ healthcare systems. 3 The estimated patient age-standardized
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revalence rates of IBD increased from 79.5 per 100,000 in 1990 to 84.3
er 100,000 in 2017, with 6.8 million IBD cases reported globally. 4 

Currently, the most convenient therapies, including aminosalicy-
ates (5-aminosalicylic acid), corticosteroids, immune modifiers (thiop-
rines), anti-tumor necrosis factor (anti-TNF) agents, and antibiotics
metronidazole), are administered as the primary treatment for patients
ith IBD. 5 , 6 Despite advanced drug treatments, a significant percentage
f patients do not benefit from these therapies owing to drug tolerance,
ack of response, or loss of response to treatment. For instance, approx-
mately 30 % of patients are primary non-responders, while up to 10 %
ose their response during anti-TNF treatment (secondary non-response)
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very year. 7 As an “alternative treatment strategy, ” IBD patients have
sed herbal treatments owing to their perceived harmlessness and lack
f side effects. 8 Natural products, including animals, fungi, microorgan-
sms, marine organisms, and plants, produce secondary metabolites with
ioactivity and abundant structural diversity. As a result, natural prod-
cts are a valuable source of drugs. 1 Saposhnikovia divaricata (Turcz.)
chischk. (Umbelliferae) is distributed throughout eastern Siberia and
orthern Asia and is a well-known traditional medicine in China, Japan,
nd Korea. S. divaricata is used to treat rheumatism, generalized pain,
eadaches, fever, cold, and arthralgia. 9 S. divaricata is also rich in bioac-
ive constituents and contains various structural compounds, including
olysaccharides, chromones, and coumarins. 10 Previous studies have
hown that the root of S. divaricata and its constituents can inhibit
ro-inflammatory cytokines, inducible nitric oxide synthase (iNOS), and
yclooxygenase-2 (COX-2) in lipopolysaccharide (LPS)-induced murine
acrophages RAW 264.7. 11 In addition, recent studies have shown

hat the active compounds prim-O-glucosylcimifugin, 4 ′ -O- 𝛽-D-glucosyl-
-O-methylvisamminol, sec ‑O-glucosylhamaudol, and cimifugin have
ffectively inhibited stimulated pain in mice, while the antipyretic,
nalgesic, and anti-inflammatory properties inhibited the LPS induced
nterleukin-6 (IL-6) and NO production. 12-14 According to Weidong Xu
t al. , 15 a combination of four plants commonly used in Traditional
hinese Medicine, including S. divaricata, was shown to be effective in
reating irritable bowel syndrome (IBS). These combinations reduced
ntestinal inflammation and reduced the expression of interleukin-1 𝛽
IL-1 𝛽), IL-6, IL-10, and tumor necrosis factor-alpha (TNF- 𝛼) in the
olon. 

Animal models of IBD have been widely used to evaluate the devel-
pment of inflammation and the microbial composition. Over the past
ew decades, several murine colitis models have been developed to ex-
lore the mechanisms underlying human IBD. Several studies have used
 dextran sodium sulfate (DSS)-induced colitis model to determine its
imilarity to human UC. Water-soluble (40–50 kDa) DSS induces intesti-
al inflammation while interrupting the configuration of the epithelial
onolayer of the large intestine, overproducing pro-inflammatory cy-

okines, and leading to gut microbial dysbiosis. 16 

The gut microbiota has a symbiotic relationship with the host or-
anism and plays critical roles in metabolism, energy balance, and the
mmune system. A healthy gut microbiota provides the first defense
echanism against microbial pathogens and contributes to the matu-

ation of immune cells. 17 In contrast, microbial dysbiosis mediates se-
ere inflammation in the gut microbiota. Compared to healthy individ-
als, individuals with IBD exhibited decreased intestinal microbiota di-
ersity, increased harmful metabolites, and enhanced content of pro-
nflammatory factors. 18 The microbiota of IBD patients is characterized
y decreased diversity, reduced abundance of Firmicutes in CD patients
r Bacteroidetes in UC patients, and increased abundance of Proteobac-
eria and Actinobacteria. 19 , 20 However, whether the root of S. divaricata

nhibits IBD symptoms in animal models or changes the gut microbiota
emains unknown. 

In this study, we investigated the ameliorating effects of S. divari-

ata root extract on gut microbiota composition in a DSS-induced colitis
odel. Furthermore, the anti-inflammatory activity of the methanolic

xtract of S. divaricata (Turcz.) Schischk. root (MESD), and compounds
solated from MESD were identified using the murine macrophage RAW
64.7 cell line. 

