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The intestinal tract of a healthy body is home to a large variety and number
of microorganisms that will affect every aspect of the host’s life. In recent years,
polysaccharides have been found to be an important factor affecting intestinal flora.
Polysaccharides are widely found in nature and play a key role in the life activities of
living organisms. In the intestinal tract of living organisms, polysaccharides have many
important functions, such as preventing the imbalance of intestinal flora and maintaining
the integrity of the intestinal barrier. Moreover, recent studies suggest that gut microbes
can influence brain health through the brain-gut axis. Therefore, maintaining brain health
through polysaccharide modulation of gut flora deserves further study. In this review,
we outline the mechanisms by which polysaccharides maintain normal intestinal flora
structure, as well as improving cognitive function in the brain via the brain-gut axis by
virtue of the intestinal flora. We also highlight the important role that gut microbes play
in the pathogenesis of depression and the potential for treating depression through the
use of polysaccharides to modulate the intestinal flora.

Keywords: polysaccharides, intestinal flora, brain-gut axis, cognitive, depression

INTRODUCTION

So far, gut microbiota has been studied for decades. There is a large amount of experimental data
confirming the key role of gut microbes in a living organism and calling the gut microbiome
“the second genome of the human body” (Zhu et al., 2010), which shows the importance of
intestinal flora is greatly recognized in academic circles. Nowadays, research on the association
of intestinal flora with various diseases has developed rapidly, such as cancer, type 2 diabetes, and

Abbreviations: SCFAs, short-chain fatty acids; IBS, irritable bowel syndrome; CNS, central nervous system; GF, germ-
free; CAZymes, carbohydrate-active enzymes; FFAR2, free fatty acid receptor 2; FFAR3, free fatty acid receptor 3; PD,
Parkinson’s disease; GLP, Ganoderma lucidum polysaccharides; ECCs, enterochromaffin cells; EECs, enteroendocrine cells;
PYY, peptide YY; GABA, γ-aminobutyric acid; GLP1, glucagon-like peptide 1; HPA, hypothalamic-pituitary-adrenal axis;
FVP, Flammulina velutipes polysaccharides; AD, Alzheimer’s disease.
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even neurodegenerative diseases (Liu et al., 2018; Sanchez-
Alcoholado et al., 2020; Shi et al., 2020). Therefore, in addition
to traditional treatment, the regulation of intestinal flora has
become a new option for the treatment of related diseases. There
are many factors that influence gut microbiology, such as age,
antibiotic therapy, and diet (Rinninella et al., 2019), among which
dietary factors occupy a significant position and have received
the most widespread social attention. The influence of diet on
intestinal flora is huge; different nutrients in different foods can
promote the growth of some microorganisms in the intestine
and inhibit the growth of others (Zmora et al., 2019). The study
noted that the fecal microbiota of Italian children on a Western
diet pattern consisted mainly of Salmonella and Escherichia.
Still, the fecal microbiota of South American children on a
traditional plant-based diet pattern consisted mainly of Prevotella
enterotype (Conlon and Bird, 2014). In recent years, researchers
have found that polysaccharides, either in food ingredients or
artificially extracted from specific plants, play an important role
in regulating intestinal flora and can provide effective treatment
for related diseases.

Polysaccharides are widely found in nature, primarily
in plants, animals, and microorganisms (Yang et al., 2020;
Barnes et al., 2021; Cai et al., 2021; Murayama and Sugiura,
2021). Humans can obtain polysaccharides by ingesting the
corresponding foods and obtain energy through a series of
digestion and absorption, such as the starch in cereal foods,
which is a critical source of energy (Lovegrove et al., 2017).
After scientists’ unremitting research, the antioxidant, anti-aging
and immunity-regulating functions of polysaccharides have been
widely used (Tian et al., 2020; Ren et al., 2021). In addition to
these well-known functions of polysaccharides, scientists have
found that polysaccharides and intestinal microorganisms have
an interactive relationship. Not all polysaccharides consumed
from food can be digested and absorbed by the body. Some
of the non-digestible but fermentable polysaccharides are used
by intestinal microorganisms to produce various metabolites,
such as short-chain fatty acids (SCFAs) (Ahmadi et al., 2017).
SCFAs, as the main metabolites of intestinal microorganisms,
occupy a critical position in intestinal physiology (Ahmadi et al.,
2017; Dupraz et al., 2021). After several years of research, the
role of SCFAs has not only been limited to regulating the
body’s metabolism but also been found to play an essential
role in gut-brain communication (van de Wouw et al., 2018;
Silva et al., 2020).

With the progress and development of science, many
experiments have demonstrated the interaction between gut
microorganisms and the brain (Martin et al., 2018). In a
study, the pathogenesis of irritable bowel syndrome (IBS) well
demonstrated a bidirectional effect between the nervous system
and the gut (Shaidullov et al., 2021). The central nervous
system (CNS) in IBS patients might have abnormalities in
processing signals from the intestine, and researchers found that
a therapeutic effect could be achieved by regulating the patient’s
intestinal flora (Mayer et al., 2014). In an experiment on germ-
free (GF) mice, it was found that most chemicals in the blood of
GF mice were synthesized by intestinal microorganisms and that
these chemicals could affect the behavior and neuroendocrine

response of GF mice (Galland, 2014). In addition, researchers
have found that gut microbes contribute to brain development
(Galland, 2014; Mohajeri et al., 2018). Therefore, regulation of
intestinal flora becomes a viable new approach for the treatment
of related brain disorders (Zhu et al., 2020). Typical diseases
include cognitive dysfunction and depression, and scientists have
likewise discovered a link between gut flora and these disorders
and suggested the possibility of treating them by regulating gut
flora (Galland, 2014; Mohajeri et al., 2018).

The mystery of using polysaccharides to regulate the gut
microbiota to maintain normal cognitive function in the brain
and improve depression has been gradually unraveled by
scientists in recent years. This provides a new approach to
treating depression and maintaining normal cognitive function.
In this review, we review scientific findings on the regulation
of gut microbial structure by polysaccharides, the utilization
of polysaccharides by gut microbes, and the effects of gut
microbes on the brain via the brain-gut axis. In addition, we
will further explore the potential of modulating gut microbiota
through polysaccharides to treat depression and maintain
normal cognitive performance and provide an outlook on the
development of this method in the future.

POLYSACCHARIDES AND THE EFFECT
OF POLYSACCHARIDES ON INTESTINAL
MICROBIOTA

Polysaccharides
The structure of polysaccharides is relatively complex, and
natural polysaccharides are composed of many monosaccharide
residues, which are interconnected by oligosaccharide bonds
(Cui, 2005; Verma et al., 2019). Although the structure of
polysaccharides is very complex, with the development of
science and technology, we have clarified the molecular structure
of a part of polysaccharides and the related sugar units
that make up polysaccharides (Cui, 2005). From the source,
polysaccharides can be divided into plant polysaccharides, animal
polysaccharides, and microbial polysaccharides (Verma et al.,
2019). For instance, starch is a common polysaccharide in
life, which is derived from rice, are polymerized from glucose
(Li and Gilbert, 2018). Starch usually includes amylose and
amylopectin, the difference between which is that amylose has a
small number of long-chain branches and low molecular weights,
while amylopectin has a large number of short-chain branches
and high molecular weights (Li and Gilbert, 2018). Natural
polysaccharides have the advantages of being non-toxic, stable,
and easy to obtain, and are valued by various fields (Li and
Gilbert, 2018). Nowadays, in addition to the functional foods
we know, polysaccharides have a wide range of applications
(Dai et al., 2021; Qi et al., 2021). With the further exploration
of polysaccharide functions, polysaccharides have been used for
treating related diseases, such as obesity and type 2 diabetes
(Wu et al., 2019; Chen et al., 2020). In recent years, scientists
have also discovered that polysaccharides have the ability to
regulate the structure of intestinal flora and protect intestinal
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health (Ahmadi et al., 2017). These findings open a new door to
the study of polysaccharides. Researches on polysaccharides are
continuing, and more potential will be explored in the future.

