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Abstract: In this study, C57BL/6 mice were given an HFHSD diet for 8 weeks to induce hepatic
steatosis and then given COSM solution orally for 12 weeks. The study found that the HFHSD diet
resulted in steatosis and insulin resistance in mice. The formation of NAFLD induced by HFHSD diet
was related to the imbalance of intestinal flora. However, after COSM intervention, the abundance
of beneficial bacteria increased significantly, while the abundance of harmful bacteria decreased
significantly. The HFHSD diet also induced changes in intestinal bacterial metabolites, and the content
of short-chain fatty acids in cecal contents after COSM intervention was significantly higher than
that in the model group. In addition, COSM not only improved LPS levels and barrier dysfunction
in the ileum and colon but upregulated protein levels of ZO-1, occludin, and claudin in the colon
and downregulated the liver LPS/TLR4/NF-κB inflammatory pathway. We concluded that the
treatment of marine chitooligosaccharide COSM could improve the intestinal microflora structure of
the fatty liver and activate an inflammatory signaling pathway, thus alleviating the intrahepatic lipid
accumulation induced by HFHSD.

Keywords: marine chitooligosaccharide; nonalcoholic fatty liver disease; intestinal flora; LPS/TLR4/NF-κB
inflammatory pathway; short-chain fatty acid

1. Introduction

Nonalcoholic fatty liver disease (NAFLD) is the most common chronic liver disease [1].
A meta-analysis conducted by Younossi et al. [2] showed that the prevalence of NAFLD
reached as high as 25% worldwide, and high prevalence of this disease has been reported
in North America (24%), Europe (24%), and Asia (27%). These data indicate that NAFLD
has become one of the major public health problems in the world [3]. The main treatment
methods for NAFLD currently include the following: (1) lifestyle changes; (2) drug ther-
apy with pioglitazone, silymarin, and liraglutide, among other drugs; and (3) surgical
intervention [4]. However, all of the aforementioned treatment methods have limitations,
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and additional treatment methods, such as drugs with few side effects and good efficacy,
urgently need to be developed for the treatment of NAFLD.

Marine resources have the potential to be used in the development of high-value
products. Polysaccharide biomaterials, represented by chitin and chitosan, collagen-based
materials derived from marine biological composites, have been studied extensively [5].
Chitooligosaccharide (COSM) is a cationic, basic oligosaccharide with a degree of poly-
merization between 2 and 20 that is formed by linking glucosamine with n-acetyl glucose
through a β-1, 4-glycosidic bond [6]. COSM has antibacterial, antiobesity, hypolipidemic,
anti-inflammatory, hypoglycemic, antioxidant, antihypertension, anti-Alzheimer’s disease,
and antitumor physiological functions [7,8]. Previous studies by this group showed that
COSM could improve weight gain, lipid levels in the fat pad, liver steatosis, organ indexes,
and other indicators of obesity in obese SD rats and C57BL/6 mice [9,10]. Moreover, COSM
could protect against obesity by improving the lipolysis, thermogenesis, and insulin re-
sistance (IR) of adipose tissue in obese mice [11]. However, recent studies have shown
that COSM may exert metabolic benefits by reshaping the intestinal microecology and
improving the intestinal barrier function [11–13].

The gut microbiome is a type of Intestinal microecology dominated by bacteria [14].
The total number of genes in the gut microbiome is hundreds of times higher than the
number of genes in humans; thus, these bacteria can encode degradation enzymes that are
lacking in most hosts, such as bile acid-producing hydrolases and enzymes that degrade
carbohydrates that cannot be digested by hosts [15]. The intestinal flora and its metabolites
play important roles in host metabolism. Studies have shown that “hepatointestinal axis”
disturbances, such as intestinal barrier dysfunction, bacterial translocation, inflammatory
response, and Toll-like receptor (TLR) signaling pathway activation, play key roles in the
pathogenesis of NAFLD [16–18].

Therefore, by analyzing the abundance, structure, and metabolites of intestinal flora in
the liver, we finally demonstrated that COSM with average molecular weight ≤3000 could
improve hepatic steatosis through intestinal flora regulation of the liver LPS/TLR4/NF-κB
inflammatory pathway. This study provided important clues for the molecular mechanism
of COSM on intestinal microflora abnormalities and inflammatory responses in NAFLD,
discussed the potential application prospects of the marine shell-like oligosaccharide COSM
in drugs, and provided certain reference for the development of marine drugs.

2. Results
2.1. Changes in Body Weight, Food Intake, and Serum Glucose and Lipid Levels

During 12 weeks of oral administration of COSM, there were no significant differences
in the body weights of HFHSD-induced fatty liver mice (Figure 1A). In addition, after
12 weeks of oral administration of COSM, the weight gain of each group showed that
COSM did not affect the weight change of HFHSD mice (Figure 1B) (p > 0.05). It has been
documented that weight loss is not necessarily an indicator of NAFLD improvement [19,20].
In addition, during 12 weeks of oral administration of COSM, there was no significant
difference in food intake between the HFHSD group and other COSM groups (p > 0.05),
and the intake of the HFHSD group was lower than that of the control group. These results
suggest that the HFHSD, with a higher energy source, reduced appetite in NAFLD mice,
while COSM did not affect appetite in NAFLD mice (Figure 1C). Previous studies [21] have
shown that a higher proportion of Firmicutes compared with Bacteroidetes in the intestinal
flora, i.e., a higher F/B ratio, can promote increase in energy intake, which may lead to
an increase in fat storage in the body. Increased fat storage can lead to liver involvement
and metabolic disorders and can increase the development of fatty liver. Therefore, as
described in Section 2.5.2, a high F/B ratio could explain why the mice in the control
group ate more food but had lower body weight, whereas the mice in each treatment
group exhibited lower food intake but higher body weight compared with the mice in
the control group. This result occurred because a high F/B ratio leads to high energy
intake and increases in the appetite of mice and thus affects the body weight [22]. After
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12 weeks of oral administration of COSM, an oral glucose tolerance test (Figure 1D–F)
was performed, and serum glucose levels (Figure 1G) were measured. It was found that
COSM-H treatment significantly improved hyperglycemia in HFHSD-fed mice, whereas
the COSM-M and COSM-L treatments exerted poor effects. All doses of COSM could
improve the high insulin level induced by an HFHSD (Figure 1H), and thus, COSM could
improve IR and hyperglycemia.
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Figure 1. Changes in body weight, food intake, and serum glucose and lipid levels. (A) Body weight
changes of HFHSD mice during 12 weeks of oral COSM administration. (B) Changes in body weight
gain of HFHSD mice after 12 weeks of oral administration. (C) Dietary intake of HFHSD mice
during 12 weeks of oral administration. (D–F) HFHSD mice were administered COSM orally for
12 weeks after oral glucose tolerance tests. (G) Glucose levels in HFHSD mice after 12 weeks of oral
administration of COSM. (H) Insulin levels in HFHSD mice after 12 weeks of oral administration
of COSM. COSM could improve IR and hyperglycemia without affecting food intake in mice. The
data are presented as means ± SDs (n = 8). Compared with the model group, * p < 0.05, ** p < 0.01,
*** p < 0.001.

2.2. COSM Could Improve the Lipid Content in the Serum and Liver of HFHSD-Fed Mice

The serum TG (triglyceride) levels in the mice with NAFLD were significantly higher
in the metformin and COSM-H groups, and the serum TC (total cholesterol) levels in the
mice with NAFLD were significantly higher in the metformin, COSM-H, and COSM-M
groups (Figure 2A,B). COSM-H improved the serum levels of low-density lipoprotein
cholesterol (LDL-C) and high-density lipoprotein cholesterol (HDL-C) in mice with NAFLD
(Figure 2C,D). Both COSM and metformin reduced the level of free fatty acids (FFAs)
(Figure 2E). These results suggest that COSM can improve the abnormalities in lipid
metabolism caused by an HFHSD to a certain extent. The liver TG and TC levels were
determined, and the results are shown in Figure 2F,G. The HFHSD significantly increased
the liver TG and TC levels in the model group, which suggested serious accumulation of
blood lipids in the model group. The TG and TC levels in the metformin, COSM-H, and
COSM-M groups were significantly reduced, which indicated that all three interventions
reversed the accumulation of liver lipids in the mice with NAFLD.
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Figure 2. COSM could improve the serum and liver lipid contents of HFHSD-fed mice. The following
indicators were measured after 12 weeks of oral administration of COSM in HFHSD mice: (A) serum
TG level; (B) serum TC level; (C) serum HDL-C level; (D) serum LDL-C level; (E) serum FFA level;
(F) liver TG level; (G) liver TC level; (H) fresh liver samples; (I) H&E staining; (J) oil red O staining.
These results suggest that COSM can improve the lipid metabolism abnormalities caused by an
HFHSD to a certain extent and reverse lipid accumulation in the livers of mice with NAFLD to a
certain extent. The data are presented as means ± SDs (n = 8). Compared with the model group,
* p < 0.05, ** p < 0.01, *** p < 0.001.

