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Abstract: Ulcerative colitis (UC), an inflammatory bowel disease (IBD) linked to colon cancer, needs 
effective natural preventive and therapeutic strategies to alleviate its clinical course. This study in-
vestigated the combined effects of phlorotannins (TAs) isolated from Eisenia bicyclis (E. bicyclis) and 
Lactobacillus casei (LC) on inflammatory markers in UC, with a focus on the aryl hydrocarbon recep-
tor (AhR) axis. In vitro experiments revealed anti-inflammatory effects of the phlorotannin fraction 
isolated from E. bicyclis, especially in synergy with LC. In vivo experiments showed that a synbiotic 
combination of TAs and LC mitigated DSS-induced colitis and reduced intestinal shortening and 
splenic hypertrophy. The TA and LC combination suppressed inflammatory factors (IL-6, TNF-α, 
Lipocalin 2), while activating tight junction genes (Muc2, Zo-1, Occludin, and Claudin1) and en-
hancing antioxidant capacity (Nrf2 and Nqo1 genes). Activation of the AhR pathway, which is cru-
cial for regulating intestinal inflammation via IL-22, was evident with both phlorotannin alone and 
synbiotic administration. The combination of TAs and LC amplified the synergistic effect on intes-
tinal immunity and microbiota, favoring beneficial species and optimizing the Firmicutes/Bac-
teroidetes ratio. Overall, synbiotic use demonstrated superior preventive effects against UC, sug-
gesting its potential benefits for improving the gut immune system through gut microbiota-derived 
metabolites. 
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1. Introduction 
Ulcerative colitis (UC) is an inflammatory bowel disease (IBD) characterized by 

symptoms such as abdominal pain, diarrhea, rectal bleeding, and weight loss, with an 
increased risk of colorectal cancer [1]. Although the exact cause of UC remains unclear, it 
is generally considered a multifactorial condition triggered by genetic, environmental, 
and microbial factors, resulting in inflammation of the colonic mucosa, disruption of tight 
junctions, heightened production of pro-inflammatory cytokines, and induction of 
dysbiosis in the gut microbiota [2,3]. Cytokines act as signaling molecules in the inflam-
matory process and play a significant role in the onset and progression of inflammation 
and UC by activating inflammatory pathways and mediating the generation of inflamma-
tory mediators [4]. Recognized as a global public health challenge by the World Health 
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Organization, the incidence of UC is surging, owing to shifts in dietary habits and height-
ened stress [5]. The existing medications for UC, including 5-aminosalicylates, systemic 
and local corticosteroids, and immunomodulators, may cause severe side effects [6]. 
Therefore, there is an urgent need for more effective natural preventive and therapeutic 
approaches to alleviate the clinical course of this disease. 

Eisenia bicyclis (E.bicyclis), a brown marine algae, is rich in the polyphenol phlorotan-
nin, consisting of phloroglucinol. Phlorotannins isolated from E. bicyclis include eckol, 
phlorofucofuroeckol-A, dieckol, and phloroglucional-A [7,8]. Extensive research has illu-
minated the diverse physiological activities of phlorotannins, including their antioxidant, 
anti-inflammatory, anti-allergic, neuroprotective, and memory-enhancing effects [9,10]. 
Furthermore, phlorotannins from E. bicyclis have demonstrated positive effects on tight 
junction cells, affecting the integrity of the intestinal mucosal barrier and contributing to 
the regulation of gut microbiota, thereby preventing and inhibiting the onset of UC [11]. 
In addition, phlorotannins, which are categorized as plant polymeric polyphenols, are 
considered prebiotic candidates because of their potential to interact with and stimulate 
the growth and metabolite production of the gut microbiota [12,13]. 

Probiotics, particularly various strains of Lactobacillus, such as Lactobacillus casei and 
Lactobacillus reuteri, have been reported to alleviate colitis in animal models by modulating 
the gut bacterial composition, decreasing inflammation-related cytokine production, and 
improving intestinal membrane function [14,15]. In addition, probiotics demonstrate syn-
ergistic effects when combined with polysaccharides or polymeric polyphenols, contrib-
uting to improved metabolic rates through digestion and improved gut microbiota com-
position [16]. The coexistence of specific bacteria with prebiotics, offering greater health 
benefits to the host than individual substances and producing synergistic effects via the 
production of bacterial metabolites, is referred to as synbiotics [17,18]. For example, the 
synergistic effects of Ligilactobacillus salivarius and the plant-derived prebiotic resveratrol 
have demonstrated efficacy in ameliorating colitis in mice through a reduction in inflam-
matory cytokine (IL-1β and IL-6) levels [19]. Previous findings have indicated that probi-
otic Lactobacillus can metabolize phlorotannins, producing beneficial metabolites [15,20]. 
However, limited research exists on whether synbiotics formed through the interaction of 
phlorotannins and probiotics have preventive and therapeutic effects on UC and their un-
derlying mechanisms. 

The aryl hydrocarbon receptor (AhR) is a transcription factor that is increasingly rec-
ognized for its pivotal role in intestinal immune regulation and tight junction modulation 
in UC [21,22]. Upon binding to diverse ligands, including xenobiotics, natural products, 
and microbiome metabolites, AhR undergoes cytoplasmic-to-nuclear translocation. In the 
nucleus, it regulates the expression of cytochromes (CYP1A1, CYP1B1), NQO1, and IL-22 
mRNA, and preserves tight junctions and participates in the control of the intestinal im-
mune response, including the suppression of NF-kB activity, the induction of the Nrf2 
pathway, and the production of anti-inflammatory cytokines [23,24]. In recent years, 
many studies have shown that the metabolites of prebiotics produced by intestinal flora, 
such as polyphenols, tryptophan metabolites, and short-chain fatty acids (SCFAs), are con-
sidered natural AhR ligands. Phloroglucinol, a unique metabolite contained in brown al-
gae, has also been identified as a ligand for AhR activity [25,26]. Considering that the ex-
pression of AhR is not only directly related to the distribution of intestinal flora, but also, 
the metabolites of prebiotics can regulate the activation of AhR; synbiotics that combine 
prebiotics and probiotics are considered to be potent potential regulators of AhR. 