. Methods 

.1. Plant materials 

The Saposhnikovia divaricata (Turcz.) Schischk (voucher specimen
umber – M23) was collected from Dornod, Mongolia (46°N, 56 ′ 29.3 ″ ;
16°E,12 ′ 08.4 ″ ) in September 2019, and was identified by the Insti-
ute of Chemistry and Chemical Technology. The roots of S. divari-

ata were dried and extracted with methanol (1:10, w/v) for 72 h at
2 
oom temperature. The supernatant was collected after filtration, and
he extraction procedure was repeated twice using root residues. The
ollected liquid was evaporated using Rotavapor R-100 (Büchi, Flawil,
witzerland). 

.2. Isolation and identification of the major compounds of the 

aposhnikovia divaricata (Turcz.) Schischk. root extract 

MESD was separated using reversed-phase preparative LC (Gilson,
21 Pump, Middleton, Wisconsin, USA) and a semi-preparative Luna
18 column (00G-4252-N0, 250 × 10 mm, 5 𝜇m; Phenomenex, Tor-
ance, CA, USA) at a flow rate of 4 mL/min. Seven compounds were
solated via preparative LC, and the purity and molecular mass of the
eparated compounds were first checked using Agilent LC/MS (Agi-
ent Technologies 1260 Infinity Quaternary LC and Agilent Technolo-
ies 1200 Series, Santa Clara, California, USA). Acetonitrile (solvent A)
nd water (solvent B) were used for reverse-phase HPLC analysis un-
er the following gradient conditions:0–10 min, solvent A, 20–60 %;
0–25 min, solvent A, 60–70 %; 25–40 min, solvent A, 70–80 %; 40–
0 min, solvent A; 80–90 %; 50–60 min, solvent A, 90–20 %. The flow
ate was 1 mL/min and signals were obtained at 280 nm. The mass
pectra of each compound were analyzed in the mass scan mode (100–
000 m/z ) under positive and negative conditions. The retention times
nd mass signals of the chemical compounds were compared with those
eported previously, 21-23 and a total of seven chemical compounds were
dentified (prim-O-glucosylcimifugin, cimifugin, 4 ′ -O- 𝛽- d -glucosyl-5-O-
ethylvisamminol, and 5-O-methylvisamminol, 3 ′ -O-acetylhamaudol,
eltoin, and 3 ′ -O-angeloylhamaudol). 

.3. Cell cultures 

The murine macrophage cell line RAW 264.7, was purchased from
merican Type Culture Collection (Manassas, VA, USA). RAW 264.7
ells were grown in minimum essential medium (MEM) supplemented
ith 10 % fetal bovine serum (Sigma-Aldrich, St. Louis, MO, USA) and
 % penicillin-streptomycin. The cells were incubated in a 5 % CO 2 in-
ubator at 37 °C. 

.4. Determination of nitric oxide level 

RAW 264.7 cells were seeded on 96-well plates (2.5 × 10 4 cells/well)
nd incubated for 24 h in a 5 % CO2 incubator at 37 °C. Fresh media
ith three different concentrations (2.5, 5, and 10 𝜇g/mL) of MESD

xtract and compounds (40 𝜇M and 80 𝜇M) were added to each well
ollowing removal of the culture medium and rinsing with Dulbecco’s
hosphate-buffered saline (DPBS). After 1 h, 50 μL of medium with or
ithout LPS (final concentration of 1 𝜇g/mL) was added and incubated

or 24 h. The next day, the culture supernatant was transferred to a new
late, and the nitric oxide (NO) concentration was detected using Griess
eagent (1:1 ratio) (Sigma-Aldrich, USA). The absorbance was measured
t 540 nm using a Synergy HTX multimode microplate reader (BioTek,
inooski, VT, USA). 

.5. Animal study 

Seven-week-old C57BL/6 J male mice ( n = 48) were purchased from
he Central Lab. Animal Inc. (Seoul, Korea) and acclimated for five days
efore treatment. All mice were housed in a specific pathogen-free room
ith filter-top cages under a 12 h light and 12 h dark cycle and provided

ree access to an AIN-76A (Envigo, Indianapolis, USA) diet and water.
ased on the body weight, the mice were arbitrarily divided into six
roups ( N = 8 per group). To induce acute colitis in mice, 3 % DSS was
rovided in drinking water (autoclaved) for nine days, except for mice
n the control group. The body weight and food intake were measured
aily. Carboxymethyl cellulose (CMC) solution (0.5 %) was used as the
ehicle solution and was administered to the control (CON) and 3 %
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Table 1 

Primer sequences used for qRT-PCR. 

