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Abstract: Ulcerative colitis is a chronic inflammatory disease caused by abnormal immune responses
in the intestinal mucosa and gut microorganisms. Unlike other mugworts, Artemisia argyi H. (A. argyi
H.) enhances antioxidant, anti-inflammatory, and anticancer effects, but the improvement effects
against gut inflammation have not yet been reported. Therefore, this study aimed to confirm
the alleviation of the inflammatory state in the gut by A. argyi H. fermented with Lactobacillus
plantarum (FAA), using lipopolysaccharide (LPS)-induced RAW 264.7 cells and dextran sulfate
sodium (DSS)-induced colitis models. In vitro, FAA (10, 50, 100, and 200 µg/mL) was pretreated
into RAW 264.7 cells, followed with LPS (100 ng/mL), which induced the cell damage. Meanwhile,
in vivo, FAA (100, 200 mg/kg/day) was orally administered into 6-week-old C57BL/6N mice for
3 weeks. During the last week of FAA administration, 2.5% DSS was used to induce colitis. The
results showed that FAA reduced the production of nitric oxide (p < 0.0001), tumor necrosis factor
(TNF)-α, interleukin (IL)-6 (p < 0.0001), and IL-1β (p < 0.0001) in the LPS-induced RAW 264.7 cells.
Moreover, in the DSS-induced colitis model, FAA alleviated clinical symptoms (p < 0.001), inhibited
the inflammatory state by reducing the production of TNF-α (p < 0.0001) and interferon-γ in intestinal
immune cells (p < 0.0001), and strengthened the intestinal barrier by increasing the number of goblet
cells (p < 0.0001). Furthermore, the anti-inflammatory effects were confirmed by the alleviation of
histological damage (p < 0.001) and down-regulation of the expression of inflammatory proteins
(TLR4, p < 0.0001; MyD88, p < 0.0001; Cox-2, p < 0.0001). These results suggest the potential of FAA
as a dietary ingredient for preventing inflammation in the gut.

Keywords: Artemisia argyi H.; ulcerative colitis; dextran sulfate sodium; RAW 264.7 cells;
anti-inflammation

1. Introduction

Inflammatory bowel disease (IBD) is a chronic inflammatory disease characterized
by an abnormal immune response in the gastrointestinal tract and is largely divided into
ulcerative colitis and Crohn’s disease [1]. IBD can be caused by an abnormal immune
response of the intestinal mucosa, the state of the gut microorganisms, damage to the
intestinal mucosal barrier, and genetic and environmental factors [2]. However, its exact
etiology and pathophysiology have yet to be revealed, and it is becoming a problem
worldwide [3].

Unlike Crohn’s disease, which mainly occurs in the small intestine, ulcerative colitis
is characterized by occurring in the rectum and colon [4]. However, generally, colitis is
known to be caused by age, sex, race, ethnicity, genetics, smoking, diet, gut microbiota, and
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appendectomy [5]. The drugs used to treat colitis include anti-inflammatory drugs such as
corticosteroids, 5-aminosalicylic acid, and sulfasalazine (SASP) [6]. However, these drugs
have serious side effects such as nausea, headache, and skin rashes; furthermore, many
studies have attempted to find the possibility of using natural materials with low toxicity
and no side effects for the prevention and improvement of colitis [7].

Macrophages play important roles in the immune system [8]. They differentiate from
monocytes and engulf and digest cellular debris, pathogens, and other foreign material [9].
In a colitis model, an increase in macrophages and abnormal activation of inflammatory
colon tissues were observed [10]. Activated macrophages secrete pro-inflammatory cy-
tokines and inflammatory proteins that cause intestinal damage [11]. Ethanol extracts
of Artemisia gmelinii and Artemisia argyi prevent inflammatory symptoms in lipopolysac-
charide (LPS)-induced RAW 264.7 cells, alleviate colitis symptoms, and improve immune
regulatory functions [12,13]. Additionally, soymilk fermented with Lactococcus lactis subsp.
prevents inflammation in LPS-induced RAW 264.7 cells and is known to be effective in
alleviating inflammatory symptoms in colitis models [14].

Moreover, the composition of the gut microbial community or an imbalance in gut
microorganisms has an important correlation with colitis models. In other words, the num-
ber of beneficial bacteria changes, and potentially harmful bacteria may over-proliferate
in the colitis model [15]. Additionally, an imbalance in the gut microbiota can cause an
abnormal immune response, which can mistakenly attack the intestinal lining, exacerbate
inflammation, and contribute to the development or progression of colitis [16]. Regulation
of the gut microbial community serves as a key factor in the prevention and treatment of
colitis [17].

Artemisia species have been used in traditional medicine to treat digestive disor-
ders, typhoid, epilepsy, and kidney disease [18]. Artemisia argyi H. (A. argyi H.) belongs
to the Artemisia species; it is cultivated in the Namhae region of Gyeongsangnam-do
and is a domestic unique resource registered as a variety protection material by the Ko-
rea Forest Service in 2013 [19]. A. argyi H. belongs to the medicinal mugwort family and
contains more active substances, such as jaceosidin and eupatilin, than other artemisia
species [20]. Meanwhile, fermentation of the plant produces probiotics and helps to increase
the amount of phytochemicals [21]. Therefore, the fermented plant shows high nutritional
value and has significant biological properties, such as antioxidant, anti-inflammation, and
immunomodulatory activities, compared to the non-fermented plant [22]. Our previous
study reported that the fermented A. argyi H. with L. plantarum (FAA) contained a more
bioactive component, jaceosidin, than non-fermented A. argyi H. with L. plantarum [23].
Furthermore, the immune enhancement effect and antioxidant activity of FAA were demon-
strated [24]. These findings suggested its potential as a functional material for preventing
and improving inflammatory responses. Based on these evidences, the present study
hypothesized that FAA may play a key role as immune regulator and thus investigated its
anti-inflammatory effects using both LPS-induced RAW 264.7 cells and a dextran sulfate
sodium (DSS)-induced colitis mouse model.

2. Materials and Methods
2.1. Reagents

Dulbecco’s Modified Eagle’s Medium (DMEM), roswell park memorial institute
(RPMI)-1640, fetal bovine serum (FBS), and penicillin-streptomycin were purchased from
Welgene Inc. (Daegu, Korea). Griess reagent, lipopolysaccharides from Escherichia coli
O111:B4, and concanavalin A from Canavalia ensiformis (Jack bean) were obtained from
Sigma Chemical Co. (Saint Louis, MO, USA). MTS CellTiter 96 Aqueous One Solution
Assay was purchased from Promega Co., (Madison, WI, USA). Interleukin (IL)-6, Mouse
tumor necrosis factor (TNF)-α, and Interferon-gamma (IFN-γ) enzyme-linked immunosor-
bent assay (ELISA) kit were bought from R&D systems (Minneapolis, MN, USA). Mouse
IL-1 beta (β) ELISA kit was obtained from Abcam (Cambridge, MA, USA). PowerFecal
Pro DNA kit was purchased from QIAGEN (Hilden, Germany). All primers (Table 1) for
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investigating the bacterial composition were obtained from Macrogen (Seoul, Republic of
Korea). Radioimmunoprecipitation assay (RIPA) buffer was from Elpis Biotech. (Daejeon,
Republic of Korea). Protease inhibitor cocktail was bought from Calbiochem (Cambridge,
MA, USA). 2-mercaptoethanol was obtained from Biopure (Cambridge, MA, USA). 2x
Laemmli sample buffer and enhanced chemiluminescence (ECL) substrate solution were
purchased from Bio-rad Laboratories (Hercules, CA, USA). Polyvinylidene fluoride (PVDF)
membranes were supplied from Millipore (Billerica, MA, USA). Primary and secondary
antibodies were obtained from Cell Signaling Tech. (Beverly, MA, USA) and Santa Cruz
Biotech (Dallas, TX, USA).

Table 1. The specific primers of 16S rRNA gene-targeted group.