Although E. bicyclis has been reported to have antioxidant and anti-inflammatory ac-
tivity, research concerning specific lactic acid bacteria that synergize with E. bicyclis and 
their effects on the AhR pathway via phlorotannin metabolites remains insufficient. This 
study aims to focus on the anti-inflammatory effects of phlorotannins isolated from E. 
bicyclis and exploring the symbiotic effects with the Lactobacillus strain Lactobacillus casei 
in a mice model of UC. We hypothesized that the combination of phlorotannins and Lac-
tobacillus casei might mitigate colitis by modulating the AhR pathway.  
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2. Materials and Methods 
2.1. Isolation of Phlorotannin-Rich Fractions from E. bicyclis 

E. bicyclis was purchased from the Ulleungdo Mall (http://www.ulleungdomall.com/; 
28 October 2022). The phlorotannin-rich fractions were extracted according to established 
methods [27,28]. The preparation of E. bicyclis powder involved a 24 h soak in tap water 
to eliminate foreign substances and salts, subsequent washing, and dehydration with hot 
air at 50 °C for 12 h. The dried E. bicyclis underwent powder formation through grinding, 
filtration, extraction with 80% MeOH, methanol volatilization, and freeze-drying in an ice 
maker at −80 °C, resulting in the production of the EB-Met extract. In the second phase, 
an equivalent amount of 100% n-hexane was added and stirred at 300 rpm at room tem-
perature to separate the n-hexane layer from the upper layer. In the third step, an equal 
amount of 100% ethyl acetate was added to the removed water layer, followed by stirring. 
The supernatant was collected, concentrated under pressure (20–25 °C), and subsequently 
lyophilized at −80 °C. This process was repeated twice to yield the EB-EtOAc extract. The 
extraction yield was 10% from 1 kg of E. bicyclis powder during the fractionation process 
with 80% MeOH. Subsequently, 10 g of EB-EtOAc was obtained by fractionation with 
EtOAc, culminating in a final extraction yield of 1%. 

2.2. LC-MS Analysis 
LC-MS analysis was conducted using an LC system (6530 Infinity, Agilent Technolo-

gies, Santa Clara, CA, USA) coupled with a hybrid quadrupole time-of-flight mass spec-
trometer. A 10 µL injection of a 10 mg/mL sample solution was directly introduced onto 
an Atlantis T3 column (2.1 × 100 mm, 1.8 µm column) (Waters Inc., Milford, MA, USA) 
employing a gradient acetonitrile–water solvent system at room temperature. The mobile 
phase comprised acetonitrile–water in a gradient mode: acetonitrile (0.1% formic acid)–
water (0.1% formic acid) (0–2 min: 95:5 v/v, 2–12 min: ~70:30 v/v, and 12–27 min: ~95:5) 
[29]. The flow rate was maintained at 0.3 mL/min, and the UV absorbance was detected at 
280 nm. 

2.3. Fermentation with Lactic Acid Bacteria 
Lactobacillus acidophilus (LA), Lactobacillus brevis (LB), Lactobacillus casei (LC), and Lac-

tobacillus plantarum subsp. plantarum (LP; Orla-Jensen 1919) were purchased from the Ko-
rean Collection for Type Cultures (Taejon, Republic of Korea). All lactic acid bacteria 
strains were cultured in an incubator at 37 °C for 24 h in MRS Broth medium. The absorb-
ance was monitored until the mid-exponential stage of 0.6, which was determined by 
measuring the optical density (OD) at 600 nm. The extract EB-EtOAc (TA; 100 µg/mL), 
obtained through ethyl acetate extraction, was then mixed with four types of lactic acid 
species, LA, LB, LC, and LP. The mixtures were fermented for 24 h and subsequently fil-
tered to collect the metabolites. After confirming that LC demonstrated the highest effi-
ciency, the extract EB-EtOAc (TA) was fermented with LC for 24 h, followed by filtration. 
The resulting product was identified as TA + LC extract. 

2.4. Cell Culture and In Vitro Anti-Inflammatory Assessment 
For in vitro anti-inflammatory evaluation, lipopolysaccharide (LPS; Escherichia coli 

O55:B5; Sigma-Aldrich, St. Louis, MO, USA) at a concentration of 50 ng/mL was used to 
induce a cellular inflammation model, and a total of two experiments were performed for 
sample screening. The dosing concentration was determined by conducting a toxicity as-
say with RAW264.7 cells, selecting a concentration that showed a survival rate of more 
than 80%. RAW264.7 cells (1 × 105 cells/well) were seeded into 96-well plates and allowed 
to adhere for 24 h. The next day, LPS was administered to the cells with EB-Met extract 
and EB-EtoAc extract at 25 and 50 µg/mL concentrations (n = 8), and the supernatants 
were collected after 4 h and 20 h, respectively. A supernatant was used to evaluate the 
expression levels of TNF-α and IL-6. After selecting the extract, we performed the above 
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fermentation experiment to obtain the post-fermentation extract. The TA and fermenta-
tion extracts of four types of lactic acid bacteria (25 and 50 µg/mL) were evaluated for in 
vitro anti-inflammatory properties using the same experimental procedure (n = 8). 

2.5. Animal Experimental Design 
Male BALB/c mice (6–7 weeks old) were purchased from OrientBio (Seongnam, 

Gyeonggi-do, Republic of Korea) and housed in a facility with a 12 h light/dark cycle and 
temperature control. Following a one-week acclimatization period, the mice were ran-
domly divided into five groups: control; dextran sulfate sodium (DSS) control; DTA (DSS 
+ TA); DLC (DSS + LC); and DTL (DSS + TA + LC) (n = 8 per group). In the DTA and DTL 
groups, extract EB-EtOAc (TA) was administered by oral gavage for 4 weeks at a daily 
dose of 50 mg/kg body weight at 100 µL [30]. Conversely, the control, DSS, and DLC 
groups received 100 µL of PBS. To induce UC, a 3% DSS solution in drinking water was 
continuously administered for 7 days, starting on day 17. The DSS was replaced with wa-
ter on day 24. In the colitis mice model, acute colitis was induced by administering 2–5% 
DSS for 3–7 days [31,32]. Studies investigating the effectiveness of bioactive compounds 
in suppressing UC typically administer 3% DSS in free drinking water for 7 days to induce 
UC symptoms in C57BL/6 mice [33,34]. Therefore, this concentration of DSS was utilized 
in our study. Throughout the DSS administration period, the body weight and Disease 
Activity Index (DAI) were assessed. Commencing on day 21, LC was orally administered 
via gavage feeding for 7 days (3rd week: 21–27 days; 1 × 108 CFU/100 µL). On day 30, all 
mice were euthanized, and serum, spleen, colon, and stool samples were collected for fur-
ther analysis [35]. The animal protocol was approved by the Institutional Animal Care and 
Use Committee (IACUC: PNU2023-0420) of Pusan National University. 