Gene Forward primer Reverse primer 

Il-1 𝛽 GGTACATCAGCACCTCACAA TTAGAAACAGTCCAGCCCATAC 
Il-6 CCCAACAGACCTGTCTATACC CAGCTTATCTGTTAGGAGAGC 
Tnf- 𝛼 TCCCCAAAGGGATGAGAAGTTC GGGAGTAGACAAGGTACAAC 
Nos2 CCA AGCCCTCACCTACTTCC CTCTGAGGGCTGACACAAGG 
Cox-2 GAAGTCTTTGGTCTGGTGCCTG GTCTGCTGGTTTGGAATAGTTGC 
Adgre1 CTTTGGCTATGGGCTTCCAGT GCAAGGACAGAGTTTATCGTG 
𝛽-actin CATTGCTGACAGGATGCAGAAGG TGCTGGAAGGTGGACAGTGAGG 

D  

a  

d  

i  

g  

o  

j  

v  

a

2

 

m  

6  

f
(  

M  

t  

(

2

 

l  

h  

t  

q  

G

2

 

c  

m  

a  

m  

w  

R  

t  

C  

T

2

 

b  

b  

t  

t  

A  

C  

m  

n  

t  

1

2

 

◦
 

i  

w  

f  

a  

D  

p  

p  

g  

v  

C  

u  

U

2

 

D  

A  

i  

w  

s  

n  

P  

9  

p  

i
 

(  

o  

o  

o  

a  

t  

s  

b  

d  

p  

o  

w  

C

2

 

A  

p  

v  

s  

g  

t  

p  

t
F  

A  

a

SS groups. The positive control group was administered 100 mg/kg 5-
minosalicylic acid (ASA), and the MESD group was administered three
ifferent concentrations of the MESD extract (50, 100, and 200 mg/kg)
n vehicle solution. All treatment solutions were administered via oral
avage once daily during the colitis-induction period. After completion
f the experiment, the mice were euthanized via an intraperitoneal in-
ection of a ketamine and xylazine mixture (10 mL/kg). For further in-
estigation, blood, colon, and cecum samples were collected and stored
t − 80 ◦C. 

.6. Enzyme-Linked immunosorbent assay (ELISA) and colorimetric assay 

Commercial colorimetric and ELISA kits were used according to the
anufacturers’ instructions. Interleukin-1 𝛽 (IL-1 𝛽), interleukin 6 (IL-
), and tumor necrosis factor-alpha (TNF- 𝛼) ELISA kits were purchased
rom RayBiotech (Peachtree Corners, GA, USA), and prostaglandin E 2 
PGE 2 ) ELISA kits were obtained from R&D Systems (Minneapolis,
innesota, US). Aspartate aminotransferase (AST) and alanine amino-

ransferase (ALT) colorimetric kits were purchased from ElabScience
Houston, TX). 

.7. Histological analysis 

To assess the severity of colitis inflammation, mouse colons were col-
ected and cut into segments. Colon tissue was fixed with 10 % formalde-
yde, embedded in paraffin blocks, sectioned, and stained with hema-
oxylin and eosin (H&E) for histological evaluation. Images were ac-
uired using an AXIO Zoom.V16 fluorescence microscope (ZEISS, Jena,
ermany). 

.8. Quantitative real-time polymerase chain reaction (qRT-PCR) analysis 

Total mRNA was extracted from cells and colon tissues using a
ommercial kit (GeneAll Biotechnology, South Korea). Total isolated
RNA was reverse-transcribed into complementary DNA (cDNA) using
 TaKaRa cDNA Synthesis kit (Kusatsu, Shiga, Japan) according to the
anufacturer’s protocol. The mRNA expression levels of the samples
ere analyzed using qRT-PCR (Light Cycler 480 Real-Time PCR System;
oche, Basel, Switzerland), with mouse 𝛽-actin as the endogenous con-

rol. The relative gene expression was calculated using the comparative
t value (2 − ΔΔCt ). The primer sequences used in this study are listed in
able 1 . 

.9. Western blotting 

Protein expression in cell lysates and colon tissues was determined
y western blotting. Mouse colon tissue was homogenized in RIPA lysis
uffer containing 1 % protease inhibitor cocktail (Thermo Fisher Scien-
ific, USA) and 1 % phenylmethylsulfonyl fluoride (PMSF). Total pro-
ein concentration was determined using the Bradford protein assay.
ll primary and anti-rabbit secondary antibodies were obtained from
ell Signaling Technology (Danvers, Massachusetts, USA), and anti-
ouse secondary antibodies were purchased from Santa Cruz Biotech-
3 
ology (Dallas, Texas, USA). The concentration of the primary an-
ibodies used was 1:500 and that of the secondary antibodies was
:2000. 

