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Abstract: The prevalence of ulcerative colitis (UC) has surged in Asian nations recently. The limita-
tions of traditional drug treatments, including biologics, have spurred interest in herbal medicines
for managing UC. This study aimed to elucidate the protective mechanisms of hydroethanolic
extract from Lepidium apetalum Willdenow (LWE) on intestinal integrity and inflammation in a
dextran sodium sulfate (DSS)-induced colitis model of inflammatory bowel disease (IBD). Using
UPLC-MS/MS analysis, eleven phytochemicals were identified in LWE, including catechin, vicenin-2,
and quercetin. LWE restored transepithelial electrical resistance (TEER) and reduced paracellular
permeability in IL-6-stimulated Caco-2 cells, increasing the expression of the tight junction proteins
ZO-1 and occludin. LWE treatment alleviated DSS-induced colitis symptoms in mice, reducing body
weight loss, disease activity index values, and spleen size, while improving colon length and reducing
serum FITC-dextran levels, indicating enhanced intestinal barrier function. LWE suppressed NLRP3
inflammasome activation, reducing protein levels of pro-caspase-1, cleaved-caspase-1, ASC, and
NLRP3, as well as mRNA levels of IL-1β, IL-6, and TNF-α. LWE treatment upregulated activity
and mRNA levels of the antioxidant enzymes SOD1 and NQO1. Additionally, LWE modulated the
Nrf2/Keap1 pathway, increasing p-Nrf2 levels and decreasing Keap1 levels. LWE also restored goblet
cell numbers and reduced fibrosis in DSS-induced chronic colitis mice, increasing gene and protein
expressions of ZO-1 and occludin. In summary, LWE shows promise as a therapeutic intervention for
reducing tissue damage and inflammation by enhancing intestinal barrier function and inhibiting
colonic oxidative stress-induced inflammasome activation.

Keywords: Lepidium apetalum willdenow; ulcerative colitis; tight junction; oxidative stress; inflammasome

1. Introduction

Inflammatory bowel disease (IBD) encompasses chronic inflammatory conditions
affecting the gastrointestinal tract, including ulcerative colitis (UC) and Crohn’s disease
(CD) [1]. Hallmarks of IBD include chronic inflammation and disruptions in intestinal
barrier function [2]. Both UC and CD exhibit periods of active disease (flares) alternating
with periods of remission, leading to various symptoms and complications [3]. The exact
cause of IBD remains unclear, but is believed to involve a combination of genetic, envi-
ronmental, and immune system factors. Treatment aims to reduce inflammation, alleviate
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symptoms, and maintain remission through medications such as anti-inflammatory drugs,
immunosuppressants, biologics, and corticosteroids [4,5]. Lifestyle modifications, dietary
changes, and surgery may also be part of the treatment plan, tailored to the individual’s
specific needs and the disease severity [6,7].

In IBD, chronic inflammation in the gastrointestinal tract disrupts the structure and
function of tight junctions, increasing intestinal permeability [8,9]. This allows luminal
contents like bacteria, toxins, and food antigens to leak into underlying tissues, triggering
immune responses and further inflammation [10,11]. Dysfunctional tight junctions perpet-
uate inflammation by allowing luminal antigens to cross the intestinal barrier and interact
with immune cells in the gut mucosa [12,13]. This interaction activates immune pathways,
releases pro-inflammatory cytokines, and recruits inflammatory cells, exacerbating tissue
damage and inflammation. Studies have shown correlations between tight junction dys-
function and the severity, activity, and relapse of IBD in patients. Consequently, restoring
tight junction integrity and reducing intestinal permeability have emerged as potential ther-
apeutic strategies for managing IBD [14]. Pharmacological agents targeting tight junction
proteins or modulating tight junction function are being explored in preclinical and clinical
studies as potential treatments for IBD [15].

Pyroptosis is a type of programmed cell death that is associated with inflammation and
mediated by the activation of inflammasomes [16]. In response to various stimuli, such as
microbial pathogens, damage-associated molecular patterns, or cytokines, inflammasomes
become activated in immune cells, particularly macrophages and dendritic cells, within
the intestinal mucosa [17]. These multiprotein complexes play a central role in initiating
the inflammatory response. Upon activation, inflammasomes trigger caspase-1, a protease
enzyme involved in initiating pyroptosis and promoting the maturation and secretion of
pro-inflammatory cytokines, particularly interleukin (IL)-1β and IL-18 [18,19]. Dysregu-
lated inflammasome activation and pyroptosis have been implicated in the pathogenesis
and progression of IBD [20,21]. Excessive or dysregulated production of IL-1β and IL-18,
along with other pro-inflammatory mediators released during pyroptosis, can contribute
to mucosal inflammation, tissue damage, and the perpetuation of inflammation in the
gastrointestinal tract [21]. Recent studies suggest that targeting inflammasome activation
and pyroptosis may serve as a potential therapeutic strategy for managing IBD [22]. Re-
searchers are investigating pharmacological inhibitors targeting inflammasome components
or downstream effectors involved in pyroptosis to mitigate inflammation and tissue damage
in IBD [23].

The seeds of Lepidium apetalum Willdenow (LW), known as “Tinglizi” in China and
“Jungryukza” in Korea, have traditionally been utilized in Oriental medicine to alleviate
phlegm and edema [24]. Extracts from LW (LWE), containing compounds like helveti-
coside, linoleic acid, and olein, exhibit potential therapeutic effects. Notably, they have
demonstrated the ability to inhibit IL-6-mediated skin pigmentation [25]. Our study aims
to elucidate the protective mechanisms related to intestinal integrity and inflammation in
IBD, with a specific focus on tight junction-mediated intestinal permeability in dextran
sodium sulfate (DSS)-induced colitis.

2. Materials and Methods
2.1. Chemicals and Reagents

5-aminosalicylic acid (5-ASA), dextran sodium sulfate (DSS), and hematoxylin and
eosin (H&E) solutions were procured from Sigma Aldrich (St Louis, MO, USA) and MP
Biomedicals (Santa Ana, CA, USA), respectively. Enzyme-linked immunosorbent assay
(ELISA) kits for mouse interleukin (IL)-6 and tumor necrosis factor (TNF)-α, as well as
myeloperoxidase (MPO) activity, were obtained from eBioscience (San Diego, CA, USA)
and Thermo Fisher Scientific (Waltham, MA, USA), respectively. Superoxide Dismutase
activity assay kit was obtained from Cayman (Ann Arbor, MI, USA). RIPA lysis buffer
and phosphatase and protease inhibitor cocktails were sourced from Millipore (Darmstadt,
Germany) and Roche (Basel, Switzerland), respectively. Anti-ZO-1, anti-occludin, and



Antioxidants 2024, 13, 795 3 of 16

anti-claudin-2 antibodies were purchased from Thermo Fisher Scientific. Anti-NLRP3,
anti-ASC, anti-pro-caspase-1, anti-cleaved-caspase-1, and anti-GAPDH were purchased
from Cell Signaling Technology (Danvers, MA, USA). 5-ASA served as the positive control.

2.2. Preparation of Lepidium apetalum Willdenow (LW) Extract

The hydroethanolic extract of LW was obtained from the National Institute for Korean
Medicine Development (Gyeongsan, Republic of Korea). To prepare the extract, 1 kg of LW
was subjected to reflux extraction with 10 L of 70% ethanol in water for 3 h. The extract
was filtered through Whatman grade 2 filter paper (Whatman Limited, Maidstone, UK)
and dried using a vacuum freeze-dryer (Ilshin Biobase, Gyeonggi-do, Republic of Korea).
The resulting lyophilized LW powder (LWE) was stored at −20 ◦C until further use [26].