Utilization of Polysaccharides by the
Intestinal Microbiota
Some polysaccharides obtained from the outside world
cannot be digested and absorbed by the human body.
These polysaccharides can be divided into two categories:
fermentable and unfermentable. In contrast, unfermentable
polysaccharides will eventually be discharged as waste, and
fermentable polysaccharides can be degraded by intestinal
microorganisms and eventually absorbed and used by the human
body (Ahmadi et al., 2017). Previous research have pointed out
some polysaccharides are required to be degradated by intestinal
microorganisms for further utilization, such as resistant starch,
levan, and mannan (Ye et al., 2020). Among the identified
intestinal microorganisms, some of them are thought to be able
to utilize polysaccharides, which they degrade by producing the
corresponding enzymes (Bernalier-Donadille, 2010; Cockburn
and Koropatkin, 2016), such as Bacteroides. Bacteroides occupy
a large proportion of the intestinal microorganisms and are
able to produce large amounts of carbohydrate-active enzymes
(CAZymes) (Hemsworth et al., 2016; Ye et al., 2020). The
researchers have found that CAZymes can degrade various
polysaccharides and form fermentable monosaccharides,
which facilitates the eventual absorption and utilization of
polysaccharides by the body (Ye et al., 2020). Studies have
demonstrated that certain intestinal microorganisms can provide
themselves with a carbon source by fermenting polysaccharides,
which will facilitate the production of important metabolites by
intestinal microorganisms, such as SCFAs (Yao et al., 2020a). The
utilization of polysaccharides by intestinal microorganisms is
shown in Figure 1. SCFAs are important metabolites of intestinal
microorganisms (Yao et al., 2020a); they are composed of a
small hydrocarbon chain and a carboxylic acid moiety; the
common SCFAs include butyric acid, acetic acid, propionic acid,
etc. (Correa-Oliveira et al., 2016). SCFAs are relevant to our
health. Studies have proven that SCAFs have weight loss and
hypoglycemic effects, and can be used to treat obesity and type 2
diabetes (Murugesan et al., 2018; Sanna et al., 2019), as well as to
regulate immune cell function and enhance immunity (Correa-
Oliveira et al., 2016; Yao et al., 2020b). Moreover, in a recent
study, researchers found that SCFAs also played an important
role in the microbe-gut-brain axis (Dalile et al., 2019). The impact
of SCFAs on microbial-gut-brain communication is dramatic
(Dalile et al., 2019; Silva et al., 2020). In the past, a large number
of studies have demonstrated that SCFAs can act on free fatty
acid receptor 2 (FFAR2) and free fatty acid receptor 3 (FFAR3);
among them, FFAR2 is mainly expressed in immune cells, and
FFAR3 is mainly expressed in the sympathetic nervous system
(Dalile et al., 2019). In addition, SCFAs also affect brain function
by acting on the CNS, and based on this, researchers have found
that SCFAs can relieve chronic psychological stress and have
a therapeutic effect on related neurological disorders, such as
depression and Parkinson’s disease (PD) (van de Wouw et al.,

2018; Shin et al., 2020; Silva et al., 2020). With the continuous
development of science and technology, the research on the
utilization of polysaccharides by intestinal flora and the function
of their metabolites will be further developed in the future.

Shaping of Intestinal Flora by
Polysaccharides
Among the many factors that influence the structure of the
intestinal flora, diet is considered to be the easiest one to
manipulate and most likely to reshape the intestinal flora.
Polysaccharides, as part of the daily diet, also have a regulatory
effect on the structure of the intestinal flora (Ho Do et al.,
2021). The human body has to consume a certain amount of
carbohydrates every day. Because the human body lacks the
corresponding enzymes, some of the complex carbohydrates
cannot be digested and absorbed by the body (Xu et al., 2013; Ho
Do et al., 2021). As a representative of complex carbohydrates,
part of polysaccharides can serve as an essential source of
nutrients for intestinal microorganisms and influence the growth
of related intestinal microorganisms, and thus regulating the
structure of intestinal flora (Xu et al., 2013). In addition,
polysaccharides also promotes the production of metabolites
by intestinal microorganisms, which in turn changes the living
environment of microorganisms, further shaping the structure
of the intestinal flora (Xu et al., 2013). For example, Li et al.
(2019) shown that the structure of the intestinal flora of rats could
be significantly changed by adding a certain amount of grifola
frondosa polysaccharides to the feed. In another experiment, Xu
et al. (2017) used Ganoderma lucidum polysaccharides (GLP)
to treat mice with intestinal flora disorders due to a high-
fat diet and found that the treatment with GLP increased the
abundance of Enterococcus in the intestines of the mice, which
had a moderating effect on the intestinal flora structure of the
mice. In addition, a large number of similar experiments have
confirmed the shaping effect of polysaccharides on the structure
of intestinal flora. For example, the study on coix polysaccharides
found that it could promote the proliferation of Lactobacillus
and Bifidobacterium in the intestine and increase the total
amount of SCFAs, thus changing the structure of intestinal
flora (Yin et al., 2018). In another experiment, researchers
found by simulating gastrointestinal digestion and fermentation
that Pleurotus eryngii polysaccharide (PEP) could not be
digested by the gastrointestinal tract, but could be metabolized
and utilized by intestinal microorganisms and produce the
metabolites SCFAs, which also indicated that modulation of
PEP polysaccharides could change the composition structure of
intestinal microorganisms, as shown by a significant increase in
the relative abundance of Firmicutes (Ma et al., 2021). Moreover,
the ocean also contains many polysaccharides that we can study
and use, and among them, seaweed polysaccharides have been
studied most extensively. A study on brown seaweed showed
that polysaccharides extracted from brown seaweed can be
metabolized by intestinal microorganisms to produce SCFAs, and
that the abundance of the phylum Firmicutes and Bacteroidetes
was significantly increased in the intestine after brown seaweed
polysaccharides modulation (Chen et al., 2018). Summarizing
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FIGURE 1 | Utilization of polysaccharides by intestinal microorganisms.

the above experimental results, we can easily conclude that
polysaccharides that are not digested by the gastrointestinal
tract but are fermentable can regulate the composition of the
intestinal microorganisms. The role of polysaccharides in shaping
the intestinal flora structure is still under investigation, and
regulating the structure of the intestinal flora through the use
of polysaccharides will be applied in an increasing number of
fields in the future.

GUT MICROBIOTA’S FUNCTION:
MAINTAINING NORMAL COGNITIVE
FUNCTION THROUGH THE BRAIN-GUT
AXIS

The Role of Intestinal Microbes in the
Brain-Gut Axis
Studies have confirmed that there are at least three parallel
channels between the gut microbes and the CNS that keep them
in communication, involving endocrine, neural, and immune
signaling mechanisms. According to the results obtained so far,
it has been found that the gut microbes regulate the CNS mainly
through neuroendocrine and neuroimmune mechanisms and
that the vagus nerve plays an important role in this process
(Martin et al., 2018). Communication between gut microbes and
the CNS is usually mediated by molecules of microbial origin,
including the SCFAs, tryptophan metabolites, and secondary bile
acids, which mainly transmit signals to enterochromaffin cells
(ECCs) and enteroendocrine cells (EECs). These molecules of
microbial origin will induce the secretion of intestinal hormones,
such as peptide YY (PYY), γ-aminobutyric acid (GABA),
glucagon-like peptide 1 (GLP1), and transmits signals to the brain

via the vagus nerve or body circulation (Martin et al., 2018; Dalile
et al., 2019). A small percentage of molecules of microbial origin
also enter the body circulation or cross the blood-brain barrier;
however, it is not clear whether these molecules can reach and act
directly on the brain (Martin et al., 2018; Dalile et al., 2019). In
addition, it has been shown that intestinal microorganisms can
indirectly affect the hypothalamic-pituitary-adrenal axis (HPA)
through the blood circulating in the body. The HPA axis is closely
related to some common psychiatric disorders (Dinan and Cryan,
2017). According to the available research results, the role of gut
microbial pairs in the brain-gut axis is shown in Figure 2. To
further discover the role played by gut microbes in the brain-gut
axis, scientists have conducted numerous additional experiments.
IBS has been shown to be caused by altered messages from
the gut microbes to the brain, and the brain-gut axis plays a
critical role in the pathogenesis of IBS (Mayer et al., 2014). One
study found that some IBS cases were associated with changes
in the metabolism and microorganisms that bound primary
bile acids and proteases produced by intestinal microorganisms
(Mayer et al., 2014). Moreover, extensive experimental evidence
has shown that gut microbes can influence brain development
and function through the brain-gut axis (Mayer et al., 2015;
Rogers et al., 2016). One study in mice pointed out that altering
the gut flora of mice during a certain developmental period
affected brain development. In another experiment, functional
brain responses were found to be altered in healthy women who
consumed probiotics for a long period of time, as evidenced by
their reduced response to an emotion recognition task (Mayer
et al., 2015). In addition, multiple sclerosis (MS) is also affected
by commensal microbes in the gut that act on brain cells, and by
studying mouse models of the disease. The scientists found that
metabolites from gut microbes altered the behavior of microglia
in the brain, which in turn modulated astrocyte activity to
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FIGURE 2 | The role of gut microbial pairs in the brain-gut axis.

promote or prevent inflammation (Rothhammer et al., 2018).
The role of gut microbes in the brain-gut axis is undoubtedly
enormous. Based on this, scientists are proposing more and more
treatments for neurological diseases by regulating gut flora. Some
of these methods have already been applied, and some need to
be explored more.