2.6. Histopathological Analysis 
Distal colon samples from the mice were embedded in paraffin, stained with hema-

toxylin and eosin (H&E), and examined using a Nikon Eclipse Ts2R (Tokyo, Japan). 
Stained sections were independently evaluated by three trained investigators for the infil-
tration of inflammatory cells and the loss of crypts, and the scores were averaged. Histo-
logical scores were assessed based on the following criteria: epithelial hyperplasia and 
inflammatory cell infiltration: 0–3 scale (0 (normal) to 3 (pseudopolyps)); ulceration and 
mucosal crypt loss: 0–3 scale (0 (normal) to 3 (ulcerations)) [36]. 

2.7. ELISA Analysis 
To determine the concentration of TNF-α and IL-6 released from RAW264.7 cells, 

commercial ELISA kits were employed (Catalog No. DY410, DY406; Assay Range: 31.2–
2000 pg/mL; R&D Systems, Minneapolis, MN, USA). In brief, following in vitro treatment, 
100 µL of cell media was collected at 4 h (for TNF-α) and 20 h (for IL-6) and centrifuged 
at 1200 rpm for 5 min. The supernatant was then added to 96-well plates with a capture 
antibody that had been placed the day before. Subsequent measurements were conducted 
in accordance with the manufacturer’s instructions. For in vivo experiments, colon tissues 
were homogenized in buffer and centrifuged at 12,000 rpm for 10 min, and the superna-
tant was collected. The levels of inflammatory mediators, including IL-6, IFN-γ, and TNF-
α, were assessed using ELISA, adhering to the manufacturer’s guidelines (R&D Systems, 
Minneapolis, MN, USA). The quantification of colon cytokine levels was normalized to ng 
cytokine/mg colon protein (ng/mg). Serum samples were used to measure lipocalin-2 lev-
els (R&D Systems). 

2.8. Quantitative Real-Time Polymerase Chain Reaction (qRT-PCR) and qPCR Analysis 
Total RNA extraction from colon tissues was carried out using Trizol (Thermo Fisher, 

Waltham, MA, USA) and the RNeasy Mini Kit (Qiagen, Hilden, Germany). Herein, 1 µg 
of RNA underwent reverse transcription into cDNA utilizing the iScript cDNA Synthesis 
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Kit (Bio-Rad, Hercules, CA, USA). Gene amplification was detected through the CFX Con-
nect Real-Time PCR Detection System (Bio-Rad). Primer design details can be found in 
Supplementary Table S1 (Macrogen, Seoul, Republic of Korea). The expression of target 
genes was normalized to β-actin expression. For gut microbiota composition analysis, to-
tal microbial DNA was extracted from feces using the Power Fecal Pro DNA Kit (Qiagen). 
Subsequently, 2 µg of DNA from bacteria was utilized in qPCR, with amplification con-
ducted using primers (Macrogen). The analysis of gut microbial composition was per-
formed through qPCR using the CFX Connect Real-Time PCR Detection System (Bio-
Rad). The relative abundance of bacterial groups in each fecal sample was calculated as a 
percentage of total bacteria (F341/R518). Primer sequences are detailed in Supplementary 
Table S2. 

2.9. Statistical Analysis 
All data were analyzed using Prism 8 (GraphPad Software; La Jolla, CA, USA), and 

the results are presented as mean ± SD. The p-values were calculated using a one-way 
ANOVA (Dunnett’s test), and the abundance of specific bacteria was determined using 
the non-parametric Kruskal–Wallis test. Statistical significance was set at p < 0.05. 

3. Results 
3.1. LC-MS Analysis of EB Extracts 

The LC-MS analysis revealed distinct profiles for different extracts. In the EB-Met 
extract, we identified the presence of 7-phloroechol, phlorofucofuroecol A, and Dieckol 
(Figure 1A). Similarly, the EB-EtOAc extract contained 7-Phloroeckol, Phlorofucofu-
roeckol A, and Dieckol, with significantly elevated quantities by 334%, 250%, and 140%, 
respectively, compared to the EB-Met extract, indicating a richer phlorotannin fraction 
(Figure 1B). Additionally, the detection of phloroglucinol was confirmed in the EB-EtOAc 
extract. Upon fermentation, the EB-EtOAc extract exhibited an even more pronounced 
increase in phloroglucinol content along with the presence of 7-phloroechol and phlorofu-
cofuroecol A (Figure 1C). This observation suggests a synergistic effect, with the fer-
mented EB-EtOAc extract displaying the highest augmentation in phlorotannin levels 
compared to both EB-Met and non-fermented EB-EtOAc extracts. Notably, EB-EtOAc 
stood out for its diverse range of phlorotannins. Overall, our findings confirm the extrac-
tion of a phlorotannin-rich fraction, with the fermented EB-EtOAc extract demonstrating 
the most substantial increase in phloroglucinol content (Table 1). 
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Figure 1. Representative LC-MS analysis results displayed in chromatogram. (A) E. bicyclis 80% 
methanol extract (EB-Met); (B) E. bicyclis ethyl acetate extract (EB-EtOAc); (C) fermented EB-EtOAc 
extract with Lactobacillus casei for 24 h. Peak 1: Phloroglucinol; Peak 2: 7-Phloroeckol; Peak 3: 
Phlorofucofuroeckol A; Peak 4: Dieckol. 

Table 1. Chemical characterization of E. bicyclis extracts by LC-MS. 

Peak Compound Name Molecular 
Formula [M + H]+ Fragment Ion (m/z) 

EB-Met EB-EtOAc Fermented  
EB-EtOAC 

Time 
(min) 

Content 
* 

Time 
(min) 

Content 
* 

Time 
(min) 

Content 
* 

1 Phloroglucinol C6H6O3 127.0389 127.0401, 127.0393, 128.0392 - - 2.177 3.605 2.47 237.385 
2 7-Phloroeckol  C24H16O12 497.0703 498.0741, 499.0761, 499.0765 9.051 3.005 9.058 12.980 9.059 54.654 
3 Phlorofucofuroeckol A C30H18O14 603.0763 604.0787, 605.0809 9.754 5.216 10.355 18.240 9.835 92.306 
4 Dieckol C36H22O18 743.42 743.0865, 744.0898, 745.0923 22.98 37.275 22.985 89.707 - - 

* µg Phloroglucinol/mg extract. 