2.3. Chemical Profiling of LWE Using Ultra-High-Performance Liquid Chromatography–Tandem
Mass Spectrometry (UPLC-MS/MS)

To identify the constituents of LWE, we performed ultra-high-performance UPLC-
MS/MS analysis, following established protocols [27]. We used a Dionex UltiMate 3000 system
paired with a Thermo Q-Exactive mass spectrometer. Chromatographic separation was
achieved with an Acquity BEH C18 column (100 × 2.1 mm, 1.7 µm) using 0.1% formic acid
in water and acetonitrile. Data were acquired and analyzed using Xcalibur and TraceFinder
5.1 software (Thermo Fisher Scientific, Waltham, MA, USA). Reference standards such as
catechin, vicenin-2, sinapine, gentiopicroside, isoquercitrin, astragalin, sophoricoside, sco-
parone, quercetin, kaempferol, and isorhamnetin were procured from Targetmol (Wellesley
Hills, MA, USA).

2.4. In Vitro Study
2.4.1. Cell Culture and Viability Assay

For cell studies, Caco-2 cells (ATCC, Manassas, VA, USA) were cultured in DMEM
(HyClone, Logan, UT, USA) with 1% antibiotics (HyClone) at 37 ◦C in a 5% CO2 atmosphere.
The cells were seeded at a density of 1 × 105 cells/well, pretreated with various doses of
LW for 1 h, and then treated with 50 ng/mL IL-6 for an additional 24 h. Cell viability was
measured using the Cell Counting Kit-8 (Dojindo Molecular Technologies Inc., Rockville,
MD, USA). Absorbance was read at 450 nm with a VersaMax microplate reader (Molecular
Devices, Sunnyvale, CA, USA). Cell viability was calculated as the absorbance of the treated
sample divided by the absorbance of the vehicle control (%) [28].

2.4.2. Measurement of Transepithelial Electrical Resistance (TEER) and Epithelial
Paracellular Permeability

Caco-2 cells were seeded at a density of 1 × 105 cells/insert in polyethylene tereph-
thalate hanging cell culture inserts with a pore size of 0.4 µm in a 24-well plate (Millipore,
Bedford, MA, USA). The medium was refreshed every 2–3 days for 21 days to allow com-
plete differentiation. The cells were pretreated with varying concentrations of LW for
1 h and subsequently treated with 50 ng/mL IL-6. Electrical resistance was measured
in triplicate using a Millicell ERS-2 voltohmmeter (Millipore), with TEER assessed after
24 h of treatment and expressed as Ohm·cm2. Paracellular permeability was measured
using a non-absorbable FITC-conjugated dextran probe (FD-4). After 24 h of IL-6 and/or
LW treatment, 1 mg/mL FD-4 was added to the apical side, PBS to the basolateral side,
and the cells were incubated for 1 h at 37 ◦C. Absorbance on the basolateral side was
measured at excitation and emission wavelengths of 490 and 520 nm using a VersaMax
microplate reader [29].

2.4.3. Western Blot Analysis

Caco-2 cells were homogenized in RIPA lysis buffer with added phosphatase and
protease inhibitor. Protein content was quantified using a BCA assay kit (Bicinchoninic
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Acid, Waltham, MA, USA). Western blotting followed established protocols, allowing
detailed protein analysis [28].

2.5. In Vivo Study
2.5.1. Animal Group and Administrations

All animal experiments were approved by the Institutional Animal Care and Use
Committee of the Korea Institute of Oriental Medicine (KIOM-23-067) and followed their
guidelines. Six-week-old male C57/BL6 mice were obtained from DooYeol Biotech (Seoul,
Republic of Korea) and assigned to five groups: Control group (Con, n = 10), 5% DSS
(DSS, n = 10), 5% DSS + LW Low (LWL, n = 10), 5% DSS + LW High (LWH, n = 10),
and 5% DSS + 100 mg/kg 5-ASA, as positive control (ASA, n = 10). Colitis was induced
by administering 5% (wt/vol) DSS (MP Biomedicals, molecular weight 36,000–50,000) in
drinking water for 5 days, followed by 3 days of DSS-free water [9]. From the first day
of DSS administration, LW Low, LW High, or 5-ASA was orally given at the specific dose
daily, with mice weights recorded before administration. Post-experiment, the mice were
sacrificed, and colon length was measured and photographed for analysis [28,29].

2.5.2. Evaluation of the Disease Activity Index (DAI)

The body weight, stool condition, and presence of gross bleeding in the mice were
recorded daily to monitor disease severity throughout the experimental schedule (see
Table 1). The disease activity index (DAI) was calculated as the average of the scores for
[weight loss + stool condition + gross bleeding]/3 [30].

Table 1. Scoring System for Disease Activity Index (DAI).

DAI Score Weight Loss (%) Stool Condition Rectal Bleeding

0 None Normal None
1 1–5
2 5–10 Loose stools
3 10–20
4 >20 Diarrhea Gross bleeding

2.5.3. Quantification of In Vivo Epithelial Paracellular Permeability

On day 8, paracellular epithelial permeability was assessed using FD-4. Mice were
administered a 60 mg/100 g FD-4 solution. After 4 h, serum samples were collected, and
FD-4 content was measured at 490 nm excitation and 520 nm emission using a VersaMax
microplate reader [28,31].

2.5.4. Large-Intestine Endoscopy and Histological Analysis

On the same day, high-resolution images of the colons of the anesthetized mice were
captured using a mini-endoscope equipped with a visible light source (OLYMPUS, Tokyo,
Japan; 670 mm length, 2.8 mm diameter). Post-endoscopy, the mice were euthanized, and
whole blood and intestinal tissue were collected. Histopathological analysis was then
conducted on colon tissue sections stained with Hematoxylin and Eosin (H&E), Periodic
Acid-Schiff (PAS), and Masson’s trichrome solution [28,29].

2.5.5. ELISA for Activity of Myeloperoxidase (MPO) and Superoxide Dismutase (SOD) and
Levels of Interleukin (IL)-6 and Tumor Necrosis Factor (TNF)-α

Serum levels of IL-6 and TNF-α were measured using ELISA kits according to the man-
ufacturer’s protocols. Additionally, MPO and SOD activity was assessed in homogenized
colon tissue using MPO and Superoxide Dismutase activity assay kit [28,31].

2.5.6. Real-Time PCR for Colon Tissue

Colonic tissues were promptly frozen in liquid nitrogen and homogenized with Trizol
(Life Technologies, Carlsbad, CA, USA) to isolate the total RNA. The cDNA was synthesized
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using a RevertAid RT Reverse Transcription Kit (Thermo Fisher Scientific, Waltham, MA,
USA). Quantitative real-time PCR (qRT-PCR) was preformed using the FastSYBR mixture
(CWBIO) with specific primers, and expression levels were normalized to the GAPDH
reference gene [31].

2.5.7. Western Blot Analysis

The colonic tissues were homogenized using RIPA lysis buffer supplemented with
phosphatase and protease inhibitors. The protein content was quantified using a BCA
assay kit (Waltham, MA, USA). Western blotting was carried out according to previously
established methods [28].

2.6. Statistical Analysis

Statistical analysis was performed using GraphPad Prism 10 software (GraphPad
Software, San Diego, CA, USA). The data are expressed as the mean ± standard er-
ror of the mean of triplicate experiments. Statistical significance was determined using
ANOVA followed by Dunnett’s post hoc test, with p-values less than 0.05 considered
statistically significant.

