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Abstract: In this work, the preventive effect of depolymerized sulfated polysaccharides from Eu-
cheuma serra (DESP) on bacterial diarrhea by regulating intestinal flora was investigated in vivo.
Based on the enterotoxigenic Escherichia coli (ETEC)-infected mouse diarrhea model, DESP at doses
ranging from 50 mg/kg to 200 mg/kg alleviated weight loss and decreased the diarrhea rate and
diarrhea index. Serological tests showed that the levels of inflammation-related factors were effec-
tively suppressed. Furthermore, the repaired intestinal mucosa was verified by morphology and
pathological tissue section observations. Compared with the model group, the richness and diversity
of the intestinal flora in the DESP group increased according to the 16S rRNA high-throughput se-
quencing of the gut microbiota. Specifically, Firmicutes and Actinobacteria increased, and Proteobacteria
decreased after DESP administration. At the family level, DESP effectively improved the abundance
of Lactobacillaceae, Bifidobacteriaceae, and Lachnospiraceae, while significantly inhibiting the growth
of Enterobacteriaceae. Therefore, the antimicrobial diarrhea function of DESP may be related to the
regulation of intestinal microbiota.

Keywords: Eucheuma serra; sulfated polysaccharide; enterotoxigenic Escherichia coli; bacterial diarrhea;
16S rRNA; gut microbiota

1. Introduction

As one of the most common diseases with a global incidence of more than 1 billion
per year, diarrhea can cause 600,000 deaths in most underdeveloped countries and regions
each year, mainly children under five years of age [1,2]. Enterotoxigenic Escherichia coli
(ETEC) is considered the most common cause of diarrhea [3]. It is believed that ETEC
can secrete specific adhesion proteins or peptides, allowing it to firmly adhere to and
colonize small intestinal epithelial cells (IECs) [4]. ETEC also produces a large amount
of enterotoxin, mainly heat-stable enterotoxins (ST) and heat-labile toxin (LT), that alters
the integrity of tight junctions in host small IECs, destroys the internal environment of
fluids, and stimulates excessive secretion of body fluids and electrolytes [5]. Currently, oral
rehydration salt and antibiotics represent the primary treatment methods for infectious
diarrhea. As the first-line treatment for diarrhea worldwide, oral rehydration therapy
is safe and convenient but cannot reduce the duration and severity of the condition [6].
Antibiotics have been considered one of the most effective treatments in the past, but
long-term use results in drug resistance and intestinal flora imbalance and can even cause
the recurrence of diarrhea [7]. Therefore, increasing attention has been focused on natural
active substances.
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Sulfated polysaccharides, the main active ingredient in seaweed, have been confirmed
to exhibit a variety of antiviral [8], anti-inflammatory [9], anticoagulant [10], and anti-
cancer [11] physiological activity. In recent years, the anti-diarrheal activity of sulfated
polysaccharides has received widespread attention. For example, sulfated polysaccha-
rides derived from Gracilaria intermedia and Hypnea musciformis exhibit an ameliorative
effect on acute and secretory diarrhea induced by castor oil and cholera toxin, respectively,
by increasing the Na+/K+-ATPase activity in the small intestine and reducing gastroin-
testinal transit and intestinal fluid accumulation [12,13]. It is also believed that sulfated
polysaccharides from red algae, Porphyra haitanensis, and Gracilaria lemaneiformis can inhibit
proinflammatory release cytokines, IL-6 and TNF-α, as well as the secretion of immunoglob-
ulin A (IgA), in ETEC-K88-induced mouse diarrhea [14]. In addition, studies have also
shown that sulfated seaweed polysaccharides exhibit an anti-diarrhea effect by binding
with monosialoganglioside-1 and cholera toxin, blocking their attachment to the enterocyte
cell surface [15].

In fact, there is growing evidence that the anti-diarrhea effect involves the regulation
of intestinal flora [16]. It was reported that probiotic supplementation in children with
acute infectious diarrhea caused by rotavirus infection caused the diarrhea symptoms
to cease, and the maladjusted intestinal flora even returned to a normal state [17]. The
observation results regarding the intestinal flora changes in newborn calves over time
revealed that Ruminococcus 2, Trueperella, Dorea, Streptococcus, and Erysipelatoclostridium
could be used as key microbial markers to predict early diarrhea since the accuracy was as
high as 84.3% [18]. During the treatment of antibiotic-related diarrhea in rats using herbal
formula, the abundance of Sutterella was significantly suppressed, which was thought to
be a pivotal phylotype in improving diarrhea [19]. Therefore, the intestinal flora is closely
related to the occurrence and development of diarrhea. Improving the composition of gut
microflora should be a crucial strategy in preventing or treating infectious diarrhea.

Eucheuma serra (E. serra) is traditional edible red algae from China’s southeast coastal
area and is the primary raw material for producing carrageenan [20]. The sulfated galactan
is a vital bioactive substance in E. serra, and approximately 90% of the linear backbone is
composed of alternating 3-linked β-D-galactopyranos and 4-linked α-D-galactopyranos
residues [21]. Previous research found that the depolymerized sulfated polysaccharide
from E. serra (DESP) inhibited the growth and adhesion of ETEC K88, but not probiotics [22],
while it may be therapeutic to bacterial diarrhea. Therefore, this study aims to investigate
the preventive effect of DESP on ETEC-K88-induced diarrhea. Furthermore, the structural
shifts of the gut microbiota in response to DESP treatment are also discussed. This research
may provide information for the future development of anti-diarrheal functional foods
and feeds.