The Relationship Between Gut Microbes
and Cognitive Performance and
Improvement of Cognitive Performance
Through Regulation of Gut Flora
As research continues to advance, it is increasingly recognized
that intestinal flora plays an important role in the communication
between the intestine and the brain. Therefore, there are more
and more researches aiming at improving brain function by
regulating intestinal flora. In recent years, it has been found that
intestinal flora has a close connection with the cognitive ability
of the brain, and regulating intestinal flora can play a certain role
in improving cognitive ability (Davidson et al., 2018; Go et al.,
2021; Kim et al., 2021). Cognitive abilities usually refer to the
human brain’s ability to extract, store and process information,
including imagination, memory, learning, and analytical ability
(Lovden et al., 2020). Cognitive ability is a predictor of a society’s
economic success, and the longevity and health of its members
are an important part of the response to a society’s good or
bad fortune (Lovden et al., 2020). Scientists have done a lot of

research in the field of improving cognitive ability, and improving
cognitive ability by regulating intestinal flora is a very promising
direction. A large amount of experimental data suggests that
the early life of an organism is an important period of gut
microbial colonization and that affecting this period in some way
will lead to changes in the structure of the organism’s gut flora,
leading to certain effects on its cognitive abilities. For instance,
the ability of bird to learn to sing will be affected by restricting
the nutritional intake of birds, thus altering the composition
structure of the microorganisms in their gut (Davidson et al.,
2018). A growing number of experiments have demonstrated
that regulating intestinal flora is effective in improving cognitive
deterioration. The study of Ni et al. (2019) found that the use
of probiotics, such as Bifidobacterium and Lactobacillus, had a
significant effect on the regulation of intestinal flora and was
effective in enhancing cognitive abilities, including learning and
memory, in the elderly.

Diet is an important factor influencing gut flora, and
there is a large amount of experimental data demonstrating
that regulating gut flora through diet can have an impact
on the cognitive ability of the brain (Zhang et al., 2020;
Romanenko et al., 2021). In one experiment, researchers altered
the intestinal flora of mice by changing their diet and found
that mice fed a diet with beef had a significant improvement
in memory, while another experiment showed that a diet high
in sucrose led to impaired cognitive flexibility in mice (Leigh
and Morris, 2020). In an experiment by Kang et al. (2014), they
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investigated the effects of exercise and a high-fat diet on the
intestinal flora of mice and the effects of changes in intestinal
flora on cognitive function, and the results showed that both
exercise and a high-fat diet would have a significant effect on
the composition of intestinal microorganisms, including the
Bacteroidetes and Firmicutes, which are the most predominant
in the intestine, and found that changes in intestinal flora
through exercise could significantly improve cognitive decline
due to dysbiosis caused by a high-fat diet. In addition, the
researchers found that the regulation of intestinal flora by
polysaccharides could greatly improve cognitive performance.
Su et al. (2018) found that the composition of intestinal
microorganisms in the mice treated with Flammulina velutipes
polysaccharides (FVP) was significantly altered compared to the
control group, as evidenced by an increase in the abundance
of Actinobacteria, Erysipelotrichia, and Bacteroidia, and a
decrease in the abundance of Clostridia, and that the FVP
treated mice exhibited better learning and memory abilities. In
another experiment, researchers found that Cistanche deserticola
polysaccharides could inhibit oxidative stress and peripheral
inflammation by restoring intestinal flora homeostasis due to
D-galactose-induced aging in a mouse model, thereby improving
cognitive function in mice (Gao et al., 2021). There are many
other similar studies; for example, a polysaccharide extracted
from Astragalus membranaceus has been shown to treat cognitive
impairment by altering the intestinal flora of diabetic mice (Liu
et al., 2019). The method of improving cognitive ability by
regulating intestinal flora has received significant attention and
will be applied in more and more fields.

As the role of intestinal flora in brain-gut communication
becomes more apparent, researchers have found a strong link
between intestinal flora and Alzheimer’s disease (AD) (Vogt
et al., 2017). AD is a progressive neurodegenerative disease and
a major cause of dementia. Patients with AD have significantly
impaired cognitive abilities, which can manifest as memory loss
and dramatic changes in daily behavior (MahmoudianDehkordi
et al., 2019; Askarova et al., 2020). Until now, there has been
no particularly good treatment for AD (MahmoudianDehkordi
et al., 2019). This suggests that our understanding of AD still
needs to be further developed. Based on the critical role that
gut microbes play in the brain-gut axis, scientists are turning
their attention to preventing and treating AD by regulating gut
microbes (Xu and Wang, 2016; El Sayed et al., 2021). Studies have
confirmed that AD pathology is characterized by extracellular
plaques composed of amyloid-β peptides and intracellular
neurofibrillary tangles composed of hyperphosphorylated tau
protein. Based on the pathogenesis of AD, researchers have found
that modulating gut microbes can affect brain amyloid deposition
by studying AD mouse models (Jiang et al., 2017; Bostanciklioglu,
2019). In addition, the researchers found significant changes
in intestinal flora diversity in AD patients, including decreases
in the Firmicutes and Bifidobacterium and an increase in
Bacteroidetes (Vogt et al., 2017). By using a comprehensive
computational approach, the experiment demonstrated that the
metabolites of intestinal microorganisms in humans might be
an important mechanistic link between environmental exposure
and various aspects of AD (Xu and Wang, 2016). In addition,

experiments by MahmoudianDehkordi et al. (2019) similarly
found a strong link between gut microbes and AD. It was found
that serum concentrations of primary bile acids were lower in
AD patients compared to normal elderly, while secondary bile
acids, deoxycholic acid and its conjugated forms, produced by
intestinal microbial metabolism, were higher. As the experiment
progressed, the researchers found that the higher the levels of
these secondary conjugated bile acids, the worse the cognitive
function. Many experiments can give us some insight that the
role played by intestinal microorganisms and their metabolites in
the brain-gut axis have a certain influence on the pathogenesis
of AD, and we can purposefully regulate the composition of
the intestinal flora or influence the production of intestinal
microbial metabolites to prevent the pathogenesis of AD, and the
exploration of this field needs to be further advanced.

Given the important role of gut microorganisms in the brain-
gut axis and the regulatory role of diet on gut flora, we can
propose the hypothesis that the regulatory effect on gut flora
can be achieved by changing the structure of the diet, such as
increasing the intake of polysaccharides in the diet, and then
improving cognitive performance and preventing some common
diseases of cognitive decline through the effect of gut flora and its
metabolites on the brain-gut axis. The regulation of gut flora as a
new approach to improve cognitive performance has great scope
for exploration in the future.

POLYSACCHARIDES, GUT MICROBIOTA,
AND DEPRESSION

The Relationship Between Gut
Microbiota and Depression
Depression is one of the most common mental illnesses in
everyday life and poses a serious health risk (LeMoult and
Gotlib, 2019). Depression is often thought to be related to
the regulation of neurotransmitters. To date, the causes of
depression remain poorly understood, and multiple factors are
involved in the development of depression (Malhi and Mann,
2018). Given the key role that gut microbes play in the brain-
gut axis, scientists have identified a strong link between gut
microbes and depression (Huang and Wu, 2021). According
to the summary of a large amount of experimental data,
the composition of gut microorganisms in depressed patients
was significantly different compared to healthy controls in
terms of the composition of gut microorganisms (Guo et al.,
2019; Averina et al., 2020). The intestinal microbial diversity
of depressed patients showed a significant decrease; more
specifically, Ruminococcus, Bifidobacterium, Faecalibacterium,
and Lactobacillus in the intestine of patients were at a lower
level, and the level of Proteobacteria and Bacteroides was higher
(Averina et al., 2020; Du et al., 2020), as illustrated in Figure 3. In
general, there is a significant increase in harmful microorganisms
and a decrease in beneficial microorganisms in the gut of
depressed patients (Averina et al., 2020). The role played by gut
microbes in the brain-gut axis has been mentioned above, and
the metabolites produced by gut microbes can act as signaling
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FIGURE 3 | Differences in intestinal flora between depressed and healthy people.

substances to influence brain function. A study by Huang and
Wu (2021) showed that gut microbes have a modulatory effect on
brain neurotransmitters, and this modulation may have a role in
the treatment of depression. In addition, in another experiment,
researchers transplanted fecal flora from depressed patients into
the intestines of GF mice and found that the mice showed
depressive behavior, suggesting that changes in intestinal flora
would lead to depression (Liu et al., 2020).