3.2. Anti-Inflammatory Effects of Phlorotannins Isolated from E. bicyclis and Fermented Phloro-
tannins with Lactic Acid Bacteria Species 

To investigate the isolation conditions and anti-inflammatory effects of high-purity 
phlorotannins from E. bicyclis, an experiment was conducted using LPS-treated RAW264.7 
cells. The in vitro experiments tested the fractionation of phlorotannins from E. bicyclis, 
expressed as EB-Met or EB-EtOAc, based on the extraction conditions. In comparison to 
the PC group, TNF-α exhibited reductions of 21.3% and 35.5% in EB-Met (25 and 50 
µg/mL, respectively), and 33.7% and 52.0% in EB-EtOAc (25 and 50 µg/mL, respectively). 
Notably, the reduction in inflammation was significantly higher in EB-EtOAc at 50 µg/mL 
(Figure 2A). IL-6 also showed reductions of 28.8% and 37.2% in EB-Met (25 and 50 µg/mL, 
respectively), and 36.7% and 40.9% in EB-EtOAc (25 and 50 µg/mL, respectively; Figure 
2B). EB-EtOAc, representing a phlorotannin-rich fraction, consistently demonstrated su-
perior anti-inflammatory effects compared with the EB-Met extract at all concentrations, 
exhibiting significant effects even at low concentrations. 

Utilizing a fractionation process to obtain high-purity phlorotannins, we identified 
EB-EtOAc, distinguished by its remarkable anti-inflammatory effects, and abbreviated it 
as TA. To explore potential synergistic effects with lactic acid bacteria, TA and the four 
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selected strains were fermented for a 24 h period. Subsequently, the filtered extracts dis-
played a significant reduction in inflammation compared to that in the PC group. Com-
pared to the PC group, the TNF-α levels exhibited reductions of 28.3% in TA, 24.3% in TA 
+ LA, 52.1% in TA + LB, 50.7% in TA + LC, and 28.6% in TA + LP at a concentration of 50 
µg/mL. Specifically, the levels of TNF-α in the TA + LB and TA + LC groups were signifi-
cantly lower than those in the TA group (Figure 2C). Similarly, compared to the PC group, 
the IL-6 levels decreased by 29.3% in TA, 28.7% in TA + LA, 44.9% in TA + LB, 56.4% in TA 
+ LC, and 39.0% in TA + LP at a concentration of 50 µg/mL. The level of IL-6 in the TA + 
LC groups was significantly lower than those in the TA group (Figure 2D). After compar-
ison, it was found that the TA + LC combination exhibited the most effective anti-inflam-
matory effect. It was therefore considered that the LC strain showed the most effective 
synergy with TA, and the following experiments were conducted accordingly. 

 
Figure 2. Anti-inflammatory effect of E. bicyclis extracts in LPS-treated RAW264.7 cells. (A) TNF-α 
and (B) IL-6 levels following treatment with differently isolated extracts from E. bicyclis (25–50 
µg/mL). (C) TNF-α and (D) IL-6 levels after treating extracts fermented for 24 h with various lactic 
acid bacteria species. RAW264.7 cells were stimulated with LPS (50 ng/mL) and treated with the 
extracts (25–50 µg/mL) for 4–12 h. All data are expressed as means ± SD (n = 8/group). * p < 0.05, ** 
p < 0.01, *** p < 0.001, **** p < 0.0001 by one-way ANOVA followed by Dunnett’s test (compared to 
the PC group). # p < 0.05 by Student t-test compared to the TA at the concentration of 50 µg/mL. NC: 
negative control; PC: positive control; EB-Met: E. bicyclis 80% methanol extract; EB-EtoAc: E. bicyclis 
ethyl acetate extract; TA: E. bicyclis ethyl acetate extract; LA: Lactobacillus acidophilus; LB: Lactobacillus 
brevis; LC: Lactobacillus casei; LP: Lactobacillus plantarum. 

3.3. Effects of TA and LC on Body Weight, DAI Index, Colon Length, Spleen Weight, and Histo-
logical Score in DSS-Treated Mice 

Following the in vitro experiments, we investigated the combined effects of the phlo-
rotannin-rich fractions of E. bicyclis and LC in DSS-treated mice. A 3% DSS solution was 
administered for 7 days, starting on day 17. Rapid weight loss was observed 3 days after 
DSS administration. During DSS administration, the DSS group exhibited a weight loss 
rate of 22.7% on day 7 compared with that on day 0. In contrast, the control group, which 
did not receive DSS, showed a weight gain of 3.54%. The DTA, DLC, and DTL groups 
showed 8.64%, 11.3%, and 7.1% weight losses, respectively, which were significantly 
higher than those in the DSS group (Figure 3A,B). The DAI index was evaluated on a scale 
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of 0–3 for diarrhea and bloody stool and 0–3 for anal bleeding. Throughout the DSS ad-
ministration period, the disease index improved in all extract treatment groups compared 
to the DSS group, with the lowest score observed in the DTL group (Figure 3C). Colon 
length, which is indicative of colon inflammation, was significantly increased in both the 
DTA and DTL groups compared to the DSS group (Figure 3D,E). Additionally, spleen en-
largement was notably reduced by 31.3% in the DTL group relative to the DSS group, 
indicating recovery from the symptoms of spleen enlargement based on spleen weight, a 
major immune-related tissue (Figure 3F). Following the assignment of histological scores, 
the DTA and DTL groups exhibited significantly lower scores, indicating a reduced sever-
ity of intestinal tissue disease compared to the DSS group (Figure 3G,H). 