The livers of the mice in each group were observed (Figure 2H). The livers of the
mice belonging to the control group were dark red in color, with obvious outlines and no
yellow fat spots on their surface. In contrast, the livers of the mice in the model group
were tawny with complete outlines. Observation revealed oil stains on the incision surface
and obvious fat spots on the surface. The analysis of the COSM-treated groups revealed
that the livers of the COSM-H-treated mice were notably similar to those of the control
mice, as demonstrated by a dark red color, normal volumes, and occasional fat spots. The
livers of the mice in the metformin group were more similar to those of the control mice,
as demonstrated by a dark red overall appearance and fewer fat particles on the surface.
COSM can improve hepatic steatosis in HFHSD-fed mice to a certain extent.

In this study, H&E staining, oil red O staining, and other pathological sections were
used to verify the effect of COSM on liver fat accumulation in mice. Liver staining revealed
virtually no lipid accumulation in the control livers. These livers also exhibited large
fat vacuoles and loose cytoplasm, which was suggestive of severe steatosis (Figure 2I).
Compared with the results found for the model group, significant reductions in lipid
accumulation were observed in the livers of the metformin group and COSM-treated
groups (particularly the COSM-H group). The oil red O staining results showed (Figure 2J)
redder and larger lipid droplets in the livers of the model group than in those of the control
group, whereas the numbers of lipid droplets in the livers of the metformin group and
the COSM groups (particularly the COSM-H group) were significantly lower than that
in the livers of the model group. The aforementioned experimental results indicated that
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COSM could significantly improve the accumulation of lipids in the liver induced by
HFHSD feeding.

2.3. COSM Could Improve the Liver Function and Antioxidant Capacity of HFHSD-Fed Mice

Liver injury ensues when mitochondria are damaged and cell necrosis occurs. When
this happens, aspartate aminotransferase (AST) and alanine aminotransferase (ALT) are
released into the blood circulation, leading to increased serum AST and ALT levels, which
can be considered indexes of liver injury and exert effects on treatment and prognosis. The
serum AST and ALT levels in model group were 48.70% and 72.67% higher than those in the
control group, respectively, suggesting that long-term HFHSD feeding may have damaged
the liver function of the model group to a certain extent. COSM treatment improved the
AST level compared with that of the model group, but the effect was not significant. The
metformin, COSM-H, and COSM-M treatments significantly reduced the serum ALT levels
of the mice with NAFLD (Figure 3A,B). These results suggest that COSM can improve liver
dysfunction induced by HFHSD feeding to a certain extent.
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Figure 3. COSM could improve the liver function and antioxidant capacity of HFHSD-fed mice. The
following indicators were measured after 12 weeks of oral administration of COSM in HFHSD mice:
(A) serum AST level; (B) serum ALT level; (C) serum CAT level; (D) serum T-AOC level. These results
suggest that COSM can improve the abnormal liver function induced by HFHSD and enhance the
antioxidant function of mice with NAFLD to a certain extent. The data are presented as means ± SDs
(n = 8). Compared with the model group, * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.

The results from the assessment of serum antioxidant function showed that the HFHSD
significantly decreased two serum antioxidant function indexes, namely the catalase (CAT)
level and the total antioxidant capacity (T-AOC), in mice with NAFLD and that COSM
increased the CAT level in mice with NAFLD to a certain extent. However, the results were
not significant, and all the doses of COSM increased the serum T-AOC level (Figure 3C,D).
These results suggest that COSM has a certain antioxidant function in the comprehensive
ability of CAT and T-AOC, thus improving the oxidation level of NAFLD mice.

2.4. COSM Could Improve the Serum Inflammatory Response of HFHSD Mice

The NAFLD process is often accompanied by inflammation. The evaluation results of
serum inflammatory factors in this study are shown in Figure 4A–C, and the results of gene
studies at the liver level are shown in Figure 4D–F. TNF-α and IL-6 levels in serum and
expression levels of liver genes in the model group were significantly higher than those in
the control group, indicating that long-term HFHSD could cause systemic inflammation in
mice. Metformin, COSM-H, and COSM-M significantly reduced the levels of TNF-α in the
serum and liver of NAFLD mice as assessed by analysis of positive drug-treated mice and
other COSM treated mice. Metformin could significantly reduce the serum IL-6 level but
had no significant effect on the liver IL-6 gene level. COSM-H could significantly reduce
serum and liver IL-6 gene levels. COSM-M induced no significant difference in serum IL-6
level but could reduce the level of the IL-6 gene in the liver. These results suggest that
COSM and metformin can reduce the inflammatory response in HFHSD mice to a certain
extent. The IL-10 levels in the serum and IL-6 gene levels in the liver in the COSM-H and
COSM-M groups were significantly higher than those in model mice, suggesting that COSM
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treatment can promote the release of anti-inflammatory factors and ultimately achieve the
goal of reducing inflammation.

2.5. Effects of COSM Intervention on Microflora and the Intestinal Tract
2.5.1. COSM Could Improve the Intestinal Microfloral Structure of HFHSD-Fed Mice

According to the above-described analyses of serum, liver, and other indicators, the
effect of the COSM-H treatment was better than those of the COSM-M and COSM-L treat-
ments. Therefore, fecal samples from the COSM-H group were selected for the following
analysis of the intestinal flora. In this section, the “COSM group” refers to the “COSM-H
group”. To explore the different species among the groups, species showing differences
between the model group and the control group and the model group and the COSM group
were identified by t-test. The model group had significantly higher levels of Lactococcus
lactis (p = 0.004), Faecalibaculum rodentium (p = 0.028), Desulfovibrio sp. ABHU2SB (p = 0.025),
Lachnospiraceae bacterium DW59 (p = 0.015), and Clostridium sp. culture jar-13 (p = 0.014)
than the control group. The levels of Erysideras subtilis (p = 0.001), Bacteroides uniformis
(p = 0.026), Bacteroides acidifaciens (p = 0.047), Clostridium paraputrificum (p = 0.020), and
Bacteroides caecimuris (p = 0.005) in the COSM group were significantly higher than those
in the model group. The levels of Desulfovibrio sp. ABHU2SB (p = 0.044), Lachnospiraceae
bacterium DW59 (p = 0.020), and Clostridium sp. culture jar-13 were significantly reduced by
the COSM treatment (p = 0.026) (Figure 5A).
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Figure 4. COSM ameliorates serum inflammation in HFHSD-fed mice. The following indicators were
measured after 12 weeks of oral administration of COSM in HFHSD mice: (A) serum TNF-α level;
(B) serum IL-6 level (C) serum IL-10 level; (D) TNF-α gene expression levels in the liver; (E) Il-6
gene expression levels in the liver; (F) Il-10 gene expression levels in liver. These results suggest that
COSM can improve the serum inflammatory response of HFHSD-fed mice. The data are presented as
means ± SDs (n = 8). Compared with the model group, * p < 0.05, ** p < 0.01, *** p < 0.001.
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Figure 5. COSM could improve the intestinal microflora structure of HFHSD-fed mice, inhibit the
growth of harmful intestinal bacteria in HFHSD-fed mice, and increase the abundance of dominant
bacteria in HFHSD-fed mice. The following indicators were measured after 12 weeks of oral ad-
ministration of COSM in HFHSD mice: (A) T-test analysis at the species level; (B) alpha diversity
analysis (ACE, Chao1, Shannon, and Simpson indexes); (C) beta diversity analysis (PCoA, principal
component analysis (PCA), and nonmetric multidimensional calibration (NMDS)); (D) fecal sample
sequencing to analyze the OTU values of each group; (E) gate level analysis; (F) ratio analysis of
Bacteroidetes and Firmicutes; (G) abundance of Bacteroidetes, Firmicutes, and Proteobacteria in the
feces of mice in each group; (H) genus-level analysis; (I) quantitative analysis of dominant genera.
The data are presented as means± SDs (n = 6). Compared with the model group, * p < 0.05, ** p < 0.01,
*** p < 0.001, **** p < 0.0001.
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In conclusion, COSM significantly increased the levels of beneficial bacteria, such
as Bacteroides uniformis, Bacteroides acidifaciens, and Clostridium paraputrificum, and de-
creased the levels of Desulfovibrio sp. ABHU2SB (p = 0.044), Lachnospiraceae bacterium
DW59 (p = 0.020), and other harmful bacteria. Thus, COSM could improve the intestinal
microflora structure and may thereby eventually play a role in the treatment of fatty liver.