As we age, there is a certain aging of the intestinal flora in
the human body, which is also associated with the development
of depression (Linnemann and Lang, 2020). It was found that
the core gut flora of older people showed some loss and
weakness compared to younger people, such as differences in
the abundance of Bifidobacteria (O’Toole and Jeffery, 2015;
Kurilshikov et al., 2021). As mentioned above, gut flora can use
dietary fiber in food to produce important metabolites such as
SCFAs, which in turn affect the brain via the brain-gut axis. Thus,
aging of the intestinal flora can impair the body’s ability to digest
dietary fiber, resulting in malnutrition and neurodegeneration,
leading to psychiatric disorders such as depression (Yahfoufi
et al., 2020; Konjevod et al., 2021). From this, we can deduce that
elderly people are more likely to suffer from depression due to

the aging of intestinal flora, and can be prevented and treated by
regulating the intestinal flora.

The Interaction of Polysaccharides With
Gut Microbiota to Improve Depression
The Health risks of depression are enormous, and a large
number of depressed patients around the world participate
in depression treatment every year, but the effectiveness of
treatment is not obvious, and the withdrawal rate from treatment
is very high (Kessler, 2018; Alexopoulos, 2019). The causes of
depression are very complex, and according to studies to date,
depression has been found to occur mainly in relation to life
circumstances, mental state, physical health status, age stage,
and genetics (Molenaar et al., 2016; Cepeda et al., 2019; Arias
de la Torre et al., 2021; Dall’Aglio et al., 2021). Traditional
treatments for depression include medication, electroconvulsive
therapy, and some form of psychotherapy. Although these
methods can provide some relief from depression, there are
still many problems, such as the lack of effectiveness of the
treatment for some patients and the unbearable treatment process
(Holtzheimer and Nemeroff, 2006). Therefore, scientists hope to
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find a treatment that is effective and easy to use with few side
effects (Cohen and DeRubeis, 2018).

With the continued exploration of gut flora, scientists have
found a strong link between gut flora and the onset of
depression and have produced some alleviating therapeutic
effects on depressed patients by regulating their gut flora
(Wu et al., 2020). Among the many factors affecting the
structure of intestinal flora, diet is undoubtedly one of the
most important factors, and different food components will
have different effects on the intestinal flora, among which
polysaccharides have received the attention of scientists with the
advantages of easy access, little harm, and obvious regulation
of intestinal flora (Van den Abbeele et al., 2020; Ho Do et al.,
2021). Today, there are many experimental results showing
that polysaccharides have the ability to reverse depression-
induced dysbiosis of intestinal flora, anti-inflammatory, promote
the production of SCFAs, and maintain the integrity of the
intestinal barrier, which would contribute to the treatment
of depression (Van den Abbeele et al., 2020; Shen et al.,
2021; Yan et al., 2021). For instance, Yan et al. found high
levels of pro-inflammatory cytokines in the hippocampus and
serum of depressed mice and a significant dysregulation of
intestinal flora in their experiments (Yan et al., 2020). By using
polysaccharides extracted from okra, it was found that it had a
significant restorative effect on the intestinal flora of depressed
mice, as shown by an upregulation of the proportion of the
Firmicutes, as well as a downregulation of the relative proportions
of Bacteroidetes and Actinobacteria. This modulation would
help to strengthen the intestinal mucosal barrier, as well as
maintain normal intestinal immune system function and reduce
the inflammatory response in the intestine, which is effective
in combating depression, and depressed mice showed some
improvement in their depressive symptoms. In addition, the
experiment also revealed a significant increase in SCFAs in
mice treated with okra polysaccharides, which act as important
communication mediators and exert a positive influence on
antidepressant disorders. In other experiments, similar results
were obtained. Chen et al. (2019) found that a water-
soluble polysaccharide from Ginkgo biloba effectively reversed
depression-induced gut flora dysbiosis and also increased
the abundance of Lactobacillus, thus providing a therapeutic
effect on depression.

So far, the research on polysaccharide modulation of intestinal
flora for depression is not deep enough, and this field still has
very much room for exploration. Thinking further, this method
of regulating intestinal flora using polysaccharides can effectively
maintain the homeostasis of intestinal flora, prevent the loss
and weakening of core intestinal flora, and is more convenient,

safer and more acceptable than traditional depression treatments,
offering a new possibility for the treatment of depression and
allowing more depressed patients to receive reasonable treatment,
especially elderly depressed patients. However, it is still too
early to make this method widely available, and we need to
conduct more in-depth research to ensure the effectiveness
of this method. In the future, we can imagine that a special
polysaccharide product may appear in our daily life, which can
target the regulation of depression-related microorganisms in
human intestine, improve the composition structure of intestinal
flora, induce relevant intestinal microorganisms to produce
beneficial metabolites, and help us prevent or treat depression,
and in medical treatment, polysaccharide will also become an
effective means to treat depression.

CONCLUSION

Polysaccharides as a common food ingredient can effectively
regulate the composition of microorganisms in the intestine
and promote the production of metabolites from intestinal
microorganisms. The metabolites of intestinal microorganisms
can improve brain function through the brain-gut axis.
According to recent experimental results, polysaccharides can
effectively treat cognitive decline in the brain and improve
depression by regulating intestinal flora, but the current research
in this area is not thorough enough. In the future, the
effects of polysaccharides on the regulation of gut bacteria
and the production of gut microbial metabolites need to
be further explored, which may provide a convenient, safe,
and efficient treatment option for cognitive improvement and
depression treatment.

AUTHOR CONTRIBUTIONS

XW: conceptualization, validation, and writing–original draft.
LC: supervision. YL, ZW, and PW: writing–original draft.
RZ: conceptualization. PZ: supervision and writing–original
draft. XZ: supervision, writing–review, and editing. All authors
contributed to the article and approved the submitted version.

FUNDING

This work was sponsored by Zhejiang Provincial Key Research
and Development Program (2020C02037) and the Ningbo
Natural Science Foundation (2021J107).

REFERENCES
Ahmadi, S., Mainali, R., Nagpal, R., Sheikh-Zeinoddin, M., Soleimanian-Zad, S.,

Wang, S., et al. (2017). Dietary polysaccharides in the amelioration of gut
microbiome dysbiosis and metabolic diseases. Obes. Control. Ther. 4. doi: 10.
15226/2374-8354/4/2/00140

Alexopoulos, G. S. (2019). Mechanisms and treatment of late-life depression.
Transl. Psychiatry 9:188. doi: 10.1038/s41398-019-0514-6

Arias de la Torre, J., Vilagut, G., Ronaldson, A., Dregan, A., Ricci-Cabello, I.,
Hatch, S. L., et al. (2021). Prevalence and age patterns of depression in the
United Kingdom. A population-based study. J. Affect. Disord. 279, 164–172.
doi: 10.1016/j.jad.2020.09.129

Askarova, S., Umbayev, B., Masoud, A. R., Kaiyrlykyzy, A., Safarova, Y., Tsoy, A.,
et al. (2020). The links between the gut microbiome, aging, modern lifestyle and
Alzheimer’s disease. Front. Cell. Infect. Microbiol. 10:104. doi: 10.3389/fcimb.
2020.00104

Frontiers in Microbiology | www.frontiersin.org 8 March 2022 | Volume 13 | Article 807076

https://doi.org/10.15226/2374-8354/4/2/00140
https://doi.org/10.15226/2374-8354/4/2/00140
https://doi.org/10.1038/s41398-019-0514-6
https://doi.org/10.1016/j.jad.2020.09.129
https://doi.org/10.3389/fcimb.2020.00104
https://doi.org/10.3389/fcimb.2020.00104
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-13-807076 March 5, 2022 Time: 14:39 # 9

Wang et al. Polysaccharide Affect Depression by Flora

Averina, O. V., Zorkina, Y. A., Yunes, R. A., Kovtun, A. S., Ushakova, V. M.,
Morozova, A. Y., et al. (2020). Bacterial metabolites of human gut microbiota
correlating with depression. Int. J. Mol. Sci. 21:9234. doi: 10.3390/ijms21239234

Barnes, W. J., Koj, S., Black, I. M., Archer-Hartmann, S. A., Azadi, P., Urbanowicz,
B. R., et al. (2021). Protocols for isolating and characterizing polysaccharides
from plant cell walls: a case study using rhamnogalacturonan-II. Biotechnol.
Biofuels 14:142. doi: 10.1186/s13068-021-01992-0

Bernalier-Donadille, A. (2010). Fermentative metabolism by the human gut
microbiota. Gastroentérol. Clin. Biol. 34, 16–22. doi: 10.1016/S0399-8320(10)
70016-6

Bostanciklioglu, M. (2019). The role of gut microbiota in pathogenesis of
Alzheimer’s disease. J. Appl. Microbiol. 127, 954–967. doi: 10.1111/jam.14264