.10. Cecum DNA extraction and 16S rRNA gene sequencing 

After the necropsy, cecum samples were collected and stored at − 80
C until analysis. The cecum samples were homogenized and DNA was
solated using a PowerFecal Pro-DNA kit (Qiagen, Hilden, Germany)
ith bead-beating. DNA samples were collected and eluted in nuclease-

ree water. The DNA concentration and quality were verified using
 NanoDrop spectrophotometer (NanoDrop Technologies, Wilmington,
E, USA). To amplify the V3-V4 region of the 16S rRNA gene, PCR was
erformed using the universal primer set 341F and barcoded 806R. PCR
roducts were confirmed by denaturing gradient gel electrophoresis and
el-purified using AMPure XT beads (Beckman Coulter Genomics, Dan-
ers, MA, USA) and Qubit dsDNA high-sensitivity reagent (Invitrogen,
arlsbad, CA, USA). The samples were sequenced on a MiSeq platform
sing a paired-end 2 × 300-bp reagent kit (Illumina, San Diego, CA,
SA). 

.11. 16S analysis 

Raw reads were processed, filtered, and analyzed using the QIIME2-
ADA2 pipeline 24 , 25 to determine amplicon sequence variants (ASV).
SVs were aligned using the Mafft aligner 26 and q2-alignment plug-

n. The q2-phylogeny plugin was used to reconstruct the phylogeny
ith FastTree. 27 Taxonomic classification was assigned using classify-

klearn 28 against SILVA database release 138. 29 Alpha diversity (Shan-
on diversity index, Faith’s phylogenetic diversity, observed ASVs, and
lelou’s evenness) analyses were performed at a rarefaction depth of
000 sequences per sample. Subsequent processing and analyses were
erformed using PhyloSeq to import the data generated from QIIME2
nto R (v.4.1.2). 30 

For functional inference of the ASVs identified in mice, PICRUSt2
v2.2.0-b) 31 was used. Phylogenetic placement in PICRUSt2 was based
n the results of three analysis tools:1) HMMER ( http://www.hmmer.
rg ) for ASV placement; 2) EPA-ng 32 to determine the optimal position
f the placed ASVs in a reference phylogeny; and 3) GAPPA 

33 to create
 new tree incorporating the ASV placements. Finally, a phylogenetic
ree that included both the reference genome and the environmentally
ampled organisms was generated and used to predict the copy num-
ers of individual gene families for each ASV. The metabolic pathway
atabase (MetaCyc) pathway abundance, which is the main high-level
rediction output, was calculated in PICRUSt2 by structured mapping
f the gene families for enzyme commission (EC) gene families to path-
ays. 34 ANCOM was used to identify the differentially abundant Meta-
yc pathways. 

.12. Statistical analysis 

All data are expressed as mean ± standard error of the mean (SEM).
 one-way analysis of variance (ANOVA), followed by Duncan’s multi-
le range test, was performed using IBM SPSS Statistics for Windows,
ersion 25 (IMB Corp. Armonk, NY, USA). Differences were considered
tatistically significant at p < 0.05. The PERMDISP2 function of the Ve-
an R Package 35 was used to determine the homogeneity difference in
he dispersion of microbial compositions between the groups with 999
ermutations. A nonparametric PERMANOVA statistical test 36 was used
o compare the microbiota composition using the Vegan R package. 35 

inally, a differential abundance analysis of genera was performed using
NCOM 2.1 37 in R (v.4.1.2) (R Core Team). Significance was defined as
n ANCOM W > 0.7. 

http://www.hmmer.org
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Fig 1. Anti-inflammatory effects of the methanol extract of Saposhnikovia divaricata root (MESD) in LPS-induced RAW 264.7 cells. 
(A, B) Nitric oxide (NO) and Prostaglandin E 2 (PGE 2 ) content in cell culture media. (C, D) mRNA levels of nitric oxide synthase 2 ( Nos2 ) and cyclooxygenase-2 
( Cox-2 ). (E) the protein levels of COX-2 and iNOS. All data are presented as mean ± SEM. Different superscripts indicate significant differences at p < 0.05. 
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. Result 

.1. MESD inhibits inflammatory response in LPS-induced RAW 264.7 

ells 

To determine the anti-inflammatory effect of MESD in vitro , the
RNA expression of inflammatory markers, such as nitric oxide syn-

hase 2 ( Nos2 ) and Cox-2 , were measured in LPS-induced RAW 264.7
ells following PGE 2 and NO production. MESD significantly de-
reased the NO and PGE 2 levels in LPS-stimulated cells ( Fig. 1 A
nd 1 B). The LPS-induced mRNA expression levels of Nos2 and Cox-

 were markedly reduced by MESD ( Fig. 1 C and 1 D). MESD de-
reased COX-2 and iNOS protein expression in a dose-dependent
anner ( Fig. 1 E). Overall, MESD exhibited anti-inflammatory ef-

ects by inhibiting the expression of inflammatory factors in
acrophages. 
4 
.2. Oral administration of MESD alleviates colitis symptoms and 

ro-inflammatory cytokine levels in the plasma of mice with DSS-induced 

olitis 

To confirm that the in vitro anti-inflammatory effects were validated
n vivo , we investigated whether MESD could effectively inhibit colitis in
ice with inflammatory diseases. The anti-colitis effects of MESD were