2.5.2. COSM Could Inhibit the Growth of Harmful Intestinal Bacteria and Improve the
Abundance of Dominant Bacteria in HFHSD Diet-Fed Mice

Alpha diversity, as characterized by the ACE, Chao1, Shannon, and Simpson indexes,
is a major indicator of community richness and diversity. In general, greater values of these
indicators indicate greater richness or diversity of the community [23,24]. The results from
the α diversity analysis, which was performed by clustering each group of mouse feces,
showed that the ACE, Chao1, Shannon, and Simpson indexes of all the groups were higher
than those of the control group (Figure 5B), which suggested that HFHSD feeding increased
the diversity of the intestinal microbiota of mice. Compared with that in the model group,
the intestinal microflora diversity in the COSM group was decreased to a certain extent.
The COSM treatment partially reversed the increases in the intestinal flora diversity and
richness caused by HFHSD feeding.

Beta diversity analysis is typically performed to compare the composition of the mi-
croflora between different groups and thus evaluate the existence of differences in the
microflora between groups. PCoA, principal component analysis (PCA), and nonmetric
multidimensional calibration (NMDS) were performed. The results revealed differences
between individuals or groups (Figure 5C). In the bottom figure, each point represents a
sample, and points of the same type represent samples belonging to the same group. Ac-
cording to the PCoA, PCA, and NMD analyses, the sample distance between the model and
control groups was greater after HFHSD feeding, which indicated a significant difference
in the colony composition between the two groups. However, the microflora composi-
tion of the COSM group was closer to that of the model group than to that of the control
group, which suggested that the COSM intervention alleviated the harmful effects of the
HFHSD on the intestinal microflora composition to a certain extent. However, the overall
adjustment remained similar to that of the model group.

Subsequently, the DNA of fecal samples from each group was sequenced, and a
total of 1,923,156 high-quality clean reads were obtained after the original data obtained
by the IonS5TMXL platform were spliced and subjected to quality control and chimeric
removal; of these reads, 480,561 effective sequences were obtained for the control group,
with an average of 80,093.5. In addition, 480,758 valid sequences, with an average of
80,126.33 sequences; 480,841 valid sequences, with an average of 801,40.17 sequences;
and 480,996 valid sequences, with an average of 801,66 sequences, were obtained for the
model, metformin, and COSM groups, respectively. The obtained effective sequences were
clustered into OTUs with 97% consistency, and a total of 670 OTUs, including 504 OTUs
in the control group, 522 OTUs in the model group, 527 OTUs in the metformin group,
and 512 OTUs in the COSM group, were obtained. The OTUs of each group are shown
in Figure 5D. According to the results from the OTU annotation, the fecal microbiota of
the mice in each group were analyzed at the phylum and genus levels. Based on the top
ten most abundant bacteria and the relative abundance histogram, the proportion of each
bacterium in each sample group was obtained.

The analysis at the phylum level (Figure 5E) showed that Bacteroidetes, Firmicutes, and
Proteobacteria exhibited the highest abundance in the fecal flora of the mice in each group
and were the dominant flora in the intestinal flora. Compared with the control, HFHSD
feeding significantly increased the abundance of Firmicutes and Proteobacteria (p < 0.001,
p < 0.01) and significantly decreased the abundance of Bacteroides (p < 0.0001). Compared
with the model group, the COSM treatment group exhibited a significantly increased
abundance of Bacteroidetes (p < 0.01) and no significantly decreased abundance of Firmicutes
(p = 0.0816) (Figure 5G). Previous studies [21] have shown that a higher proportion of
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Firmicutes compared with Bacteroidetes in the intestinal flora, i.e., a higher F/B ratio, can
promote increase in energy intake, which may lead to an increase in fat storage in the
body. Increased fat storage can lead to liver involvement and metabolic disorders and can
increase the development of fatty liver. Therefore, the F/B ratio of the fecal microflora in
each group was analyzed in this study. The F/B ratio of the model group was significantly
higher than that of the control group (p < 0.001), which suggested that the HFHSD could
promote the development of an intestinal flora structure that favored metabolic disorders.
The COSM group exhibited a significantly lower F/B ratio than the model group (p < 0.01)
(Figure 5F). This result was also consistent with the weight and food intake results described
in Section 2.1.

The results from the genus-level analysis are shown in Figure 5H. The dominant
genera were quantitatively analyzed (Figure 5I). COSM significantly increased the abun-
dance of Erysipelatoclostridium, Bacteroidetes, and Akkermansia and significantly decreased
the abundance of Lactococcus. Studies have shown that Akkermansia can promote GLP-1
secretion into the gastrointestinal tract of HFD-fed mice by secreting the P9 protein, which
regulates the host’s energy balance, improves glucose homeostasis, promotes brown fat
thermogenesis, reduces body weight [21], and significantly reduces immune-mediated
inflammation and hepatocyte death [25]. The results obtained herein suggest that COSM
can increase the abundance of probiotics, block the growth of harmful bacteria, and exert
metabolic benefits.

2.5.3. COSM Could Increase the Levels of Acetic Acid, Propionic Acid, and Total SCFAs in
the Cecal Contents of HFHSD-Fed Mice

SCFAs play an important role in human metabolism [26]. Acetic acid accounts for the
highest proportion of short-chain fatty acids produced by intestinal bacteria. It can adjust
the pH value of the intestinal tract to allow beneficial bacteria to survive, prevent harmful
bacteria, and help maintain the stability of the intestinal environment [27]. Furthermore,
studies have confirmed that SCFAs have important research significance for NAFLD [28].
As shown in Figure 6A, COSM significantly increased the total SCFA content (p < 0.05)
and significantly increased the levels of acetic acid (p < 0.05) and propionic acid (p < 0.01).
Moreover, COSM reversed the changes in the butyric acid, isobutyric acid, isovaleric acid,
and valeric acid levels induced by HFHSD, but the differences were not significant.

In conclusion, COSM significantly improved acetate, propionate, and total SCFA levels
in the cecal contents of HFHSD-fed mice.

2.5.4. COSM Could Improve the Villus Structure of the Ileum and the Integrity of Colonic
Goblet Cells and the Mucosal Layer of HFHSD-Fed Mice

To investigate the effect of COSM on the HFHSD-induced changes in the intestinal
barrier structure, H&E-stained paraffin sections of the ileum and colon were pathologically
analyzed. The results from the ileum, which is the last part of the small intestine, are
shown in Figure 6B. The ileum crypt depth of the model group was significantly reduced
compared with that of the control group, and damage was observed in the mice of the
model group. The villus height and crypt depth of the ileum of the mice in the COSM
group were significantly increased compared with those of the mice in the model group.
These results indicate that the HFHSD could damage the structure of the villi in the ileum
of model mice and that COSM treatment could effectively improve the structure of the villi
in the ileum of model mice. Compared with those of the control mice, the colon goblet
cells and part of the mucosal layer of the model mice were destroyed. COSM obviously
protected the integrity of goblet cells and the mucus layer, and the COSM-H treatment
exerted stronger effects (Figure 6C).
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Figure 6. COSM increased the levels of acetic acid, propionic acid, and total SCFAs in the cecal
contents of HFHSD-fed mice and improved the villus structure of the ileum and the integrity of
colonic goblet cells and the mucosal layer of HFHSD-fed mice. The following indicators were
measured after 12 weeks of oral administration of COSM in HFHSD mice. (A) SCFA analysis;
(B) H&E staining of the ileum; (C) H&E staining of the colon. The data are presented as means ± SDs
(n = 6). Compared with the model group, * p < 0.05, ** p < 0.01.