Target Group
Sequences Annealing

Temperature (◦C)Forward Reverse

Uni (F341/R518) CCTACGGGAGGCAGCAGT ATTACCGCGGCTGCTGG 59
Firmicutes (Phylum) TGAAACTYAAAGGAATTGACG ACCATGCACCACCTGTC 60

Bacteroidetes (Phylum) GGARCATGTGGTTTAATTCGATGAT AGCTGACGACAACCATGCAG 60

2.2. Sample Preparation

A. argyi H. was supplied from the farming association of A. argyi H. in Namhae [23],
and FAA was processed by the following procedures [24]. The A. argyi H. leaves were
steamed at 100 ◦C for 5 min, then crushed in malt extract broth. Afterward, these extracts
were sterilized, and it was used as a fermentation substrate. MRS agar medium inoculated
with Lactobacillus plantarum was shaken at 150 rpm for 2 days at 30 ◦C. Then, it was mixed
with the A. argyi H. at a 5% volume ratio and fermented at 30 ◦C for 4 days to produce FAA.
FAA was freeze-dried and filtered using ethanol as an extraction solvent, and the filtrate
was concentrated under reduced pressure using a rotary vacuum evaporator.

2.3. Cell Culture

The RAW 264.7 mouse macrophage cell line, was obtained from Korea cell line bank
(KCLB, Seoul, Republic of Korea). The composition of cell culture medium was DMEM
containing 10% FBS and 1% penicillin-streptomycin [25]. RAW 264.7 cells were cultured in
the complete medium at 37 ◦C in a humidified 5% CO2 incubator.

2.4. Measurement of Nitric Oxide (NO)

RAW 264.7 cells were seeded in a 96-well plate at a density of 2 × 104 cells/well and in-
cubated for 24 h [26]. The ethanol extract of FAA was pretreated at different concentrations
(10, 50, 100, and 200 µg/mL) for 2 h, followed with LPS at 100 ng/mL, and incubated for
24 h. On the third day, the cell supernatant was collected, and a mixture (1:1) of supernatant
and Griess reagent were incubated for 15 min blocking light. The absorbance was measured
at 540 nm and calculated as a percentage of 100% of cells from the normal group.

2.5. Measurement of Cytokines Production

To evaluate TNF-α, IL-6, and IL-1β, RAW 264.7 cells were seeded at a density of
2 × 104 cells/well in a 96-well plate and incubated for 24 h [27]. FAA was pretreated for
2 h, followed with LPS at 100 ng/mL, and incubated for 24 h. After incubation for 24 h, the
cell supernatant was collected and used for measuring cytokine production by ELISA kits,
according to the manufacturer’s instructions.

2.6. Animals and Experimental Designs

Six-week-old male C57BL/6N mice (17–21 g) were purchased from Orient Bio Inc.
(Seongnam, Republic of Korea). The mice were raised in a laboratory animal room and
freely drank and were fed a normal diet. Moreover, the laboratory environment was
controlled with temperature (20 ± 2 ◦C) and humidity (55 ± 5%) in a 12-h light/dark cycle,
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with a supply of water. After a one-week adaptive period, the mice were randomly grouped
into five groups, with nine mice in each group (n = 9). The mice were orally administered
the ethanol extract of FAA at different concentrations or SASP for 3 weeks, except those
in the normal group [28]. To establish a DSS-induced colitis model, after two weeks of
treatment, the groups treated with the experimental samples, except for the normal group,
were supplied with 2.5% DSS in their drinking water (Figure 1). Consequently, this study
planned to be composed of the following five treatment groups: Normal (pure water supply
+ oral administration of pure water), Control (2.5% DSS supply + oral administration of pure
water), FAA 100 (2.5% DSS supply + oral administration of FAA in dose of 100 mg/mL),
FAA 200 (2.5% DSS supply + oral administration of FAA in dose of 200 mg/mL), and SASP
50 (2.5% DSS supply + oral administration of SASP in dose of 50 mg/mL). The mice body
weights were evaluated once a week, and samples for oral administration were prepared
every 3 days. Additionally, a behavioral test was implemented 3 days before dissection for
2 days. On the day of dissection, the mice were deeply anesthetized using an anesthetic
containing ZoletilTM, Rompun®, and 0.9% NaCl, and subsequently dissected. To evaluate
hepatotoxicity, tissue samples were collected from the colon, small intestine, and brain,
and blood samples were collected from the heart. All experimental procedures involving
mice were approved by the Animal Care and Use Committee of Pusan National University
(PNU-2022-0048).
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Figure 1. Experimental schedule.

2.7. Measurement of Colon Length and Disease Activity Index (DAI)

Colon length was measured immediately after sample collection. The DAI was used to
measure the inflammation criteria [29], which consisted of rectal bleeding, stool consistency,
and weight loss (percentage of initial weight) (Table 2). Scores were obtained using clinical
parameters during the treatment period.

Table 2. DAI scores of colitis by means of clinical parameters during DSS treatment.

Score Rectal Bleeding Stool Consistency Weight Loss (% of Initial wt)

0 Normal Normal pellets <1%
1 Slightly bloody Slightly loose feces 1–4.99%
2 Bloody Loose feces 5–10%
3 Bloody in whole colon Watery diarrhea >10%

Percentage of body weight loss = (initial weight − current weight)/(initial weight) × 100. DAI = (rectal bleeding +
stool consistency + weight loss)/3.

2.8. Isolation of Mesenteric Lymph Node (MLN)

The MLN cells were isolated by collecting them and washing them in PBS with 5%
FBS and 2% penicillin/streptomycin. Subsequently, they were separated using a 70 µm
cell strainer. The MLN cells were rinsed with RPMI-1640 medium containing 5% FBS and
2% penicillin/streptomycin (1500 rpm, 10 min). Then, red blood cells were removed using
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ACK lysis buffer. Finally, the MLN cells were rinsed with RPMI-1640 medium and were
suspended in RPMI-1640 medium containing 10% FBS and 1% penicillin/streptomycin [30].

2.9. Measurement of Cytokine Production

TNF-α and IFN-γ were determined using an enzyme-linked immunosorbent assay
(ELISA) kit. The MLN cells were seeded in a U-bottomed 96-well plate at a density of
1 × 105 cells/well, and 5 µg/mL of ConA was added to the plate [31]. Subsequently, the
plates were incubated for 48 h (37 ◦C, 5% CO2). After centrifugation at 300× g for 10 min,
the cytokines in the supernatant were quantitated by measuring the absorbance at 450 nm.

2.10. Histological Analysis

Colonic sections (1 cm thick) from the end of the cecum were fixed in 4% formaldehyde.
The sections were subsequently embedded in paraffin and stained with hematoxylin and
eosin (H&E) and periodic acid-Schiff (PAS). The degree of colitis was scored using the
criteria presented in Table 3. Briefly, colon sections were graded according to the severity
and extent of inflammation, and crypt damage [32]. Each value was multiplied by an
extent index reflecting the extent of the involvement range (1: 0–25%, 2: 26–50%, 3: 51–75%,
4: 76–100%). Three sections of each colon were evaluated for each score. To measure the
number of goblet cells by PAS staining, the percentage of positively stained cells in the area
of interest (AOI) was calculated using ImageJ software (Version 1.53k) [33].

Table 3. Scoring of colitis through the colon sections by histological analysis.

Score Inflammation Severity Inflammation Extent Crypt Damage

0 None None Damage to the basal third of the crypt
1 Slight Mucosal Damage to the basal two-thirds of the crypt
2 Moderate Submucosal Only surface epithelium intact
3 Severe Transmural Loss of entire crypt and epithelium

2.11. Fecal Collection and DNA Extraction

Before the dissection, the feces were collected within 30 min and were stored at −80 ◦C
temperatures until the DNA was extracted. Bacterial DNA was isolated from the feces
(250 mg each) using a DNA extraction kit according to the manufacturer’s instructions.

2.12. Quantitative Real-Time PCR (qPCR)

Genomic DNA was extracted using PowerFecal Pro DNA kit. DNA was evaluated
by 16S rRNA sequencing, and the purity of the samples was measured using an iSeq
platform (Illumina, San Diego, CA, USA). Identity of the gut microbiota was quantified at
the absorbance ratios at 260/280 nm and amplified using qPCR (CFX Connect Real-Time
PCR Detection System, Bio-Rad (Hercules, CA, USA)). PCR conditions were 95 ◦C for 5 min
and 40 cycles at 95 ◦C for 5 s at the annealing temperature. The primer specificity was
verified as follows: 5 min at 65 ◦C, 5 min at 95 ◦C, and 0.5 ◦C increments [34].