 
Figure 3. Effects of phlorotannins (TAs) isolated from E. bicyclis and Lactobacillus casei (LC) in DSS-
treated mice. (A) Body weight changes. (B) Histogram showing proportion of weight change. (C) 
DAI index. (D) Colon length of each group of mice on the day of sacrifice. (E) Quantification chart 
for colon length. (F) Spleen weight. (G) Chart quantifying histological scoring. (H) Representative 
images of colon tissues. Black arrows indicate crypt loss, while red arrows indicate inflammatory 
cell infiltrates. Mice were fed experimental extracts (50 mg/kg bw/day) or PBS via oral gavage for 30 
days. Subsequently, from day 17 to day 24, 3% dextran sulfate sodium (DSS) was provided in the 
drinking water, and Lactobacillus casei (1 × 108 cells/100 µL) was administered from day 21 to day 28. 
All data are expressed as mean ± SD (n = 8/group). * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. 
One-way ANOVA followed by Dunnett’s test. DSS: 3% DSS in drinking water for 7 days; DTA: DSS-
Phlorotannin; DLC: DSS-Lactobacillus casei; DTL: DSS-Phlorotannin-Lactobacillus casei. 

  



Appl. Sci. 2024, 14, 2835 9 of 19 
 

3.4. Effects of TA and LC on Inflammation Markers in DSS-Treated Mice 
Serum lipocalin-2 serves as a reliable marker of inflammation. In comparison to DSS-

treated mice, lipocalin-2 levels exhibited a decrease of 21.2% in DTA, 17.80% in DLC, and 
55.7% in DTL, with the DTL group demonstrating the most substantial reduction (Figure 
4A). Markers of UC, encompassing inflammation-related cytokines such as IL-6, TNF-α, 
and IFN-γ, representative of intestinal epithelial cells, were evaluated in colon tissue. The 
level of IFN-γ demonstrated a decrease of 44.2% in DTA, 39.3% in DLC, and 47.1% in DTL 
compared to the DSS group (Figure 4B). Additionally, in comparison to the DSS group, 
the level of TNF-α, a representative factor related to inflammation in UC, decreased by 
20.7% in DTA, 62.9% in DLC, and 59.2% in DTL, with the DLC group exhibiting the most 
significant decrease (Figure 4C). However, no significant decrease in IL-6 levels was ob-
served (Figure 4D). 

 
Figure 4. Effects of TA and LC on inflammatory cytokine levels in DSS-treated mice. (A) Lipocalin-
2 in serum and (B) IFN-γ, (C) TNF-α, and (D) IL-6 levels in colon tissue of mice were measured by 
ELISA assay. Mice were fed experimental extracts (50 mg/kg bw/day) or PBS via oral gavage for 30 
days. Subsequently, from day 17 to day 24, 3% dextran sulfate sodium (DSS) was provided in the 
drinking water, and Lactobacillus casei (1 × 108 cells/100 µL) was administered from day 21 to day 28. 
All data are expressed as mean ± SD (n = 8/group). * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. 
One-way ANOVA followed by Dunnett’s test. DSS: 3% DSS in drinking water for 7 days; DTA: DSS-
Phlorotannin; DLC: DSS-Lactobacillus casei; DTL: DSS-Phlorotannin-Lactobacillus casei. 

3.5. Effects of TA and LC on mRNA Expressions of Inflammatory Markers and Tight Junctions 
in DSS-Treated Mice 

To determine the mechanisms underlying the combined effects of TA and LC, we 
evaluated the genetic factors implicated in the development of inflammation. RNA was 
extracted from the mouse colon tissue to assess the mRNA expression of key inflamma-
tory markers and tight junction genes. The measured inflammatory genetic factors in-
cluded Nfkb, Cox2, and iNos mRNA, which are representative inflammatory markers. 
Compared with the DSS group, Nfkb exhibited a significant reduction in inflammation in 
all extract treatment groups, with the DTL group demonstrating the most substantial re-
duction (Figure 5A). Cox-2 mRNA showed the most significant reduction, notably by 
37.9%, in the DTL group compared to the DSS group (Figure 5B). The expression of iNOS 
demonstrated a decrease of 43.1% in DTA, 35.2% in DLC, and 70.5% in DTL compared to 
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the DSS group (Figure 5C). Moreover, tight junction genes (Mu2, Zo-1, Occludin, and 
Claudin1), crucial for protecting the epithelial barrier in inflammatory bowel disease, 
were assessed. The Muc2 gene increased by 29.3% in DTA and 64.2% in DTL, showing a 
significant improvement in tight junctions, specifically in the DTL group (Figure 5D). In 
comparison to the DSS group, all sample treatment groups exhibited an enhanced protec-
tive effect. Notably, the DTL group demonstrated a superior protective effect compared 
to the DTA and DLC groups, showing the highest significance in maintaining epithelial 
barrier integrity (Figure 5E–G). 

 
Figure 5. Effects of TA and LC on mRNA levels of pro-inflammatory factors and tight junctions in 
DSS-treated mice. (A) Nfkb, (B) Cox-2, (C) Inos, (D) Muc2, (E) Zo-1, (F) Occludin, and (G) Claudin1 
mRNA expressions in mice colon tissue. β-actin was used as the reference gene. Mice were fed ex-
perimental extracts (50 mg/kg bw/day) or PBS via oral gavage for 30 days. Subsequently, from day 
17 to day 24, 3% dextran sulfate sodium (DSS) was provided in the drinking water, and Lactobacillus 
casei (1 × 108 cells/100 µL) was administered from day 21 to day 28. All data are expressed as mean 
± SD (n = 8/group). * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. One-way ANOVA followed by 
Dunnett’s test. DSS: 3% DSS in drinking water for 7 days; DTA: DSS-Phlorotannin; DLC: DSS-Lacto-
bacillus casei; DTL: DSS-Phlorotannin-Lactobacillus casei. 

3.6. Effects of TA and LC on the AhR Pathway in DSS-Treated Mice 
To determine the mechanism underlying the combined effect of TA and LC in the 