2.6. COSM Improved the Intestinal Wall Barrier Integrity and Endotoxemia in HFHSD-Fed Mice

LPS is a metabolite of intestinal bacteria, and increased levels of LPS in the serum
indicate that the intestinal barrier is obstructed, which allows greater amounts of LPS to
enter the blood circulation through this barrier [29,30]. Previous studies have shown that an
HFHSD can increase intestinal permeability and reduce tight junction protein expression;
subsequently, the bacterial metabolite LPS penetrates the intestinal barrier to enter the
blood circulation, resulting in metabolic endotoxemia and metabolic disorders [31]. The
serum LPS levels in the mice were measured, and the results showed that the serum LPS
levels in the model group were significantly higher than those in control group, which
indicated that HFHSD feeding significantly increased the translocation of LPS to the blood
circulation. Metformin and COSM-H significantly reduced the serum LPS levels compared
with those in the model group (p < 0.001, p < 0.05; Figure 7A).
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Figure 7. COSM improved the intestinal wall barrier integrity and endotoxemia in HFHSD-fed
mice. The following indicators were measured after 12 weeks of oral administration of COSM in
HFHSD mice: (A) serum LPS level; (B) WB images of ZO-1, occludin, and claudin protein expression;
(C) colon ZO-1 protein expression level; (D) occludin protein expression level in the colon; (E) claudin
protein expression in the intestinal mucosa; (F) colon ZO-1 immunofluorescence staining. The data
are presented as means ± SDs (n = 6). Compared with the model group, * p < 0.05, ** p < 0.01,
*** p < 0.001.

Occludin, ZO-1, and claudin are important components for maintaining the intesti-
nal epithelial barrier [32,33]. In this experiment, the expression of occludin, ZO-1, and
claudin in colon tissues of mice was measured by WB. Our results showed that the protein
expression levels of ZO-1, occludin and claudin in the model group were lower than those
in the control group (p < 0.05, p = 0.1037, p = 0.0857), which indicated that the HFHSD
could reduce the expression of barrier-related proteins in the mouse colon, resulting in
intestinal barrier dysfunction. After the intervention, the ZO-1 level in the COSM group
was significantly higher than that in the model group (p < 0.05); the COSM treatment
also increased the occludin level, but the increase was not significant (p = 0.1084), and the
level of claudin was not significantly changed by the treatment (Figure 7B–E). In addition,
the immunofluorescence staining results showed that COSM administration reversed the
decrease in colonic ZO-1 protein fluorescence (Figure 7F). These results suggest that met-
formin and COSM can improve the mechanical barrier function of the intestinal mucosa,
improve the integrity of the intestinal wall barrier, and improve endotoxemia.

2.7. COSM Improved the LPS/TLR4/NF-κB Signaling Pathway in the Livers of HFHSD-Fed Mice

The HFHSD resulted in disruption of the intestinal mucosal barrier and intestinal
leakage in mice, which led to increased serum LPS levels [34]. LPS activates the TLR4
receptor on the surface of liver cells and subsequently the downstream signaling molecule
MyD88, resulting in the phosphorylation of IκB and its separation from NF-κB. NF-κB
is then phosphorylated and migrates to the nucleus as part of the TLR4/MyD88/NF-κB
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signaling pathway, which triggers a series of inflammatory processes. This pathway can
cause IR in hepatic Kupffer cells and promote fibrosis in hepatic stellate cells. A WB
analysis showed that HFHSD feeding upregulated the expression of TLR4 and significantly
increased the protein expression of P-NF-κB S536 (p < 0.001) but did not significantly
change the level of NF-κB. COSM intervention significantly decreased the P-NF-κB S536
protein expression level (p < 0.05) and did not significantly decrease the protein expression
level of TLR4, but there were certain trends (p = 0.1996) compared with the levels found
in the model group (Figure 8A–D). RT-PCR analysis showed that HFHSD increased the
expression of the TLR4 and NF-κB S536 genes. COSM intervention did not significantly
reduce expression of the TLR4 or NF-κB S536 genes (p < 0.05), but overall, COSM showed a
certain improvement trend compared with the model group (Figure 8A–D). COSM could
improve colonic barrier function, reduce intestinal leakage, and reduce the serum LPS
levels (Figure 7A) and thereby reduce the expression levels of components of the liver
LPS/TLR4/NF-κB signaling pathway; thus, COSM may ultimately play a therapeutic role
in improving liver disease in mice with NAFLD.
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Figure 8. COSM improved the LPS/TLR4/NF-κB signaling pathway in the livers of HFHSD-fed
mice. The following indicators were measured after 12 weeks of oral administration of COSM in
HFHSD mice: (A) WB images of TLR4, NF-κB, and P-NF-κB protein expression; (B) TLR4 protein
expression level and gene expression level in the liver; (C) expression level of NF-κB protein and gene
in the liver; (D) protein expression of P-NF-κB in the liver. The data are presented as means ± SDs
(n = 6). Compared with the model group, * p < 0.05, *** p < 0.001.

3. Discussion

Marine chitooligosaccharide (COSM) is derived from the shells of crustaceans such as
shrimp and crabs, and the degradation product is obtained by deacetylation of salt. It is
formed by glucosamine and n-acetyl glucose linked by a β-1, 4-glycosidic bond. Its degree
of polymerization is between 2 and 20, and it is the only cationic basic oligosaccharide [35].
By studying the kinetics of COSM by labeling chitooligosaccharides, it was found that the
fluorescence intensity ratio between blood and intestinal contents was 2:1, which proved
that most chitooligosaccharides were absorbed into the blood, while the macromolecules
of chitooligosaccharides were not absorbed but stayed in the intestine and were directly
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eliminated from the body over time. Therefore, chitooligosaccharides had an effect on
intestinal microorganisms [36]. Because the chitosaccharides of relatively low molecular
weight also play a role in release and metabolism in the liver, some of the high-molecular-
weight chitosaccharides stay in the intestinal tract and may interact with intestinal microbes
and their metabolites to regulate body energy [37]. As prebiotics, chitooligosaccharides can
significantly change the abundance of the two main intestinal microbiota, mainly increasing
Bacteroidetes [11] and decreasing Firmicutes. Interestingly, when Firmicutes ferments
chitooligosaccharides into short-chain fatty acids, some types of short-chain fatty acids are
absorbed by the small intestine and provide an energy source for the host [38]. Therefore, it
has been speculated that chitooligosaccharides with relatively high polymerization degrees
or specific molecular weights can better regulate intestinal microbes. This line of thought
was the basis for the current study.

However, recent studies have found that the richness, diversity, and stability of intesti-
nal flora are closely related to host metabolism [39]. When beneficial bacteria are reduced
in the microbiome, the balance of the microbiome is disturbed, and the pathogenicity of
potentially pathogenic bacteria increases. This is called “microbiome imbalance”. Changes
in intestinal flora play an important role in body metabolism. For example, endotoxemia,
caused by the passage of the metabolite LPS from intestinal bacteria into the bloodstream
through the intestinal barrier, can lead to host metabolic disorders [40]. Therefore, regulat-
ing intestinal flora to improve disturbed intestinal flora is a feasible and effective strategy
for the prevention and treatment of NAFLD.

According to the literature, gavage of acetic acid can significantly improve liver fat
accumulation, enhance mitochondrial function, increase adipose tissue heat production,
and reduce body fat in obese mice fed with high-fat diets but has no effect on food intake
and skeletal muscle mass [41,42]. This also verifies that when COSM was administered
in this paper, it changed the level of acetic acid in short-chain fatty acids. In addition,
propionic acid administration in mice improved intestinal gluconeogenesis, controlled
glucose homeostasis, and stimulated the release of GLP-1 and PYY in the colon, thereby
exerting metabolic benefits [43,44]. Furthermore, oral or intravenous supplementation
with SCFAs improves liver fat accumulation and glucose homeostasis by increasing liver
AMPK phosphorylation and PPARα gene expression, which are involved in FFA oxidation,
glycogen storage, and fat production. Thus, SCFAs play a role in improving nonalcoholic
fatty liver disease [44]. Therefore, the therapeutic effect of COSM intervention on NAFLD
may also be closely related to SCFAs [45] and other microbial metabolite mediations.