Cai, B., Pan, J., Chen, H., Chen, X., Ye, Z., Yuan, H., et al. (2021). Oyster
polysaccharides ameliorate intestinal mucositis and improve metabolism in 5-
fluorouracil-treated S180 tumour-bearing mice. Carbohydr. Polym. 256:117545.
doi: 10.1016/j.carbpol.2020.117545

Cepeda, M. S., Kern, D. M., and Nicholson, S. (2019). Treatment resistant
depression in women with peripartum depression. BMC Pregnancy Childbirth
19:323. doi: 10.1186/s12884-019-2462-9

Chen, L., Xu, W., Chen, D., Chen, G., Liu, J., Zeng, X., et al. (2018). Digestibility
of sulfated polysaccharide from the brown seaweed Ascophyllum nodosum and
its effect on the human gut microbiota in vitro. Int. J. Biol. Macromol. 112,
1055–1061. doi: 10.1016/j.ijbiomac.2018.01.183

Chen, M., Xiao, D., Liu, W., Song, Y., Zou, B., Li, L., et al. (2020). Intake of
Ganoderma lucidum polysaccharides reverses the disturbed gut microbiota and
metabolism in type 2 diabetic rats. Int. J. Biol. Macromol. 155, 890–902. doi:
10.1016/j.ijbiomac.2019.11.047

Chen, P., Hei, M., Kong, L., Liu, Y., Yang, Y., Mu, H., et al. (2019). One water-
soluble polysaccharide from Ginkgo biloba leaves with antidepressant activities
via modulation of the gut microbiome. Food Funct. 10, 8161–8171. doi: 10.1039/
c9fo01178a

Cockburn, D. W., and Koropatkin, N. M. (2016). Polysaccharide degradation by
the intestinal microbiota and its influence on human health and disease. J. Mol.
Biol. 428, 3230–3252. doi: 10.1016/j.jmb.2016.06.021

Cohen, Z. D., and DeRubeis, R. J. (2018). Treatment selection in depression. Annu.
Rev. Clin. Psychol. 14, 209–236. doi: 10.1146/annurev-clinpsy-050817-084746

Conlon, M. A., and Bird, A. R. (2014). The impact of diet and lifestyle on gut
microbiota and human health. Nutrients 7, 17–44. doi: 10.3390/nu7010017

Correa-Oliveira, R., Fachi, J. L., Vieira, A., Sato, F. T., and Vinolo, M. A. (2016).
Regulation of immune cell function by short-chain fatty acids. Clin. Transl.
Immunology 5:73. doi: 10.1038/cti.2016.17

Cui, S. (2005). Structural analysis of polysaccharides. Food Carbohydr. doi: 10.1201/
9780203485286.ch3

Dai, L., Xi, X., Li, X., Li, W., Du, Y., Lv, Y., et al. (2021). Self-assembled
all-polysaccharide hydrogel film for versatile paper-based food packaging.
Carbohydr. Polym. 271:118425. doi: 10.1016/j.carbpol.2021.118425

Dalile, B., Van Oudenhove, L., Vervliet, B., and Verbeke, K. (2019). The role
of short-chain fatty acids in microbiota-gut-brain communication. Nat. Rev.
Gastroenterol. Hepatol. 16, 461–478. doi: 10.1038/s41575-019-0157-3

Dall’Aglio, L., Lewis, C. M., and Pain, O. (2021). Delineating the genetic component
of gene expression in major depression. Biological. Psychiatry 89, 627–636.
doi: 10.1016/j.biopsych.2020.09.010

Davidson, G. L., Cooke, A. C., Johnson, C. N., and Quinn, J. L. (2018). The gut
microbiome as a driver of individual variation in cognition and functional
behaviour. Philos. Trans. R. Soc. Lond. B Biol. Sci. 373:20170286. doi: 10.1098/
rstb.2017.0286

Dinan, T. G., and Cryan, J. F. (2017). Brain-gut-microbiota axis and mental health.
Psychosom. Med. 79, 920–926. doi: 10.1097/PSY.0000000000000519

Du, Y., Gao, X. R., Peng, L., and Ge, J. F. (2020). Crosstalk between the microbiota-
gut-brain axis and depression. Heliyon 6:e04097. doi: 10.1016/j.heliyon.2020.
e04097

Dupraz, L., Magniez, A., Rolhion, N., Richard, M. L., Da Costa, G., Touch, S.,
et al. (2021). Gut microbiota-derived short-chain fatty acids regulate IL-17
production by mouse and human intestinal gammadelta T cells. Cell Rep.
36:109332. doi: 10.1016/j.celrep.2021.109332

El Sayed, N. S., Kandil, E. A., and Ghoneum, M. H. (2021). Enhancement
of Insulin/PI3K/Akt signaling pathway and modulation of gut microbiome
by probiotics fermentation technology, a kefir grain product, in sporadic

Alzheimer’s disease model in mice. Front. Pharmacol. 12:666502. doi: 10.3389/
fphar.2021.666502

Galland, L. (2014). The gut microbiome and the brain. J. Med. Food 17, 1261–1272.
doi: 10.1089/jmf.2014.7000

Gao, Y., Li, B., Liu, H., Tian, Y., Gu, C., Du, X., et al. (2021). Cistanche deserticola
polysaccharides alleviate cognitive decline in aging model mice by restoring the
gut microbiota-brain axis. Aging (Albany NY) 13, 15320–15335. doi: 10.18632/
aging.203090

Go, J., Chang, D. H., Ryu, Y. K., Park, H. Y., Lee, I. B., Noh, J. R., et al. (2021).
Human gut microbiota Agathobaculum butyriciproducens improves cognitive
impairment in LPS-induced and APP/PS1 mouse models of Alzheimer’s
disease. Nutr. Res. 86, 96–108. doi: 10.1016/j.nutres.2020.12.010

Guo, Y., Xie, J. P., Deng, K., Li, X., Yuan, Y., Xuan, Q., et al. (2019).
Prophylactic effects of bifidobacterium adolescentis on anxiety and depression-
like phenotypes after chronic stress: a role of the gut microbiota-
inflammation axis. Front. Behav. Neurosci. 13:126. doi: 10.3389/fnbeh.2019.
00126

Hemsworth, G. R., Dejean, G., Davies, G. J., and Brumer, H. (2016). Learning from
microbial strategies for polysaccharide degradation. Biochem. Soc. Trans. 44,
94–108. doi: 10.1042/BST20150180

Ho Do, M., Seo, Y. S., and Park, H. Y. (2021). Polysaccharides: bowel health and
gut microbiota. Crit. Rev. Food Sci. Nutr. 61, 1212–1224. doi: 10.1080/10408398.
2020.1755949

Holtzheimer, P. E., and Nemeroff, C. B. (2006). Advances in the treatment of
depression. NeuroRX 3, 42–56. doi: 10.1016/j.nurx.2005.12.007

Huang, F., and Wu, X. (2021). Brain neurotransmitter modulation by gut
microbiota in anxiety and depression. Front. Cell Dev. Biol. 9:649103. doi:
10.3389/fcell.2021.649103

Jiang, C., Li, G., Huang, P., Liu, Z., and Zhao, B. (2017). The gut microbiota
and Alzheimer’s disease. J. Alzheimers Dis. 58, 1–15. doi: 10.3233/JAD-16
1141

Kang, S. S., Jeraldo, P. R., Kurti, A., Miller, M. E. B., Cook, M. D., Whitlock, K.,
et al. (2014). Diet and exercise orthogonally alter the gut microbiome and reveal
independent associations with anxiety and cognition. Mol. Neurodegener. 9:36.
doi: 10.1186/1750-1326-9-36

Kessler, R. C. (2018). The potential of predictive analytics to provide clinical
decision support in depression treatment planning. Curr. Opin. Psychiatry. 31,
32–39. doi: 10.1097/YCO.0000000000000377

Kim, C. S., Cha, L., Sim, M., Jung, S., Chun, W. Y., Baik, H. W., et al.
(2021). Probiotic supplementation improves cognitive function and mood with
changes in gut microbiota in community-dwelling older adults: a randomized,
double-blind, placebo-controlled, multicenter trial. J. Gerontol. A. Biol. Sci.
Med. Sci. 76, 32–40. doi: 10.1093/gerona/glaa090

Konjevod, M., Nikolac Perkovic, M., Sáiz, J., Svob Strac, D., Barbas, C., and
Rojo, D. (2021). Metabolomics analysis of microbiota-gut-brain axis in
neurodegenerative and psychiatric diseases. J. Pharmaceut. Biomed. 194:113681.
doi: 10.1016/j.jpba.2020.113681