3. Results
3.1. Eleven Phytochemicals of LWE Were Identified

UPLC-MS/MS is a precise analytical technique widely used for chemical profiling.
It stands out as one of the most accurate assays for characterizing active ingredients in
herbal medicine [32]. In our research, we employed UPLC-MS/MS analysis to identify
the components in LWE. Using retention time (Rt) and mass spectral data from reference
standards and previous studies (Table 2 and Figure 1), we detected several phytochemicals
in LWE, including catechin (No. 1), vicenin-2 (No. 2), sinapine (No. 3), gentiopicroside
(No. 4), isoquercitrin (No. 5), astragalin (No. 6), sophoricoside (No. 7), scoparone (No.
8), quercetin (No. 9), kaempferol (No. 10), and isorhamnetin (No. 11). We carefully
compared these identified compounds against the retention times and mass spectra of
reference standards.

Table 2. Characterization of Identified Compounds of Hydroethanolic Extract of Lepidium apetalum
Willdenow (LWE) via UPLC-MS/MS analysis.

No. Theoretical
(m/z)

Measured
(m/z)

Error
(ppm) Adduct Rt

(min) Formula Fragments
(m/z) Identifications

1 289.0718 289.0718 0.06 [M−H]− 5.12 C15H14O6 245, 179 Catechin
2 639.1567 639.1566 −0.1796 [M+HCO2]− 5.35 C27H30O15 - Vicenin-2
3 310.1649 310.165 0.35 [M]+ 5.37 C16H24NO5 251 Sinapine
4 401.1089 401.1087 −0.4883 [M+HCO2]− 5.89 C16H20O9 59, 89 Gentiopicroside
5 463.0882 463.0882 −0.0091 [M−H]− 6.77 C21H20O12 300 Isoquercitrin
6 447.0933 447.0932 −0.1774 [M−H]− 7.36 C21H20O11 284 Astragalin
7 477.1038 477.1034 −1.0207 [M+HCO2]− 7.55 C21H20O10 - Sophoricoside
8 207.0652 207.0654 1.1575 [M+H]+ 8.78 C11H10O4 119 Scoparone
9 301.0354 301.0353 −0.2364 [M−H]− 9.55 C15H10O7 151 Quercetin

10 285.0405 285.0405 0.1292 [M−H]− 11.01 C15H10O6 - Kaempferol
11 315.051 315.051 −0.1115 [M−H]− 11.29 C16H12O7 300, 271 Isorhamnetin

Rt, retention time; All compounds were identified by comparing their Rt and mass spectra with those of genuine
reference compounds.
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Figure 1. UPLC-MS/MS Analysis of the Hydroethanolic Extract of Lepidium apetalum Willdenow
(LWE). (A) Base peak chromatogram in negative and positive ion mode for LWE. (B) Extracted
ion chromatogram of LWE. The identified compounds are: 1, catechin; 2, vicenin-2; 3, sinap-
ine; 4, gentiopicroside; 5, isoquercitrin; 6, astragalin; 7, sophoricoside; 8, scoparone; 9, quercetin;
10, kaempferol; and 11, isorhamnetin.

3.2. Impact of LWE on Intestinal Barrier Function in a Barrier Model In Vitro

Next, we evaluated the effect of LWE on TEER in differentiated Caco-2 cells exposed
to inflammatory stimulation (Figure 2). Notably, LWE alone did not affect Caco-2 cell
viability (Figure 2A). When combined with IL-6 treatment, LWE maintained comparable
outcomes (Figure 2A). IL-6 exposure resulted in a 57% reduction in Caco-2 TEER from the
baseline value, whereas LWE concentration dependently restored Caco-2 TEER, starting at
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12.5 µg/mL (Figure 2B). To examine paracellular permeability, we measured the flux of fluo-
rescent molecules across the Caco-2 monolayers. Our data indicated that IL-6 increased dex-
tran permeability by 142%, while LWE reduced permeability in a concentration-dependent
manner starting at 12.5 µg/mL (Figure 2C). Furthermore, LWE restored the levels of tight
junction (TJ) proteins ZO-1 and occludin in Caco-2 cells (Figure 2D–F).
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Figure 2. Effect of Hydroethanolic Extract of Lepidium apetalum Willdenow (LWE) on the intestinal
barrier function of Caco-2 cells. (A) Cell viability post-treatment with LWE alone or in combination
with IL-6. (B) Transepithelial electrical resistance (TEER). (C) Epithelial paracellular permeability.
(D) Representative expression of zonula occludens (ZO)-1 and occludin. Densitometry for (E) ZO-1,
(F) occludin. Cells were pretreated with various concentrations of LWE for 1 h followed by treatment
with 50 ng/mL IL-6 for an additional 24 h. Cell viability was determined using the Cell Counting
Kit-8 and is expressed as a percentage relative to the control. TEER values were used to analyze
intestinal barrier integrity, and paracellular permeability was determined using a non-resorbable
FITC-conjugated dextran probe (FD-4). Protein expression was measured by Western blot analysis,
with GAPDH used as the protein-loading control. Results are presented as the mean ± standard
error of the mean of three independent experiments vs. the Control. Significance levels are indicated
as follows: ## p < 0.01, ### p < 0.001; * p < 0.05, ** p < 0.01 and *** p < 0.001 vs. the IL-6-treated group.

3.3. LWE Improves Clinical Symptoms of DSS-Induced Acute Colitis

To assess the therapeutic efficacy of LWE in colitis, we induced colitis in the mice
by administering 5% DSS for 5 days followed by water for 3 days while simultaneously
administering LWE or 5-ASA orally as a positive control (Figure 3A). The DSS-exposed
group exhibited continuous body weight loss, severe diarrhea, and fecal occult blood
compared to the control group. However, mice treated with 5-ASA and LWE experienced
less body weight loss compared to the DSS group. Notable differences in DAI values were
observed between the DSS group and the LWE and 5-ASA groups (Figure 3B,C). Moreover,
the DSS group demonstrated shorter colon lengths and larger spleen sizes compared to the
control group. Conversely, the 5-ASA, LWE-L, and LWE-H groups exhibited significantly
longer colon lengths than the DSS group (Figure 3D,E). The LWE-treated groups also
displayed reduced spleen sizes compared to the DSS group (Figure 3D). Compared to
the control group, the serum FITC-dextran content significantly increased in the DSS