2.13. Western Blot Analysis

The colon tissues were collected and homogenized with lysis buffer, which consisted
of RIPA buffer with protease inhibitor cocktail. Then, the homogenized samples were
centrifuged at 4 ◦C and 12,000 rpm for 30 min, repeating twice. After centrifuging, the
supernatant was quantified by Bradford assays. The Western samples used for analysis
were prepared by mixing the cell supernatant from which proteins had been quantified
with sample buffer, which consisted of 2-mercaptoethanol and 2x Laemmli sample buffer
(1:1, v/v). The samples were loaded and subjected to electrophoresis for 2 h at 90 V on
8–13% sodium dodecyl sulfate polyacrylamide gels (SDS-PAGE) and then transferred to
the PVDF membrane for 120 min at 90 V. Then, the membrane was blocked for 1 h with 5%
skim milk or BSA in PBS-T, washed three times for 10 min each, and incubated with the
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primary antibodies at 4 ◦C overnight. The primary antibodies used in this study were β-
actin (1:1000; Cell Signaling Tech. Beverly, MA, USA); cyclooxygenase-2 (COX-2, 1:500; Cell
Signaling Tech. Beverly, MA, USA); toll-like receptor 4 (TLR4, 1:200; Santa Cruz Biotech.,
Dallas, TX, USA); and myeloid differentiation primary response 88 (MyD88, 1:1000; Cell
Signaling Tech. Beverly, MA, USA). After overnight incubation, the secondary antibody
was attached at room temperature for 1 h, and targeted protein expression was measured
with the ECL solution by using the Davinci-chemiluminescent imaging system (CoreBio,
Seoul, Republic of Korea).

2.14. Statistical Analysis

The data were represented as mean ± standard deviation (SD). Statistics were ana-
lyzed using the SPSS program (version 26.0). One-way analysis of variance (ANOVA) by
Tukey’s multiple range test was performed. The significance level was shown as * p < 0.05,
** p < 0.005, *** p < 0.001, **** p < 0.0001 for all statistics.

3. Results
3.1. Effects of FAA on NO Production in the LPS-Induced RAW 264.7 Cells

When the RAW 264.7 cells were treated with the ethanol extract of FAA through
different concentrations (1, 5, 10, 25, 50, 100, and 200 µg/mL), the cell viability was
significantly increased in a dose-dependent manner, compared to the normal cells. Among
these concentrations of FAA, the four concentrations with high viability (10, 50, 100, and
200 µg/mL) were selected. The RAW 264.7 cells were exposed to 100 ng/mL LPS to
investigate inflammatory responses through NO secretion. LPS markedly induced NO
secretion compared to the normal group (164.76%) (Figure 2). However, the pre-treatment
groups of FAA (50, 100, and 200 µg/mL) significantly inhibited the production of NO in a
dose-dependent manner, to 149.61%, 136.47%, and 120.14%, respectively.
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Figure 2. Effects of fermented A. argyi H. (FAA) on NO production in LPS-induced RAW 264.7 cells.
Values are mean ± SD. **** p < 0.001 vs. Control by one-way ANOVA and Tukey’s multiple compari-
son test. ‘Normal’ group represents the non-treated cells, ‘Control’ group represents the LPS-treated
cells, ‘10’, ‘50’, ‘100’, and ‘200’ groups represent the four concentrations of FAA treatment (10, 50, 100,
200 µg/mL) in LPS-treated cells.

3.2. Effects of FAA on Cytokine Production in the LPS-Induced RAW 264.7 Cells

The supernatant was used to investigate the production of pro-inflammatory cytokines;
the supernatant of the RAW 264.7 cells was used. LPS induced prominently increased
amounts of TNF-α, IL-6, and IL-1β compared to each of the normal groups, showing
15,850.24 pg/mL, 2627.23 pg/mL, and 43.48 pg/mL, respectively (Figure 3). The pro-
duction of IL-6 in the pre-treatment of FAA was significantly reduced in the 50, 100, and
200 µg/mL groups, to 2299.20 pg/mL, 2060.74 pg/mL, and 1449.07 pg/mL, respectively
(Figure 3B). The secretion of IL-1β was significantly inhibited by all concentrations of FAA,
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to 33.35 pg/mL, 29.73 pg/mL, 26.74 pg/mL, and 28.13 pg/mL, respectively (Figure 3C).
These results indicate that the production of pro-inflammatory cytokines was significantly
increased by induction with LPS, while the administration of FAA inhibited the production
of cytokines.
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3.3. Effects of FAA on Colon Length in the DSS-Induced Colitis Model

The colon length was shortened in all DSS-treated groups by 4.64 cm, compared to
that in the normal group, verifying the progression of colitis by DSS (Figure 4A,B). The
colon lengths in the FAA 100 and FAA 200 groups were 4.81 and 4.7 cm, respectively, but
none of the FAA and SASP 50 groups showed a significant difference in colon length.
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Figure 4. Effects of fermented A. argyi H. (FAA) on representative photos (A) and colon length (B) in
the DSS-induced colitis model. Values are mean ± SD (n = 9). **** p < 0.001 vs. Control by one-way
ANOVA and Tukey’s multiple comparison test. Normal (pure water supply + oral administration
of pure water), Control (2.5% DSS supply + oral administration of pure water), FAA 100 (2.5% DSS
supply + oral administration of FAA in dose of 100 mg/mL), FAA 200 (2.5% DSS supply + oral
administration of FAA in dose of 200 mg/mL), and SASP 50 (2.5% DSS supply + oral administration
of SASP in dose of 50 mg/mL).

3.4. Effects of FAA on DAI in the DSS-Induced Colitis Model

From the 5th day, the DAI score of the control group started increasing, compared
with those of the other groups (Figure 5). On the 8th day, the DAI score of the control
group was the highest, and the FAA and SASP 50 groups showed attenuated DAI scores,
which were increased by DSS. These results demonstrated that FAA effectively relieved the
symptoms of colitis.
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Figure 5. Effects of fermented A. argyi H. (FAA) on DAI in the DSS-induced colitis model. Values
are mean ± SD (n = 9). * p < 0.05, *** p < 0.001, **** p < 0.001 vs. Control by one-way ANOVA and
Tukey’s multiple comparison test. The mice were grouped and treated as described in Figure 4.

3.5. Effects of FAA on the Production of Cytokines in the DSS-Induced Colitis Model

To evaluate the attenuation of inflammatory responses, secretion of pro-inflammatory
cytokines was observed in MLN cells. TNF-α is secreted in the acute stage of colitis, and
IFN-γ is secreted in the chronic stage of colitis. The production of TNF-α in the control
group was higher than in the normal group (56.31 pg/mL), and FAA 100 and FAA 200
relieved the production of TNF-α compared to the control group, showing 43.98 pg/mL
and 34.17 pg/mL (Figure 6A). The secretion of INF-γ in the only DSS-treated group showed
a prominent increase (63.73 pg/mL), compared to the normal group, and FAA 100 and
FAA 200 also attenuated the concentration of IFN-γ, compared to the control group, to
18.72 pg/mL and 17.86 pg/mL, respectively (Figure 6B). Although FAA did not affect
T-cell proliferation, these results demonstrated that FAA has anti-inflammatory effects by
inhibiting the production of Th-type cytokines, which are TNF-α and INF-γ in MLN cells.
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Figure 6. Effects of fermented A. argyi H. (FAA) on the production of cytokines in the DSS-induced
colitis model. (A) TNF-α and (B) IFN-γ were treated by ConA for 24 h. Cytokine production was
determined by ELISA kit. Values are mean ± SD (n = 9). *** p < 0.001, **** p < 0.001 vs. Control by
one-way ANOVA and Tukey’s multiple comparison test. The mice were grouped and treated as
described in Figure 4.