Kurilshikov, A., Medina-Gomez, C., Bacigalupe, R., Radjabzadeh, D., Wang, J.,
Demirkan, A., et al. (2021). Large-scale association analyses identify host
factorsinfluencing human gut microbiome composition. Nat. Genet. 53, 156–
165. doi: 10.1038/s41588-020-00763-1

Leigh, S. J., and Morris, M. J. (2020). Diet, inflammation and the gut microbiome:
mechanisms for obesity-associated cognitive impairment. Biochim. Biophys.
Acta Mol. Basis. Dis. 1866, 165767. doi: 10.1016/j.bbadis.2020.165767

LeMoult, J., and Gotlib, I. H. (2019). Depression: a cognitive perspective. Clin.
Psychol. Rev. 69, 51–66. doi: 10.1016/j.cpr.2018.06.008

Li, H., and Gilbert, R. G. (2018). Starch molecular structure: the basis for an
improved understanding of cooked rice texture. Carbohydr. Polym. 195, 9–17.
doi: 10.1016/j.carbpol.2018.04.065

Li, L., Guo, W. L., Zhang, W., Xu, J. X., Qian, M., Bai, W. D., et al. (2019).
Grifola frondosa polysaccharides ameliorate lipid metabolic disorders and gut
microbiota dysbiosis in high-fat diet fed rats. Food Funct. 10, 2560–2572. doi:
10.1039/c9fo00075e

Linnemann, C., and Lang, U. E. (2020). Pathways connecting late-life depression
and dementia. Front. Pharmacol. 11:279. doi: 10.3389/fphar.2020.00279

Liu, G., Liang, L., Yu, G., and Li, Q. (2018). Pumpkin polysaccharide modifies
the gut microbiota during alleviation of type 2 diabetes in rats. Int. J. Biol.
Macromol. 115, 711–717. doi: 10.1016/j.ijbiomac.2018.04.127

Frontiers in Microbiology | www.frontiersin.org 9 March 2022 | Volume 13 | Article 807076

https://doi.org/10.3390/ijms21239234
https://doi.org/10.1186/s13068-021-01992-0
https://doi.org/10.1016/S0399-8320(10)70016-6
https://doi.org/10.1016/S0399-8320(10)70016-6
https://doi.org/10.1111/jam.14264
https://doi.org/10.1016/j.carbpol.2020.117545
https://doi.org/10.1186/s12884-019-2462-9
https://doi.org/10.1016/j.ijbiomac.2018.01.183
https://doi.org/10.1016/j.ijbiomac.2019.11.047
https://doi.org/10.1016/j.ijbiomac.2019.11.047
https://doi.org/10.1039/c9fo01178a
https://doi.org/10.1039/c9fo01178a
https://doi.org/10.1016/j.jmb.2016.06.021
https://doi.org/10.1146/annurev-clinpsy-050817-084746
https://doi.org/10.3390/nu7010017
https://doi.org/10.1038/cti.2016.17
https://doi.org/10.1201/9780203485286.ch3
https://doi.org/10.1201/9780203485286.ch3
https://doi.org/10.1016/j.carbpol.2021.118425
https://doi.org/10.1038/s41575-019-0157-3
https://doi.org/10.1016/j.biopsych.2020.09.010
https://doi.org/10.1098/rstb.2017.0286
https://doi.org/10.1098/rstb.2017.0286
https://doi.org/10.1097/PSY.0000000000000519
https://doi.org/10.1016/j.heliyon.2020.e04097
https://doi.org/10.1016/j.heliyon.2020.e04097
https://doi.org/10.1016/j.celrep.2021.109332
https://doi.org/10.3389/fphar.2021.666502
https://doi.org/10.3389/fphar.2021.666502
https://doi.org/10.1089/jmf.2014.7000
https://doi.org/10.18632/aging.203090
https://doi.org/10.18632/aging.203090
https://doi.org/10.1016/j.nutres.2020.12.010
https://doi.org/10.3389/fnbeh.2019.00126
https://doi.org/10.3389/fnbeh.2019.00126
https://doi.org/10.1042/BST20150180
https://doi.org/10.1080/10408398.2020.1755949
https://doi.org/10.1080/10408398.2020.1755949
https://doi.org/10.1016/j.nurx.2005.12.007
https://doi.org/10.3389/fcell.2021.649103
https://doi.org/10.3389/fcell.2021.649103
https://doi.org/10.3233/JAD-161141
https://doi.org/10.3233/JAD-161141
https://doi.org/10.1186/1750-1326-9-36
https://doi.org/10.1097/YCO.0000000000000377
https://doi.org/10.1093/gerona/glaa090
https://doi.org/10.1016/j.jpba.2020.113681
https://doi.org/10.1038/s41588-020-00763-1
https://doi.org/10.1016/j.bbadis.2020.165767
https://doi.org/10.1016/j.cpr.2018.06.008
https://doi.org/10.1016/j.carbpol.2018.04.065
https://doi.org/10.1039/c9fo00075e
https://doi.org/10.1039/c9fo00075e
https://doi.org/10.3389/fphar.2020.00279
https://doi.org/10.1016/j.ijbiomac.2018.04.127
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-13-807076 March 5, 2022 Time: 14:39 # 10

Wang et al. Polysaccharide Affect Depression by Flora

Liu, S., Guo, R., Liu, F., Yuan, Q., Yu, Y., and Ren, F. (2020). Gut microbiota
regulates depression-like behavior in rats through the neuroendocrine-
immune-mitochondrial pathway. Neuropsychiatr. Dis. Treat. 16, 859–869. doi:
10.2147/NDT.S243551

Liu, Y., Liu, W., Li, J., Tang, S., Wang, M., Huang, W., et al. (2019). A
polysaccharide extracted from Astragalus membranaceus residue improves
cognitive dysfunction by altering gut microbiota in diabetic mice. Carbohydr.
Polym. 205, 500–512. doi: 10.1016/j.carbpol.2018.10.041

Lovden, M., Fratiglioni, L., Glymour, M. M., Lindenberger, U., and Tucker-Drob,
E. M. (2020). Education and cognitive functioning across the life span. Psychol.
Sci. Public Interest 21, 6–41. doi: 10.1177/1529100620920576

Lovegrove, A., Edwards, C. H., De Noni, I., Patel, H., El, S. N., Grassby,
T., et al. (2017). Role of polysaccharides in food, digestion, and health.
Crit. Rev. Food Sci. Nutr. 57, 237–253. doi: 10.1080/10408398.2014.93
9263

Ma, G., Xu, Q., Du, H., Muinde Kimatu, B., Su, A., Yang, W., et al. (2021).
Characterization of polysaccharide from Pleurotus eryngii during simulated
gastrointestinal digestion and fermentation. Food Chem. 370:131303. doi: 10.
1016/j.foodchem.2021.131303

MahmoudianDehkordi, S., Arnold, M., Nho, K., Ahmad, S., Jia, W., Xie, G.,
et al. (2019). Altered bile acid profile associates with cognitive impairment
in Alzheimer’s disease—An emerging role for gut microbiome. Alzheimers
Dement. 15, 76–92. doi: 10.1016/j.jalz.2018.07.217

Malhi, G. S., and Mann, J. J. (2018). Depression. Lancet 392, 2299–2312. doi:
10.1016/s0140-6736(18)31948-2

Martin, C. R., Osadchiy, V., Kalani, A., and Mayer, E. A. (2018). The brain-gut-
microbiome axis. Cell. Mol. Gastroenterol. Hepatol. 6, 133–148. doi: 10.1016/j.
jcmgh.2018.04.003

Mayer, E. A., Savidge, T., and Shulman, R. J. (2014). Brain-gut microbiome
interactions and functional bowel disorders. Gastroenterology 146, 1500–1512.
doi: 10.1053/j.gastro.2014.02.037

Mayer, E. A., Tillisch, K., and Gupta, A. (2015). Gut/brain axis and the microbiota.
J. Clin. Invest. 125, 926–938. doi: 10.1172/JCI76304

Mohajeri, M. H., La Fata, G., Steinert, R. E., and Weber, P. (2018). Relationship
between the gut microbiome and brain function. Nutr. Rev. 76, 481–496. doi:
10.1093/nutrit/nuy009

Molenaar, D., Middeldorp, C. M., Willemsen, G., Ligthart, L., Nivard, M. G.,
and Boomsma, D. I. (2016). Evidence for gender-dependent genotype by
environment interaction in adult depression. Behav. Genet. 46, 59–71. doi:
10.1007/s10519-015-9752-4

Murayama, S., and Sugiura, Y. (2021). “Origin of soil polysaccharides, and
ectomycorrhizal fungal sclerotia as sources of forest soil polysaccharides,” in
Sclerotia Grains in Soils: A New Perspective from Pedosclerotiology, ed. M.
Watanabe (Singapore: Springer), doi: 10.1007/978-981-33-4252-1_6