Antioxidants 2024, 13, 795 8 of 16

group but decreased in the LWE-L, LWE-H, and 5-ASA treatment groups, respectively
(Figure 3F). Histologically, the control group exhibited orderly arranged epithelial cells
without injury or inflammatory cell infiltration (observed through endoscopy and H&E
staining) (Figure 4). In contrast, the DSS group showed a significant decrease in the height
and thickness of colonic villi and increased inflammatory cell infiltration in the mucous
membrane (Figure 4). In the LWE groups, both the average colon villus height and thickness
increased, and the number of infiltrating inflammatory cells in the mucous membrane
decreased (Figure 4). Furthermore, both LWE and 5-ASA were more effective than the DSS
group at reducing histopathological damage, indicating that oral administration of LWE
can prevent DSS-induced colonic tissue damage by significantly reversing the increase in
intestinal permeability.
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Figure 3. Therapeutic Effect of the Hydroethanolic Extract of Lepidium apetalum Willdenow (LWE) in
Dextran Sodium Sulfate (DSS)-Induced acute colitis mice. (A) Experimental protocol for the animal
study. (B) Body weight. (C) Disease activity index. (D,E) Comparison of colon length and spleen size
(F) Serum FITC-dextran permeability. Prior to DSS treatment, mice were orally administered with
LWE (100 or 200 mg/kg) or 5-aminosalicylic acid (5-ASA, 100 mg/kg). Body weight was monitored
before the administration of LWE or 5-ASA during the experimental period. The length of the
large intestine was measured after it was isolated from the sacrificed mouse. Epithelial paracellular
permeability was measured using FD-4. Results are expressed as the mean ± standard error of
the mean of each mouse in the same group. ### p < 0.001 vs. control group, * p < 0.05, ** p < 0.01,
*** p < 0.001 vs. DSS treatment group.
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Figure 4. Effects of Lepidium apetalum Willdenow (LWE) on Histopathological Changes in Colon
Tissues of Dextran Sodium Sulfate (DSS)-Induced Colitis Mice. Endoscopy and hematoxylin- and
eosin (H&E)-stained images. Evaluation of DSS-induced mucosal damage using a mini-endoscope
and H&E staining on day 8 of the experiment. Representative images are shown. The arrows are
damage regions and squares are the enlarged part at 20× magnification. Magnification ×200.

3.4. LWE Alleviates MPO Activity and Modulates Pro-Inflammatory Cytokine Levels

We evaluated the impact of LWE on DSS-induced MPO-mediated oxidative injury
in colon tissues. Our results revealed that DSS-administered mice exhibited significantly
higher peroxidation activities compared to the control group (Figure 5A). However, these
effects were markedly reduced in the LWE treatment groups (Figure 5A). Additionally,
we measured serum levels of IL-6 and TNF-α, which were elevated in DSS-administered
mice compared to the control mice (Figure 5B,C). In contrast, the serum levels and of IL-6
and TNF-α were significantly lower in those treated with LWE compared to DSS alone
(Figure 5B,C). This result indicated that LWE treatment correlates with reduced oxidative
stress markers (peroxidation activities) and inflammatory cytokine levels (IL-6 and TNF-α)
in mice with DSS-induced colitis.
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Figure 5. The Effects of Hydroethanolic Extract of Lepidium apetalum Willdenow (LWE) on Myeloper-
oxidase (MPO) Activities and Pro-inflammatory Cytokines Levels of Dextran Sodium Sulfate (DSS)-
Induced acute colitis mice. (A) MPO activities in colon tissue. MPO activity was calculated using an
MPO activity assay kit. Serum levels of (B) interleukin (IL)-6 and (C) tumor necrosis factor (TNF)-α as
determined by enzyme-linked immunosorbent assay. Results are expressed as the mean ± standard
error of the mean of each mouse in the same group, ## p < 0.01 and ### p < 0.001 vs. the control group,
* p < 0.05, ** p < 0.01 and *** p < 0.001 vs. the DSS-treated group.
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3.5. LWE Improves DSS-Induced Abnormal Protein and mRNA Expression of NLRP3
Inflammasome-Related Factors in the Colon

The NLRP3 inflammasome plays a crucial role in DSS-induced murine colitis [18]. LWE
significantly relieved acute colitis in mice. As shown in Figure 6A, LWE inhibited protein
levels of pro-caspase-1, cleaved-caspase-1 (caspase-1 p10), ASC, and NLRP3 in colon
tissues, indicating its protective effects through NLRP3 downregulation (Figure 6A–E).
Additionally, LWE suppressed DSS-induced mRNA levels of IL-1β, IL-6, and TNF-α
(Figure 6F–H). These findings collectively suggest that LWE effectively suppresses NLRP3
inflammasome activation in vivo.
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Figure 6. Activation of the NLRP3 Inflammasome in Dextran Sodium Sulfate (DSS)-Induced acute
colitis mice by Hydroethanolic Extract of Lepidium apetalum Willdenow (LWE). (A) Representative
expression of NLRP3, ASC, pro-caspase-1, and cleaved-caspase-1 expression. Densitometery for
(B) NLRP3, (C) ASC, (D) Pro-Caspase-1, and (E) cleaved-Caspase-1 protein expression. Representative
expression for (F) Interleukin (IL)-1β, (G) IL-6, and (H) tumor necrosis factor (TNF)-α mRNA
expression. Results are expressed as the mean ± standard error of the mean of each mouse in the
same group. Significance levels are indicated as follows: # p < 0.05, ## p < 0.01 and ### p < 0.001 vs.
the control group, * p < 0.05, ** p < 0.01 and *** p < 0.001 vs. the DSS-treated group.

3.6. LWE Alleviates Oxidative Stress in DSS-Induced Acute Colitis Mice by Activating Nrf2

To assess LWE’s impact on oxidative stress and the antioxidant defense system in colon
tissue, we measured activity of SOD and mRNA levels of SOD1 and NQO1. Notably, these
levels were significantly lower in the DSS-administered group than in the control group
(Figure 7A–C). However, mice treated with a low dose of LWE exhibited higher SOD1 and
NQO1 mRNA levels compared to the DSS-treated group (Figure 7B,C). Figure 7C illustrates
LWE’s effect on the Nrf2/Keap1 pathway an upstream regulator of antioxidant enzymes
via Western blot analysis. The DSS-induced mice had increased colonic Keap1 protein
levels and decreased p-Nrf2 protein levels compared to the control mice (Figure 7D–F).
However, LWE reversed this trend, decreasing Keap1 expression and increasing p-Nrf2
levels (Figure 7D–F). 5-ASA treatment had a similar effect, upregulating p-Nrf2 and down-
regulating Keap1 (Figure 7D–F). Furthermore, the mice exhibited similarly high expression
levels of p-Nrf2 in consistency with mRNA results in treated with a low dose of LWE
(Figure 7A–C), which may be attributed to specific conditions such as individual differ-
ences in experimental animals and in gene expression.
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Figure 7. Effects of Hydroethanolic Extract of Lepidium apetalum Willdenow (LWE) on Oxidative Stress
by Activating Nrf2 in Dextran Sodium Sulfate (DSS)-Induced acute colitis mice. Densitometery for
(A) superoxide dismutase (SOD) activity and (B) SOD1 and (C) NAD(P)H quinone dehydrogenase
(NQO) 1 mRNA expression. (D) Representative expression for p-Nrf2, Nrf2 and Keap1 proteins.
Densitometery for (E) p-Nrf2/Nrf2, and (F) Keap1 protein expression. Results are expressed as the
mean ± standard error of the mean of each mouse in the same group. Significance levels are indicated
as follows: ## p < 0.01 and ### p < 0.001 vs. the control group, * p < 0.05, ** p < 0.01 and *** p < 0.001
vs. the DSS-treated group.

