&é{ marine drugs

Article

Polysaccharide from Edible Alga Enteromorpha clathrata
Improves Ulcerative Colitis in Association with Increased
Abundance of Parabacteroides spp. in the Gut Microbiota of
Dextran Sulfate Sodium-Fed Mice

Mingfeng Ma 12, Tianyu Fu 12, Yamin Wang "2, Aijun Zhang 3, Puyue Gao 3, Qingsen Shang 14 *

and Guangli Yu 1-2*

check for
updates

Citation: Ma, M; Fu, T.; Wang, Y.;
Zhang, A.; Gao, P,; Shang, Q.; Yu, G.
Polysaccharide from Edible Alga
Enteromorpha clathrata Improves
Ulcerative Colitis in Association with
Increased Abundance of
Parabacteroides spp. in the Gut
Microbiota of Dextran Sulfate
Sodium-Fed Mice. Mar. Drugs 2022,
20, 764. https://doi.org/10.3390/
md20120764

Academic Editor: Paola Laurienzo

Received: 18 November 2022
Accepted: 2 December 2022
Published: 4 December 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Key Laboratory of Marine Drugs of Ministry of Education, Shandong Key Laboratory of Glycoscience and
Glycotechnology, School of Medicine and Pharmacy, Ocean University of China, Qingdao 266003, China
Laboratory for Marine Drugs and Bioproducts, Qingdao National Laboratory for Marine Science and
Technology, Qingdao 266003, China

3 Qilu Hospital of Shandong University (Qingdao), Qingdao 266035, China

4 Qingdao Marine Biomedical Research Institute, Qingdao 266071, China

Correspondence: shangqingsen@163.com (Q.S.); glyu@ouc.edu.cn (G.Y.)

Abstract: Polysaccharide from the edible alga Enteromorpha clathrata has been demonstrated to exert
beneficial effects on human health. However, what effect it has on inflammatory bowel diseases has
not been investigated. Here, using a mouse model of dextran sulfate sodium (DSS)-induced ulcerative
colitis, we illustrate that Enteromorpha clathrata polysaccharide (ECP) could alleviate body weight loss,
reduce incidences of colonic bleeding, improve stool consistency and ameliorate mucosal damage
in diseased mice. 16S rRNA high-throughput sequencing and bioinformatic analysis indicated
that ECP significantly changed the structure of the gut microbiota and increased the abundance
of Parabacteroides spp. in DSS-fed mice. In vitro fermentation studies further confirmed that ECP
could promote the growth of Parabacteroides distasonis F1-28, a next-generation probiotic bacterium
isolated from the human gut, and increase its production of short-chain fatty acids. Additionally,
Parabacteroides distasonis F1-28 was also found to have anti-ulcerative colitis effects in DSS-fed mice.
Altogether, our study demonstrates for the first time a beneficial effect of ECP on ulcerative colitis
and provides a possible basis for understanding its therapeutic mechanisms from the perspective of
symbiotic gut bacteria Parabacteroides distasonis.

Keywords: Enteromorpha clathrata; polysaccharide; ulcerative colitis; Parabacteroides distasonis; dextran
sulfate sodium; inflammatory bowel disease; short-chain fatty acids

1. Introduction

Enteromorpha clathrata is an edible alga that has been widely consumed in Asian coun-
tries [1-4]. Previous studies have indicated that Enteromorpha clathrata polysaccharide
(ECP) could be used as a novel drug candidate to treat obesity, constipation and hyperlipi-
demia [3,5,6]. However, what effect it has on inflammatory bowel diseases has not been
investigated. Ulcerative colitis and Crohn’s disease are two types of typical inflammatory
bowel diseases, and preceding results have illustrated a causal role of gut dysbiosis in
the development of ulcerative colitis [7-10]. ECP is not absorbed after oral intake and
therefore holds great potential for the treatment of dysbiosis-associated intestinal diseases
by targeting gut microbiota [1,2,4].

Our previous results suggested that dietary intake of ECP could modulate the com-
position of the gut microbiota and increase the abundances of beneficial microbes in the
gut, including Akkermansia muciniphila, Eubacterium xylanophilum, Bifidobacterium spp. and
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Lactobacillus spp. [1,5]. Similarly, Ren et al. found that ECP could ameliorate loperamide-
induced gastrointestinal disorders by increasing the populations of probiotic bacteria such
as Prevotella spp. and Bacteroides spp. in the colon [6]. Taken together, the prebiotic effect of
ECP prompted us to investigate whether it also has any therapeutic effects on inflammatory
bowel diseases.