In conclusion, in order to better study the regulatory effect of marine chitosaccharides
on intestinal flora, we first induced fatty liver formation in C57 mice with high-fat and
high-sugar diets. Then, it was preliminarily confirmed that COSM could improve NAFLD
mice to some extent by measuring blood lipids, blood glucose, liver function, inflammatory
factors, and antioxidant indexes. In order to explore the causes of the above results, through
the determination of intestinal flora and intestinal metabolites, we found that COSM could
significantly improve the abundance of beneficial bacteria, reduce the abundance of harmful
bacteria, improve the intestinal metabolite total and short chain fatty acid level, and change
the structure of intestinal flora and the intestinal bowel barrier, leading to various changes in
the regulation of intestinal and flora. Finally, we further analyzed the molecular mechanism
of COSM affecting NAFLD and found that the level of serum LPS, which is the connection
point of the enterohepatic axis pathway, was significantly reduced under the intervention
of COSM. Therefore, to further confirm our research expectations, a WB experiment was
used to confirm that COSM could affect the NAFLD process in the LPS/TLR4/NF-κB
inflammatory pathway. The results suggested that COSM regulated the LPS/TLR4/NF-κB
inflammatory pathway by changing the intestinal flora structure and intestinal barrier and
ultimately affected NAFLD progression.
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4. Materials and Methods
4.1. Materials

The COSM used in this study (average MW≤3000 Da, degree of deacetylation ≥ 95%, lot:
180409C) was purchased from Shandong AK Biotech Co., Ltd. (Qingdao, Shandong, China).
Metformin was purchased from Sino-American Shanghai Squibb Pharmaceutical Co., Ltd.
(Shanghai, China). A normal formula diet (NFD) (20% crude protein, 9.7% moisture, 4.8%
crude fiber, 4.3% crude fat, 1.19% calcium, 0.77% phosphorus, and 6.60% crude ash content)
was purchased from Guangdong Medical Laboratory Animal Center. A high-fat and high-
sucrose diet (HFHSD) (40% and 17% of calories from fat and sucrose, respectively; lot: D1237)
was purchased from Research Diet Inc. (New Brunswick, NJ, USA). Information on the anti-
bodies against NF-κB, P-NF-κB, TLR4, ZO-1, occludin, claudin, and GAPDH is provided in
Appendix A Table A1.

4.2. Animals and Experimental Design

Male C57BL/6 mice were purchased from Slack SJA Laboratory Animal Co., Ltd.
(Changsha, China), and raised in the Experimental Animal Center of Guangdong Pharma-
ceutical University (SYXK (YUE) 2017-0125). The mice were housed in an SPF environment
with a temperature of 22–26 ◦C, 55 ± 5% relative humidity, and a 12 h light/12 h dark cycle.
The animal research protocol was approved by the Ethics Committee of the Experimen-
tal Animal Center of Guangdong Pharmaceutical University. The animal ethical review
number was GDPULACSOF2017378.

Fifty-six 7-week-old C57BL/6 mice (weighing 20–24 g) were fed and used to establish
the model and treatment groups in an SPF laboratory. After 1 week of NFD adaptive
feeding, all the mice were randomly divided into 2 groups: 8 mice in the control group
were given the NFD (based on the feed), and 40 mice in the model group were given
the HFHSD. After 8 weeks of feeding, the mice were randomly divided into six groups
(each group consisted of 8 mice): blank group (control), NAFLD model group (model),
metformin-positive drug group (metformin), COSM high-dose group (COSM-H), COSM
medium-dose group (COSM-M), and COSM low-dose group (COSM-L).

Based on formula conversion and preliminary research conducted by our research group,
the dosages of COSM used in this experiment were as follows: COSM-H, 1700 mg/kg/d;
COSM-M, 850 mg/kg/d; and COSM-L, 425 mg/kg/d. According to a previous study [46],
the dosage administered to the metformin-positive drug control group in this experiment
was determined to equal 50 mg/kg/d. According to the body weight of the mice, the doses
administered to the COSM-H, COSM-M, and COSM-L groups and the amount of dimethyl
dicarbonate were adjusted to 10 g/0.1 mL. The mice in the control group were also given the
same volume of ultrapure water at a dose of 10 g/0.1 mL.

During the animal experiment, the mice were weighed every week. The weight of the
remaining feed and the weight of the feed given to each group of mice were measured every
day to estimate their daily food intake. The physical and mental conditions of the mice
were observed at each timepoint when data were recorded. After the 12-week intervention,
the mice were anesthetized by isoflurane inhalation, and blood samples were collected
by orbital blood sampling. Blood samples; samples of the liver, ileum, colon, and cecal
contents; and feces were collected and stored at −80 ◦C.

4.3. Serum and Liver Index Analyses

For serum index determination, blood samples were maintained at room temperature
for 30 min and centrifuged at 4 ◦C and 3000 rpm for 15 min. The upper serum was collected,
and the serum TC, TG, HDL-C, LDL-C, and FFA levels were determined using a kit (Nanjing
Jiancheng Bioengineering Institute, Nanjing, China) according to the instructions. The AST,
ALT, CAT, and T-AOC levels and the serum levels of IL-6, IL-10, TNF-α, insulin, and LPS
were determined using enzyme-linked immunosorbent assay (ELISA) kits (MEIMIAN,
Yancheng, China).
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For liver index measurement, an equal amount of liver tissue was accurately weighed,
an appropriate amount of absolute ethanol was added, and the samples were homogenized
with steel balls in a homogenizer precooled at −20 ◦C. The samples were subsequently cen-
trifuged at 4 ◦C and 2500 rpm for 10 min, the supernatant was collected, and Box reagents
(Nanjing Jiancheng Bioengineering Institute, Nanjing, China) were used to determine the
TG and TC contents.

4.4. Histopathological Analysis

For hematoxylin and eosin (H&E) staining, the liver, ileum, and colon tissues were
fixed in 4% paraformaldehyde (PFA), dehydrated by gradient ethanol, permeabilized
with xylene, soaked in high-melting-point paraffin, embedded in paraffin, sliced to a
thickness of 4 µm, and stained with H&E (Leagene Biotechnology, Beijing, China). The
fatty degeneration of liver cells and the damage to intestinal epithelial cells were observed.

For oil red O staining, liver tissue was fixed overnight in 4% PFA, dehydrated through
a sucrose solution gradient, embedded in optimal cutting temperature (OCT) compound
(Sakura), cut into 7 µm-thick frozen sections, and stained with oil red O (Sigma, St. Louis,
MO, USA) for the observation of lipid droplets in liver cells.

4.5. Fluorescence Quantitative PCR (RT-PCR)

The primers of TNF-α, IL-6, and IL-10 in mice were determined by reviewing relevant
literature and comparing the data obtained herein. All primers were synthesized by Shang-
hai Shenggong Biological Co., Ltd. Primer sequences can be seen in Appendix A Table A3.
(1) Total RNA was extracted and 0.1 g tissue was weighed and placed in a 1.5 mL enzyme-
free centrifuge tube. Before adding tissue into the centrifuge tube, two steel balls were
added and placed in the refrigerator for precooling. Then, 1 mL RNAiso Plus (total RNA
extraction reagent) was added to the centrifuge tube and homogenized in the homogenizer
for 10 min. Note that the whole process was carried out on ice. (2) CDNA was synthe-
sized by removing genomic DNA and reverse transcription. (3) To carry out real-time
fluorescence quantitative polymerase chain reaction analysis, reverse transcripted cDNA
and synthesized primers of corresponding genes were taken and added to a Roche 96-well
PCR plate with the following reagents (TaKaRa TB Green Premix Ex TaqTM II kit including
Upstream primer, downstream primer, TB Green Premix Ex TaqTM II, cDNA and DEPC
water) in the corresponding quantities. After the amplification reaction, the data were
recorded, the relative quantitative expression of genes between groups was analyzed by
the 2−∆∆Ct method, and the relative expression levels were calculated.

4.6. Fecal Microbiota 16S rRNA Analysis

Next, 16S rRNA (V3–V4 region) sequencing was performed to analyze the composition
of the intestinal microbiota in feces. Metware Biotechnology (Wuhan, China) was used to
perform the sequencing and analysis in this study. The specific experimental method was
previously described by Li et al. [47]. See Appendix A Table A2 for primer information for
the 16S rRNA sequence.

The CTAB/SDS method was used for the extraction of total genomic DNA from feces
(Sambrook and Russell, 2001), and the resulting DNA was used as the template for PCR
amplification of the V3–V4 variable region using universal primers (Table A2). Equal
amounts of purified amplicons were combined for subsequent sequencing with the Ion
S5™ XL platform (Thermo Fisher, Waltham, MA, USA).

Quality filtering of the raw tags was performed under specific filtering conditions to
obtain high-quality clean tags according to QIIME (Version 1.9.1). Sequences with ≥97%
similarity were assigned to the same operational taxonomic units (OTUs). The abundance
information of the OTUs was normalized using a standard sequence number corresponding
to the sample with the lowest number of sequences.