3.7. LWE Restores the Intestinal Barrier Structure and Mucosal Integrity in DSS-Induced Acute
Colitis Mice

We assessed histopathological changes in DSS-induced UC and observed more pro-
nounced fibrosis severity and goblet cell loss in the DSS group compared to the control
group. Figure 8A shows PAS staining revealing purple-labeled goblet cells in mouse colon
tissue. The DSS-treated mice exhibited fewer goblet cells than the control mice; under LWE
treatment, the number of goblet cells increased compared to the DSS group. Additionally,
the degree of fibrosis significantly decreased in the LWE-treated groups (Figure 8B). We
also analyzed the gene and protein expressions of ZO-1 and occludin. The results indicated
a significant reduction in ZO-1 and occludin gene and protein expressions in the DSS group
compared to the control group (Figure 9). However, in the LWE-treated group, both gene
and protein expressions of ZO-1 and occludin were significantly higher than in the DSS
group (Figure 9).
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Figure 8. Effects of Hydroethanolic Extract of Lepidium apetalum Willdenow (LWE) on Intestinal Mucosal
Injury Fibrosis in Dextran Sodium Sulfate (DSS)-Induced acute colitis mice. (A) Periodic Acid Schiff
(PAS) staining for colonic goblet cells. (B) Masson trichromatic (MT) staining of colon tissue. Evaluation
of DSS-induced mucosal damage using PAS and MT staining on day 8 of the experiment. Representative
images are shown. The squares are the enlarged part at 20× magnification. Magnification ×200.
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Figure 9. The Protective Effects of Hydroethanolic Extract of Lepidium apetalum Willdenow (LWE) on Tight
Junctions in Mice Colon tissue of Dextran Sodium Sulfate (DSS)-induced acute colitis mice. Densitometer
for (A) zonula occludens (ZO)-1 and (B) Occludin mRNA expression. (C) Representative expression of ZO-
1 and occludin as determined by Western blot analysis. GAPDH was used as the protein-loading control.
Densitometery for (D) ZO-1, and (E) Occludin. The results are presented as the mean ± standard error of
the means of three independent experiments. Significance levels are indicated as follows: ### p < 0.001 vs.
the control group; * p < 0.05, ** p < 0.01 and *** p < 0.001 vs. the DSS-treated group.



Antioxidants 2024, 13, 795 13 of 16

4. Discussion

IBD, characterized by recurrent gastrointestinal tract inflammation due to abnormal
immune responses, poses treatment challenges with current drugs. These drugs often have
side effects and require long treatment durations [33,34]. Traditional herbal medicine has
emerged as a potential alternative, known for its preventive and therapeutic benefits across
various diseases, including IBD [35,36]. One such herbal remedy is the hydroethanolic
extract of Lepidium apetalum Willdenow (LWE), commonly used in Korea. LWE is recog-
nized for its pharmacological effects, particularly its anti-inflammatory properties [24,25].
However, its impact on IBD remains uncertain. Our study aimed to assess LWE’s phar-
macological effects on Interleukin (IL)-6-induced barrier dysfunction in Caco-2 cells and
DSS-induced UC in mice, focusing on antioxidant effects and intestinal barrier permeability.

First, LWE effectively restored the integrity of the intestinal barrier, as evidenced by
increased TEER, reduced permeability, and elevated levels of TJ proteins ZO-1 and occludin
in Caco-2 cells. This restoration is crucial in preventing the translocation of luminal antigens
that exacerbate inflammation. Second, we utilized a DSS-induced colitis mouse model to
assess LWE’s impact on UC. This model closely mirrors the hallmark symptoms of human
UC, including weight loss, severe diarrhea, bloody stool, intestinal mucosal ulceration, and
colon shortening, closely resembling those observed in human UC.

We examined the effect of LWE on UC in mice. The mice were given drinking water
fortified with 5% DSS. We observed that mice treated with DSS began losing weight from
the fifth day, while those treated with LWE started showing significant weight loss from the
eighth day. The DAI, a measure of UC severity, was notably reduced in the LWE-treated
group. Additionally, LWE treatment mitigated colon shortening and spleen enlargement,
common symptoms of UC. Upon conducting endoscopy and histological analysis of the
colonic mucosa, we found that LWE offered protection against damage to various layers of
the colon (mucosa, submucosa, muscularis, and serosa) inflicted by DSS treatment. This
suggests a significant improvement in DSS-induced UC symptoms upon LWE administra-
tion. Oral administration of DSS typically results in severe colonic mucosa damage, leading
to increased intestinal permeability, mucosal hypertrophy, inflammatory cell infiltration,
and intense intestinal inflammation. Inflammatory cytokines and mediators such as IL-1β,
IL-6, and TNF-α are pivotal in initiating and sustaining colitis [28,31,37]. Our findings
indicate that the LWE-treated group exhibited a decrease in inflammatory cell infiltration
and inflammatory factors compared to the DSS-treated group. This improvement is likely
due to the preservation of intestinal barrier integrity facilitated by LWE administration.

The intestinal barrier, a crucial structure separating the lumen from the external
environment, is maintained by TJ. These TJs consist of various transmembrane proteins
linked to cytoplasmic adapters [8,38]. These adapters enable attachment to adjacent cells
and control the passage of water, ions, and other substances [39]. Higher levels of TJ
proteins can preserve the structural integrity of the intestinal barrier, thereby helping to
prevent colitis [40]. LWE enhances the antioxidant defense system by increasing SOD
activity and the expression of antioxidant enzymes [41]. By activating the Nrf2/Keap1
pathway, LWE offers robust protection against oxidative stress, significantly contributing
to the progression of colitis [42,43].

Our UPLC-MS/MS analysis identified eleven phytochemicals in LWE, including
catechin, vicenin-2, and quercetin. These compounds have shown potential benefits in
managing colitis and alleviating oxidative stress and inflammation [44,45]. They restore
TEER, reduce paracellular permeability, and improve colitis-related symptoms in animal
models. These improvements include reduced body weight loss, DAI values, and spleen
size, as well as improved colon length and reduced serum FITC-dextran levels. Further-
more, these phytochemicals have antioxidant properties that effectively fight the oxidative
stress associated with colitis by raising GSH levels and improving SOD activity in colon
tissues. They upregulate antioxidant enzymes such as SOD1 and NQO1, contributing
to cellular defense against oxidative damage [46,47]. Also, these compounds possess
anti-inflammatory properties, suppressing inflammatory pathways involved in colitis and
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inhibiting the NLRP3 inflammasome, thereby reducing pro-inflammatory cytokines like
IL-1β, IL-6, and TNF-α [48]. This modulation of inflammatory responses helps to alle-
viate tissue damage and inflammation severity associated with colitis [49]. In summary,
catechin, vicenin-2, and quercetin present promising therapeutic potential in managing
colitis by addressing oxidative stress and inflammation while promoting intestinal barrier
integrity [50,51]. Our results suggest that LWE improves intestinal barrier integrity by
preventing damage to TJs and preserving the mucus layer. Moreover, LWE appears to
reduce inflammatory cell infiltration in colon tissue and decrease the mRNA expression of
inflammatory factors.

5. Conclusions

LWE exhibits significant therapeutic potential for treating DSS-induced colitis by
restoring intestinal barrier function, lowering inflammation, reducing oxidative stress,
and improving the histopathological outcomes. Further research, including to address
this gap by incorporating a treatment group that receives only LWE, thereby enabling
a comprehensive assessment of its in vivo effects and clinical trials, is necessary to fully
establish the efficacy and safety of LWE for treating IBD.

Author Contributions: Conceptualization, K.-Y.K. and Y.-H.H.; Validation, K.-Y.K., Y.-M.K., Y.-J.K.
and K.-H.K.; Formal analysis, A.L.; Investigation, K.-Y.K., Y.-M.K., Y.-J.K. and K.-H.K.;
Writing—original draft, K.-Y.K.; Visualization, K.-Y.K., Y.-M.K., Y.-J.K. and K.-H.K.; Methodology,
Y.-M.K., Y.-J.K. and K.-H.K.; Writing—review and editing, Y.-H.H.; Supervision, K.-Y.K. and Y.-
H.H.; Funding acquisition, Y.-H.H. All authors have read and agreed to the published version of
the manuscript.