In the present study, using a mouse model of dextran sulfate sodium (DSS)-induced
ulcerative colitis, we illustrate for the first time a beneficial effect of ECP on ulcerative
colitis and provide a possible basis of understanding its therapeutic mechanisms from the
perspective of symbiotic gut bacteria Parabacteroides distasonis. Our study paves the way
for the development of ECP as a new drug candidate for the treatment of inflammatory
bowel diseases.

2. Results
2.1. Dietary ECP Improved Ulcerative Colitis and Ameliorated Mucosal Damage in DSS-Fed Mice

We explored the therapeutic effect of ECP on ulcerative colitis using a well-established
mouse model [11,12]. DSS-induced ulcerative colitis in mice is associated with decreased
body weight and shortening of the colon length. Interestingly, dietary intake of ECP
(100 mg/kg) considerably retarded the body weight loss in DSS-treated mice (Figure 1A).
Additionally, the shortening of colon length in diseased mice was also profoundly sup-
pressed by the treatment of ECP (Figure 1B,C). Furthermore, oral administration of ECP also
significantly reduced the incidences of colonic bleeding and improved stool consistency in
diseased mice (Figure 1D).
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Figure 1. Dietary ECP improved ulcerative colitis in DSS-fed mice. Changes of the body weight
during the experiment (A). Representative morphologies of the colon (B). Colon length (C). Symptom
score analysis of ulcerative colitis (D). * p < 0.05 versus NC group; ** p < 0.01 versus NC group;
# p < 0.05 versus MD group; * p < 0.01 versus MD group.
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Previous studies have indicated that DSS-induced ulcerative colitis is correlated with
mucosal damage in the colon [11-13]. In line with previous results, DSS disrupted the intesti-
nal epithelial layer and inhibited the biosynthesis of colonic mucin O-glycans (Figure 2A,B).
However, intriguingly, dietary intake of ECP reversed the toxic effect of DSS and attenuated
the mucosal damage in the colon of diseased mice, as indicated by histochemical staining
(Figure 2A,B) and histopathological colitis score analysis (Figure 2C).
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Figure 2. Dietary ECP ameliorated DSS-induced mucosal damage in the colon. H&E staining (A) and
Alcian blue staining (B) of the colon tissues. Alcian blue staining was applied to show the changes of
the intestinal acidic mucin O-glycans. Histopathological colon score analysis (C). ** p < 0.01 versus
NC group; # p < 0.05 versus MD group.

2.2. Dietary ECP Changed the Overall Structure of the Gut Microbiota in DSS-Fed mice

Previous studies have indicated that ECP is not absorbed after oral intake [1,2,4].
Therefore, when reaching the colon, it would be fermented by the intestinal microbes [1,4,5].
In this regard, we next sought to explore the beneficial effects of ECP on ulcerative colitis
from the perspective of gut microbiota. Expectedly, dietary ECP significantly changed the
overall structure of the gut microbiota in DSS-fed mice. Venn diagram analysis suggested
that 49 and 46 operational taxonomic units (OTUs) were separately identified in ECP-treated
mice and diseased mice (Figure 3A). Additionally, as indicated by principal components
analysis (PCA) and non-metric multidimensional scaling (NMDS) score plot analyses,
dietary ECP induced a remarkable shift of gut microbiota structure towards that of healthy
mice (Figure 3B,C).
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Figure 3. Dietary ECP changed the overall structure of the gut microbiota in diseased mice. Venn
diagram analysis of the OTUs (A). PCA score plot analysis (B). NMDS score plot analysis (C).