Various analyses, including alpha and beta diversity calculations, were performed
using the QIIME software package, and the alpha diversity analysis included calculations of



Mar. Drugs 2022, 20, 383 16 of 19

the ACE, Chao1, Shannon, and Simpson diversity indexes. The weighted UniFrac distance
metric was used for principal coordinates analysis (PCoA) to visualize the separation of the
samples. Beta diversity analysis was performed to evaluate the differences in the species
complexity of the samples.

4.7. Short-Chain Fatty Acid (SCFA) Profile Analysis

Twenty milligrams of the cecal content samples was weighed and placed in a 2 mL
Eppendorf (EP) tube, and 1 mL of phosphoric acid (0.5% v/v) solution was added to the EP
tube. The tubes were then vortexed for 10 min and ultrasonicated for 5 min. Subsequently,
0.1 mL of supernatant was added to a 1.5 mL centrifuge tube, and 0.5 mL of methyl tert-
butyl ether (MTBE) (containing internal standard) solution was added. The samples were
vortexed for 3 min, ultrasonicated for 5 min, and centrifuged for 10 min at 12,000 r/min
and 4 ◦C. After centrifugation, 0.2 mL of supernatant was absorbed into the sampling bottle
for GC–MS/MS analysis.

4.8. Western Blotting

Western blot analysis was performed as previously described [48] to analyze the
protein expression levels of ZO-1, occludin, and claudin in the colon and of Toll-like
receptor 4 (TLR4), nuclear factor kappa B (NF-κB), and phospho-nuclear factor kappa B
p65 (P-NF-κB p65) in the liver. The primary and secondary antibodies are summarized
in Table A1. The Gel DocXR+ gel imaging system (Bio–Rad Laboratories, Hercules, CA,
USA) was used to image the polyvinylidene fluoride (PVDF) membrane, and the densities
of the bands were analyzed with the Bio–Rad Image Lab (Ver. 6.0) software. The relative
expression levels of the proteins were normalized to those of GAPDH.

4.9. Statistical Analysis

The data were analyzed and graphed using the software SPSS 20.0 and GraphPad
Prism 8.3 (GraphPad Software, San Diego, CA, USA) by one-way ANOVA for quantitative
multigroup comparisons, as shown in the figure legends. The error bars indicate the
standard deviations (SDs) obtained from all statistical analyses. The main results are
displayed as bar graphs, and p < 0.05 was considered to indicate statistical significance.

5. Conclusions

An NAFLD mouse model was induced by HFHSD, and the effects of different doses
of COSM gavage were compared with that of metformin. It was found that marine chi-
tooligosaccharide (COSM) could improve IR and liver steatosis, reduce the level of lipid
index, decrease the accumulation of lipid in the liver, enhance the antioxidant capacity
of the liver, and alleviate liver damage and inflammation without affecting appetite in
mice. These results suggest that COSM has great potential as a drug candidate for NAFLD.
Subsequently, we found that COSM affected the intestinal flora structure, reduced the
F/B ratio, reversed an increase in bacterial diversity, increased the abundance of some
beneficial bacteria, reduced the abundance of some pathogenic bacteria, improved the
abnormal intestinal barrier structure, and reversed the changes of the flora caused by
HFHSD in NAFLD mice. Moreover, the SCFA profile of intestinal metabolites was found to
play an important role in the treatment of NAFLD and have a certain dose dependence.
Furthermore, it was found that COSM reduced LPS translocation due to intestinal flora,
improved the expression of intestinal barrier function-related proteins, and ultimately
reduced the expression level of the liver LPS/TLR4/NF-κB signaling pathway, thereby
improving liver disease in NAFLD mice. This information provides not only a theoretical
basis and reference for the development of new NAFLD drugs but a basis for in-depth
understanding of the molecular mechanism of COSM. It also provides a reference basis
and broad development prospects for the research of marine pharmaceutical products.
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Appendix A

Table A1. Primary antibodies for Western blotting.

Antibodies Company Catalog No. Dilution

ZO-1 abcam ab216880 1:1000
Occludin abcam ab167161 1:5000
Claudin abcam ab180158 1:2000

TLR4 abcam ab217274 1:300
NF-κB abcam ab32536 1:5000

p-NF-κB abcam ab76302 1:1000
GAPDH Bioss bsm-0978M 1:2500

Table A2. Information on 16S rRNA sequence primers.

Sequencing Area Primer Name Sequence Information

V3 + V4
806R 5′-GGACTACHVGGGTWTCTA-3′

515F 5′-GTGCCAGCMGCCGCGGTAA-3′

Table A3. RT-PCR primer sequence.

Gene Forward Primer Reverse Primer

TNF-α CCCACACCGTCAGCCGATTT GTCTAAGTACTTGGGCAGATTGACC
IL-10 CTTACTGACTGGCATGAGGATCA GCAGCTCTAGGAGCATGTGG
IL-6 AGACCGCTGCCTGTCTAAAA TTTGATGTCGTTCACCAGGA

References
1. Yip, T.; Lee, H.; Chan, W.; Wong, G.; Wong, V. Asian perspective on NAFLD-associated HCC. J. Hepatol. 2022, 76, 726–734.

[CrossRef]
2. Younossi, Z.; Koenig, A.; Abdelatif, D.; Fazel, Y.; Henry, L.; Wymer, M. Global epidemiology of nonalcoholic fatty liver disease-

Meta-analytic assessment of prevalence, incidence, and outcomes. Hepatology 2016, 64, 73–84. [CrossRef]
3. Targher, G.; Byrne, C.; Tilg, H. NAFLD and increased risk of cardiovascular disease: Clinical associations, pathophysiological

mechanisms and pharmacological implications. Gut 2020, 69, 1691–1705. [CrossRef]
4. Chauhan, M.; Singh, K.; Thuluvath, P. Bariatric Surgery in NAFLD. Dig. Dis. Sci. 2022, 67, 408–422. [CrossRef]
5. Wan, M.; Qin, W.; Lei, C.; Li, Q.; Meng, M.; Fang, M.; Song, W.; Chen, J.; Tay, F.; Niu, L. Biomaterials from the sea: Future building

blocks for biomedical applications. Bioact. Mater. 2021, 6, 4255–4285. [CrossRef]
6. Lee, Y.; Ahn, E.; Park, Y. Shape-dependent cytotoxicity and cellular uptake of gold nanoparticles synthesized using green tea

extract. Nanoscale Res. Lett. 2019, 14, 129. [CrossRef]
7. Jiang, Y.; Fu, C.; Liu, G.; Guo, J.; Su, Z. Cholesterol-lowering effects and potential mechanisms of chitooligosaccharide capsules in

hyperlipidemic rats. Food Nutr. Res. 2018, 62. [CrossRef]

http://doi.org/10.1016/j.jhep.2021.09.024
http://doi.org/10.1002/hep.28431
http://doi.org/10.1136/gutjnl-2020-320622
http://doi.org/10.1007/s10620-021-07317-3
http://doi.org/10.1016/j.bioactmat.2021.04.028
http://doi.org/10.1186/s11671-019-2967-1
http://doi.org/10.29219/fnr.v62.1446


Mar. Drugs 2022, 20, 383 18 of 19

8. Yang, D.; Hu, C.; Deng, X.; Bai, Y.; Cao, H.; Guo, J.; Su, Z. Therapeutic Effect of Chitooligosaccharide Tablets on Lipids in High-Fat
Diets Induced Hyperlipidemic Rats. Molecules 2019, 24, 514. [CrossRef]

9. Huang, L.; Chen, J.; Cao, P.; Pan, H.; Ding, C.; Xiao, T.; Zhang, P.; Guo, J.; Su, Z. Anti-obese effect of glucosamine and chitosan
oligosaccharide in high-fat diet-induced obese rats. Mar. Drugs 2015, 13, 2732–2756. [CrossRef]

10. Wang, J.; He, W.; Yang, D.; Cao, H.; Bai, Y.; Guo, J.; Su, Z. Beneficial Metabolic Effects of Chitosan and Chitosan Oligosaccharide
on Epididymal WAT Browning and Thermogenesis in Obese Rats. Molecules 2019, 24, 4455. [CrossRef]