Murugesan, S., Nirmalkar, K., Hoyo-Vadillo, C., Garcia-Espitia, M., Ramirez-
Sanchez, D., and Garcia-Mena, J. (2018). Gut microbiome production of short-
chain fatty acids and obesity in children. Eur. J. Clin. Microbiol. Infect. Dis. 37,
621–625. doi: 10.1007/s10096-017-3143-0

Ni, Y., Yang, X., Zheng, L., Wang, Z., Wu, L., Jiang, J., et al. (2019). Lactobacillus and
Bifidobacterium improves physiological function and cognitive ability in aged
mice by the regulation of gut microbiota. Mol. Nutr. Food Res. 63:e1900603.
doi: 10.1002/mnfr.201900603

O’Toole, P. W., and Jeffery, I. B. (2015). Gut microbiota and aging. Science 350,
1214–1215. doi: 10.1126/science.aac8469

Qi, X., Tong, X., Pan, W., Zeng, Q., You, S., and Shen, J. (2021). Recent advances
in polysaccharide-based adsorbents for wastewater treatment. J. Clean. Prod.
315:128221. doi: 10.1016/j.jclepro.2021.128221

Ren, L., Zhang, J., and Zhang, T. (2021). Immunomodulatory activities of
polysaccharides from Ganoderma on immune effector cells. Food Chem.
340:127933. doi: 10.1016/j.foodchem.2020.127933

Rinninella, E., Raoul, P., Cintoni, M., Franceschi, F., Miggiano, G. A. D.,
Gasbarrini, A., et al. (2019). What is the healthy gut microbiota composition?
A changing ecosystem across age, environment, diet, and diseases.
Microorganisms 7:14. doi: 10.3390/microorganisms7010014

Rogers, G. B., Keating, D. J., Young, R. L., Wong, M. L., Licinio, J., and Wesselingh,
S. (2016). From gut dysbiosis to altered brain function and mental illness:
mechanisms and pathways. Mol. Psychiatry 21, 738–748. doi: 10.1038/mp.2016.
50

Romanenko, M., Kholin, V., Koliada, A., and Vaiserman, A. (2021). Nutrition, gut
microbiota, and Alzheimer’s disease. Front. Psychiatry 12:712673. doi: 10.3389/
fpsyt.2021.712673

Rothhammer, V., Borucki, D. M., Tjon, E. C., Takenaka, M. C., Chao, C.-C.,
Ardura-Fabregat, A., et al. (2018). Microglial control of astrocytes in response to
microbial metabolites. Nature 557, 724–728. doi: 10.1038/s41586-018-0119-x

Sanchez-Alcoholado, L., Ordonez, R., Otero, A., Plaza-Andrade, I., Laborda-
Illanes, A., Medina, J. A., et al. (2020). Gut microbiota-mediated inflammation
and gut permeability in patients with obesity and colorectal cancer. Int. J. Mol.
Sci. 21:6782. doi: 10.3390/ijms21186782

Sanna, S., van Zuydam, N. R., Mahajan, A., Kurilshikov, A., Vich Vila, A., Vosa, U.,
et al. (2019). Causal relationships among the gut microbiome, short-chain fatty
acids and metabolic diseases. Nat. Genet. 51, 600–605. doi: 10.1038/s41588-019-
0350-x

Shaidullov, I. F., Sorokina, D. M., Sitdikov, F. G., Hermann, A., Abdulkhakov,
S. R., and Sitdikova, G. F. (2021). Short chain fatty acids and colon motility
in a mouse model of irritable bowel syndrome. BMC Gastroenterol. 21:37.
doi: 10.1186/s12876-021-01613-y

Shen, F., Song, Z., Xie, P., Li, L., Wang, B., Peng, D., et al. (2021).
Polygonatum sibiricum polysaccharide prevents depression-like behaviors by
reducing oxidative stress, inflammation, and cellular and synaptic damage.
J. Ethnopharmacol. 275:114164. doi: 10.1016/j.jep.2021.114164

Shi, H., Wang, Q., Zheng, M., Hao, S., Lum, J. S., Chen, X., et al. (2020). Supplement
of microbiota-accessible carbohydrates prevents neuroinflammation and
cognitive decline by improving the gut microbiota-brain axis in diet-induced
obese mice. J. Neuroinflammation 17:77. doi: 10.1186/s12974-020-01760-1

Shin, C., Lim, Y., Lim, H., and Ahn, T. B. (2020). Plasma short-chain fatty acids
in patients with Parkinson’s disease. Mov. Disord. 35, 1021–1027. doi: 10.1002/
mds.28016

Silva, Y. P., Bernardi, A., and Frozza, R. L. (2020). The role of short-chain fatty
acids from gut microbiota in gut-brain communication. Front. Endocrinol.
(Lausanne) 11:25. doi: 10.3389/fendo.2020.00025

Su, A., Yang, W., Zhao, L., Pei, F., Yuan, B., Zhong, L., et al. (2018). Flammulina
velutipes polysaccharides improve scopolamine-induced learning and memory
impairment in mice by modulating gut microbiota composition. Food Funct. 9,
1424–1432. doi: 10.1039/c7fo01991b

Tian, H., Liu, H., Song, W., Zhu, L., Zhang, T., Li, R., et al. (2020). Structure,
antioxidant and immunostimulatory activities of the polysaccharides from
Sargassum carpophyllum. Algal Res. 49:101853. doi: 10.1016/j.algal.2020.101853

van de Wouw, M., Boehme, M., Lyte, J. M., Wiley, N., Strain, C., O’Sullivan, O.,
et al. (2018). Short-chain fatty acids: microbial metabolites that alleviate stress-
induced brain-gut axis alterations. J. Physiol. 596, 4923–4944. doi: 10.1113/
jp276431

Van den Abbeele, P., Verstrepen, L., Ghyselinck, J., Albers, R., Marzorati, M., and
Mercenier, A. (2020). A novel non-digestible, carrot-derived polysaccharide
(cRG-I) selectively modulates the human gut microbiota while promoting gut
barrier integrity: an integrated in vitro approach. Nutrients 12:1917. doi: 10.
3390/nu12071917

Verma, A., Tiwari, A., Panda, P. K., Saraf, S., Jain, A., and Jain, S. K. (2019).
“Locust bean gum in drug delivery application,” in Natural Polysaccharides in
Drug Delivery and Biomedical Applications, eds Md S Hasnain and A. K. Nayak
(Cambridge, MA: Academic Press), doi: 10.1016/B978-0-12-817055-7.00008-X

Vogt, N. M., Kerby, R. L., Dill-McFarland, K. A., Harding, S. J., Merluzzi, A. P.,
Johnson, S. C., et al. (2017). Gut microbiome alterations in Alzheimer’s disease.
Sci. Rep. 7:13537. doi: 10.1038/s41598-017-13601-y

Wu, M., Tian, T., Mao, Q., Zou, T., Zhou, C. J., Xie, J., et al. (2020). Associations
between disordered gut microbiota and changes of neurotransmitters and
short-chain fatty acids in depressed mice. Transl. Psychiatry 10:350. doi: 10.
1038/s41398-020-01038-3

Wu, T. R., Lin, C. S., Chang, C. J., Lin, T. L., Martel, J., Ko, Y. F., et al. (2019).
Gut commensal Parabacteroides goldsteinii plays a predominant role in the
anti-obesity effects of polysaccharides isolated from Hirsutella sinensis. Gut 68,
248–262. doi: 10.1136/gutjnl-2017-315458

Xu, R., and Wang, Q. Q. (2016). Towards understanding brain-gut-microbiome
connections in Alzheimer’s disease. BMC Syst. Biol. 10:63. doi: 10.1186/s12918-
016-0307-y

Xu, S., Dou, Y., Ye, B., Wu, Q., Wang, Y., Hu, M., et al. (2017). Ganoderma
lucidum polysaccharides improve insulin sensitivity by regulating inflammatory