gut, we examined the gut immune pathway with a focus on AhR. AHR and NRF2 interact 
with and regulate the expression of antioxidant genes containing DNA response elements. 
The potential antioxidant mechanism is triggered by the activation of AHR and NRF2, 
acting on the enzyme NQO1 [37]. The AhR gene exhibited a significant increase of 226% 
in DTA and 281% in DTL, indicating a notable enhancement following phlorotannin ad-
ministration (Figure 6A). The expression of the antioxidant genes Nrf2 and Nqo1 was also 
significantly increased in all experimental groups (Figure 6B,C). The expression of IL-22, 
a crucial anti-inflammatory gene essential for the protection of colonic epithelial tissue 
and intestinal immunity, was significantly elevated in the DLC (93%), DTA (71%), and 
DTL (121%) groups compared to that in the DSS group (Figure 6D). DTA and DTL also 
inhibited the expression of Soc3, an inhibitor of cytokine signaling (Figure 6E). The ex-
pression of STAT3 in the DTL group was significantly increased by 79.2% compared to 
that in the DSS group (Figure 6F). 
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Figure 6. Effects of phlorotannins (TAs) isolated from E. bicyclis and Lactobacillus casei (LC) on mRNA 
expressions involved in the AhR pathway in DSS-treated mice. (A) AhR, (B) Nrf2, (C) Nqo1, (D) Il-
22, (E) Socs3, and (F) Stat3 mRNA in colon tissue. β-actin was used as the reference gene. Mice were 
fed experimental extracts (50 mg/kg bw/day) or PBS via oral gavage for 30 days. Subsequently, from 
day 17 to day 24, 3% dextran sulfate sodium (DSS) was provided in the drinking water, and Lacto-
bacillus casei (1 × 108 cells/100 µL) was administered from day 21 to day 28. All data are expressed as 
mean ± SD (n = 8/group). * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. One-way ANOVA followed 
by Dunnett’s test. DSS: 3% DSS in drinking water for 7 days; DTA: DSS-Phlorotannin; DLC: DSS-
Lactobacillus casei; DTL: DSS-Phlorotannin-Lactobacillus casei. 

3.7. Effects of TA and LC on the Fecal Microbiota Composition in DSS-Treated Mice 
To measure the composition of the gut microbiota and the presence of beneficial bac-

teria, cDNA was extracted from the stool, and qPCR was performed. The Firmicutes/Bac-
teroides ratio, a representative indicator of intestinal condition, was optimized in the DTL 
group to closely resemble that of the control group (Figure 7A). Beneficial intestinal bac-
teria, including Faecalibacterium prausnitzii, Akkermansia muciniphila, Lactobacillus planta-
rum, and Lactobacillus casei, were significantly increased in all groups compared to the DSS 
group (Figure 7B–F). The abundance of Lactobacillus casei was particularly high in the LC-
treated group, confirming the effectiveness of bacterial inoculation via oral gavage (Figure 
7F). Moreover, Lactobacillus reuteri, known for its excellent immune effects, was signifi-
cantly increased in the DTA and DTL groups (Figure 7D). This highlights the potential 
immunomodulatory effects of phlorotannins from E. bicyclis and Lactobacillus casei on gut 
microbiota. 
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Figure 7. Effects of phlorotannins (TAs) isolated from E. bicyclis and Lactobacillus casei (LC) on the 
gut microbiota distribution in DSS-treated mice. The gut microbiota composition was quantitatively 
measured using the qPCR results for the selected bacterial group. (A) Firmicutes/Bacteroidetes ratio, 
(B) Faecalibacterium prausnitzii, (C) Akkermansia muciniphila, (D) Lactobacillus reuteri, (E) Lactococcus 
plantarum, (F) Lactobacillus casei. The relative abundance of bacterial groups in each fecal sample was 
expressed as a ratio of total bacteria (F341/R518). Mice were fed experimental extracts (50 mg/kg 
bw/day) or PBS via oral gavage for 30 days. Subsequently, from day 17 to day 24, 3% dextran sulfate 
sodium (DSS) was provided in the drinking water, and Lactobacillus casei (1 × 108 cells/100 µL) was 
administered from day 21 to day 28. All data are expressed as mean ± SD (n = 8/group). * p < 0.05, ** 
p < 0.01, *** p < 0.001 non-parametric Kruskal–Wallis test. DSS: 3% DSS in drinking water for 7 days; 
DTA: DSS-Phlorotannin; DLC: DSS-Lactobacillus casei; DTL: DSS-Phlorotannin-Lactobacillus casei. 

4. Discussion 
In this study, we used in vitro and in vivo colitis models to demonstrate that the 

combined administration of TA and LC exerted anti-inflammatory effects by modulating 
the AhR axis and influencing gut microbiota composition. Our study hypothesized that 
the synergistic effect of TA and LC fermentation metabolite uptake demonstrates that AhR 
regulates the gut microbiota through the basal axis, providing potent anti-inflammatory 
and protective effects on intestinal tight junctions, which was partially validated. 

In this study, extracting TA from E. bicyclis using ethyl acetate after the initial meth-
anol extraction increased the dieckol yield by 2.4 times, demonstrating the efficacy of this 
method for selectively isolating TA [38]. Fermenting the TA with LC resulted in the dis-
appearance of the polymerized phlorotannin, dieckol, and the emergence of low-molecu-
lar-weight substances like phloroglucinol. Recognized for its excellent functional proper-
ties [39], phloroglucinol demonstrated anti-inflammatory effects in various experiments 
[40]. Since pure phloroglucinol might be absorbed in the small intestine and not effectively 
reach the colon when consumed directly or fermented externally before intake, we ex-
plored separately administering TA and LC. Another study indicated that high-molecu-
lar-weight phlorotannins potentially exert a stronger beneficial effect in the colon [41]. 
Notably, phlorotannin fermented with different Lactobacillus strains exhibited varying 
anti-inflammatory efficacy, suggesting variations in tannase enzyme production required 
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for tannin degradation depending on the types of Lactobacillus strains [42]. It was re-
ported that synbiotic administration facilitates probiotic colonization of the gastrointesti-
nal tract, while prebiotics optimize the proliferation of specific probiotics, enhancing their 
production of active metabolites in the intestine and providing superior intestinal protec-
tion [43]. In this in vitro study, TA fermented with LC demonstrated the most remarkable 
anti-inflammatory effect. In vivo PCR analysis confirmed an increase in L. casei abundance 
in the gut after consumption, indicating that phlorotannins, upon reaching the intestine, 
might undergo degradation, leading to increased metabolite production, including 
phloroglucinol, by augmented lactic bacteria. Phloroglucinol has been recently considered 
as one of the ligands that regulate AhR axis [25], a significant pathway involved in im-
mune regulation within the intestines [44]. The synergistic effect of TA and LC may en-
hance the production of phloroglucinol from TA by LC when ingested simultaneously, 
thereby activating AhR to bolster immunity and repair tight junctions. 