3.6. Effects of FAA on Histopathology in the DSS-Induced Colitis Model

To detect the amelioration of histopathologic symptoms with FAA, it was evaluated by
the presence of edema, degree of injury, infiltration of leukocytes, ulceration, and destruc-
tion of crypts through histology of the colon sections using H&E staining (Figure 7). The
colon sections of the control group exhibited inflammatory changes in colonic architecture,
crypt damage, and mixed-cell infiltration composed of macrophages and leukocytes, com-
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pared to the normal group. However, histological analysis of the colon for FAA exhibited
reduced cell infiltration and a reduced degree of mucosal edema and injury (Figure 7A).
Through the assessment of the intestinal inflammatory status, the control group exhibited
significantly increased histopathological scores compared to the normal group (Figure 7B).
However, the FAA 100 and FAA 200 groups exhibited a significant decrease compared to
the control group. These findings suggest that FAA may relieve the symptoms of colitis.
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Figure 7. Effects of fermented A. argyi H. (FAA) on histological analysis for inflammation extent in the
DSS-induced colitis model. (A) The colon section was stained with H&E. Original magnification: 10×
(bar = 100 µm). (B) The histopathological scores were analyzed by the criteria. Values are mean ± SD
(n = 9). * p < 0.05, *** p < 0.001, **** p < 0.001 vs. Control by one-way ANOVA and Tukey’s multiple
comparison test. The mice were grouped and treated as described in Figure 4.

Goblet cells play an initiating role in protecting the intestinal barrier by secreting
mucus, which strengthens the intestinal barrier. The number of goblet cells was confirmed
through PAS staining through AOI (Figure 8). The number of goblet cells in the DSS-
treated group was lower than that in the control groups. However, FAA 100 and FAA
200 significantly increased the number of goblet cells compared to the control group.
These results demonstrated that FAA contributes to normal mucus secretion and intestinal
barrier protection.
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Figure 8. Effects of fermented A. argyi H. (FAA) on histological analysis for goblet cells in the DSS-
induced colitis model. (A) The colon section was stained with PAS. Original magnification: 10×
(bar = 100 µm). (B) The AOI was analyzed, and percentage of positive area was measured by ImageJ
software. Values are mean ± SD (n = 9). *** p < 0.001, **** p < 0.001 vs. Control by one-way ANOVA
and Tukey’s multiple comparison test. The mice were grouped and treated as described in Figure 4.
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3.7. Effects of FAA on the Gut Microbiota Composition in the DSS-Induced Colitis Model

The Firmicutes/Bacteroidetes ratio influences the health of the gut; therefore, it was
higher in the inflammatory models than in the normal group. The regulation of the gut
microbiota imbalance was evaluated by the Firmicutes/Bacteroidetes ratio (Figure 9). There
was an increase in the ratio in the DSS–only group compared with that in the normal group.
Meanwhile, a decreasing tendency in the Firmicutes/Bacteroidetes ratio was exhibited in
both the FAA 200 and SASP 50 groups, but the differences were nonsignificant compared
with the control group.
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Figure 9. Effects of fermented A. argyi H. (FAA) on the gut microbiota composition in the DSS-induced
colitis model. Values are mean ± SD (n = 9). * p < 0.05 vs. Control by one-way ANOVA and Tukey’s
multiple comparison test. The mice were grouped and treated as described in Figure 4.

3.8. Effects of FAA on Inflammation in the DSS-Induced Colitis Model

The effects of FAA on the protein expression of inflammation-related factors in the
colon were investigated (Figure 10). The protein expression of TLR4 at the cell membrane
was significantly increased in the control group compared to that in the normal group,
indicating that DSS treatment induces inflammatory responses in the colon. Moreover,
in the MyD88-related pathway, the expression of MyD88 was upregulated in the control
group compared with that in the normal group. However, FAA significantly inhibited the
expression of TLR4 and MyD88 compared with the control group. Among the inflammatory
mediators, the activities of COX-2 increased in the DSS-only group compared to those in
the normal group, whereas FAA significantly downregulated COX-2 expression compared
to the control group. These results suggest that FAA may attenuate inflammatory responses
in the colon induced by colitis.
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Values are mean ± SD (n = 9). **** p < 0.0001 vs. Control by one-way ANOVA and Tukey’s multiple
comparison test. The mice were grouped and treated as described in Figure 4.
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4. Discussion

This study confirmed the anti-inflammatory effect of FAA as a preventive agent against
colitis, which is a type of IBD. In previous studies, the physicochemical properties, immune
enhancement, and antioxidant activities of FAA were determined, but the anti-inflammatory
effect through the prevention of colitis has not been proven to date.

Macrophage homeostasis is disrupted in colitis, which increases the expression of var-
ious inflammatory factors [35]. To test this hypothesis, it was measured by the production
of inflammatory factors in LPS-induced RAW 264.7 cells in vitro. LPS treatment increases
the expression of inducible nitric oxide (iNOS) in cells. The activation of iNOS oxidizes
L-arginine within the cells and increases NO production [36]. Increased NO production
promotes inflammation, and in severe cases, causes cell damage [37]. LPS-induced inflam-
mation has a critical role in regulating immune responses and alleviating cell damage; thus,
an appropriate balance of maintenance is necessary [38]. To verify the effect of regulating
immune function by alleviating the inflammation generated by LPS without causing cell
damage, inflammation was induced by treatment with LPS at a concentration of 100 ng/mL.
Therefore, inflammation was induced by increasing the amount of NO production, and
it was confirmed that NO production was significantly reduced by treatment with FAA
at concentrations of 10, 50, 100, and 200 µg/mL, with no cytotoxicity. Additionally, LPS
activates TLR4, a cell membrane receptor, thereby inducing an inflammatory signaling
pathway within cells [39]. In this process, the production of various pro-inflammatory
cytokines (TNF-α, IL-1β, IL-6, etc.) increases, and anti-inflammatory cytokines (IL-10, etc.)
decrease [40]. In this study, FAA inhibited the production of pro-inflammatory cytokines
such as IL-1β, and IL-6, thereby demonstrating its anti-inflammatory effect.

DSS is a chemical substance mainly used to study colon inflammation and dis-
ease [41]. Manifestations of colitis can be confirmed by clinical, histological, and patho-
logical changes [42]. Generally, when colitis occurs, colon length decreases. Inflammation
within the colon causes it to become shorter than normal, which directly confirms the
manifestations of colitis [43]. Although colon length was similar to that of the group treated
with DSS only, it was shorter in the group treated with FAA than in the normal group.
These results indicated that DSS induced colitis. This was confirmed as the cause.

DSS treatment for 7–10 days is essential to induce colitis. Additionally, to determine
the inflammatory state during the DSS treatment period, indicators (such as rectal bleeding,
stool status, and degree of weight loss) must be measured [44]. The common symptoms of
colitis include bloody stools, diarrhea, weight loss, and abdominal pain [45]. A DAI score
between 0 and 3 indicates the onset of these symptoms, and changes in the inflammatory
state can be confirmed using the DAI score [46]. The higher the DAI score, the higher the
severity of colitis, and the progression of colitis over time can be identified [47]. Clinical
symptoms such as bloody stools, diarrhea, and severe weight loss are caused by the
induction of colitis [48]. Conversely, FAA treatment alleviated the clinical symptoms of
colitis, confirming its anti-inflammatory effects.

The MLN plays a critical role in intestinal immune surveillance and regulation. It acts
as a hub for immune cells and regulates the immune responses to antigens in the gut [49].
Subsequently, antigens are sampled and processed in the gut and attacked by T and B cells
to indicate an immune response or induce resistance in gut microorganisms [50]. When
intestinal inflammation occurs, an imbalance in intestinal immune cells, such as MLN cells,
occurs through the production of pro-inflammatory cytokines [51]. In particular, colitis
causes an imbalance between regulatory and effector T cells. When acute colitis is induced,
the expression of TNF-α and IFN-γ increases the factors related to Th1 and Th17, and
inflammatory responses are generated [52]. Therefore, the changes in the inflammatory state
were confirmed by measuring the production of TNF-α and IFN-γ among the cytokines
associated with Th1 cells, effector T cells, and MLN cells [53]. Consequently, DSS treatment
caused an imbalance of the immune cells and colitis inflammation through increased
production of TNF-α and IFN-γ, but FAA inhibits the production of these cytokines,
regulating intestinal immune cell function and alleviating inflammation.
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Normal colonic tissue is covered with mucosal cells and maintains an expanded
crypt shape [54]. However, when inflammation occurs in the colon, histopathological
indicators such as edema, leukocyte infiltration, crypt damage, and loss of goblet cells
are observed [55]. When colitis occurs, edema occurs between the intestinal mucosa and
submucosal tissue, and the infiltration of inflammatory cells into the colon increases [56].
Moreover, ulcers and blood clots occur, and the crypts collapse, causing damage to the
intestinal epithelium [57]. However, after treatment with FAA, edema and infiltration of
inflammatory cells were reduced, the state of the crypt was maintained at a level similar to
that of the normal state, and histological damage improved.