erified by the induction of chronic inflammation in a mouse model
f DSS-induced colitis. As shown in Fig. 2 A and 2 B, DSS decreased
ody weight and colon length. However, MESD alleviated body weight
oss and colon shortening. Compared with the control (CON) group, the
SS group showed ulceration of the epithelial layer of the bowel wall,
nd the histological indications were improved in MESD-treated mice
 Fig. 2 E). The CON group had clear crypts and mucosal layers, whereas
he DSS group had severe damage. However, the epithelial layer was re-
tored in the MESD treatment group and crypt formation was observed.
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Fig 2. MESD alleviated colitis-related phenotypes in the DSS-induced colitis mouse model. (A, B) Changes in body weight and colon length. 5- 
aminosalicylic acid (ASA) was used as a positive control. (C, D) Aspartate aminotransferase (AST) and Alanine aminotransferase (ALT) levels in plasma in DSS- 
induced mice. (E) Hematoxylin and Eosin (H&E) staining of the cross-section of the colon tissue, magnification (x200 𝜇m). Arrows indicate damage to colonic tissues, 
including inflammatory cell infiltrates and epithelial erosions. (F) The expression of inflammatory cytokines, tumor necrosis factor- 𝛼 (TNF- 𝛼), (G) interleukin-1 𝛽
(IL-1 𝛽), and (H) interleukin-6 (IL-6), in plasma based on ELISA assay. All data are presented as mean ± SEM, with significant differences at p < 0.05. 
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ESD significantly reduced the levels of plasma aspartate aminotrans-
erase (AST) and alanine aminotransferase (ALT) ( p < 0.05; Fig. 2 C
nd 2 D) and liver injury markers known to be elevated in colitis. 38 

o evaluate the anti-inflammatory effects of MESD in the DSS-induced
olitis model, the production of pro-inflammatory cytokines, including
NF- 𝛼, IL-1 𝛽, and IL-6, were measured using plasma. Compared with
he DSS group, the MESD group displayed reduced production of pro-
nflammatory cytokines in the plasma ( Fig. 2 F-H). 

.3. MESD suppresses the mRNA expression of inflammatory markers in 

SS-induced colitis mice 

To determine whether MESD inhibited the expression of inflamma-
ory markers in colon tissues inflamed by colitis, inflammatory mark-
rs in mouse colon tissues were identified using qRT-PCR ( Fig. 3 A-D).
ompared with the CON group, the mRNA expression of inflammatory
arkers, such as adhesion G protein-coupled receptor E1 ( Adgre1 ), Il-1 𝛽,

l-6, and Tnf- 𝛼, were induced in the DSS group and were significantly
nhibited in the MESD treatment groups. In addition, the production of
ro-inflammatory cytokines IL-1 𝛽 and IL-6 were measured in colon tis-
ue ( Fig. 3 E and 3 F). Compared to the DSS group, the MESD treatment
roups showed notably reduced levels of pro-inflammatory cytokines
n the colon tissue. Afterward, in the colon tissue, COX-2 and the p-
F 𝜅B/NF 𝜅B, p-I 𝜅B 𝛼/I 𝜅B 𝛼, and p-IKK 𝛼𝛽/IKK 𝛽 kinase complex protein

evels were detected ( Fig. 3 G). IKK protein levels were significantly el-
vated in the DSS group and decreased in the MESD group. 

.4. MESD restores DSS-induced changes in gut microbial composition 

We evaluated the composition of the gut microbiota, which is known
o influence the pathogenesis of colitis. 39 The diversity of microbial
omposition and phylum and genus levels were analyzed to classify
he bacterial taxa in each group. Six bacterial phyla were identified,
ncluding Actinobacteria, Bacteroidetes, Deferribacteres, Firmicutes, Pro-

eobacteria , and Verrucomicrobia , at the phylum level ( Fig. 4 A). In the
SS group, the abundance of Bacteroidetes markedly reduced, whereas

hat of Proteobacteria increased. MESD restored the DSS-induced changes
n the gut microbial composition ( Fig. 4 A). Alpha diversity analysis was
erformed to observe changes in the gut microbiota abundance and
hylogenetic diversity. Alpha diversity was significantly reduced in the
SS group compared to the CON group, and gut microbiota abundance
nd phylogenetic diversity were restored in the MESD-treated group
 Fig. 4 B and Supplementary Fig. S1A-C). The abundance of genera that
iffered significantly among the DSS, CON, and MESD groups was as-
essed using ANCOM. Compared to the CON group, the abundances of
scherichia, Klebsiella, Clostridium sensu stricto 1, Desulfovibrio , and En-

erococcus increased, and the abundances of Alloprevotella, Turicibacter,

oseburia , and Alistipes decreased in the DSS group ( Fig. 4 C). However,
he MESD treatment significantly reduced the abundance of Clostrid-

um sensu stricto 1 ( Fig. 4 D). PICRUSt2 was used to identify microbial
unctional pathways that were significantly altered by MESD treatment.
everal MetaCyc pathways were differentially expressed between the
SS-and MESD treatment groups (Supplementary Fig. S2A-C). Interest-

ngly, among these biochemical pathways, l -glutamate degradation VIII
to propanoate) was the most significantly increased in all MESD treat-
ent groups compared to that in the DSS group. 