2. Results
2.1. The Effect of DESP on the Body Weight and Diarrheal Symptoms

As shown in Figure 1A–D, the clinical symptoms and anatomical observation of the
diarrhea mice were detected before and after DESP administration. Compared with the
model group, the mice in the PBS group displayed good mental state, strong mobility,
smooth and shiny fur, as well as stable weight gain. Furthermore, lumpy intestinal contents,
a clean anus, granular feces, and stable rectal temperature (around 37.5 ◦C) were also
observed. However, the model group mice showed depression, decreased mobility, dull
coats, reduced eating ability, and slightly decreased average weight. The diarrhea rate and
diarrhea index of mice in the model group were 86.67% and 0.42, respectively. The feces
in the model group were black-red, with light yellow purulent mucus, the jejunum was
shriveled, and the contents were yellow and thin. The diarrhea rate and diarrhea index of
mice with continuous intragastric administration of 200 mg/kg DESP were 33.34% and
0.21, respectively, which was only 38.47% and 50.00% in the model group, indicating that
polysaccharides prevented bacterial diarrhea.
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Figure 1. The improving effect of Eucheuma serra (DESP) on diarrhea symptoms in mice. (A). Anal, fecal, and intestinal 
content observations (B). Body weight changes during this trial (C). The effect of DESP administration on the diarrhea rate 
(D). a,b: bars with different letters represent significant differences. The effect of DESP administration on the diarrhea 
index (p < 0.05). 

2.2. Morphological and Histological Observation of Intestinal Inflammation 
In this work, scanning electron microscopy (SEM) was used to observe the integrity 

of the jejunum villi and observe the pathological sections of the jejunum tissue. Based on 
the SEM observations, Figure 2A shows that the intestinal villi in the PBS group were 
arranged neatly, distributed evenly, and densely, and displayed a plump, round shape 
without cracks or defects. Different from the PBS group, the integrity of the jejunum villi 
in the model group was obviously destroyed, displaying a ruptured surface and increased 
damage. After DESP prevention treatment ranging from 50 mg/kg to 200 mg/kg, the 
jejunal villi were only slightly damaged, without breakage or shedding. Especially at 200 
mg/kg, the morphology of the jejuna villi in the ETEC-K88 injured mice was similar to that 
of normal mice. 

The pathological observation results of the jejunum tissue are shown in Figure 2B. In 
the PBS group, the epithelial cells were normal and closely arranged, and an intact 
intestinal mucosal structure was displayed. In addition, the columnar cells and goblet cells 
in the lamina propria were abundant and no apparent signs of inflammation were 
observed. Whereas, in the model group, the villi were atrophied and severely widened, 
and prominent inflammation was evident. When the dose of DESP was 50 mg/kg or 100 
mg/kg, a slight widening of the spaces between the intestinal villi and mild inflammation 
was apparent. Nevertheless, when the DESP dose increased to 200 mg/kg, intestinal tissue 
cells appeared normal and were closely arranged, with no visible inflammation. The 
intestinal morphology of the mice closely resembled that of the normal mice in the PBS 

Figure 1. The improving effect of Eucheuma serra (DESP) on diarrhea symptoms in mice. (A). Anal, fecal, and intestinal
content observations (B). Body weight changes during this trial (C). The effect of DESP administration on the diarrhea rate
(D). a,b: bars with different letters represent significant differences. The effect of DESP administration on the diarrhea index
(p < 0.05).

2.2. Morphological and Histological Observation of Intestinal Inflammation

In this work, scanning electron microscopy (SEM) was used to observe the integrity
of the jejunum villi and observe the pathological sections of the jejunum tissue. Based
on the SEM observations, Figure 2A shows that the intestinal villi in the PBS group were
arranged neatly, distributed evenly, and densely, and displayed a plump, round shape
without cracks or defects. Different from the PBS group, the integrity of the jejunum villi in
the model group was obviously destroyed, displaying a ruptured surface and increased
damage. After DESP prevention treatment ranging from 50 mg/kg to 200 mg/kg, the
jejunal villi were only slightly damaged, without breakage or shedding. Especially at
200 mg/kg, the morphology of the jejuna villi in the ETEC-K88 injured mice was similar to
that of normal mice.

The pathological observation results of the jejunum tissue are shown in Figure 2B.
In the PBS group, the epithelial cells were normal and closely arranged, and an intact
intestinal mucosal structure was displayed. In addition, the columnar cells and goblet
cells in the lamina propria were abundant and no apparent signs of inflammation were
observed. Whereas, in the model group, the villi were atrophied and severely widened, and
prominent inflammation was evident. When the dose of DESP was 50 mg/kg or 100 mg/kg,
a slight widening of the spaces between the intestinal villi and mild inflammation was
apparent. Nevertheless, when the DESP dose increased to 200 mg/kg, intestinal tissue cells
appeared normal and were closely arranged, with no visible inflammation. The intestinal
morphology of the mice closely resembled that of the normal mice in the PBS group. These
results indicate that DESP is effective in inhibiting the damage to IECs caused by diarrhea.
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Figure 2. The effect of DESP administration on the intestinal inflammation in diarrhea mice based on morphological and
histological observations. (A) SEM observation of the integrity of jejunum villi. (B) Optical microscope observation of the
jejunum tissue after hematoxylin-eosin (HE) staining.