Goblet cells are present in the inner membrane of the colon and produce mucus that
protects and shares the inner membrane [58]. When colitis occurs, the number and function
of goblet cells in the inner membrane of the colon may be impaired. Therefore, goblet cells
stop producing mucus, which can damage the inner membrane of the colon [59]. However,
FAA treatment increased the number of goblet cells to a level similar to that of the normal
group, which increased the production of mucus and contributed to the protection of the
intestinal barrier.

When colitis occurs, a gut microbiota imbalance occurs due to an increase in harmful
microorganisms, causing the immune system to mistakenly attack the intestinal lining
and worsen inflammation [60]. Recovery from colitis is confirmed through evaluation of
the harmful and beneficial bacteria that control the composition and balance of the gut
microorganisms, namely Firmicutes and Bacteroidetes, respectively [61]. Firmicutes are
Gram-positive bacteria that extract and absorb energy from food; however, as metabolic
diseases occur, the abundance of Firmicutes increases [62]. Conversely, Bacteroidetes
are Gram-negative bacteria that play a critical role in the balance of gut microorganisms,
breaking down fiber and other complex carbohydrates, and helping absorb nutrients [63].
When colitis is induced, the proportion of Firmicutes, which is known to be relatively
harmful, increases, and the proportion of Bacteroidetes, which is known to be relatively
beneficial, decreases, resulting in an imbalance of intestinal microorganisms [64]. Therefore,
by treatment with FAA, the control and balance of gut microorganisms were confirmed by
reducing the relative ratio of Firmicutes/Bacteroidetes, and its tendency to inhibit intestinal
inflammation was determined, but more-detailed investigations of the microbiota species
are required.

Inflammatory material, such as DSS, destroys the intestinal barrier to produce en-
dotoxins (i.e., LPS), which stimulates the LPS receptor TLR4. Stimulated TLR4 initiates
the MyD88 signaling pathway, which is attracted to the intracellular region [65], resulting
in the production of inflammatory mediators such as COX-2 [66,67]. Consequently, the
expression of COX-2 induces the overexpression of iNOS and prostaglandins, triggering an
inflammatory response via the production of pro-inflammatory cytokines [68]. Evidence
demonstrated that TLR4 is highly expressed in DSS-induced colitis mice. In this study,
DSS destroyed the intestinal barrier in mice, resulting in the high expression of TLR4,
MyD88, and COX-2. However, treatment with FAA downregulated the expression of
these inflammatory proteins. Similarly, recent findings have shown that the TLR4/MyD88
signaling pathway is strongly linked with the inflammatory response in the colitis mouse
model and fulfills a crucial role in the pathogenesis of colitis. Therefore, inhibiting the
TLR4/MyD88/COX-2 signaling pathway in present study was shown to be a valuable
approach for the prevention and improvement of colitis.

5. Conclusions

This study aimed to investigate the inhibitory effects of FAA on inflammation. In vitro,
the anti-inflammatory effect was demonstrated by reducing the production of NO and
pro-inflammatory cytokines (TNF-α, IL-6, and IL-1β) in LPS-induced RAW 264.7 cells.
Moreover, in vivo, the anti-inflammatory effect was confirmed by decreasing the intestinal
length, DAI score, the level of inflammatory cytokines, infiltration of inflammatory cells,
and improving the crypt damage in the DSS-induced colitis model. Downregulated expres-
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sion of inflammatory proteins (TLR4, MyD88, and COX-2) in colon tissues also indicated
the anti-inflammatory effect of FAA. Taken together, these results suggests that FAA can be
used as a functional material for gut health to alleviate intestinal inflammation. However,
further study is needed to investigate comprehensive mechanisms of FAA and explore its
potential effect on the intestinal mucosa (i.e., tight junctions) at the molecular level.

Author Contributions: Conceptualization, H.Y.K. and E.J.C.; methodology, J.Y.L. and J.-H.K.; formal
analysis, J.Y.L., J.-H.K. and J.M.C.; investigation, J.Y.L. and B.W.N.; resources, H.Y.K.; writing—
original draft preparation, J.Y.L. and J.-H.K.; writing—review and editing, E.J.C.; funding acquisition,
H.Y.K. and E.J.C.; supervision, H.Y.K. and E.J.C. All authors have read and agreed to the published
version of the manuscript.

Funding: This work was supported by the National Research Foundation of Korea (NRF) grant
funded by the Korea government (MSIT) (No. 2021R1F1A1061542).

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki, and approved by Animal Experimental Ethics Committee of Pusan National University
(PNU-2022-0048) PNU-2022-0048.

Informed Consent Statement: Not applicable.

Data Availability Statement: The original contributions presented in the study are included in the
article, further inquiries can be directed to the corresponding author.

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

References
1. Wehkamp, J.; Götz, M.; Herrlinger, K.; Steurer, W.; Stange, E.F. Inflammatory bowel disease: Crohn’s disease and ulcerative colitis.

Dtsch. Arztebl. Int. 2016, 113, 72. [CrossRef] [PubMed]
2. Yue, B.; Luo, X.; Yu, Z.; Mani, S.; Wang, Z.; Dou, W. Inflammatory bowel disease: A potential result from the collusion between

gut microbiota and mucosal immune system. Microorganisms 2019, 7, 440. [CrossRef] [PubMed]
3. Loddo, I.; Romano, C. Inflammatory bowel disease: Genetics, epigenetics, and pathogenesis. Front. Immunol. 2015, 6, 551.

[CrossRef] [PubMed]
4. Atreya, R.; Siegmund, B. Location is important: Differentiation between ileal and colonic Crohn’s disease. Nat. Rev. Gastroenterol.

Hepatol. 2021, 18, 544–558. [CrossRef] [PubMed]
5. Abu-Freha, N.; Ealiwa, N.; Abu-Tailakh, M.; Abu-Abed, M.; Bader, S.; Tabu, R.; Schwartz, D. Ethnic issues and disparities in

inflammatory bowel diseases: What can we learn from the arab population in israel? J. Pers. Med. 2023, 13, 1008. [CrossRef]
[PubMed]

6. Chen, Y.; Wang, P.; Zhang, Y.; Du, X.Y.; Zhang, Y.J. Comparison of effects of aminosalicylic acid, glucocorticoids and immuno-
suppressive agents on the expression of multidrug-resistant genes in ulcerative colitis. Sci. Rep. 2022, 12, 20656. [CrossRef]
[PubMed]

7. Sehgal, P.; Colombel, J.F.; Aboubakr, A.; Narula, N. Systematic review: Safety of mesalazine in ulcerative colitis. Aliment.
Pharmacol. Ther. 2018, 47, 1597–1609. [CrossRef]

8. Navegantes, K.C.; de Souza Gomes, R.; Pereira, P.A.T.; Czaikoski, P.G.; Azevedo, C.H.M.; Monteiro, M.C. Immune modulation of
some autoimmune diseases: The critical role of macrophages and neutrophils in the innate and adaptive immunity. J. Transl. Med.
2017, 15, 36. [CrossRef]

9. Huang, C. Pathogenesis of coronaviruses through human monocytes and tissue macrophages. Viral Immunol. 2021, 34, 597–606.
[CrossRef]

10. Yang, Z.; Lin, S.; Feng, W.; Liu, Y.; Song, Z.; Pan, G.; Zhang, Y.; Dai, X.; Ding, X.; Chen, L. A potential therapeutic target in
traditional Chinese medicine for ulcerative colitis: Macrophage polarization. Front. Pharmacol. 2022, 13, 999179. [CrossRef]
[PubMed]