.5. Effects of seven isolated compounds from MESD on the inflammatory 

ediators in RAW 264.7 cells 

In this study, seven compounds were isolated from MESD, including
ix chromones and one coumarin compound (prim-O-glucosylcimifugin
1), cimifugin (2), 4 ′ -O- 𝛽-D-glucosyl-5-O-methylvisamminol (3), 5-O-
ethylvisamminol (4), 3 ′ -O-acetylhamaudol (5), deltoin (6), and 3 ′ -O-

ngeloylhamaudol (7)) ( Fig. 5 ). The effects of the isolated compounds
6 
n inflammation in vitro was evaluated to identify compounds with anti-
nflammatory effects. All isolated compounds displayed a significant
nti-inflammatory effect, as they inhibited NO and PGE 2 levels in the
ell culture medium ( Fig. 6 A and 6 B) and the protein levels of iNOS
nd COX-2 in LPS-induced RAW 264.7 cells ( Fig. 6 C and 6 D). The seven
ompounds also significantly inhibited the mRNA levels of the inflam-
atory cytokines Il-1 𝛽 and Il-6 ( Fig. 6 E and 6 F) in vitro . 

. Discussion 

The present study revealed a significant anti-inflammatory effect of
ried Saposhnikovia divaricata root and its bioactive components via
he reduction of pro-inflammatory cytokines in vitro and in vivo . In this
tudy, several findings supported the anti-inflammatory effects of MESD.
n fact, the MESD decreased the levels of inflammatory markers in LPS-
nduced RAW 264.7 mouse macrophages. By administering MESD to a
ouse model of DSS-induced IBD colitis, this compound was found to ef-

ectively inhibit pro-inflammatory cytokines in the infiltrated blood and
olon tissues and suppress the mRNA expression of pro-inflammatory cy-
okines and crypt damage in the mouse colon. MESD induced significant
hanges in gut microbial diversity, composition, and functional path-
ays. Seven single compounds were isolated from MESD, 21-23 and their
nti-inflammatory activities were determined in vitro . Overall, MESD has
otential effects on inflammatory markers and the gut microbial com-
osition in a DSS-induced gut environment, as discussed below. 

Inflammation is the first response of the immune system to
athogens, damaged cells, and toxic composition. 40 However, inflam-
ation mediated by abnormal immune activation can lead to many

erious acute and chronic inflammatory diseases, such as systemic in-
ammatory response syndrome, acute lung injury, inflammatory bowel
isease, rheumatoid arthritis, and atherosclerosis. 41 During the inflam-
atory process, macrophages play an important role in the production

f pro-inflammatory cytokines, with NO and PGE 2 produced by iNOS
nd COX-2, respectively. 42 The DSS-induced murine model is conve-
ient for studying IBD due to its simplicity, easy control, and rapid dis-
ase development. 16 Moreover, this colitis model has symptoms similar
o those of UC patients, including weight loss and bloody diarrhea. 43 A
allmark of IBD is diffuse inflammation, damage to crypt structures, and
epletion of goblet cells in the mucosal region of the colon. 44 The imbal-
nce of inflammatory markers observed in IBD contributes to immune
ysfunction and intervenes in tissue inflammation, organ damage, 45 and
acterial disorders. We determined whether MESD inhibited the inflam-
atory factors characteristic of IBD in the blood and colon tissues. MESD

meliorated inflammatory cell infiltration and crypt injury in the colons
f mice with DSS-induced colitis. Colonic goblet cells were also signifi-
antly damaged in DSS-treated mice but were restored following MESD
reatment. DSS increased the levels of inflammatory markers, such as
NF- 𝛼, IL-1 𝛽, IL-6, iNOS, and COX-2, in the plasma and colon tissue,
hile MESD significantly reduced the levels of pro-inflammatory cy-

okines, such as TNF- 𝛼, IL-1 𝛽, and IL-6. Although the precise mechanism
s still unclear, many references have suggested the NF 𝜅B pathway plays
 central role in controlling the release of cytokines in patients with UC
nd contributes to inflammation and immune responses in the intesti-
al tract. 46 , 47 Cytokines such as TNF- 𝛼 and IL-1 𝛽 act as NF 𝜅B inducers,
nd the degradation of I 𝜅B is an essential step for releasing and activat-
ng NF 𝜅B. A crucial regulatory step in this process is the signal-induced
hosphorylation of I 𝜅B at specific amino-terminal serine residues, which
s mediated by the IKK complex. 48 NF 𝜅B/IKK is an attractive target for
herapeutic intervention in inflammatory diseases. 