Frontiers in Microbiology | www.frontiersin.org 10 March 2022 | Volume 13 | Article 807076

https://doi.org/10.2147/NDT.S243551
https://doi.org/10.2147/NDT.S243551
https://doi.org/10.1016/j.carbpol.2018.10.041
https://doi.org/10.1177/1529100620920576
https://doi.org/10.1080/10408398.2014.939263
https://doi.org/10.1080/10408398.2014.939263
https://doi.org/10.1016/j.foodchem.2021.131303
https://doi.org/10.1016/j.foodchem.2021.131303
https://doi.org/10.1016/j.jalz.2018.07.217
https://doi.org/10.1016/s0140-6736(18)31948-2
https://doi.org/10.1016/s0140-6736(18)31948-2
https://doi.org/10.1016/j.jcmgh.2018.04.003
https://doi.org/10.1016/j.jcmgh.2018.04.003
https://doi.org/10.1053/j.gastro.2014.02.037
https://doi.org/10.1172/JCI76304
https://doi.org/10.1093/nutrit/nuy009
https://doi.org/10.1093/nutrit/nuy009
https://doi.org/10.1007/s10519-015-9752-4
https://doi.org/10.1007/s10519-015-9752-4
https://doi.org/10.1007/978-981-33-4252-1_6
https://doi.org/10.1007/s10096-017-3143-0
https://doi.org/10.1002/mnfr.201900603
https://doi.org/10.1126/science.aac8469
https://doi.org/10.1016/j.jclepro.2021.128221
https://doi.org/10.1016/j.foodchem.2020.127933
https://doi.org/10.3390/microorganisms7010014
https://doi.org/10.1038/mp.2016.50
https://doi.org/10.1038/mp.2016.50
https://doi.org/10.3389/fpsyt.2021.712673
https://doi.org/10.3389/fpsyt.2021.712673
https://doi.org/10.1038/s41586-018-0119-x
https://doi.org/10.3390/ijms21186782
https://doi.org/10.1038/s41588-019-0350-x
https://doi.org/10.1038/s41588-019-0350-x
https://doi.org/10.1186/s12876-021-01613-y
https://doi.org/10.1016/j.jep.2021.114164
https://doi.org/10.1186/s12974-020-01760-1
https://doi.org/10.1002/mds.28016
https://doi.org/10.1002/mds.28016
https://doi.org/10.3389/fendo.2020.00025
https://doi.org/10.1039/c7fo01991b
https://doi.org/10.1016/j.algal.2020.101853
https://doi.org/10.1113/jp276431
https://doi.org/10.1113/jp276431
https://doi.org/10.3390/nu12071917
https://doi.org/10.3390/nu12071917
https://doi.org/10.1016/B978-0-12-817055-7.00008-X
https://doi.org/10.1038/s41598-017-13601-y
https://doi.org/10.1038/s41398-020-01038-3
https://doi.org/10.1038/s41398-020-01038-3
https://doi.org/10.1136/gutjnl-2017-315458
https://doi.org/10.1186/s12918-016-0307-y
https://doi.org/10.1186/s12918-016-0307-y
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-13-807076 March 5, 2022 Time: 14:39 # 11

Wang et al. Polysaccharide Affect Depression by Flora

cytokines and gut microbiota composition in mice. J. Funct. Foods 38, 545–552.
doi: 10.1016/j.jff.2017.09.032

Xu, X., Xu, P., Ma, C., Tang, J., and Zhang, X. (2013). Gut microbiota, host health,
and polysaccharides. Biotechnol. Adv. 31, 318–337. doi: 10.1016/j.biotechadv.
2012.12.009

Yahfoufi, N., Matar, C., and Ismail, N. (2020). Adolescence and aging: impact
of adolescence inflammatory stress and microbiota alterations on brain
development, aging, and neurodegeneration. J. Gerontol. A-Biol. 75, 1251–1257.
doi: 10.1093/gerona/glaa006

Yan, T., Nian, T., Liao, Z., Xiao, F., Wu, B., Bi, K., et al. (2020). Antidepressant
effects of a polysaccharide from okra (Abelmoschus esculentus (L) Moench) by
anti-inflammation and rebalancing the gut microbiota. Int. J. Biol. Macromol.
144, 427–440. doi: 10.1016/j.ijbiomac.2019.12.138

Yan, T., Wang, N., Liu, B., Wu, B., Xiao, F., He, B., et al. (2021). Schisandra
chinensis ameliorates depressive-like behaviors by regulating microbiota-gut-
brain axis via its anti-inflammation activity. Phytother. Res. 35, 289–296. doi:
10.1002/ptr.6799

Yang, X., Li, A., Li, X., Sun, L., and Guo, Y. (2020). An overview of classifications,
properties of food polysaccharides and their links to applications in improving
food textures. Trends Food Sci. Technol. 102, 1–15. doi: 10.1016/j.tifs.2020.05.
020

Yao, Y., Cai, X., Fei, W., Ye, Y., Zhao, M., and Zheng, C. (2020a). The role of short-
chain fatty acids in immunity, inflammation and metabolism. Crit. Rev. Food
Sci. Nutr. 62, 1–12. doi: 10.1080/10408398.2020.1854675

Yao, Y., Yan, L., Chen, H., Wu, N., Wang, W., and Wang, D. (2020b). Cyclocarya
paliurus polysaccharides alleviate type 2 diabetic symptoms by modulating gut
microbiota and short-chain fatty acids. Phytomedicine 77:153268. doi: 10.1016/
j.phymed.2020.153268

Ye, M., Yu, J., Shi, X., Zhu, J., Gao, X., and Liu, W. (2020). Polysaccharides
catabolism by the human gut bacterium -Bacteroides thetaiotaomicron:
advances and perspectives. Crit. Rev. Food Sci. Nutr. 61, 3569–3588. doi: 10.
1080/10408398.2020.1803198

Yin, H. M., Wang, S. N., Nie, S. P., and Xie, M. Y. (2018). Coix polysaccharides: gut
microbiota regulation and immunomodulatory. Bioact. Carbohydr. Diet. Fibre
16, 53–61. doi: 10.1016/j.bcdf.2018.04.002

Zhang, M., Zhao, D., Zhou, G., and Li, C. (2020). Dietary pattern, gut microbiota,
and Alzheimer’s disease. J. Agric. Food Chem. 68, 12800–12809. doi: 10.1021/
acs.jafc.9b08309

Zhu, B., Wang, X., and Li, L. (2010). Human gut microbiome: the second genome
of human body. Protein Cell 1, 718–725. doi: 10.1007/s13238-010-0093-z

Zhu, S., Jiang, Y., Xu, K., Cui, M., Ye, W., Zhao, G., et al. (2020). The progress
of gut microbiome research related to brain disorders. J. Neuroinflammation
17:25. doi: 10.1186/s12974-020-1705-z

Zmora, N., Suez, J., and Elinav, E. (2019). You are what you eat: diet, health and
the gut microbiota. Nat. Rev. Gastroenterol. Hepatol. 16, 35–56. doi: 10.1038/
s41575-018-0061-2

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Wang, Cheng, Liu, Zhang, Wu, Weng, Zhang and Zhang. This
is an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other forums
is permitted, provided the original author(s) and the copyright owner(s) are credited
and that the original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted which does not
comply with these terms.

Frontiers in Microbiology | www.frontiersin.org 11 March 2022 | Volume 13 | Article 807076

https://doi.org/10.1016/j.jff.2017.09.032
https://doi.org/10.1016/j.biotechadv.2012.12.009
https://doi.org/10.1016/j.biotechadv.2012.12.009
https://doi.org/10.1093/gerona/glaa006
https://doi.org/10.1016/j.ijbiomac.2019.12.138
https://doi.org/10.1002/ptr.6799
https://doi.org/10.1002/ptr.6799
https://doi.org/10.1016/j.tifs.2020.05.020
https://doi.org/10.1016/j.tifs.2020.05.020
https://doi.org/10.1080/10408398.2020.1854675
https://doi.org/10.1016/j.phymed.2020.153268
https://doi.org/10.1016/j.phymed.2020.153268
https://doi.org/10.1080/10408398.2020.1803198
https://doi.org/10.1080/10408398.2020.1803198
https://doi.org/10.1016/j.bcdf.2018.04.002
https://doi.org/10.1021/acs.jafc.9b08309
https://doi.org/10.1021/acs.jafc.9b08309
https://doi.org/10.1007/s13238-010-0093-z
https://doi.org/10.1186/s12974-020-1705-z
https://doi.org/10.1038/s41575-018-0061-2
https://doi.org/10.1038/s41575-018-0061-2
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

	Polysaccharide Regulation of Intestinal Flora: A Viable Approach to Maintaining Normal Cognitive Performance and Treating Depression
	Introduction
	Polysaccharides and the Effect of Polysaccharides on Intestinal Microbiota
	Polysaccharides
	Utilization of Polysaccharides by the Intestinal Microbiota
	Shaping of Intestinal Flora by Polysaccharides

	Gut Microbiota's Function: Maintaining Normal Cognitive Function Through the Brain-Gut Axis
	The Role of Intestinal Microbes in the Brain-Gut Axis
	The Relationship Between Gut Microbes and Cognitive Performance and Improvement of Cognitive Performance Through Regulation of Gut Flora

	Polysaccharides, Gut Microbiota, and Depression
	The Relationship Between Gut Microbiota and Depression
	The Interaction of Polysaccharides With Gut Microbiota to Improve Depression

	Conclusion
	Author Contributions
	Funding
	References