11. Marrocco, A.; Ortiz, L.A. Role of metabolic reprogramming in pro-inflammatory cytokine secretion from LPS or silica-activated
macrophages. Front. Immunol. 2022, 13, 936167. [CrossRef]

12. Son, Y.; Shin, J.M.; Ha, I.J.; Erdenebileg, S.; Jung, D.S.; Kim, Y.S.; Kim, S.M.; Nho, C.W. Identification of chemical compounds from
Artemisia gmelinii using UPLC-QTOF-MS/MS and their regulatory effects on immune responses in DSS-induced colitis mice. Am.
J. Chin. Med. 2021, 49, 941–963. [CrossRef]

13. Shin, J.M.; Son, Y.; Ha, I.J.; Erdenebileg, S.; Jung, D.S.; Song, D.; Kim, Y.S.; Kim, S.M.; Nho, C.W. Artemisia argyi extract alleviates
inflammation in a DSS-induced colitis mouse model and enhances immunomodulatory effects in lymphoid tissues. BMC
Complement. Med. Ther. 2022, 22, 64. [CrossRef]

https://doi.org/10.3238/arztebl.2016.0072
https://www.ncbi.nlm.nih.gov/pubmed/26900160
https://doi.org/10.3390/microorganisms7100440
https://www.ncbi.nlm.nih.gov/pubmed/31614539
https://doi.org/10.3389/fimmu.2015.00551
https://www.ncbi.nlm.nih.gov/pubmed/26579126
https://doi.org/10.1038/s41575-021-00424-6
https://www.ncbi.nlm.nih.gov/pubmed/33712743
https://doi.org/10.3390/jpm13061008
https://www.ncbi.nlm.nih.gov/pubmed/37373997
https://doi.org/10.1038/s41598-022-19612-8
https://www.ncbi.nlm.nih.gov/pubmed/36450761
https://doi.org/10.1111/apt.14688
https://doi.org/10.1186/s12967-017-1141-8
https://doi.org/10.1089/vim.2021.0038
https://doi.org/10.3389/fphar.2022.999179
https://www.ncbi.nlm.nih.gov/pubmed/36147340
https://doi.org/10.3389/fimmu.2022.936167
https://doi.org/10.1142/S0192415X21500452
https://doi.org/10.1186/s12906-022-03536-x


Foods 2024, 13, 998 14 of 16

14. Kawahara, M.; Nemoto, M.; Nakata, T.; Kondo, S.; Takahashi, H.; Kimura, B.; Kuda, T. Anti-inflammatory properties of fermented
soy milk with Lactococcus lactis subsp. lactis S-SU2 in murine macrophage RAW 264.7 cells and DSS-induced IBD model mice. Int.
Immunopharmacol. 2015, 26, 295–303. [CrossRef]

15. Kiesler, P.; Fuss, I.J.; Strober, W. Experimental models of inflammatory bowel diseases. Cell. Mol. Gastroenterol. Hepatol. 2015, 1,
154–170. [CrossRef]

16. Wu, H.; Wu, E. The role of gut microbiota in immune homeostasis and autoimmunity. Gut Microbes 2012, 3, 4–14. [CrossRef]
17. Zhao, Q.; Elson, C.O. Adaptive immune education by gut microbiota antigens. Immunology 2018, 154, 28–37. [CrossRef]
18. Bisht, D.; Kumar, D.; Kumar, D.; Dua, K.; Chellappan, D.K. Phytochemistry and pharmacological activity of the genus artemisia.

Arch. Pharm. Res. 2021, 44, 439–474. [CrossRef] [PubMed]
19. Hwang, C.; Seo, W.; Bae, W.; Kang, M.; Shin, J. Physicochemical characteristics and biological activities of Artemisia Argyi H. J. Life

Sci. 2014, 24, 377–385. [CrossRef]
20. Nigam, M.; Atanassova, M.; Mishra, A.P.; Pezzani, R.; Devkota, H.P.; Plygun, S.; Salehi, B.; Setzer, W.N.; SharifiRad, J. Bioactive

compounds and health benefits of Artemisia species. Nat. Prod. Commun. 2019, 14, 1934578X19850354.
21. Svanberg, U.; Lorri, W. Fermentation and nutrient availability. Food Control 1997, 8, 319–327. [CrossRef]
22. Shahbazi, R.; Sharifzad, F.; Bagheri, R.; Alsadi, N.; Yasavoli-Sharahi, H.; Matar, C. Anti-inflammatory and immunomodulatory

properties of fermented plant foods. Nutrients 2021, 13, 1516. [CrossRef] [PubMed]
23. Kim, J.H.; Kim, N.K.; Lee, A.Y.; Seo, W.T.; Kim, H.Y. Antioxidant activity study of Artemisia argyi H. extract fermented with lactic

acid bacteria. J. Korean Med. Obes. Res. 2022, 22, 115–124. [CrossRef]
24. Lee, J.Y.; Kim, J.H.; Choi, J.M.; Kim, H.; Seo, W.T.; Cho, E.J.; Kim, H.Y. Anti-oxidant and immune enhancement effects of Artemisia

argyi H. fermented with lactic acid bacteria. J. Appl. Biol. Chem. 2023, 66, 492–502. [CrossRef]
25. Wang, Z.; Wang, L.; Huang, H.; Li, Q.; Wang, X.; Sun, Q.; Wang, Q.; Li, N. In vitro antioxidant analysis of flavonoids extracted

from Artemisia argyi stem and their anti-inflammatory activity in lipopolysaccharide-stimulated RAW 264.7 macrophages. Food
Chem. 2023, 407, 135198. [CrossRef]

26. Sainakham, M.; Jantrawut, P.; Kiattisin, K.; Chittasupho, C.; Singh, S. Potential of green extraction using edible deep eutectic
solvents on the bioactivities from Curcuma aromatica rhizome extracts for food application. J. Agric. Food Res. 2023, 14, 100868.
[CrossRef]

27. Shin, J.Y.; Kang, E.S.; Park, J.H.; Cho, B.O.; Jang, S.I. Anti-inflammatory effect of red ginseng marc, Artemisia scoparia, Paeonia
japonica and Angelica gigas extract mixture in LPS-stimulated RAW 264.7 cells. Biomed. Rep. 2022, 17, 63. [CrossRef]

28. He, Q.; Niu, M.; Bi, J.; Du, N.; Liu, S.; Yang, K.; Li, H.; Yao, J.; Du, Y.; Duan, Y. Protective effects of a new generation of probiotic
Bacteroides fragilis against colitis in vivo and in vitro. Sci. Rep. 2023, 13, 15842. [CrossRef]

29. Sánchez-Fidaigo, S.; Cárdeno, A.; Villegas, I.; Talero, E.; de la Lastra, C.A. Dietary supplementation of resveratrol attenuates
chronic colonic inflammation in mice. Eur. J. Pharmacol. 2010, 633, 78–84. [CrossRef] [PubMed]

30. Islam, M.R.; Kim, J.W.; Roh, Y.S.; Kim, J.H.; Han, K.M.; Kwon, H.J.; Lim, C.W.; Kim, B. Evaluation of immunomodulatory effects
of zearalenone in mice. J. Immunotoxicol. 2017, 14, 125–136. [CrossRef] [PubMed]

31. Lim, B.O.; Lee, S.H.; Park, D.K.; Choue, R.W. Effect of dietary pectin on the production of immunoglobulins and cytokines by
mesenteric lymph node lymphocytes in mouse colitis induced with dextran sulfate sodium. Biosci. Biotechnol. Biochem. 2003, 67,
1706–1712. [CrossRef]

32. Davaatseren, M.; Hwang, J.T.; Park, J.H.; Kim, M.S.; Wang, S.; Sung, M.J. Poly-γ-glutamic acid attenuates angiogenesis and
inflammation in experimental colitis. Mediators Inflamm. 2013, 2013, 982383. [CrossRef] [PubMed]