11. Zheng, J.; Yuan, X.; Cheng, G.; Jiao, S.; Feng, C.; Zhao, X.; Yin, H.; Du, Y.; Liu, H. Chitosan oligosaccharides improve the
disturbance in glucose metabolism and reverse the dysbiosis of gut microbiota in diabetic mice. Carbohydr. Polym. 2018, 190,
77–86. [CrossRef]

12. Guan, G.; Wang, H.; Peng, H.; Li, G. Low Dosage of Chitosan Supplementation Improves Intestinal Permeability and Impairs
Barrier Function in Mice. BioMed. Res. Int. 2016, 2016, 4847296. [CrossRef]

13. Qian, M.; Lyu, Q.; Liu, Y.; Hu, H.; Wang, S.; Pan, C.; Duan, X.; Gao, Y.; Qi, L.; Liu, W.; et al. Chitosan Oligosaccharide Ameliorates
Nonalcoholic Fatty Liver Disease (NAFLD) in Diet-Induced Obese Mice. Mar. Drugs 2019, 17, 391. [CrossRef]

14. Angoa-Pérez, M.; Zagorac, B.; Francescutti, D.; Winters, A.; Greenberg, J.; Ahmad, M.; Manning, S.; Gulbransen, B.; Theis, K.;
Kuhn, D. Effects of a high fat diet on gut microbiome dysbiosis in a mouse model of Gulf War Illness. Sci. Rep. 2020, 10, 9529.
[CrossRef] [PubMed]

15. Qin, J.; Li, R.; Raes, J.; Arumugam, M.; Burgdorf, K.; Manichanh, C.; Nielsen, T.; Pons, N.; Levenez, F.; Yamada, T.; et al. A human
gut microbial gene catalogue established by metagenomic sequencing. Nature 2010, 464, 59–65. [CrossRef]

16. Mao, J.; Tang, H.; Zhao, T.; Tan, X.; Bi, J.; Wang, B.; Wang, Y. Intestinal mucosal barrier dysfunction participates in the progress of
nonalcoholic fatty liver disease. Int. J. Clin. Exp. Pathol. 2015, 8, 3648–3658.

17. Duan, Y.; Zeng, L.; Zheng, C.; Song, B.; Li, F.; Kong, X.; Xu, K. Inflammatory Links Between High Fat Diets and Diseases.
Front. Immunol. 2018, 9, 2649. [CrossRef]

18. Ryu, J.; Kim, E.; Kang, M.; Song, D.; Shin, E.; Lee, H.; Jung, J.; Nam, S.; Kim, J.; Kim, H.; et al. Differential TM4SF5-mediated SIRT1
modulation and metabolic signaling in nonalcoholic steatohepatitis progression. J. Pathol. 2021, 253, 55–67. [CrossRef]

19. Luo, L.; Du, T.; Zhang, J.; Zhao, W.; Cheng, H.; Yang, Y.; Wu, Y.; Wang, C.; Men, K.; Gou, M. Efficient inhibition of ovarian cancer
by degradable nanoparticle-delivered survivin T34A gene. Int. J. Nanomed. 2016, 11, 501–512. [CrossRef]

20. Athinarayanan, S.; Wei, R.; Zhang, M.; Bai, S.; Traber, M.; Yates, K.; Cummings, O.; Molleston, J.; Liu, W.; Chalasani, N. Genetic
polymorphism of cytochrome P450 4F2, vitamin E level and histological response in adults and children with nonalcoholic fatty
liver disease who participated in PIVENS and TONIC clinical trials. PLoS ONE 2014, 9, e95366. [CrossRef]

21. Yoon, H.; Cho, C.; Yun, M.; Jang, S.; You, H.; Kim, J.; Han, D.; Cha, K.; Moon, S.; Lee, K.; et al. Akkermansia muciniphila
secretes a glucagon-like peptide-1-inducing protein that improves glucose homeostasis and ameliorates metabolic disease in
mice. Nat. Microbiol. 2021, 6, 563–573. [CrossRef] [PubMed]

22. Sivamaruthi, B.; Kesika, P.; Suganthy, N.; Chaiyasut, C. A Review on Role of Microbiome in Obesity and Antiobesity Properties of
Probiotic Supplements. BioMed. Res. Int. 2019, 2019, 3291367. [CrossRef]

23. Li, Y.; Wen, H.; Chen, L.; Yin, T. Succession of bacterial community structure and diversity in soil along a chronosequence of
reclamation and re-vegetation on coal mine spoils in China. PLoS ONE 2014, 9, e115024. [CrossRef] [PubMed]

24. Rocchini, D. Algorithmic foundation of spectral rarefaction for measuring satellite imagery heterogeneity at multiple spatial
scales. Sensors 2009, 9, 303–310. [CrossRef] [PubMed]

25. Wu, W.; Lv, L.; Shi, D.; Ye, J.; Fang, D.; Guo, F.; Li, Y.; He, X.; Li, L. Protective Effect of Akkermansia muciniphila against
Immune-Mediated Liver Injury in a Mouse Model. Front Microbiol. 2017, 8, 1804. [CrossRef]

26. Chen, Y.; Lv, J.; Jia, Y.; Wang, R.; Zhang, Z.; Liu, J.; Jia, C. Effect of Moxibustion on the Intestinal Flora of Rats with Knee
Osteoarthritis Induced by Monosodium Iodoacetate. Evid. Based Complement. Altern. Med. 2020, 2020, 3196427. [CrossRef]

27. Li, Y.; Zhang, Y.; Wei, K.; He, J.; Ding, N.; Hua, J.; Zhou, T.; Niu, F.; Zhou, G.; Shi, T.; et al. Review: Effect of Gut Microbiota and Its
Metabolite SCFAs on Radiation-Induced Intestinal Injury. Front. Cell. Infect. Microbiol. 2021, 11, 577236. [CrossRef]

28. Deng, M.; Qu, F.; Chen, L.; Liu, C.; Zhang, M.; Ren, F.; Guo, H.; Zhang, H.; Ge, S.; Wu, C.; et al. SCFAs alleviated steatosis and
inflammation in mice with NASH induced by MCD. J. Endocrinol. 2020, 245, 425–437. [CrossRef]

29. Boutagy, N.; McMillan, R.; Frisard, M.; Hulver, M. Metabolic endotoxemia with obesity: Is it real and is it relevant? Biochimie 2016,
124, 11–20. [CrossRef]

30. Cani, P.; Amar, J.; Iglesias, M.; Poggi, M.; Knauf, C.; Bastelica, D.; Neyrinck, A.; Fava, F.; Tuohy, K.; Chabo, C.; et al. Metabolic
endotoxemia initiates obesity and insulin resistance. Diabetes 2007, 56, 1761–1772. [CrossRef]

31. Cani, P.; Possemiers, S.; Van de Wiele, T.; Guiot, Y.; Everard, A.; Rottier, O.; Geurts, L.; Naslain, D.; Neyrinck, A.; Lambert, D.; et al.
Changes in gut microbiota control inflammation in obese mice through a mechanism involving GLP-2-driven improvement of
gut permeability. Gut 2009, 58, 1091–1103. [CrossRef] [PubMed]

32. Wang, S.; Xie, T.; Sun, S.; Wang, K.; Liu, B.; Wu, X.; Ding, W. DNase-1 Treatment Exerts Protective Effects in a Rat Model of
Intestinal Ischemia-Reperfusion Injury. Sci. Rep. 2018, 8, 17788. [CrossRef]

33. Orlando, A.; Linsalata, M.; Notarnicola, M.; Tutino, V.; Russo, F. Lactobacillus GG restoration of the gliadin induced epithelial
barrier disruption: The role of cellular polyamines. BMC Microbiol. 2014, 14, 19. [CrossRef]