The DSS-induced colitis model, which is commonly used to induce acute and chronic 
UC, was used in this study because of its simplicity and similarity to human UC [31]. The 
DSS-induced control group showed characteristics of colitis such as neutrophil infiltra-
tion, barrier damage, disruption of tight junctions, inflammation, and dysbiosis of the gut 
microbiome. However, mice treated with the combination of TA and LC showed signifi-
cant alleviation of the disease and improved treatment effects. Phlorotannins isolated 
from E. Stolonifera have previously demonstrated anti-inflammatory effects by inhibiting 
IL-1β, IL-6, and TNF-α, along with a reduction in NF-κB expression [45,46]. In the current 
study, the synergistic combination of TA and LC reduced inflammation, particularly in 
parameters such as spleen enlargement and lipocalin 2, Cox2, Occludin, and STAT3 
mRNA expression, which are involved in inflammatory modulation and tight junction 
regulation. 

The aryl hydrocarbon receptor (AhR) is a nuclear receptor that is pivotal in xenobiotic 
detoxification, immune regulation, and inflammation control. AhR activation results in 
the induction of cytochrome P450 1A1 (CYP1A1) and induces anti-inflammatory re-
sponses [47]. Currently, the AhR-Nrf2 and AhR-IL-22-STAT3 pathways have been high-
lighted for their potential to rescue intestinal barrier defects, regulate tight junctions, and 
suppress gastrointestinal inflammation, particularly in inflammatory bowel disease [44]. 
The Nrf2 signaling pathway, known for its role in cellular defense against oxidative stress, 
exhibits anti-inflammatory effects by blocking pro-inflammatory cytokines and the NF-κB 
pathway [48,49]. Additionally, the AhR/IL-22/STAT3 signaling pathway plays a vital role 
in gastrointestinal epithelial barrier function and the protection of intestinal stem cells 
[50,51]. Key transcription factors, including STAT3 and suppressor of cytokine signaling 
(SOCS), have been implicated in the transmission of inflammatory cytokine signals 
[52,53]. It has been shown that tight junctions and regulating Treg cell differentiation 
through the AhR/IL-22 pathway protects the colon from inflammatory damage in a mouse 
model of colitis, maintaining immune homeostasis [25]. Targeting these pathways is a 
promising strategy for the prevention and treatment of IBD. The metabolites produced by 
intestinal bacteria have also been recognized as integral components of AhR activation. 
Among these, the bacterial metabolites of tryptophan have been extensively studied, 
showcasing various physiological activities [54]. Additionally, polyphenols, another type 
of prebiotic ingredient, have garnered considerable attention as potential AhR ligands 
[25]. Quercetin induces a dose-dependent increase in the expression of tight junction (TJ) 
proteins ZO-1 and Claudin1 via the activation of AhR and CYP1A1 [25,55]. Baicalein has 
been shown to improve UC by enhancing the intestinal epithelial barrier through the 
AhR/IL-6 pathway in ILC3 [56,57]. Metabolites of ellagitannins demonstrated efficacy in 
mitigating colitis in preclinical models by preventing barrier dysfunction and showing 
their anti-inflammatory activity through the activation of the AhR-Nrf2-dependent path-
way, upregulating epithelial tight junction proteins [58]. In this study, TA alone promoted 
AhR transcription and upregulated the expression of Nrf2, IL-22, and STAT3, while co-
administration with LC resulted in a stronger induction of STAT3 and protection of tight 
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junctions. Research suggests that targeting these pathways, including AhR regulation, 
holds promise for the prevention and treatment of IBD. This effect may be attributed to 
the ability of LC to increase the production of metabolites, such as phloroglucinol, by me-
tabolizing TA. However, further studies are required to fully understand the relevance of 
these pathways in intestinal diseases. 

 Intestinal dysbiosis and colitis are mutually correlated conditions. Studies have 
shown that polymerized polyphenols, including tannins, can effectively improve the in-
testinal flora environment and increase the abundance of bacteria like Bacteroides, Lacto-
bacillus, Ruminococcaceae, and Akkermansia [59,60] that produce SCFAs. The phlorotan-
nin selected in this study has been shown to have the ability to increase SCFAs [61]. SCFAs 
play crucial roles in regulating intestinal immune function, protecting the intestinal mu-
cosal barrier, reducing inflammatory responses, maintaining intestinal environment sta-
bility, and treating various conditions such as IBD, hypertension, irritable bowel syn-
drome, and colon cancer. Furthermore, these polyphenols are suggested as AhR ligands, 
modulating the intestinal immune system through the AhR pathway [25]. Additionally, 
phlorotannin fermentation in an in vitro rumen model increased carbohydrate-mediated 
bacteria, including Prevotellaceae_UCG-001, Anaerovorax, Ruminococcus, Ruminobacter, Fi-
brobacter, Lachnospiraceae_AC2044_group, and Clostridia_UCG-014 [62]. In this study, phlo-
rotannin treatment increased the abundance of probiotics, including F. prausnitzii, A. mu-
ciniphila, L. reuteri, L. casei, and L. plantarum. F. prausnitzii is considered a key player in the 
gut, with significant effects on host health and immunity, as it produces anti-inflamma-
tory molecules such as butyrate [63]. The role of A. muciniphila in treating intestinal in-
flammatory diseases, especially inflammatory bowel disease, has been widely recognized 
[64]. Lactobacillus species are representative probiotic strains in adjunctive IBD treatment. 
Multiple lactobacillus strains have been proven to reduce intestinal damage and enhance 
the intestinal immune barrier [65]. The Firmicutes/Bacteroidetes ratio is widely consid-
ered as crucial for maintaining normal intestinal homeostasis. Dysbiosis is often associ-
ated with an increase or decrease in this ratio. In the DSS group, the ratio significantly 
increased, whereas it significantly decreased after treatments. In summary, this study 
found that the co-administration of TA and LC significantly increased the content of var-
ious probiotics capable of treating colitis and adjusting the intestinal flora environment. 
This supports the notion that phlorotannin metabolites can maintain intestinal homeosta-
sis and reduce inflammation by increasing the abundance of probiotic bacteria. 