2.3. Dietary ECP Modulated the Composition of the Gut Microbiota and Increased the Abundance
of Parabacteroides spp. in DSS-Fed Mice

The mice gut microbes were dominated by Bacteroidota, Actinobacteriota and Firmi-
cutes at the phylum level and Dubosiella spp., Bacteroides spp., Lactobacillus spp., Alistipes
spp., Parabacteroides spp. and Blautia spp. at the genus level (Figure 4). Heatmap analysis
of the gut microbiota showed that intake of ECP could potentially affect the composition of
the gut microbiota (Figure 4).
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Figure 4. Dietary ECP modulated the composition of the gut microbiota at different taxonomic levels.
Heatmap analysis of the gut microbiota at the phylum and genus levels.
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To identify the key bacteria that were changed by ECP treatment, we performed LEfSe
analysis. NC mice were characterized by higher abundances of Lachnospiraceae NK4A136
spp., Lactobacillus johnsonii and Muribaculaceae compared to DSS-fed mice (Figure 5A). In
line with the preceding results [13], DSS-induced ulcerative colitis was associated with
increased amounts of mucolytic bacteria, including Akkermansia muciniphila, Bacteroides vul-
gatus, Bacteroides acidifaciens and Romboutsia ilealis (Figure 5A). Interestingly, ECP treatment
remarkably decreased the amount of mucolytic bacteria, including Akkermansia muciniphila
and Bacteroides thetaiotaomicron and promoted the growth of potential beneficial bacteria
such as Parabacteroides spp. and Alistipes spp. (Figure 5B).
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Figure 5. LEfSe LDA score analysis of the gut microbiota in NC versus MD group (A) and MD versus
ECP group (B). Only bacterial taxa with an LDA score of above 4.0 and 3.0 are listed.

We next tried to isolate the probable colitis-protective bacteria in the genus of Parabac-
teroides spp. and Alistipes spp. from the colon contents of ECP-treated mice. However, we
were not able to obtain the targeted bacteria. For this reason, we then turned to Parabac-
teroides distasonis F1-28, a bacterium that has been previoulsy isolated from the feces of
a healthy individual in our lab. P. distasonis was chosen because previous studies have
indicated that it could alleviates 2,4,6-trinitrobenzenesulfonic acid (TNBS)-induced coli-
tis [14,15]. P. distasonis has been proposed as a next-generation probitic bacterium [14], and
we hypothesized that ECP might be fermentated by P. distasonis F1-28, and P. distasonis
F1-28 might also be protective against DSS-induced ulcerative colitis.

2.4. ECP Promoted the Growth of P. distasonis F1-28 In Vitro and Increased the Production of
Short-Chain Fatty Acids

To test the aforementioned hypothesis, ECP was added to the culture medium of
P. distasonis F1-28. Interestingly, ECP significantly promoted the growth of P. distasonis F1-28
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in vitro (Figure 6A,B). Short-chain fatty acids (SCFAs), including acetate, propionate and
succinate, are major fermentation products of P. distasonis [14]. In the present study, ECP
considerably increased the productions of total SCFAs, acetate, propionate and succinate
at different fermentation periods (Figure 6C-F). Altogether, our study indicates that ECP
could be utilized and fermented by P. distasonis in the gut, and this could help to explain
why the abundance of Parabacteroides spp. was increased in ECP-treated mice.
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Figure 6. ECP promoted the growth of P. distasonis F1-28 and increased the production of SCFAs.
Growth curves (A) and colony forming units (CFUs) (B). Concentrations of total SCFAs (C), acetate
(D), propionate (E) and succinate (F). * p < 0.05 versus NC group; ** p < 0.01 versus NC group.

2.5. P. distasonis F1-28 Alleviated Ulcerative Colitis and Attenuated Mucosal Damage in DSS-Fed Mice

In light of the fact that ECP promotes the growth of P. distasonis F1-28, we next sought
to investigate whether P. distasonis F1-28 has any therapeutic effects on DSS-induced colitis.
Interestingly, we found that oral administration of live P. distasonis F1-28 could alleviate
ulcerative colitis in DSS-fed mice. Specifically, intake of P. distasonis F1-28 retarded the
body weight loss, reduced the contraction of the colon length, decreased the incidences of
bleeding and improved stool consistency in diseased mice (Figure 7A-D).