33. Zhou, Y.; Huang, X.; Yu, H.; Shi, H.; Chen, M.; Song, J.; Tang, W.; Teng, F.; Li, C.; Yi, L.; et al. TMT-based quantitative proteomics
revealed protective efficacy of Icariside II against airway inflammation and remodeling via inhibiting LAMP2, CTSD and CTSS
expression in OVA-induced chronic asthma mice. Phytomedicine 2023, 118, 154941. [CrossRef] [PubMed]

34. Noratto, G.D.; Garcia-Mazcorro, J.F.; Markel, M.; Martino, H.S.; Minamoto, Y.; Steiner, J.M.; Byrne, D.; Suchodolski, J.S.; Mertens-
Talcott, S.U. Carbohydrate-free peach (Prunus persica) and plum (Prunus domestica) juice affects fecal microbial ecology in an obese
animal model. PLoS ONE 2014, 9, e101723. [CrossRef] [PubMed]

35. TatiyaAphiradee, N.; Chatuphonprasert, W.; Jarukamjorn, K. Immune response and inflammatory pathway of ulcerative colitis. J.
Basic Clin. Physiol. Pharmacol. 2018, 30, 1–10. [CrossRef]

36. Marcuccio, G.; Ambrosino, P.; Merola, C.; Manzo, F.; Motta, A.; Rea, G.; Cantone, E.; Maniscalco, M. Clinical applications of nasal
nitric oxide in allergic rhinitis: A review of the literature. J. Clin. Med. 2023, 12, 5081. [CrossRef] [PubMed]

37. Liy, P.M.; Puzi, N.N.A.; Jose, S.; Vidyadaran, S. Nitric oxide modulation in neuroinflammation and the role of mesenchymal stem
cells. Exp. Biol. Med. 2021, 246, 2399–2406. [CrossRef] [PubMed]

38. Page, M.J.; Kell, D.B.; Pretorius, E. The role of lipopolysaccharide-induced cell signalling in chronic inflammation. Chronic Stress
2022, 6, 24705470221076390. [CrossRef]

39. Ciesielska, A.; Matyjek, M.; Kwiatkowska, K. TLR4 and CD14 trafficking and its influence on LPS-induced pro-inflammatory
signaling. Cell. Mol. Life Sci. 2021, 78, 1233–1261. [CrossRef]

40. Muzamil, A.; Tahir, H.M.; Ali, S.; Liaqat, I.; Ali, A.; Summer, M. Inflammatory process and role of cytokines in inflammation: An
overview. Punjab Univ. J. Zool. 2021, 36, 237–252. [CrossRef]

https://doi.org/10.1016/j.intimp.2015.04.004
https://doi.org/10.1016/j.jcmgh.2015.01.006
https://doi.org/10.4161/gmic.19320
https://doi.org/10.1111/imm.12896
https://doi.org/10.1007/s12272-021-01328-4
https://www.ncbi.nlm.nih.gov/pubmed/33893998
https://doi.org/10.5352/JLS.2014.24.4.377
https://doi.org/10.1016/S0956-7135(97)00018-2
https://doi.org/10.3390/nu13051516
https://www.ncbi.nlm.nih.gov/pubmed/33946303
https://doi.org/10.15429/jkomor.2022.22.2.115
https://doi.org/10.3839/jabc.2023.065
https://doi.org/10.1016/j.foodchem.2022.135198
https://doi.org/10.1016/j.jafr.2023.100868
https://doi.org/10.3892/br.2022.1546
https://doi.org/10.1038/s41598-023-42481-8
https://doi.org/10.1016/j.ejphar.2010.01.025
https://www.ncbi.nlm.nih.gov/pubmed/20132809
https://doi.org/10.1080/1547691X.2017.1340371
https://www.ncbi.nlm.nih.gov/pubmed/28641471
https://doi.org/10.1271/bbb.67.1706
https://doi.org/10.1155/2013/982383
https://www.ncbi.nlm.nih.gov/pubmed/23766568
https://doi.org/10.1016/j.phymed.2023.154941
https://www.ncbi.nlm.nih.gov/pubmed/37451150
https://doi.org/10.1371/journal.pone.0101723
https://www.ncbi.nlm.nih.gov/pubmed/25007331
https://doi.org/10.1515/jbcpp-2018-0036
https://doi.org/10.3390/jcm12155081
https://www.ncbi.nlm.nih.gov/pubmed/37568482
https://doi.org/10.1177/1535370221997052
https://www.ncbi.nlm.nih.gov/pubmed/33715528
https://doi.org/10.1177/24705470221076390
https://doi.org/10.1007/s00018-020-03656-y
https://doi.org/10.17582/journal.pujz/2021.36.2.237.252


Foods 2024, 13, 998 15 of 16

41. Bang, B.; Lichtenberger, L.M. Methods of inducing inflammatory bowel disease in mice. Curr. Protoc. Pharmacol. 2016, 72, 5–58.
[CrossRef]

42. Abdelmegid, A.M.; Abdo, F.K.; Ahmed, F.E.; Kattaia, A.A. Therapeutic effect of gold nanoparticles on DSS-induced ulcerative
colitis in mice with reference to interleukin-17 expression. Sci. Rep. 2019, 9, 10176. [CrossRef] [PubMed]

43. Delday, M.; Mulder, I.; Logan, E.T.; Grant, G. Bacteroides thetaiotaomicron ameliorates colon inflammation in preclinical models of
Crohn’s disease. Inflamm. Bowel Dis. 2019, 25, 85–96. [CrossRef]

44. Salaritabar, A.; Darvishi, B.; Hadjiakhoondi, F.; Manayi, A.; Sureda, A.; Nabavi, S.F.; Bishayee, A. Therapeutic potential of
flavonoids in inflammatory bowel disease: A comprehensive review. World J. Gastroenterol. 2017, 23, 5097. [CrossRef]

45. Gajendran, M.; Loganathan, P.; Jimenez, G.; Catinella, A.P.; Ng, N.; Umapathy, C.; Ziade, N.; Hashash, J.G. A comprehensive
review and update on ulcerative colitis. Dis. Mon. 2019, 62, 100851. [CrossRef] [PubMed]

46. Jialing, L.; Yangyang, G.; Jing, Z.; Xiaoyi, T.; Ping, W.; Liwei, S.; Simin, C. Changes in serum inflammatory cytokine levels and
intestinal flora in a self-healing dextran sodium sulfate-induced ulcerative colitis murine model. Life Sci. 2020, 263, 118587.
[CrossRef] [PubMed]

47. Yang, J.; Lin, J.; Gu, T.; Sun, Q.; Xu, W.; Peng, Y. Chicoric acid effectively mitigated dextran sulfate sodium (DSS)-induced colitis
in BALB/c mice by modulating the gut microbiota and fecal metabolites. Int. J. Mol. Sci. 2024, 25, 841. [CrossRef]

48. Seyedian, S.S.; Nokhostin, F.; Malamir, M.D. A review of the diagnosis, prevention, and treatment methods of inflammatory
bowel disease. J. Med. Life 2019, 12, 113–122. [CrossRef]

49. Shaikh, H.; Vargas, J.G.; Mokhtari, Z.; Jarick, K.J.; Ulbrich, M.; Mosca, J.P.; Viera, E.A.; Graf, C.; Le, D.; Heinze, K.G. Mesenteric
lymph node transplantation in mice to study immune responses of the gastrointestinal tract. Front. Immunol. 2021, 12, 689896.
[CrossRef]

50. Wang, L.; Zhu, L.; Qin, S. Gut microbiota modulation on intestinal mucosal adaptive immunity. J. Immunol. Res. 2019, 2019,
4735040. [CrossRef]

51. Guan, Q. A comprehensive review and update on the pathogenesis of inflammatory bowel disease. J. Immunol. Res. 2019, 2019,
7247238. [CrossRef] [PubMed]

52. Marquez-Flores, Y.K.; Villegas, I.; Cárdeno, A.; Rosillo, M.Á.; Alarcon-de-la-Lastra, C. Apigenin supplementation protects
the development of dextran sulfate sodium-induced murine experimental colitis by inhibiting canonical and non-canonical
inflammasome signaling pathways. J. Nutr. Biochem. 2016, 30, 143–152. [CrossRef]