In this study, TA was administered to animals at a concentration of 50 mg/kg bw/day. 
A previous study administered dieckol at 5–15 mg/kg bw in DSS-induced colitis animal 
experiments, revealing efficacy against inflammation even at lower concentrations [11,66]. 
Additionally, another DSS mouse model using a phlorotannin-rich Ecklonia cava extract 
demonstrated anti-inflammatory effects ranging from 50 mg/kg bw up to 200 mg/kg bw 
[30]. In this study, the concentration of lactic acid bacteria was determined based on pre-
vious research, where a notable anti-inflammatory effect was observed after feeding Lac-
tobacillus plantarum at a concentration of 1 × 109 CFU/mL for 10 days [67,68]. In an effort to 
establish optimal conditions, we administered approximately 1/10th of the amount used 
in the earlier experiment for a duration of approximately 7 days. Our selection of 50 mg/kg 
for this study is based on the preventive effects of phlorotannin on colitis. After converting 
the mouse doses to human-equivalent doses based on body surface area, to achieve similar 
effects, a 60 kg human would need to take 8 mg/kg bw, totaling 480 mg/day [69]. In studies 
involving other insomniacs and obese individuals, doses ranging from 100 mg to 500 mg 
per day were administered, with no reported toxic effects [70]. Therefore, it is unlikely 
that the 480 mg/day dose would lead to any adverse effects. Understanding the dose–
response relationship is crucial for optimizing therapeutic applications. While in vitro re-
sults showed that different doses of TA and LC led to varying effects on inflammatory 
markers, our in vivo experiments were limited to testing only one concentration. There-
fore, conducting additional dose–response studies is necessary to fully explore the poten-
tial for enhancing the anti-inflammatory effects of synbiotics. Future research avenues 
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may include investigating the synergistic effects between different doses of TA and LC, as 
well as exploring the impact of different dosing on treatment outcomes. 

Our study’s limitation lies in the low efficiency of extraction. Preliminary tests sug-
gested higher efficiency when extracting E. bicyclis with 70% ethanol, contrasting with our 
primary objective to extract dieckol using the established method with 80% MeOH and 
100% ethyl acetate [38,71]. Moreover, we solely monitored phlorotannin derivatives in the 
extract to evaluate the impact of probiotics on phlorotannin metabolism. While E. bicyclis 
is rich in phlorotannin, it also contains other bioactive compounds such as carotenoids, 
fucoxanthin, quercetin, and caffeic acid [72]. Further efforts are needed to investigate the 
amounts and effects of these other compounds, improve extraction efficiency, and en-
hance the purity of phlorotannin fractions. This study is limited by the absence of histo-
logical evidence demonstrating the rescue of tight junctions by TA and LC through mod-
ulation of the AhR pathway. Therefore, further investigations are needed to explore this 
aspect thoroughly. Another limitation of our study is the absence of a clear synergistic 
effect observed when administering the TA + LC combination, as compared to the TA 
alone group. Despite demonstrating excellent anti-inflammatory effects in in vitro exper-
iments with fermented TA and LC, our initial hypothesis of a synergistic effect in animal 
experiments did not manifest fully. Only spleen size, Lipocalin 2, and TNF-α showed sig-
nificant reductions when taken simultaneously. Moreover, tight junction-related genes 
like Muc2, Zo1, Occludin, etc., exhibited a significant increase following the combination 
of TA and LC compared to the tannin-only treatment, while other outcomes were similar 
to those observed with tannin intake alone. The difference in transitioning from in vitro 
to in vivo conditions can be attributed to two reasons: the methodology of compound 
delivery and the absorption and metabolism of the compounds in the digestive tract. Oral 
administration of Lactobacillus spp. and seaweed extracts may result in significant losses 
through the digestive tract due to variations in temperatures and pH values, potentially 
affecting the optimal delivery of bioactive compounds [73]. Additionally, differences in 
intestinal metabolism and the absorption capacity of metabolites may significantly con-
tribute to the complexity of translating in vitro findings to in vivo settings [74]. 

In discussing the clinical relevance of the findings, it is crucial to consider the poten-
tial impact on the main symptoms of UC, which include inflammation, altered tight junc-
tion structure, and gut dysbiosis, and how these symptoms were mitigated by TA and LC 
administration. Phlorotannins have been demonstrated to possess anti-inflammatory 
properties, modulate the composition of the gut microbiota, and enhance intestinal barrier 
function [9,75]. Additionally, our results suggest that the combination of TA and LC may 
synergistically improve tight junctions. While individual studies have shown the efficacy 
of phlorotannins and LC in vivo and in clinical trials [70,76,77], the efficacy and safety of 
the combined administration in IBD has not been investigated. Based on our findings and 
the known properties of TA and LC, they could potentially serve as adjunctive therapies 
for human IBD. Further research is needed to assess the optimal administration and dos-
age regimens, as well as to ensure safety and efficacy in human subjects. In future research 
endeavors, our focus will be on refining the extraction method to enhance the extraction 
efficiency of phlorotannins. Following this optimization, we aim to conduct more mecha-
nistic studies to thoroughly understand the AhR pathways through which TA and LC 
modulate intestinal health and inflammation. Additionally, we plan to investigate the 
dose–response relationship by evaluating the effects of different doses of TA and LC to 
assess their efficacy and safety. These efforts will be instrumental in facilitating the trans-
lation of our findings into clinical applications, ultimately advancing the potential thera-
peutic utility of TA and LC in managing inflammatory bowel diseases. 
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5. Conclusions 
A combination of phlorotannins isolated from E. bicyclis and Lactobacillus casei was 

found to be highly effective in preventing ulcerative colitis. This was evidenced by the 
reduction in the expression of inflammatory cytokines and restoration of the ratio of Fir-
micutes and Bacteroidetes observed in experiments. The synergistic effects of the poly-
phenol components of the phlorotannins and L. casei was demonstrated to be superior to 
the individual effects of each component. Furthermore, cell experiments revealed that the 
polyphenol components of E. bicyclis and specific lactic acid bacterial species exhibit out-
standing anti-inflammatory effects, emphasizing the importance of specific strains in con-
ferring these benefits. In subsequent animal experiments, the combined administration of 
TA and LC not only protected the colon, but also increased the abundance of beneficial 
intestinal microorganisms, leading to a reduction in colon inflammation. The central role 
of the AhR axis in the combination of TA and LC suggests a positive effect on the gut 
immune axis, making it a potential candidate for an expanded symbiotic material in the 
management of IBD. The unique high-molecular-weight polyphenol component present 
in E. bicyclis interacts with specific strains of lactic acid bacteria, such as LC, and undergoes 
absorption and metabolism in the intestines. These findings highlight the potential of this 
combination as a functional food with protective properties against inflammatory diseases 
and other health conditions. 
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