Normally, colonic microflora prevents the invasion of pathogenic or-
anisms and contributes to host defense. 49 However, dysbiosis of the
ut microbiota can cause colonic inflammation and inflammatory bowel
isease in humans and animal models. 50 A healthy gut environment
as four major bacterial phyla: Actinobacteria, Bacteroidetes, Firmicutes ,
nd Proteobacteria . 51 Gut dysbiosis in IBD and alterations in the normal
omposition and abundance of bacterial communities occur, including
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Fig 3. Inflammatory markers gene and protein expression levels decreased treatment with MESD extract in mice with DSS-induced colitis. 
mRNA levels of (A) adhesion G Protein-Coupled Receptor E1 ( Adgre1 ) and (B) interleukin-1 𝛽 ( Il-1 𝛽), (C) interleukin-6 ( Il-6 ) and (D) tumor necrosis factor- 𝛼 ( Tnf- 𝛼) in 
DSS-induced mice colon tissue. The expression of inflammatory cytokines, (E) interleukin-1 𝛽 (IL-1 𝛽), and (F) interleukin-6 (IL-6), in colon tissue of DSS-induced mice, 
based on ELISA assay. (G) The protein expression levels of inflammation-related markers, including COX-2 and NF 𝜅B pathway in mice colon tissue of DSS-induced 
colitis. All data are presented as mean ± SEM, with significant differences at p < 0.05. 

7 
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Fig 4. Effect of MESD on gut microbial composition in DSS-induced colitis. 
(A) Average relative abundance of the gut microbiota at the phylum level. (B) Pairwise comparison of the alpha diversity of the gut microbiota. (C) Different 
abundant taxa between the Control and DSS groups. (D) Different abundant taxa between DSS group and groups with different concentrations of MESD. Microbiotas 
are determined by the Wilcoxon test and ANCOM. All data are presented as mean ± SEM, with significant differences at ∗ p < 0.05, ∗ ∗ p < 0.01, and ∗ ∗ ∗ p < 0.001 vs. 
DSS group. 
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 decrease in the relative abundance of Bacteroidetes and Firmicutes , and
n increase in Proteobacteria . 52 , 53 DSS has been reported to increase
he abundance of Proteobacteria , one of the most abundant phyla in
atients with metabolic syndrome. 54 In this study, DSS-induced coli-
is drove lowered abundance of Actinobacteria, Bacteroidetes , and Verru-

omicrobia in the gut microbiota. In contrast, in the MESD treatment
roups, especially the MESD 100 mg/kg group, gut microbial diver-
ity and the abundance of Bacteroidetes increased, whereas the abun-
8 
ance of Proteobacteria in DSS-induced colitis mice decreased. At the
enus level, the abundance of Escherichia, Klebsiella , and Clostridium

ensu stricto 1, known as pathogens, was significantly higher in the DSS
roup than in the CON and MESD-treated groups. Clostridium sensu stricto

, including Clostridium spp., is an opportunistic pathogen that plays
 critical role in intestinal inflammation 55 and is a recognized indi-
ator of less healthy intestinal microbiota. These pathogens are possi-
ly responsible for mild-to-severe diarrhea, serious infection, and mu-
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Fig 5. Structure of the identified and isolated compounds from MESD. 
Chemical structure of the seven major compounds of MESD. 
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osal necrosis. 56 MESD significantly reduce the abundance of Clostrid-

um sensu stricto 1 at the genus level, suggesting that MESD ameliorates
ysbiosis. Microbial functional pathway analysis confirmed that the l-
lutamate degradation VIII (to propanoate) metabolic pathway was sig-
ificantly increased at all three concentrations in the MESD treatment
9 
roups. Thus, activation of this pathway promotes the production of
he short-chain fatty acid propanoate, which affects intestinal develop-
ent and the colonic barrier. 57 , 58 Accordingly, MESD activates short-