2.3. Serological Analysis of the Diarrhea Symptoms in the Mice

According to the changes in serum levels of IgA and some inflammatory factors
such as tumor necrosis factor-a (TNF-α) and mouse mast cell protease (mMCP)-1, the
anti-inflammatory effects of DESP on mice were studied. ETEC-K88 stimulation resulted
in a significant increase in the IgA antibody levels, as well as the TNF-α and mMCP-1
inflammatory factors in the mice’s serum (Figure 3). However, after the polysaccharide
administration, the IgA, TNF-α, and mMCP-1 serum levels decreased significantly (p < 0.05)
in a dose-dependent manner. After the mice were given 50 mg/kg DESP, the IgA, TNF-
α, and mMCP-1 serum levels decreased by 24.41%, 16.02%, and 39.29%, respectively.
However, when the DESP dose was increased to 200 mg/kg, the IgA, TNF-α, and mMCP-1
serum levels decreased by 43.26%, 37.42%, and 57.02%, respectively. These results further
indicated that DESP prevented the inflammation in the diarrhea mice to some extent.
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Figure 3. Serological analysis of diarrhea symptoms in mice before and after DESP treatments at 
doses of 50 mg/kg to 200 mg/kg. (a) IgA; (b) TNF-α; (c) mMCP-1; a–d: bars with different letters 
represent significant differences (p < 0.05). 
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taxonomic unit (OUT) level in the feces was significantly decreased, even in mice that 
received a DESP dose of 200 mg/kg. On the basis of the Chao1 estimate of the bacterial 
communities and the Shannon index assessment of species diversity, the abundance of 
the observed bacterial communities and diversity indexes in the model group was signif-
icantly lower than in the PBS group (p < 0.001 and p < 0.01). However, after 200 mg/kg 
DESP treatment, the species abundance and diversity index increased slightly compared 
with the model group, but no significant differences were evident. The above results in-
dicate that DESP treatment can enhance the ability of the intestinal flora to resist interfer-
ence from antibiotics. 

After ETEC-K88-induced diarrhea, the OTU level, species richness, and the fecal di-
versity of the mice in each group were affected (Figure 4B). Specifically, compared with 
the PBS group, the OTU level in the model group declined by 69.86%, while the observed 
number of species and the Shannon index value showed a significant decrease (p < 0.001 
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Specifically, the Shannon index in the 200 mg/kg group was close to the normal level, 
indicating that the high DESP treatment dose can effectively maintain the balance of the 
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Figure 3. Serological analysis of diarrhea symptoms in mice before and after DESP treatments at
doses of 50 mg/kg to 200 mg/kg. (A) IgA; (B) TNF-α; (C) mMCP-1; a–d: bars with different letters
represent significant differences (p < 0.05).

2.4. The Alteration of the Alpha Diversity of the Gut Microbiota by DESP

Figure 4A shows that after 36 h of streptomycin (SM) interference, the operational
taxonomic unit (OUT) level in the feces was significantly decreased, even in mice that
received a DESP dose of 200 mg/kg. On the basis of the Chao1 estimate of the bacterial
communities and the Shannon index assessment of species diversity, the abundance of the
observed bacterial communities and diversity indexes in the model group was significantly
lower than in the PBS group (p < 0.001 and p < 0.01). However, after 200 mg/kg DESP
treatment, the species abundance and diversity index increased slightly compared with the
model group, but no significant differences were evident. The above results indicate that
DESP treatment can enhance the ability of the intestinal flora to resist interference from
antibiotics.

After ETEC-K88-induced diarrhea, the OTU level, species richness, and the fecal
diversity of the mice in each group were affected (Figure 4B). Specifically, compared with
the PBS group, the OTU level in the model group declined by 69.86%, while the observed
number of species and the Shannon index value showed a significant decrease (p < 0.001
and p < 0.01). Different from the model group, the OTU level, species richness, and fecal
diversity of the mice in the polysaccharide prevention group showed an increasing trend.
Specifically, the Shannon index in the 200 mg/kg group was close to the normal level,
indicating that the high DESP treatment dose can effectively maintain the balance of the
intestinal flora.
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Figure 4. Changes in the diversity of the fecal microbial flora. (A). The OTU levels, Chao1 index, and Shannon index in the
feces after consuming water containing SM for 36 h. (B). The OTU levels, Chao1 index, and Shannon index in the feces 1 h
after the last bacterial donation. *, p < 0.05; **, p < 0.01, ***, p < 0.001.

2.5. The effect of DESP on the Intestinal Flora Compositions

As the balance of the intestinal flora is disturbed by antibiotics, the intestinal flora
state was determined after 36 h of antibiotic use. Remarkable shifts in the microbial
composition in the gut were revealed at the phylum (Figure 5A) and family (Figure 5B)
levels in response to SM treatment. The high-quality data were sufficient to represent all
species in the community. In the PBS group, Bacteroidetes and Firmicutes were the dominant
flora, accounting for 28.51% and 36.55%, respectively. After SM interference, the abundance
of Bacteroides reached 61.87% and the Actinobacteria levels increased from 3.85% to 32.82%.
Compared with the PBS group, the group exposed to 200 mg/kg DESP displayed higher
Bacteroides/Actinobacteria content and reduced Firmicutes levels. Figure 5C shows that after
SM treatment, the abundance of Lactobacilleae (p < 0.01), Helicobacteraceae (p < 0.01), and
Ruminococcaceae (p < 0.05) decreased significantly in the model group, while the abundance
of Bifidobacteriaceae was lower throughout with no statistical differences. The abundance of
Muribaculaceae and Ruminococcaceae was higher in the DESP-treated mice than in the model
group (p < 0.05). Notably, SM treatment specifically enhanced the relative abundance of
Atopobiaece (p < 0.05).
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Figure 5. The composition of the mouse gut microbes after SM interference. (A) The abundance of the primary phylum
level. (B) The abundance of the primary family level. (C) The bacterial content differed significantly among the groups. *,
p < 0.05; **, p < 0.01; NS, no significance.