Funding: This study was supported by the Korea Institute of Oriental Medicine (grant No. KSN2213020).

Institutional Review Board Statement: This study was approved by the Institutional Animal
Care and Use Committee of the Korea Institute of Oriental Medicine (KIOM-23-067) and followed
their guidelines.

Informed Consent Statement: Not applicable.

Data Availability Statement: All the data supporting the results were shown in the paper, and can
be obtained from the corresponding author.

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

References
1. Mulder, D.J.; Noble, A.J.; Justinich, C.J.; Duffin, J.M. A tale of two diseases: The history of inflammatory bowel disease. J. Crohns

Colitis 2014, 8, 341–348. [CrossRef] [PubMed]
2. Torres, J.; Mehandru, S.; Colombel, J.F.; Peyrin-Biroulet, L. Crohn’s disease. Lancet 2017, 389, 1741–1755. [CrossRef] [PubMed]
3. Ungaro, R.; Mehandru, S.; Allen, P.B.; Peyrin-Biroulet, L.; Colombel, J.F. Ulcerative colitis. Lancet 2017, 389, 1756–1770. [CrossRef]

[PubMed]
4. Zhang, Y.Z.; Li, Y.Y. Inflammatory bowel disease: Pathogenesis. World J. Gastroenterol. 2014, 20, 91–99. [CrossRef]
5. Lamb, C.A.; Kennedy, N.A.; Raine, T.; Hendy, P.A.; Smith, P.J.; Limdi, J.K.; Hayee, B.; Lomer, M.C.E.; Parkes, G.C.; Selinger, C.;

et al. British Society of Gastroenterology consensus guidelines on the management of inflammatory bowel disease in adults. Gut
2019, 68, s1–s106. [CrossRef] [PubMed]

6. Kaplan, G.G. The global burden of IBD: From 2015 to 2025. Nat. Rev. Gastroenterol. Hepatol. 2015, 12, 720–727. [CrossRef]
[PubMed]

7. Harbord, M.; Eliakim, R.; Bettenworth, D.; Karmiris, K.; Katsanos, K.; Kopylov, U.; Kucharzik, T.; Molnar, T.; Raine, T.; Sebastian,
S.; et al. Third European Evidence-based Consensus on Diagnosis and Management of Ulcerative Colitis. Part 2: Current
Management. J. Crohns Colitis 2017, 11, 769–784. [CrossRef]

8. Turner, J.R. Intestinal mucosal barrier function in health and disease. Nat. Rev. Immunol. 2009, 9, 799–809. [CrossRef]
9. Melmed, G.Y.; Abreu, M.T. New insights into the pathogenesis of inflammatory bowel disease. Curr. Gastroenterol. Rep. 2004, 6,

474–481. [CrossRef]
10. Vancamelbeke, M.; Vermeire, S. The intestinal barrier: A fundamental role in health and disease. Expert. Rev. Gastroenterol. Hepatol.

2017, 11, 821–834. [CrossRef]
11. Mankertz, J.; Schulzke, J.D. Altered permeability in inflammatory bowel disease: Pathophysiology and clinical implications. Curr.

Opin. Gastroenterol. 2007, 23, 379–383. [CrossRef] [PubMed]

https://doi.org/10.1016/j.crohns.2013.09.009
https://www.ncbi.nlm.nih.gov/pubmed/24094598
https://doi.org/10.1016/S0140-6736(16)31711-1
https://www.ncbi.nlm.nih.gov/pubmed/27914655
https://doi.org/10.1016/S0140-6736(16)32126-2
https://www.ncbi.nlm.nih.gov/pubmed/27914657
https://doi.org/10.3748/wjg.v20.i1.91
https://doi.org/10.1136/gutjnl-2019-318484
https://www.ncbi.nlm.nih.gov/pubmed/31562236
https://doi.org/10.1038/nrgastro.2015.150
https://www.ncbi.nlm.nih.gov/pubmed/26323879
https://doi.org/10.1093/ecco-jcc/jjx009
https://doi.org/10.1038/nri2653
https://doi.org/10.1007/s11894-004-0069-3
https://doi.org/10.1080/17474124.2017.1343143
https://doi.org/10.1097/MOG.0b013e32816aa392
https://www.ncbi.nlm.nih.gov/pubmed/17545772


Antioxidants 2024, 13, 795 15 of 16

12. Keita, A.V.; Soderholm, J.D. The intestinal barrier and its regulation by neuroimmune factors. Neurogastroenterol. Motil. 2010, 22,
718–733. [CrossRef]

13. Kucharzik, T.; Walsh, S.V.; Chen, J.; Parkos, C.A.; Nusrat, A. Neutrophil transmigration in inflammatory bowel disease is
associated with differential expression of epithelial intercellular junction proteins. Am. J. Pathol. 2001, 159, 2001–2009. [CrossRef]

14. Kuo, W.T.; Zuo, L.; Odenwald, M.A.; Madha, S.; Singh, G.; Gurniak, C.B.; Abraham, C.; Turner, J.R. The Tight Junction Protein ZO-1
Is Dispensable for Barrier Function but Critical for Effective Mucosal Repair. Gastroenterology 2021, 161, 1924–1939. [CrossRef]

15. Su, L.; Shen, L.; Clayburgh, D.R.; Nalle, S.C.; Sullivan, E.A.; Meddings, J.B.; Abraham, C.; Turner, J.R. Targeted epithelial tight
junction dysfunction causes immune activation and contributes to development of experimental colitis. Gastroenterology 2009, 136,
551–563. [CrossRef]

16. Jorgensen, I.; Miao, E.A. Pyroptotic cell death defends against intracellular pathogens. Immunol. Rev. 2015, 265, 130–142.
[CrossRef] [PubMed]

17. Broz, P.; Dixit, V.M. Inflammasomes: Mechanism of assembly regulation and signalling. Nat. Rev. Immunol. 2016, 16, 407–420.
[CrossRef] [PubMed]

18. Zhen, Y.; Zhang, H. NLRP3 Inflammasome and Inflammatory Bowel Disease. Front. Immunol. 2019, 10, 276. [CrossRef] [PubMed]
19. Guo, H.; Callaway, J.B.; Ting, J.P. Inflammasomes: Mechanism of action. role in disease, and therapeutics. Nat. Med. 2015, 21,

677–687. [CrossRef]
20. Dinarello, C.A. Interleukin-1 in the pathogenesis and treatment of inflammatory diseases. Blood 2011, 117, 3720–3732. [CrossRef]
21. Vanaja, S.K.; Rathinam, V.A.; Fitzgerald, K.A. Mechanisms of inflammasome activation: Recent advances and novel insights.