Histochemical staining and histopathological colitis score analysis suggested that P. dis-
tasonis F1-28 could also attenuate DSS-induced mucosal damage in the colon (Figure 8A-C).
Altogether, our study corroborates previous results showing an anti-inflammatory effect of
P. distasonis on TNBS-induced colitis [15]. ECP could promote the growth of P. distasonis
F1-28, and this could help to understand the therapeutic effect of ECP on chemical-induced
colitis in mice.
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Figure 7. Oral administration of live P. distasonis F1-28 alleviated ulcerative colitis in DSS-fed mice.
Changes of the body weight during the experiment (A). Representative morphologies of the colon
(B). Colon length (C). Symptom score analysis of ulcerative colitis (D). ** p < 0.01 versus NC group;
# p <0.05 versus MD group; * p < 0.01 versus MD group.
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Figure 8. Oral administration of live P. distasonis F1-28 attenuated DSS-induced mucosal damage in
the colon. H&E staining (A) and Alcian blue staining (B) of the colon tissues. Histopathological colon
score analysis (C). ** p < 0.01 versus NC group; # p < 0.01 versus MD group.
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3. Discussion

Enteromorpha clathrata is a well-known edible alga that has been traditionally consumed
in Asian countries, including China, Korea and Japan [1-4]. Enteromorpha clathrata polysac-
charide (ECP) has been proposed as a novel drug candidate to treat obesity, constipation
and hyperlipidemia [3,5,6]. However, what effect it has on inflammatory bowel diseases
has not been investigated. Our study demonstrates for the first time a beneficial effect of
ECP on ulcerative colitis and provides a possible basis for understanding its therapeutic
mechanisms from the perspective of symbiotic gut bacteria P. distasonis. Our study paves
the way for the development of ECP as a new marine drug candidate for the treatment of
inflammatory bowel diseases such as ulcerative colitis and Crohn’s disease.

Our study has two limitations. First, due to the experimental design, we were not
able to determine whether the beneficial effects of ECP on gut microbiota was a cause or
consequence of the attenuated colitis. Therefore, future studies using fecal microbiota trans-
plantation and germ-free mice are encouraged to further explore this question. Second, our
study could only provide a possible basis for understanding the therapeutic mechanisms
of ECP from the perspective of symbiotic gut bacteria P. distasonis. This is partially because
we failed to isolate any P. distasonis strains from the ECP-treated mice. It is hypothesized
that ECP could be fermented in vivo by specific P. distasonis bacterium. However, more
detailed studies are needed to explore this issue.

In addition to P. distasonis, P. goldsteinii is also recognized as a potential next-generation
probiotic candidate due to its protective effect on inflammation [16]. Recently, P. goldsteinii
was found to attenuate ulcerative colitis in mice treated with DSS [17]. Similarly, Alistipes
finegoldii was also demonstrated to have a protective effect on DSS-induced colitis [18]. Our
study indicated that ECP could increase the abundances of Alistipes spp. and Parabacteroides
spp- in DSS-fed mice during alleviation of colitis symptoms. Although we focused on
P. distasonis in our present study, we do not rule out the possibility that the anti-colitis effect
of ECP may be mediated by other probiotic bacteria in the gut, such as P. goldsteinii and
A. finegoldii.

Intestinal bile acids play a pivotal role in the pathogenesis of inflammatory bowel
diseases [19]. P. distasonis has been suggested to possess a wide range of bile acid conver-
sion functions [20]. Previous studies have indicated that secondary bile acids, including
ursodeoxycholic acid and lithocholic acid, could protect against intestinal inflammation
by inhibiting the apoptosis of epithelial cells and restoring the integrity of the mucosal
layer [21]. Further investigations are therefore needed to explore the effect of ECP on the
metabolism of bile acids during alleviation of ulcerative colitis.

4. Materials and Methods
4.1. Chemicals and Reagents

The Enteromorpha clathrata polysaccharide (ECP) was used and prepared as previously
described [1,5]. Tryptone, peptone, yeast extract and Tween 80 were obtained from Sigma
(Shanghai, China). Hemin and L-cysteine hydrochloride were purchased from Sangon
Biotech (Shanghai, China). All other chemicals of analytical grade were acquired from
Sinopharm Chemical (Shanghai, China).

4.2. Animals and Treatment

The animal experiments in the present study were approved and supported by the
Ethical Committee of Ocean University of China, School of Medicine and Pharmacy (Per-
mission No. OUC-2021-0301-02) and complied with the Guide for the Care and Use of
Laboratory Animals (National Academies Press, 8th edition, 2011). All the animals were
obtained from Beijing Vital River Laboratory Animal Technology Co. Ltd. (Beijing, China)
(Certificate No. SCXK (Jing) 2016-0011).