Feces were collected on the 10th day, 1 h after the last ETEC-K88 donation, to de-
termine the composition of the intestinal flora. The taxon-based analysis was used to
identify the marked differences at the phylum and family levels among the mice from
different groups (Figure 6A,B). The abundance of Firmicutes and Proteobacteria in the gut
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microbial community of the model group increased, while the proportion of Bacteroides
was lower. When the mice were supplemented with 200 mg/kg DESP, the proportion of
Actinobacteria was 25.99%, and the total proportion of Firmicutes and Bacteroides reached
78.78%, resembling almost normal levels. Figure 6B,C shows that the related abundance of
Enterobacteriaceae in the model group increased significantly after ETEC-K88 administra-
tion, reaching 29.05%. However, in the group exposed to a 200 mg/kg dose of DESP, the
proportion of Enterobacteriaceae declined to 8.72%. DESP treatment increased Muribaculaceae
and decreased Bacteroidaceae. The proportion of Lactobacilleae (p < 0.05), Bifidobacteriaceae
(p < 0.01), and Lachnospiraceae (p < 0.05) were lower in the model group than in the PBS
group. However, Lactobacilleae, Bifidobacteriaceae, and Lachnospiraceae increased in the
polysaccharide prevention group, especially at a dose of 200 mg/kg. Furthermore, the
abundances of Lactobacilleae and Bifidobacteriaceae were significantly increased compared to
the model group (p < 0.01), and no significant differences were evident from the normal
group. These results indicate that polysaccharides can improve the stability of the intestinal
flora to a certain extent and reduce the damage caused by antibiotics.

Mar. Drugs 2021, 19, x FOR PEER REVIEW 8 of 18 
 

 

the marked differences at the phylum and family levels among the mice from different 
groups (Figure 6A,B). The abundance of Firmicutes and Proteobacteria in the gut microbial 
community of the model group increased, while the proportion of Bacteroides was lower. 
When the mice were supplemented with 200 mg/kg DESP, the proportion of Actinobacteria 
was 25.99%, and the total proportion of Firmicutes and Bacteroides reached 78.78%, resem-
bling almost normal levels. Figure 6B,C shows that the related abundance of Enterobacte-
riaceae in the model group increased significantly after ETEC-K88 administration, reach-
ing 29.05%. However, in the group exposed to a 200 mg/kg dose of DESP, the proportion 
of Enterobacteriaceae declined to 8.72%. DESP treatment increased Muribaculaceae and de-
creased Bacteroidaceae. The proportion of Lactobacilleae (p < 0.05), Bifidobacteriaceae (p < 0.01), 
and Lachnospiraceae (p < 0.05) were lower in the model group than in the PBS group. How-
ever, Lactobacilleae, Bifidobacteriaceae, and Lachnospiraceae increased in the polysaccharide 
prevention group, especially at a dose of 200 mg/kg. Furthermore, the abundances of Lac-
tobacilleae and Bifidobacteriaceae were significantly increased compared to the model group 
(p < 0.01), and no significant differences were evident from the normal group. These re-
sults indicate that polysaccharides can improve the stability of the intestinal flora to a cer-
tain extent and reduce the damage caused by antibiotics.  

  

  

  
  Figure 6. Cont.



Mar. Drugs 2021, 19, 80 9 of 17Mar. Drugs 2021, 19, x FOR PEER REVIEW 9 of 18 
 

 

  
  

Figure 6. DESP treatment changes the composition of mouse intestinal flora. (A) The abundance of 
the primary phylum level. (B) The abundances of the primary family level. (C) The bacterial con-
tent differed significantly among the groups. *, p < 0.05; **, p < 0.01; NS, no significance. 

3. Discussion 
In China, in order to improve human health and treat various diseases, plants have 

been used as herbal supplements and medicines for at least 2000 years. [23]. As the main 
component of most medicinal plants, polysaccharides have been reported to be involved 
in a variety of significant bioactivities, such as displaying antitumor, antioxidant, antidia-
betic, radioprotective, hypolipidemic, and immunomodulatory properties [24]. In recent 
years, active polysaccharides have attracted widespread attention due to their anti-diar-
rhea activity. Astragalus polysaccharides, at a dose of 200 mg/kg, can significantly inhibit 
the Salmonella typhimurium-induced expression of toll-liked receptor 4 (TLR4) and mye-
loid differentiation factor 88 (MyD88) in the jejunum while further inhibiting nuclear fac-
tor-κB (NF-κB) activation and reducing intestinal inflammation and the symptoms of di-
arrhea in mice [25]. Rheum tanguticum polysaccharides extracted from rhubarb exhibited 
a protective effect on 2,4,6-trinitrobenzenesulfonic acid (TNBS) and induced diarrhea, in-
flammation, and colon damage in rats [26]. In addition, sulfated polysaccharides derived 
from marine seaweed, such as Porphyra haitanensis, Eucheuma cottonii, and Gracilaria lem-
aneiformis, also display inhibitory effects on antibacterial diarrhea in vivo [12,14]. Research 
has indicated that DESP has a significant preventive impact on bacterial diarrhea induced 
by ETEC-K88 at doses ranging from 50 mg/kg to 200 mg/kg. 