Trends Cell Biol. 2015, 25, 308–315. [CrossRef] [PubMed]
22. Bauer, C.; Duewell, P.; Mayer, C.; Lehr, H.A.; Fitzgerald, K.A.; Dauer, M.; Tschopp, J.; Endres, S.; Latz, E.; Schnurr, M. Colitis

induced in mice with dextran sulfate sodium (DSS) is mediated by the NLRP3 inflammasome. Gut 2010, 59, 1192–1199. [CrossRef]
[PubMed]

23. Zaki, M.H.; Boyd, K.L.; Vogel, P.; Kastan, M.B.; Lamkanfi, M.; Kanneganti, T.D. The NLRP3 inflammasome protects against loss of
epithelial integrity and mortality during experimental colitis. Immunity 2010, 32, 379–391. [CrossRef] [PubMed]

24. Kim, S.J.; Kim, H.Y.; Lee, Y.J.; Cui, H.Z.; Jang, J.Y.; Kang, D.G.; Lee, H.S. Ethanol Extract of Lepidium apetalum Seed Elicits
Contractile Response and Attenuates Atrial Natriuretic Peptide Secretion in Beating Rabbit Atria. Evid. Based Complement. Altern.
Med. 2013, 2013, 404713. [CrossRef] [PubMed]

25. Choi, H.; Ahn, S.; Lee, B.G.; Chang, I.; Hwang, J.S. Inhibition of skin pigmentation by an extract of Lepidium apetalum and its
possible implication in IL-6 mediated signaling. Pigment. Cell Res. 2005, 18, 439–446. [CrossRef] [PubMed]

26. Lee, A.; Chung, Y.C.; Kim, K.Y.; Jang, C.H.; Song, K.H.; Hwang, Y.H. Hydroethanolic Extract of Fritillariae thunbergii Bulbus
Alleviates Dextran Sulfate Sodium-Induced Ulcerative Colitis by Enhancing Intestinal Barrier Integrity. Nutrients 2023, 15, 2810.
[CrossRef] [PubMed]

27. Hwang, Y.H.; Jang, S.A.; Kim, T.; Ha, H. Anti-osteoporotic and Anti-adipogenic Effects of Rhus chinensis Nutgalls in Ovariec-
tomized Mice Fed with a High-fat Diet. Planta Med. 2019, 85, 1128–1135. [CrossRef] [PubMed]

28. Kim, Y.J.; Kim, H.H.; Shin, C.S.; Yoon, J.W.; Jeon, S.M.; Song, Y.H.; Kim, K.Y.; Kim, K. 2’-Fucosyllactose and 3-Fucosyllactose
Alleviates Interleukin-6-Induced Barrier Dysfunction and Dextran Sodium Sulfate-Induced Colitis by Improving Intestinal Barrier
Function and Modulating the Intestinal Microbiome. Nutrients 2023, 15, 1845. [CrossRef] [PubMed]

29. Kim, K.Y.; Oh, T.W.; Do, H.J.; Yang, J.H.; Yang, I.J.; Jeon, Y.H.; Go, Y.H.; Ahn, S.C.; Ma, J.Y.; Park, K.I. Acer palmatum thumb.
Ethanol Extract Alleviates Interleukin-6-Induced Barrier Dysfunction and Dextran Sodium Sulfate-Induced Colitis by Improving
Intestinal Barrier Function and Reducing Inflammation. J. Immunol. Res. 2018, 2018, 5718396. [CrossRef]

30. Yang, Y.J.; Kim, M.J.; Lee, H.J.; Lee, W.Y.; Yang, J.H.; Kim, H.H.; Shim, M.S.; Heo, J.W.; Son, J.D.; Kim, W.H.; et al. Ziziphus jujuba
Miller Ethanol Extract Restores Disrupted Intestinal Barrier Function via Tight Junction Recovery and Reduces Inflammation.
Antioxidants 2024, 13, 575. [CrossRef]

31. Kim, K.Y.; Son, J.D.; Hwang, S.J.; Lee, J.K.; Park, J.Y.; Park, K.I.; Oh, T.W. Fermented Glutinous Rice Extract Mitigates DSS-Induced
Ulcerative Colitis by Alleviating Intestinal Barrier Function and Improving Gut Microbiota and Inflammation. Antioxidants 2023,
12, 336. [CrossRef]

32. Schymanski, E.L.; Jeon, J.; Gulde, R.; Fenner, K.; Ruff, M.; Singer, H.P.; Hollender, J. Identifying small molecules via high resolution
mass spectrometry: Communicating confidence. Environ. Sci. Technol. 2014, 48, 2097–2098. [CrossRef]

33. Ng, S.C.; Shi, H.Y.; Hamidi, N.; Underwood, F.E.; Tang, W.; Benchimol, E.I.; Panaccione, R.; Ghosh, S.; Wu, J.C.Y.; Chan, F.K.L.; et al.
Worldwide incidence and prevalence of inflammatory bowel disease in the 21st century: A systematic review of population-based
studies. Lancet 2017, 390, 2769–2778. [CrossRef]

34. Baumgart, D.C.; Sandborn, W.J. Crohn’s disease. Lancet 2012, 380, 1590–1605. [CrossRef]
35. Teschke, R.; Wolff, A.; Frenzel, C.; Eickhoff, A.; Schulze, J. Herbal traditional Chinese medicine and its evidence base in

gastrointestinal disorders. World J. Gastroenterol. 2015, 21, 4466–4490. [CrossRef]
36. Choi, N.R.; Kwon, M.J.; Choi, W.G.; Kim, S.C.; Park, J.W.; Nam, J.H.; Kim, B.J. The traditional herbal medicines mixture,

Banhasasim-tang, relieves the symptoms of irritable bowel syndrome via modulation of TRPA1, NaV1.5 and NaV1.7 channels. J.
Ethnopharmacol. 2023, 312, 116499. [CrossRef]

37. Wirtz, S.; Neufert, C.; Weigmann, B.; Neurath, M.F. Chemically induced mouse models of intestinal inflammation. Nat. Protoc.
2007, 2, 541–546. [CrossRef]

https://doi.org/10.1111/j.1365-2982.2010.01498.x
https://doi.org/10.1016/S0002-9440(10)63051-9
https://doi.org/10.1053/j.gastro.2021.08.047
https://doi.org/10.1053/j.gastro.2008.10.081
https://doi.org/10.1111/imr.12287
https://www.ncbi.nlm.nih.gov/pubmed/25879289
https://doi.org/10.1038/nri.2016.58
https://www.ncbi.nlm.nih.gov/pubmed/27291964
https://doi.org/10.3389/fimmu.2019.00276
https://www.ncbi.nlm.nih.gov/pubmed/30873162
https://doi.org/10.1038/nm.3893
https://doi.org/10.1182/blood-2010-07-273417
https://doi.org/10.1016/j.tcb.2014.12.009
https://www.ncbi.nlm.nih.gov/pubmed/25639489
https://doi.org/10.1136/gut.2009.197822
https://www.ncbi.nlm.nih.gov/pubmed/20442201
https://doi.org/10.1016/j.immuni.2010.03.003
https://www.ncbi.nlm.nih.gov/pubmed/20303296
https://doi.org/10.1155/2013/404713
https://www.ncbi.nlm.nih.gov/pubmed/24288558
https://doi.org/10.1111/j.1600-0749.2005.00266.x
https://www.ncbi.nlm.nih.gov/pubmed/16280009
https://doi.org/10.3390/nu15122810
https://www.ncbi.nlm.nih.gov/pubmed/37375714
https://doi.org/10.1055/a-0989-2585
https://www.ncbi.nlm.nih.gov/pubmed/31408887
https://doi.org/10.3390/nu15081845
https://www.ncbi.nlm.nih.gov/pubmed/37111064
https://doi.org/10.1155/2018/5718396
https://doi.org/10.3390/antiox13050575
https://doi.org/10.3390/antiox12020336
https://doi.org/10.1021/es5002105
https://doi.org/10.1016/S0140-6736(17)32448-0
https://doi.org/10.1016/S0140-6736(12)60026-9
https://doi.org/10.3748/wjg.v21.i15.4466
https://doi.org/10.1016/j.jep.2023.116499
https://doi.org/10.1038/nprot.2007.41