In animal experiment 1, a total of 24 eight-week-old male C57BL/ 6] specific pathogen-
free (SPF) mice were used to test the anti-colitis effect of ECP. The mice were divided into
three groups: the normal control group (NC, n = 8), the model group (MD, n = 8) and the
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ECP treatment group (ECP, n = 8). ECP was dissolved in phosphate-buffered saline (PBS)
and was given at a dosage of 100 mg/kg/day by gavage. Mice in MD group and ECP
group were given 2.0% (w/v) DSS (MP Biomedicals LLC, Solon, USA) in the daily drinking
water for 8 consecutive days. All mice were humanely sacrificed on the eleventh day and
the colon and cecum were collected for further experiment.

In animal experiment 2, a total of 24 eight-week-old male C57BL/ 6] specific pathogen-
free (SPF) mice were used to test the anti-colitis effect of P. distasonis F1-28. The mice
were divided into three groups: the normal control group (NC, n = 8), the model group
(MD, n = 8) and the P. distasonis F1-28 treatment group (PD, n = 8). P. distasonis F1-28 was
dissolved in phosphate-buffered saline (PBS) and was given at a dosage of about 2.0 x 107
colony-forming units (CFUs)/day/mouse by gavage. Mice in MD group and ECP group
were given 2.0% (w/v) DSS in the daily drinking water for 7 consecutive days. All mice
were humanely sacrificed on the ninth day and the colon and cecum were collected for
further experiment.

The body weight and the stool morphology of the mice were monitored every day.
H&E staining and Alcian blue staining of the colon tissues were performed as previously
described [13,22,23]. The symptom score and histopathological colon score analyses were
performed as described elsewhere [13,24,25].

4.3. In Vitro Fermentation of P. distasonis F1-28

The VI medium was applied to investigate the utilization and fermentation of ECP by
P. distasonis F1-28 as previously described [16,17]. In this in vitro fermentation experiment,
P. distasonis F1-28 was grown in the basic VI medium that contained no extra carbon source
(NC group) and the basic medium that contained ECP as the primary carbon source (ECP
group). The CFUs of P. distasonis F1-28 was checked at different time points. The SCFAs
levels in the two media were analyzed using the methods described elsewhere [26,27].

4.4. High-Throughput Sequencing and Bioinformatic Analyses

The metagenomic DNA of the gut microbiota were extracted using the commercial
Qiagen QIAamp DNA Stool Mini Kit (Hilden, Germany) from the cecum samples. The 165 V3-
V4 hypervariable gene regions were specifically amplified using the well-established universal
primers 338F (ACTCCTACGGGAGGAGCAG,) and 806R(GGACTACHVGGGTWTCTAAT).
The amplicons were quality-checked and sequenced on an Illumina PE300 platform from
Majorbio Bio-pharm Biotechnology Co., Ltd. (Shanghai, China). Bioinformatic analyses
of the sequencing data (Venn diagram, PCA score plot, NMDS score plot and heatmap
analyses) were conducted using the online Majorbio Cloud Platform (www.majorbio.com
(accessed on 27 July 2022)). The LEfSe analysis was performed as previously described [26,27].
Only bacterial taxa with an LDA score of above 4.0 and 3.0 were listed.

4.5. Statistical Analyses

Data were expressed as mean + SEM. Statistical analyses were performed using
Student t-test and ANOVA with post-hoc Tukey’s tests (GraphPad Prism for Windows 8.0;
GraphPad Software Inc, San Diego, CA, USA). The results were considered statistically
significant at p < 0.05. * p < 0.05 versus NC group; ** p < 0.01 versus NC group; # p < 0.05
versus MD group; # p < 0.01 versus MD group.

5. Conclusions

In conclusion, dietary ECP improved ulcerative colitis and ameliorated mucosal
damage in DSS-fed mice. ECP changed the structure of the gut microbiota in diseased
mice by increasing the abundance of probiotic bacteria Parabacteroides spp. In vitro, ECP
promoted the growth of anti-colitis bacterium P. distasonis F1-28 and increased its production
of SCFAs. Our study demonstrates a therapeutic effect of ECP on DSS-induced ulcerative
colitis and provides a possible basis for understanding its mechanisms from the perspective
of symbiotic gut bacteria P. distasonis.
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