As the leading cause of diarrhea in humans and young animals [27], the enterotoxin 
produced by ETEC can stimulate the secretion of chloride from the apical region of enter-
ocytes by up-regulating the levels of cAMP and cGMP, reducing sodium absorption, and 
causing dehydration diarrhea [28]. The production of inflammatory mediators and the 
release of reactive oxygen species (ROS) resulting from ETEC infection can cause intestinal 
damage and cell death [29]. Studies have shown that ETEC infection can also change the 
gene expression of tight junction proteins, leading to increased intestinal permeability and 
affecting the integrity of the intestinal barrier function [30]. In this work, both intestinal 
inflammatory damage and the increase in serum inflammation-related factors have been 
observed. ETEC infection caused an abnormal increase in serum IgA. Some studies have 
reported that elevated serum IgA levels may be induced by commensal bacteria (Proteo-
bacteria), providing a constitutive humoral shield to resist systemic bacterial invasion [31]. 
However, there is also evidence that some diseases will be accompanied by abnormally 
elevated serum IgA [32,33]. The increase in intestinal permeability induced by TNF-α, 
mainly produced by monocyte-macrophages, is considered a significant cause of various 
intestinal inflammations [34]. Although the involvement of mMCP-1 in allergic reactions 
is well documented, some reports indicate that mMCP-1 is partly mediated by the intes-
tinal inflammation associated with gastrointestinal helminths. Therefore, blocking the re-

Figure 6. DESP treatment changes the composition of mouse intestinal flora. (A) The abundance of the primary phylum
level. (B) The abundances of the primary family level. (C) The bacterial content differed significantly among the groups.
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3. Discussion

In China, in order to improve human health and treat various diseases, plants have
been used as herbal supplements and medicines for at least 2000 years. [23]. As the main
component of most medicinal plants, polysaccharides have been reported to be involved in
a variety of significant bioactivities, such as displaying antitumor, antioxidant, antidiabetic,
radioprotective, hypolipidemic, and immunomodulatory properties [24]. In recent years,
active polysaccharides have attracted widespread attention due to their anti-diarrhea
activity. Astragalus polysaccharides, at a dose of 200 mg/kg, can significantly inhibit the
Salmonella typhimurium-induced expression of toll-liked receptor 4 (TLR4) and myeloid
differentiation factor 88 (MyD88) in the jejunum while further inhibiting nuclear factor-κB
(NF-κB) activation and reducing intestinal inflammation and the symptoms of diarrhea in
mice [25]. Rheum tanguticum polysaccharides extracted from rhubarb exhibited a protective
effect on 2,4,6-trinitrobenzenesulfonic acid (TNBS) and induced diarrhea, inflammation,
and colon damage in rats [26]. In addition, sulfated polysaccharides derived from marine
seaweed, such as Porphyra haitanensis, Eucheuma cottonii, and Gracilaria lemaneiformis, also
display inhibitory effects on antibacterial diarrhea in vivo [12,14]. Research has indicated
that DESP has a significant preventive impact on bacterial diarrhea induced by ETEC-K88
at doses ranging from 50 mg/kg to 200 mg/kg.

As the leading cause of diarrhea in humans and young animals [27], the enterotoxin
produced by ETEC can stimulate the secretion of chloride from the apical region of entero-
cytes by up-regulating the levels of cAMP and cGMP, reducing sodium absorption, and
causing dehydration diarrhea [28]. The production of inflammatory mediators and the
release of reactive oxygen species (ROS) resulting from ETEC infection can cause intestinal
damage and cell death [29]. Studies have shown that ETEC infection can also change the
gene expression of tight junction proteins, leading to increased intestinal permeability and
affecting the integrity of the intestinal barrier function [30]. In this work, both intestinal
inflammatory damage and the increase in serum inflammation-related factors have been
observed. ETEC infection caused an abnormal increase in serum IgA. Some studies have
reported that elevated serum IgA levels may be induced by commensal bacteria (Proteobac-
teria), providing a constitutive humoral shield to resist systemic bacterial invasion [31].
However, there is also evidence that some diseases will be accompanied by abnormally
elevated serum IgA [32,33]. The increase in intestinal permeability induced by TNF-α,
mainly produced by monocyte-macrophages, is considered a significant cause of various
intestinal inflammations [34]. Although the involvement of mMCP-1 in allergic reactions is
well documented, some reports indicate that mMCP-1 is partly mediated by the intestinal
inflammation associated with gastrointestinal helminths. Therefore, blocking the release of
mMCP-1 may be an effective way to prevent the intestinal inflammation associated with
gastrointestinal helminths [35]. The results of this study showed that the DESP treatment
groups all exhibited an intestinal protective effect against ETEC infection. The groups
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exposed to 200 mg/kg DESP supplementation, in particular, exhibited no significant dif-
ferences from the normal group. In fact, the anti-inflammatory effect of seaweed sulfated
polysaccharides has been reported in previous studies [9,36]. Moreover, studies have
shown that inhibiting IL-6, IL-1, and IL-8 proinflammatory factors produced by IECs can
also have an anti-diarrhea effect [37].