Antioxidants 2024, 13, 795 16 of 16

38. Groschwitz, K.R.; Hogan, S.P. Intestinal barrier function: Molecular regulation and disease pathogenesis. J. Allergy Clin. Immunol.
2009, 124, 3–20; quiz 21–22. [CrossRef]

39. Panwar, S.; Sharma, S.; Tripathi, P. Role of Barrier Integrity and Dysfunctions in Maintaining the Healthy Gut and Their Health
Outcomes. Front. Physiol. 2021, 12, 715611. [CrossRef] [PubMed]

40. Chelakkot, C.; Ghim, J.; Ryu, S.H. Mechanisms regulating intestinal barrier integrity and its pathological implications. Exp. Mol.
Med. 2018, 50, 1–9. [CrossRef] [PubMed]

41. Dziabowska-Grabias, K.; Sztanke, M.; Zajac, P.; Celejewski, M.; Kurek, K.; Szkutnicki, S.; Korga, P.; Bulikowski, W.; Sztanke, K.
Antioxidant Therapy in Inflammatory Bowel Diseases. Antioxidants 2021, 10, 412. [CrossRef] [PubMed]

42. Suh, J.H.; Shenvi, S.V.; Dixon, B.M.; Liu, H.; Jaiswal, A.K.; Liu, R.M.; Hagen, T.M. Decline in transcriptional activity of Nrf2 causes
age-related loss of glutathione synthesis. which is reversible with lipoic acid. Proc. Natl. Acad. Sci. USA 2004, 101, 3381–3386.
[CrossRef]

43. Taguchi, K.; Motohashi, H.; Yamamoto, M. Molecular mechanisms of the Keap1-Nrf2 pathway in stress response and cancer
evolution. Genes. Cells 2011, 16, 123–140. [CrossRef]

44. Chagas, M.; Behrens, M.D.; Moragas-Tellis, C.J.; Penedo, G.X.M.; Silva, A.R.; Goncalves-de-Albuquerque, C.F. Flavonols and
Flavones as Potential anti-Inflammatory. Antioxidant, and Antibacterial Compounds. Oxidative Med. Cell. Longev. 2022,
2022, 9966750. [CrossRef] [PubMed]

45. Sang, S.; Lambert, J.D.; Ho, C.T.; Yang, C.S. The chemistry and biotransformation of tea constituents. Pharmacol. Res. 2011, 64,
87–99. [CrossRef] [PubMed]

46. Harwood, M.; Danielewska-Nikiel, B.; Borzelleca, J.F.; Flamm, G.W.; Williams, G.M.; Lines, T.C. A critical review of the data
related to the safety of quercetin and lack of evidence of in vivo toxicity. including lack of genotoxic/carcinogenic properties.
Food Chem. Toxicol. 2007, 45, 2179–2205. [CrossRef] [PubMed]

47. Erlund, I.; Kosonen, T.; Alfthan, G.; Maenpaa, J.; Perttunen, K.; Kenraali, J.; Parantainen, J.; Aro, A. Pharmacokinetics of quercetin
from quercetin aglycone and rutin in healthy volunteers. Eur. J. Clin. Pharmacol. 2000, 56, 545–553. [CrossRef]

48. Wang, L.; Walia, B.; Evans, J.; Gewirtz, A.T.; Merlin, D.; Sitaraman, S.V. IL-6 induces NF-kappa B activation in the intestinal
epithelia. J. Immunol. 2003, 171, 3194–3201. [CrossRef] [PubMed]

49. Xue, J.C.; Yuan, S.; Hou, X.T.; Meng, H.; Liu, B.H.; Cheng, W.W.; Zhao, M.; Li, H.B.; Guo, X.F.; Di, C.; et al. Natural products
modulate NLRP3 in ulcerative colitis. Front. Pharmacol. 2023, 14, 1265825. [CrossRef]

50. Gao, F.; Zhu, F.; Shuai, B.; Wu, M.; Wei, C.; Yuan, Y.; Gui, Y.; Tian, Y.; Fan, H.; Wu, H. Quercetin ameliorates ulcerative colitis by
restoring the balance of M2/M1 and repairing the intestinal barrier via downregulating cGAS-STING pathway. Front. Pharmacol.
2024, 15, 1351538. [CrossRef]

51. Fan, F.Y.; Sang, L.X.; Jiang, M. Catechins and Their Therapeutic Benefits to Inflammatory Bowel Disease. Molecules 2017, 22, 484.
[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/10.1016/j.jaci.2009.05.038
https://doi.org/10.3389/fphys.2021.715611
https://www.ncbi.nlm.nih.gov/pubmed/34630140
https://doi.org/10.1038/s12276-018-0126-x
https://www.ncbi.nlm.nih.gov/pubmed/30115904
https://doi.org/10.3390/antiox10030412
https://www.ncbi.nlm.nih.gov/pubmed/33803138
https://doi.org/10.1073/pnas.0400282101
https://doi.org/10.1111/j.1365-2443.2010.01473.x
https://doi.org/10.1155/2022/9966750
https://www.ncbi.nlm.nih.gov/pubmed/36111166
https://doi.org/10.1016/j.phrs.2011.02.007
https://www.ncbi.nlm.nih.gov/pubmed/21371557
https://doi.org/10.1016/j.fct.2007.05.015
https://www.ncbi.nlm.nih.gov/pubmed/17698276
https://doi.org/10.1007/s002280000197
https://doi.org/10.4049/jimmunol.171.6.3194
https://www.ncbi.nlm.nih.gov/pubmed/12960348
https://doi.org/10.3389/fphar.2023.1265825
https://doi.org/10.3389/fphar.2024.1351538
https://doi.org/10.3390/molecules22030484

	Introduction 
	Materials and Methods 
	Chemicals and Reagents 
	Preparation of Lepidium apetalum Willdenow (LW) Extract 
	Chemical Profiling of LWE Using Ultra-High-Performance Liquid Chromatography–Tandem Mass Spectrometry (UPLC-MS/MS) 
	In Vitro Study 
	Cell Culture and Viability Assay 
	Measurement of Transepithelial Electrical Resistance (TEER) and Epithelial Paracellular Permeability 
	Western Blot Analysis 

	In Vivo Study 
	Animal Group and Administrations 
	Evaluation of the Disease Activity Index (DAI) 
	Quantification of In Vivo Epithelial Paracellular Permeability 
	Large-Intestine Endoscopy and Histological Analysis 
	ELISA for Activity of Myeloperoxidase (MPO) and Superoxide Dismutase (SOD) and Levels of Interleukin (IL)-6 and Tumor Necrosis Factor (TNF)- 
	Real-Time PCR for Colon Tissue 
	Western Blot Analysis 

	Statistical Analysis 

	Results 
	Eleven Phytochemicals of LWE Were Identified 
	Impact of LWE on Intestinal Barrier Function in a Barrier Model In Vitro 
	LWE Improves Clinical Symptoms of DSS-Induced Acute Colitis 
	LWE Alleviates MPO Activity and Modulates Pro-Inflammatory Cytokine Levels 
	LWE Improves DSS-Induced Abnormal Protein and mRNA Expression of NLRP3 Inflammasome-Related Factors in the Colon 
	LWE Alleviates Oxidative Stress in DSS-Induced Acute Colitis Mice by Activating Nrf2 
	LWE Restores the Intestinal Barrier Structure and Mucosal Integrity in DSS-Induced Acute Colitis Mice 

	Discussion 
	Conclusions 
	References