hain fatty acid-related pathways, leading to changes in gut microbial
omposition. 
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Fig 6. Anti-inflammatory effects of the isolated compounds from MESD in LPS-induced RAW 264.7 cells. 
(A, B) Nitric oxide (NO) and Prostaglandin E 2 (PGE 2 ) content in cell culture media in LPS-induced RAW 264.7 cells. (C, D) Protein expression and quantitative analysis 
of iNOS and COX-2 in RAW 264.7 cells treated with the isolated compounds (40 μM and 80 μM). (E, F) mRNA levels of interleukin-1 𝛽 ( Il-1 𝛽) and interleukin-6 
( Il-6 ) in LPS-induced RAW 264.7 cells. All data are presented as mean ± SEM, with significant differences at p < 0.05. (prim-O-glucosylcimifugin (1), cimifugin (2), 
4 ′ -O- 𝛽- d -glucosyl-5-O-methylvisamminol (3), 5-O-methylvisamminol (4), 3 ′ -O-acetylhamaudol (5), deltoin (6), and 3 ′ -O-angeloylhamaudol (7)). 
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The therapeutic effects of Saposhnikovia divaricata roots on cold,
eadache, rheumatic disease, arthralgia, rubella, pruritus, and tetanus
ere first described in Shen Nong’s Materia Medica written in 300
.D. in China. 10 Chromones and coumarins are bioactive compo-
ents mainly found in the roots of S. divaraicata . 9 Prior studies re-
ealed that chromones isolated from S. divaraicata , including prim-O-
lucosylcimifugin, cimifugin, 4 ′ -O- 𝛽-D-glucosyl-5-O-methylvisamminol,
-O-methylvisamminol, 3 ′ -O-acetylhamaudol, 3 ′ -O-angeloylhamaudol,
nd coumarin compounds such as deltoin, had anti-inflammatory
roperties. 9 , 59 These compounds were also found to inhibit the
itogen-activated protein kinase (MAPK), phosphorylated-extracellular

ignal-regulated kinase, and c-Jun N-terminal kinase (JNK) path-
ays. 10 To the best of our knowledge, this is the first study to re-
eal the anti-inflammatory activity of 3 ′ -O-acetylhamaudol and 3 ′ -O-
10 
ngeloylhamaudol. 3 ′ -O-acetylhamaudol has been reported to exhibit
nti-tumor activity in colon cancer models through anti-angiogenesis
nd intestinal intraepithelial lymphocyte activation. 60 In particular, 3 ′ -
-acetylhamaudol modulates the immune system in the spleen and

mall intestine. Accordingly, 3 ′ -O-acetylhamaudol can be hypothesized
o modify the immune system of the colon, resulting in the protection
f colon tissue destroyed by DSS-induced colitis. However, further stud-
es on the mechanisms underlying their interaction are required. In this
tudy, S. divaricata root extract and its isolated compounds showed in-
ibitory effects on NO and PGE 2 production, inflammatory cytokines,
nd mediators in LPS-treated RAW 264.7 cells. In particular, deltoin
nd 3 ′ -O-acetyhamaudol significantly decreased NO levels and the gene
xpression levels of Il-1 𝛽 and Il-6 more effectively than the other com-
ounds. 
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Based on our findings , Saposhnikovia divaricata exerts anti-
nflammatory activity by inhibiting pro-inflammatory cytokines in LPS-
nduced RAW 264.7 cells. MESD displayed high IL-1 𝛽, IL-6, and NO in-
ibitory activities, indicating that the bioactive compounds present in
he extract can reduce inflammation. MESD significantly lowered the
ctivity of inflammatory cytokines and alleviated DSS-induced colitis
ymptoms. Oral administration of MESD reduced colitis-induced histo-
ogical changes in the colon tissue, decreased pro-inflammatory cytokine
evels in the serum and colon tissue, and improved the diversity of the
ut microbial composition. However, the use of MESD in the treatment
f IBD requires further improvement and in-depth research. 

Our findings suggest that MESD may be a potential anti-
nflammatory treatment for IBD, as it inhibits inflammation at the cel-
ular and organism levels and regulates the gut microbiota. The results
f this study suggest that MESD may ameliorate DSS-induced colitis in
ice through the synergistic effects of various active compounds. Since

ffective treatment of IBD is urgently needed, the development of novel
herapeutics is crucial, and it may be appropriate to identify and analyze
atural compounds with anti-inflammatory properties and the capacity
o regulate gut microbiota. Nevertheless, the anti-inflammatory effects
f MESD in a DSS-induced colitis model have been validated; however,
imitations remain. Considering the toxicological limitations of organic
olvents, 61 water and ethanol are preferred over methanol for solvent
xtraction. However, methanol has the advantages of relatively higher
xtraction yields than other solvents and the ability to dissolve a wide
ange of polar bioactive compounds, such as phenolics, flavonoids, and
lkaloids. This solvent could also evaporate at 40 °C. 62 , 63 Further mech-
nistic studies are needed to identify the bioactive compounds that drive
he IBD-relieving effects of MESD. In addition, the mechanisms of action
f a single compound and additional therapeutic targets have not been
ully characterized because of the limitations of the study methodology.
he correlation between gut microbiota and MESD remains to be eluci-
ated. Considering the limitations of the present study, future research
hould focus on resolving or correcting these issues. 
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