In recent years, growing research evidences have shown that intestinal flora imbalance
plays a vital role in bacterial diarrhea. When foreign bacteria invade the intestines, the
original diversity and abundance of intestinal microbes are affected, disrupting intestinal
homeostasis. The importance of symbiotic bacteria in maintaining gastrointestinal home-
ostasis cannot be overemphasized. Gut microbiota is essential to many aspects of human
health, including host metabolism, system immunity, and neurobehavioral traits [38]. The
intestinal flora and its short-chain fatty acid (SCFAs) metabolites play an essential role
in many inflammatory and immune diseases, such as arthritis, asthma, inflammatory
bowel disease, allergic diseases, and colon cancer [39]. According to recent studies, DESP
can specifically inhibit the growth of ETEC-K88 but have no such effect on probiotic bac-
teria [40], exhibiting the potential for treating bacterial diarrhea induced by ETEC-K88.
Therefore, it is worth exploring the mechanism of DESP involved in bacterial diarrhea from
the perspective of intestinal flora.

As drugs that are frequently used in clinics, antibiotics are prescribed to prevent
and treat bacterial diarrhea. However, antibiotic treatment may disturb the colonization
resistance of gastrointestinal flora and even cause the condition’s recurrence. In particular,
antibiotics such as aminopenicillins, cephalosporins, and clindamycin that act on anaerobes
are most commonly associated with diarrhea [41]. In addition to frequent watery bowel
movements, urgency, and abdominal cramping, and antibiotic-associated diarrhea (AAD)
is correlated with altered intestinal microflora [42]. In this study, OTU-based analysis
showed that SM treatment reduced the microbial load of mice, while the alpha diversity of
mouse gut microbes also decreased. Moreover, the abundance of many intestinal microbes
is also significantly reduced, which may be related to the spectral bactericidal properties of
SM [43]. This intestinal disorder resulting from antibiotics is considered the leading cause
of AAD [44], which is why the restoration of the intestinal flora destroyed by antibiotics
has become a new strategy for treating AAD. For example, Chinese yam can alleviate AAD
symptoms by repairing the ampicillin-induced intestinal microbiota disorder, increasing
the abundance of the intestinal probiotic Lactobacilli and Bifidobacteria, and decreasing the
abundance of potential pathogenic Clostridium perfringens and Enterococcus [45]. Panax gin-
seng polysaccharides and Astragalus polysaccharides altered the diversity and composition
of the gut microbiota in mice with AAD, induced by lincomycin hydrochloride, restored
the gut microbiota, and promoted the metabolic balance and mucosal recovery [45,46].

However, the impact of various microbes on the gut and the host are quite different.
For instance, Lactobacillaceae and Bifidobacteriaceae are the important resource of probiotics.
Probiotics exert their beneficial effects on the host via four main mechanisms, namely
improvement of barrier function, interference with potential pathogens, the production of
neurotransmitters, and immunomodulation [47]. Furthermore, Lactobacillus and Bifidobac-
terium can produce lactic and acetic acid by metabolizing carbohydrates. The production
of these organic acids can lower pH in the intestinal cavity and have an antagonistic effect
on other pathogenic bacteria [48]. They do not produce butyrate but can increase the
level of this substance and other SCFAs in the intestine by cross-feeding other symbiotic
microbial flora [49]. SCFAs are an essential fuel for IECs and strengthen the gut barrier
function [50]. Lachnospiraceae is the main butyrate-producing bacteria in SCFAs [51]. Bu-
tyrate has a significant anti-inflammatory impact, inducing the differentiation of regulatory
T cells and reducing the levels of inflammatory factors and chemokine ligand 1, including
inhibiting Clostridium difficile infection and the development of colitis [52,53]. In addition
to Lachnospiraceae, the autochthonous and benign Ruminococcaceae species that primarily
inhabit the caecum and colon is also a member of SCFA producers and responsible for the
degradation of fibers and diverse polysaccharides [54,55]. Under normal circumstances,
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Enterobacteriaceae account for less than 1% in healthy intestines but increase significantly in
inflamed intestines, which is a sign of intestinal flora imbalance [56]. Studies have shown
that Bacteroidaceae is significantly enriched in infants with eczema and may participate in
autoimmune diseases by promoting the secretion of IL-17 by Th17 cell [57]. Interestingly,
the growth of these two Gram-negative bacteria was inhibited by the anionic polysaccha-
ride DESP. Furthermore, previous research confirmed that DESP can specifically inhibit
the growth of Gram-negative bacteria, ETEC, but has no noticeable effect on the growth
of Gram-positive bacteria and yeast [40]. This study showed that, compared with the
model group, DESP effectively enriched the abundance of Lactobacillaceae, Bifidobacteriaceae,
and Lachnospiraceae and inhibited the growth of Enterobacteriaceae and Bacteroidaceae in
intestinal, which is similar to the regulation of fucoidan on the intestinal flora [58]. This
research indicated that DESP played a positive role in maintaining intestinal homeosta-
sis. It further suggests that the anionic polysaccharide, DESP, may restrict the growth of
Gram-negative bacteria and not be limited to ETEC. In addition, DESP also increases the
abundance of the dominant bacterial group Muribaculaceae. This family is not only versatile
with respect to complex carbohydrate degradation but is one of the stomach microbes
involved in the expansion of type 2 innate lymphoid cells (ILC2s) that can produce se-
cretory IgA (sIgA) to provide immune protection in the stomach [59,60]. In general, the
modification effect of DESP on the intestinal flora is similar to other natural ingredients,
including decreasing the number of harmful bacteria and increasing the relative abundance
of Firmicutes, probiotics, and SCFA-producing bacteria, while improving the metabolic
level and host immunity [45,46,61]. Furthermore, some natural active components, such as
dietary polyphenols, can exhibit anti-diarrheal behavior by inactivating the LT produced
by ETEC [62]. By contrast, probiotics are usually employed to treat bacterial diarrhea by
promoting the expression of intestinal tight junction proteins and improving intestinal
barrier function [30,63]. Although the anti-diarrheal effect of DESP and the improvement of
intestinal flora are well understood, the specific mechanism of intestinal flora in improving
bacterial diarrhea requires further exploration.