34. Wang, F.; Guo, R.; Li, W.; Yu, B.; Han, B.; Liu, L.; Han, D. The role of intestinal endotoxemia in a rat model of aluminum
neurotoxicity. Mol. Med. Rep. 2017, 16, 1878–1884. [CrossRef]

http://doi.org/10.3390/molecules24030514
http://doi.org/10.3390/md13052732
http://doi.org/10.3390/molecules24244455
http://doi.org/10.1016/j.carbpol.2018.02.058
http://doi.org/10.1155/2016/4847296
http://doi.org/10.3390/md17070391
http://doi.org/10.1038/s41598-020-66833-w
http://www.ncbi.nlm.nih.gov/pubmed/32533086
http://doi.org/10.1038/nature08821
http://doi.org/10.3389/fimmu.2018.02649
http://doi.org/10.1002/path.5548
http://doi.org/10.2147/IJN.S93496
http://doi.org/10.1371/journal.pone.0095366
http://doi.org/10.1038/s41564-021-00880-5
http://www.ncbi.nlm.nih.gov/pubmed/33820962
http://doi.org/10.1155/2019/3291367
http://doi.org/10.1371/journal.pone.0115024
http://www.ncbi.nlm.nih.gov/pubmed/25502754
http://doi.org/10.3390/s90100303
http://www.ncbi.nlm.nih.gov/pubmed/22389600
http://doi.org/10.3389/fmicb.2017.01804
http://doi.org/10.1155/2020/3196427
http://doi.org/10.3389/fcimb.2021.577236
http://doi.org/10.1530/JOE-20-0018
http://doi.org/10.1016/j.biochi.2015.06.020
http://doi.org/10.2337/db06-1491
http://doi.org/10.1136/gut.2008.165886
http://www.ncbi.nlm.nih.gov/pubmed/19240062
http://doi.org/10.1038/s41598-018-36198-2
http://doi.org/10.1186/1471-2180-14-19
http://doi.org/10.3892/mmr.2017.6780


Mar. Drugs 2022, 20, 383 19 of 19

35. Deng, X.; Ye, Z.; Cao, H.; Bai, Y.; Che, Q.; Guo, J.; Su, Z. Chitosan oligosaccharide ameliorated obesity by reducing endoplasmic
reticulum stress in diet-induced obese rats. Food Funct. 2020, 11, 6285–6296. [CrossRef] [PubMed]

36. Chen, P.; Zhao, M.; Chen, Q.; Fan, L.; Gao, F.; Zhao, L. Absorption Characteristics of Chitobiose and Chitopentaose in the Human
Intestinal Cell Line Caco-2 and Everted Gut Sacs. J. Agric. Food Chem. 2019, 67, 4513–4523. [CrossRef] [PubMed]

37. Muanprasat, C.; Chatsudthipong, V. Chitosan oligosaccharide: Biological activities and potential therapeutic applications.
Pharmacol. Ther. 2017, 170, 80–97. [CrossRef] [PubMed]

38. Gomes, A.; Hoffmann, C.; Mota, J. The human gut microbiota: Metabolism and perspective in obesity. Gut Microbes 2018, 9,
308–325. [CrossRef]

39. Le Chatelier, E.; Nielsen, T.; Qin, J.; Prifti, E.; Hildebrand, F.; Falony, G.; Almeida, M.; Arumugam, M.; Batto, J.; Kennedy, S.; et al.
Richness of human gut microbiome correlates with metabolic markers. Nature 2013, 500, 541–546. [CrossRef] [PubMed]

40. Hersoug, L.; Møller, P.; Loft, S. Role of microbiota-derived lipopolysaccharide in adipose tissue inflammation, adipocyte size and
pyroptosis during obesity. Nutr. Res. Rev. 2018, 31, 153–163. [CrossRef] [PubMed]

41. Kondo, T.; Kishi, M.; Fushimi, T.; Kaga, T. Acetic acid upregulates the expression of genes for fatty acid oxidation enzymes in
liver to suppress body fat accumulation. J. Agric. Food Chem. 2009, 57, 5982–5986. [CrossRef] [PubMed]

42. Ruan, N.; Tribble, J.; Peterson, A.; Jiang, Q.; Wang, J.; Chu, X. Acid-Sensing Ion Channels and Mechanosensation. Int. J. Mol. Sci.
2021, 22, 4810. [CrossRef]

43. De Vadder, F.; Kovatcheva-Datchary, P.; Goncalves, D.; Vinera, J.; Zitoun, C.; Duchampt, A.; Bäckhed, F.; Mithieux, G. Microbiota-
generated metabolites promote metabolic benefits via gut-brain neural circuits. Cell 2014, 156, 84–96. [CrossRef]

44. Hernández, M.; Canfora, E.; Jocken, J.; Blaak, E. The Short-Chain Fatty Acid Acetate in Body Weight Control and Insulin
Sensitivity. Nutrients 2019, 11, 1943. [CrossRef] [PubMed]

45. Liu, Y.; Chen, J.; Tan, Q.; Deng, X.; Tsai, P.; Chen, P.; Ye, M.; Guo, J.; Su, Z. Nondigestible Oligosaccharides with Anti-Obesity
Effects. J. Agric. Food Chem. 2020, 68, 4–16. [CrossRef] [PubMed]

46. Han, Y.; Hu, Z.; Cui, A.; Liu, Z.; Ma, F.; Xue, Y.; Liu, Y.; Zhang, F.; Zhao, Z.; Yu, Y.; et al. Post-translational regulation of lipogenesis
via AMPK-dependent phosphorylation of insulin-induced gene. Nat. Commun. 2019, 10, 623. [CrossRef]

47. Li, J.; Hu, Y.; Liu, L.; Wang, Q.; Zeng, J.; Chen, C. PM2.5 exposure perturbs lung microbiome and its metabolic profile in mice.
Sci. Total Environ. 2020, 721, 137432. [CrossRef]

48. Fallatah, H.; Akbar, H.; Fallatah, A. Fibroscan Compared to FIB-4, APRI, and AST/ALT Ratio for Assessment of Liver Fibrosis in
Saudi Patients With Nonalcoholic Fatty Liver Disease. Hepat. Mon. 2016, 16, e38346. [CrossRef]

http://doi.org/10.1039/D0FO01107J
http://www.ncbi.nlm.nih.gov/pubmed/32602486
http://doi.org/10.1021/acs.jafc.9b01355
http://www.ncbi.nlm.nih.gov/pubmed/30929431
http://doi.org/10.1016/j.pharmthera.2016.10.013
http://www.ncbi.nlm.nih.gov/pubmed/27773783
http://doi.org/10.1080/19490976.2018.1465157
http://doi.org/10.1038/nature12506
http://www.ncbi.nlm.nih.gov/pubmed/23985870
http://doi.org/10.1017/S0954422417000269
http://www.ncbi.nlm.nih.gov/pubmed/29362018
http://doi.org/10.1021/jf900470c
http://www.ncbi.nlm.nih.gov/pubmed/19469536
http://doi.org/10.3390/ijms22094810
http://doi.org/10.1016/j.cell.2013.12.016
http://doi.org/10.3390/nu11081943
http://www.ncbi.nlm.nih.gov/pubmed/31426593
http://doi.org/10.1021/acs.jafc.9b06079
http://www.ncbi.nlm.nih.gov/pubmed/31829005
http://doi.org/10.1038/s41467-019-08585-4
http://doi.org/10.1016/j.scitotenv.2020.137432
http://doi.org/10.5812/hepatmon.38346

	Introduction 
	Results 
	Changes in Body Weight, Food Intake, and Serum Glucose and Lipid Levels 
	COSM Could Improve the Lipid Content in the Serum and Liver of HFHSD-Fed Mice 
	COSM Could Improve the Liver Function and Antioxidant Capacity of HFHSD-Fed Mice 
	COSM Could Improve the Serum Inflammatory Response of HFHSD Mice 
	Effects of COSM Intervention on Microflora and the Intestinal Tract 
	COSM Could Improve the Intestinal Microfloral Structure of HFHSD-Fed Mice 
	COSM Could Inhibit the Growth of Harmful Intestinal Bacteria and Improve the Abundance of Dominant Bacteria in HFHSD Diet-Fed Mice 
	COSM Could Increase the Levels of Acetic Acid, Propionic Acid, and Total SCFAs in the Cecal Contents of HFHSD-Fed Mice 
	COSM Could Improve the Villus Structure of the Ileum and the Integrity of Colonic Goblet Cells and the Mucosal Layer of HFHSD-Fed Mice 

	COSM Improved the Intestinal Wall Barrier Integrity and Endotoxemia in HFHSD-Fed Mice 
	COSM Improved the LPS/TLR4/NF-B Signaling Pathway in the Livers of HFHSD-Fed Mice 

	Discussion 
	Materials and Methods 
	Materials 
	Animals and Experimental Design 
	Serum and Liver Index Analyses 
	Histopathological Analysis 
	Fluorescence Quantitative PCR (RT-PCR) 
	Fecal Microbiota 16S rRNA Analysis 
	Short-Chain Fatty Acid (SCFA) Profile Analysis 
	Western Blotting 
	Statistical Analysis 

	Conclusions 
	Appendix A
	References