53. He, R.; Zhao, S. Cutaneous manifestations of inflammatory bowel disease: Basic characteristics, therapy, and potential pathophys-
iological associations. Front. Immunol. 2023, 14, 1234535. [CrossRef] [PubMed]

54. Villanacci, V.; Reggiani-Bonetti, L.; Leoncini, G.; Parente, P.; Cadei, M.; Albarello, L.; Mandelli, G.; Caputo, A. Histopathology of
Non-IBD colitis. A practical approach from the Italian group for the study of the gastrointestinal tract (GIPAD). Pathologica 2021,
113, 54–65. [CrossRef] [PubMed]

55. Gandhi, G.R.; Mohana, T.; Athesh, K.; Hillary, V.E.; Vasconcelos, A.B.S.; de Franca, M.N.F.; Montalvão, M.M.; Ceasar, S.A.;
Jothi, G.; Sridharan, G.; et al. Anti-inflammatory natural products modulate interleukins and their related signaling markers in
inflammatory bowel disease: A systematic review. J. Pharm. Anal. 2023, 13, 1408–1428. [CrossRef]

56. Kellermann, L.; Riis, L.B. A close view on histopathological changes in inflammatory bowel disease, a narrative review. Dig. Med.
Res. 2021, 4, 1–15. [CrossRef]

57. Menconi, A.; Hernandez-Velasco, X.; Vicuña, E.; Kuttappan, V.; Faulkner, O.; Tellez, G.; Hargis, B.; Bielke, L. Histopathological
and morphometric changes induced by a dextran sodium sulfate (DSS) model in broilers. Poult. Sci. 2015, 94, 906–911. [CrossRef]
[PubMed]

58. Grondin, J.A.; Kwon, Y.H.; Far, P.M.; Haq, S.; Khan, W.I. Mucins in intestinal mucosal defense and inflammation: Learning from
clinical and experimental studies. Front. Immunol. 2020, 11, 2054. [CrossRef]

59. van der Post, S.; Jabbar, K.S.; Birchenough, G.; Arike, L.; Akhtar, N.; Sjovall, H.; Johansson, M.E.; Hansson, G.C. Structural
weakening of the colonic mucus barrier is an early event in ulcerative colitis pathogenesis. Gut 2019, 68, 2142–2151. [CrossRef]

60. Yeshi, K.; Ruscher, R.; Hunter, L.; Daly, N.L.; Loukas, A.; Wangchuk, P. Revisiting inflammatory bowel disease: Pathology,
treatments, challenges and emerging therapeutics including drug leads from natural products. J. Clin. Med. 2020, 9, 1273.
[CrossRef]

61. Zeng, W.; He, D.; Xing, Y.; Liu, J.; Su, N.; Zhang, C.; Wang, Y.; Xing, X. Internal connections between dietary intake and gut
microbiota homeostasis in disease progression of ulcerative colitis: A review. Food Sci. Hum. Wellness 2021, 10, 119–130. [CrossRef]

62. Stojanov, S.; Berlec, A.; Štrukelj, B. The influence of probiotics on the firmicutes/bacteroidetes ratio in the treatment of obesity
and inflammatory bowel disease. Microorganisms 2020, 8, 1715. [CrossRef] [PubMed]

63. Cheng, J.; Hu, J.; Geng, F.; Nie, S. Bacteroides utilization for dietary polysaccharides and their beneficial effects on gut health.
Food Sci. Hum. Wellness 2022, 11, 1101–1110. [CrossRef]

64. Ohkusa, T.; Koido, S. Intestinal microbiota and ulcerative colitis. J. Infect. Chemother. 2015, 21, 761–768. [CrossRef] [PubMed]
65. Li, Y.; Liu, Q.; Tang, J.; Wen, J.; Zhu, J. Regulatory mechanism of mesalazine on TLR4/MyD88-dependent pathway in mouse

ulcerative colitis model. Eur. Rev. Med. Pharmacol. Sci. 2019, 23, 6637–6644.
66. Kawai, T.; Akira, S. The roles of TLRs, RLRs and NLRs in pathogen recognition. Int. Immunol. 2009, 21, 317–337. [CrossRef]

https://doi.org/10.1002/0471141755.ph0558s72
https://doi.org/10.1038/s41598-019-46671-1
https://www.ncbi.nlm.nih.gov/pubmed/31308463
https://doi.org/10.1093/ibd/izy281
https://doi.org/10.3748/wjg.v23.i28.5097
https://doi.org/10.1016/j.disamonth.2019.02.004
https://www.ncbi.nlm.nih.gov/pubmed/30837080
https://doi.org/10.1016/j.lfs.2020.118587
https://www.ncbi.nlm.nih.gov/pubmed/33065145
https://doi.org/10.3390/ijms25020841
https://doi.org/10.25122/jml-2018-0075
https://doi.org/10.3389/fimmu.2021.689896
https://doi.org/10.1155/2019/4735040
https://doi.org/10.1155/2019/7247238
https://www.ncbi.nlm.nih.gov/pubmed/31886308
https://doi.org/10.1016/j.jnutbio.2015.12.002
https://doi.org/10.3389/fimmu.2023.1234535
https://www.ncbi.nlm.nih.gov/pubmed/37954590
https://doi.org/10.32074/1591-951X-234
https://www.ncbi.nlm.nih.gov/pubmed/33686310
https://doi.org/10.1016/j.jpha.2023.09.012
https://doi.org/10.21037/dmr-21-1
https://doi.org/10.3382/ps/pev054
https://www.ncbi.nlm.nih.gov/pubmed/25743415
https://doi.org/10.3389/fimmu.2020.02054
https://doi.org/10.1136/gutjnl-2018-317571
https://doi.org/10.3390/jcm9051273
https://doi.org/10.1016/j.fshw.2021.02.016
https://doi.org/10.3390/microorganisms8111715
https://www.ncbi.nlm.nih.gov/pubmed/33139627
https://doi.org/10.1016/j.fshw.2022.04.002
https://doi.org/10.1016/j.jiac.2015.07.010
https://www.ncbi.nlm.nih.gov/pubmed/26346678
https://doi.org/10.1093/intimm/dxp017


Foods 2024, 13, 998 16 of 16

67. Lebeis, S.L.; Bommarius, B.; Parkos, C.A.; Sherman, M.A.; Kalman, D. TLR signaling mediated by MyD88 is required for a
protective innate immune response by neutrophils to Citrobacter rodentium. J. Immunol. 2007, 179, 566–577. [CrossRef]

68. Guo, Y.; Wu, X.; Wu, Q.; Lu, Y.; Shi, J.; Chen, X. Dihydrotanshinone I, a natural product, ameliorates DSS-induced experimental
ulcerative colitis in mice. Toxicol. Appl. Pharmacol. 2018, 344, 35–45. [CrossRef]

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

https://doi.org/10.4049/jimmunol.179.1.566
https://doi.org/10.1016/j.taap.2018.02.018

	Introduction 
	Materials and Methods 
	Reagents 
	Sample Preparation 
	Cell Culture 
	Measurement of Nitric Oxide (NO) 
	Measurement of Cytokines Production 
	Animals and Experimental Designs 
	Measurement of Colon Length and Disease Activity Index (DAI) 
	Isolation of Mesenteric Lymph Node (MLN) 
	Measurement of Cytokine Production 
	Histological Analysis 
	Fecal Collection and DNA Extraction 
	Quantitative Real-Time PCR (qPCR) 
	Western Blot Analysis 
	Statistical Analysis 

	Results 
	Effects of FAA on NO Production in the LPS-Induced RAW 264.7 Cells 
	Effects of FAA on Cytokine Production in the LPS-Induced RAW 264.7 Cells 
	Effects of FAA on Colon Length in the DSS-Induced Colitis Model 
	Effects of FAA on DAI in the DSS-Induced Colitis Model 
	Effects of FAA on the Production of Cytokines in the DSS-Induced Colitis Model 
	Effects of FAA on Histopathology in the DSS-Induced Colitis Model 
	Effects of FAA on the Gut Microbiota Composition in the DSS-Induced Colitis Model 
	Effects of FAA on Inflammation in the DSS-Induced Colitis Model 

	Discussion 
	Conclusions 
	References