4. Materials and Methods
4.1. Materials and Chemical Reagents

The DEAE-Cellulose 52 from Sigma (Sydney, Australia) was used for separating
depolymerized sulfated galactans. Imject Alum was provided by Thermo Fisher Scientific
Inc (Waltham, MA, USA). The commercial enzyme-linked immunosorbent assay (ELISA)
IgA kit was obtained from Abcam (Cambridge, UK). The ELISA kits of mouse mast cell
protease (mMCP)-1 and TNF-αwere obtained from R&D Systems (Minneapolis, MN, USA).
Other reagents were analytical reagent-grade and purchased from the China National
Pharmaceutical Industry Corporation Ltd. (Shanghai, China).

4.2. Purification and Preparation of DESP

The DESP was obtained according to the methods described in our previous stud-
ies [22,40]. Briefly, the sample was washed with tap water to remove sand, salt, and
epiphytes. After being dried, the algae was ground into powder (40 mesh sieved) and
stored at 4 ◦C. Subsequently, 100 g of the seaweed powder was extracted in a hot water
at 55 ◦C for 4 h. Then, the E. serra syrup was filtered with a filter cloth. After being
concentrated to 1/4th of the original volume, the cooled filtrate was precipitated overnight
with three volumes of ethanol at 4 ◦C. Next, the collected precipitate was washed with 75%
ethanol. After lyophilization, the crude E. serra sulfated polysaccharides was obtained. The
Sevag method was employed to remove the proteins from the crude polysaccharides [64].
Subsequently, the ultrafiltration technology was used to remove the metal ions absorbed
on the sulfated galactans. The crude polysaccharides were dissolved in distilled water and
the final concentration was 0.5% (w/v). After the pH was adjusted to 5.0 by acetic acid,
ethylenediaminetetraacetic acid (EDTA) disodium was added at a final concentration of
20.0 mmol/L. Then, the solution was stirred at 1200 r/min for 30 min and filtered using a 4
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kDa ultrafiltration membrane. After eight ultrafiltration (dilution ratio was 8) cycles, the
polysaccharide concentrate was collected for depolymerization.

The depolymerized sulfated galactan was prepared by high temperature and high
pressure technology. The polysaccharide solution was hydrolyzed in an autoclave reactor
(Shanghai Boxun Industry & Commerce Co. Ltd. Medical Equipment Factory, Shanghai,
China) at 121 ◦C and 0.103 MPa for 40 min. After that, the depolymerized product was
collected and fractionated by ultrafiltration. The fractions with a molecular weight (MW)
≤ 6kda were collected and lyophilized.

4.3. Preparation of the Bacterial Suspension

The Gram-negative ETEC K88 (CN-3-321) was obtained from the Beijing Baiou Bowei
Biotechnolgy Co., Ltd. (Beijing, China). The Luria–Bertani (LB) medium was used to
cultivate the bacteria. After being incubated at 37 ◦C for 12 h, the bacterial suspension
was centrifuged at 5000× g for 10 min. Subsequently, the pellets were washed twice and
resuspended in sterile phosphate-buffered saline (PBS) to form about 109 colony forming
units (CFU) mL−1.

4.4. Animals and Experimental Design

All animal procedures were carried out following the Guidelines for Care and Use of
Laboratory Animals by Jimei University (SCXK 2012–0005), and the animal experiments
were approved by the Animal Ethics Committee of China. The ETEC-induced diarrhea
model was established according to the method described earlier [63], with some modifica-
tions. The specific-pathogen-free (SPF) male ICR mice were five weeks old and 15 ± 2 g
was obtained from the Shanghai Slac Laboratory Animal Co. Ltd (Shanghai, China). Af-
ter a one-week acclimatization period, the mice were randomly divided into five groups
(5 mice per group), as shown in Table 1. Initially, in addition to the normal diet, the mice
in the prevention group were given different doses of the polysaccharide solution daily.
After 5 d, the mice received 36 h antibiotic streptomycin (5 g/L) treatment, which was
added to drinking water containing 6.7% fructose. After 12 h of fasting, 0.2 mL of 0.3%
NaHCO3 aqueous solution was supplemented to all the mice and 30 min later, the mice
were challenged with 109 CFU of ETEC K88 or PBS on the morning of 8–10 d. Infection
symptoms, such as weight loss, diarrhea, and the mice feces’ water content, were observed.
All mice were sacrificed by cervical dislocation after retro-orbital bleeding was taken 10 d
into the experiment. The blood was collected to separate the serum and frozen at −20 ◦C
for testing. The mice’s jejunum tissue was removed in aseptic conditions for scanning
electron microscopy (SEM) observation and hematoxylin-eosin (HE) staining.

Table 1. Treatments for the animal experiment.

Groups Diet (1–10 d) a Antibiotic Treatment (6–7 d) Injection
(8–10 d)

PBS Drinking water PBS
Model Drinking water 5 g/L streptomycin in drinking water 109 cfu ETEC
DESP50 50mg/kg DESP 5 g/L streptomycin in drinking water 109 cfu ETEC
DESP100 100mg/kg DESP 5 g/L streptomycin in drinking water 109 cfu ETEC
DESP200 200mg/kg DESP 5 g/L streptomycin in drinking water 109 cfu ETEC

a All mice are freely fed standard breeding feed (Shanghai Slack Laboratory Animal Co., Ltd.) during this period.

4.5. Diarrhea Indices Determination

The standard for establishing a diarrhea model generally uses diarrhea rate and
diarrhea index as the main indicators of diarrhea [65]. The diarrhea rate was calculated as
the percentage of diarrhea mice in the total number of mice. The diluted/watery stools
were graded as follows: the diameter <1 cm was scored 1 point; 1–1.9 cm was scored
2 points; 2–3 cm was scored 3 points; >3 cm was scored 4 points. For the stools with
uniformly round shape, the diameter was measured; for the irregular ones, both the longest
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and shortest diameters were measured and the average value was calculated. The dilute
stool rate of each mouse was calculated as the number of dilute stools divided by the
total number of stools. Finally, the diarrhea index was calculated as the dilute stool rate
multiplied by the dilute stool level.

4.6. Analysis of the Integrity of the Jejunum Villi

The jejunum villi’s integrity was determined using SEM, as described in a previous
report [66]. Transverse slices of each intestinal segment (2 mm × 2 mm) were prepared
and the contents and intestinal mucus adhered to the surface were washed away by PBS
(0.1 mol/L). The jejunum was immersed in 2.5% (v/v) glutaraldehyde for fixation overnight.
The samples fixed overnight were rinsed with PBS three times for 5 min each. Then, they
were immersed in ethanol with a concentration of 30%, 50%, 70%, 80%, 90%, 95%, and
100% for dehydration for 15 min each time. After dehydration, the sample was soaked in a
mixture of ethanol–isoamyl acetate (1:1, v/v) for 30 min, and then treated with 100% isoamyl
acetate for 1 h to replace the ethanol. After being dried, the samples were mounted, coated,
and observed by using SEM (Phenom-World PW-100-016, Eindhoven, The Netherlands).

4.7. Histopathological Observation

The proximal jejunum inflammation in the mice with bacterial diarrhea was investi-
gated via histological assessment, based on a method described in an earlier study [63].
Briefly, on the 10th day, all mice were sacrificed and the proximal jejuna removed. Sub-
sequently, the samples were fixed, embedded, and cut into sections with 5 µm thickness.
After being stained with HE, the sections were evaluated by a light microscopy (Olympus
BX41, Tokyo, Japan).

4.8. Inflammation-Related Factors in the Serum

On the 10th day, vitreous blood was collected to obtain serum for determining the
inflammation-related factors. IgA, TNF-α, and mMCP-1 were identified using ELISA kits
according to the manufacturer’s instructions.

4.9. Detection of Gut Microbiota

The bacterial gut communities’ compositions were examined using 16S rRNA gene
sequencing by the Shanghai Majorbio Bio-Pharm Technology Co., Ltd. (Shanghai, China).
The fecal samples from the five animal groups were collected and flash-frozen in liquid
nitrogen before storage at −80 ◦C. The extraction and purification of DNA were performed
as described previously [67]. The 16S rRNA gene comprising the V3-V4 regions was
amplified using a standard primer pair (341F, 805R). Subsequently, a microbial diversity
analysis was performed according to a method described in an earlier study [67]. The
sequences clustered at 97% similarity were assigned to the same operational taxonomic
unit (OTU).

4.10. Statistical Analysis

All data were expressed as mean ± SD of at least three individual experiments.
Statistical analyses were performed using SPSS Statistical 24 Software. Comparisons
between groups were performed using one-way analysis of variance (ANOVA) with
Duncan’s range tests. A normality test showed that all the raw data displayed a normal
distribution, while a variance test indicated that all groups exhibited equal variance. p < 0.05
(two-sided) was regard as significant (*, p < 0.05; **, p < 0.01; ***, p < 0.001).

5. Conclusions

This study evaluates the anti-diarrheal activity of DESP on ETEC-K88-induced diar-
rhea in mice. The results show that DESP can reduce the excretion of diarrheal feces and
the accumulation of intestinal fluids, improve weight loss, and reduce the diarrhea rate
and diarrhea index in mice. Furthermore, DESP reduces the release of TNF-α and mMCP-1



Mar. Drugs 2021, 19, 80 14 of 17

proinflammatory factors, and the production of serum IgA, repairing intestinal mucosal
damage. In addition, at the family level, DESP increases the abundance of Lactobacillaceae,
Bifidobacteriaceae, and Lachnospiraceae, and decreases the number of Enterobacteriaceae and
Bacteroidaceae. In conclusion, DESP alters the composition and diversity of the intestinal
microbiota in mice with ETEC-K88-induced diarrhea and promotes the reconstruction of
the microbial environment, thereby alleviating diarrhea symptoms.
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