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ABSTRACT

Low immune function makes the body vulnerable to being invaded by external bacteria or viruses, causing
influenza and inflammation of various organs, and this trend is shifting to the young and middle-aged group. It
has been pointed out that natural products fermented by probiotic have benign changes about their active in-
gredients in some studies, and it have shown strong nutritional value in anti-oxidation, anti-aging, regulating
lipid metabolism, anti-inflammatory and improving immunity. In recent years, the gut microbiota plays a key
role and has been extensively studied in improving immunity and anti-inflammation activity. By linking the
relationship between natural products fermented by probiotic, gut microbiota, immunity, and inflammation, this
review presents the modulating effects of probiotics and their fermented natural products on the body, including
immunity-enhancing and anti-inflammatory activities by modulating gut microbiota, and it is discussed that the
current understanding of its molecular mechanisms. It may become a possible way to prevent COVID-19 through

consuming natural products fermented by probiotic in our daily diet.

1. Introduction

The immune system is an important defense mechanism in the
human body, which plays an extremely crucial role in preventing in-
fectious diseases, inflammation, virus, cancer, cardiovascular and cere-
brovascular diseases, et al. because it can identify and eliminate foreign
invasion (Ahmed et al., 2022; Tischer et al., 2022). Before the 21st
century, the weakening of immune system function and related symp-
toms have only been seen in immature children, the elderly, and people
with related genetic defects. But now, this phenomenon is moving
among the young and middle-aged population with the increasing
pressure of people’s life and work, bad living habits and lack of attention
to health, it means that improving immunity is not only beneficial to
enhance personal health, but also plays a positive role in promoting
social progress and economic development. Patients with weakening of
immune system function usually had symptoms such as weak constitu-
tion, easy to catch cold, malnutrition, and poor mental status caused by
external virus infection (Schultze et al., 2021).

It is well known that most plants and animals in nature have

* Corresponding authors at: No.15 Shangxiadian Road, Fuzhou 350002, China.

nutritional value, which means that many active substances can be ob-
tained from them (Mehany et al., 2021). Studies have found that it had a
positive effect on the promotion of immunity through appropriate sup-
plementation of active substances such as polyphenols, polysaccharides,
polypeptides and vitamins, et al. in addition to strengthening exercise
and forming good living habits (Liao et al., 2019; Sun et al., 2021). As an
active microorganism that was mainly colonized in the human intestine
and beneficial to the host, probiotics had positive effects in maintaining
a benign balance of gut microbiota, promoting the absorption of active
substances, and improving human physiological functions (Lof et al.,
2022; Gu et al., 2022). The gut was not only an important digestive
organ of the human body to digest food and provide energy for the
human body (Guarner and Malagelada, 2003). At the same time, some
studies have pointed out that there existed a large number of gut
microbiota represented by Bacteroidetes and Firmicutes in the gut, and
their benign homeostasis could improve body functions through fer-
menting active substances such as polysaccharides and dietary fibers
that were difficult for the human body to absorb to regulate various
signaling pathways (Xie et al., 2022; Fang et al., 2022). In the study of
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immune dysfunction caused by treating mice with cyclophosphamide, it
was found that gavage polysaccharide could improve the gut microbiota
of mice by up-regulating the relative abundance of Muribaculaceae,
reducing the relative abundance of Lachnospiraceae, Helicobacteraceae,
et al., then it could improve the content of metabolites represented by
short-chain fatty acids to prevent infection of external viruses and
improve the immunity of the body (Bai et al., 2022). In recent years, in
the study of various biological models, researchers have found that the
active substances from natural products fermented by probiotics re-
flected stronger functional activities in antiviral, anti-fatigue, anti-
aging, anti-inflammatory, improving lipid metabolism and body im-
munity compared with the direct extraction of active substances from
natural products (Jiao et al., 2018; Ofosu et al., 2022).

This review summarized the researches on natural products fer-
mented by probiotics to improve immunity and antiviral activity with
gut microbiota as the target through analyzing the interaction between
natural products fermented by probiotics, gut microbiota, immune
function and antiviral activity. The regulated signaling pathways and
possible mechanisms were further sorted out and analyzed. It provided
new ideas for the determination and in-depth exploration of the specific
mechanism of natural products fermented by probiotics to improve gut
microbiota, improve body immunity and antiviral activity, as well as the
development of functional foods in the future, and may become a new
means of preventing COVID-19 in addition to vaccines and drugs.

2. Research on active substances fermented by probiotics
2.1. Probiotics

There existed a large number of microorganisms in the gut envi-
ronment of the human body which were divided into three categories:
probiotics, curative bacteria and opportunistic pathogenic bacteria ac-
cording to whether they were beneficial to the human body (Rosen et al.,
2017). Probiotics were defined as the ability of microorganisms to have
a beneficial effect on host health when supplemented with a certain
number of live microorganisms. It was determined by experts in the
Food and Agriculture Organization of the United Nations and the World
Health Organization in 2001 (Pineiro et al., 2007). This concept was
developed primarily for strains whose members are Lactobacillus and
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Bifidobacterium available as probiotics in food (Pineiro et al., 2007).
Obviously, the probiotics produced and applied in the food, biological,
pharmaceutical and other industrial fields were rarely compared with
the probiotics in gut of human (Fig. 1). On the one hand, most of the gut
microbiota survived in anaerobic environment, which was not condu-
cive to growth and reproduction in an aerobic environment (Margolles
etal., 2021). On the other hand, different microorganisms might need to
grow and reproduce in clusters and symbiotically, its activity could not
be guaranteed when a single microorganism was isolated by modern
science and technology, which was the main reason (Castellanos et al.,
2020; Geva-Zatorsky et al., 2017). Probiotics have shown significant
effects in promoting the digestion and absorption of nutrients, main-
taining the homeostasis of gut microbiota, antivirus, inhibiting inflam-
mation, and improving the body’s antioxidant and immune capabilities,
especially in people with low immunity, constipation, and people who
were prone to inflammation (Manzoor et al., 2022; Marx et al., 2020; Su
et al., 2020; Zepeda-Hernandez et al., 2021). At the same time, the
application of probiotics in fishery and breeding industry was also
widely used to improve the reproductive ability and immunity of ani-
mals (Golder et al., 2022; Rohani et al., 2022). Adding probiotics based
on Bacillus subtilis B10 to the feed, the blood urea nitrogen, IL-1§ and
serum alkalinity, phosphatase, lactate dehydrogenase and antioxidant
enzyme activities of Pelodiscus sinensis were improved by up-regulating
the expression of intestinal tight junction proteins and liver genes such
as TLR8 and TLR5 (Xu et al., 2022). Colonization of Bacteroides ovatus in
the mouse gut could produce acetate, propionic acid, butyric acid and
other short-chain fatty acid metabolites compared with sterile controls,
and generated glutamine by consuming tryptophan and glutamic acid,
further improving the homeostasis of gut microbiota and increasing the
concentration of neurotransmitters in the gut, which played a positive
role in improving the immune activity of the body. (Horvath et al.,
2022). In summary, probiotics had a very significant effect on the im-
mune enhancement of the body, and have shown a strong application
value in fishery and animal husbandry. However, the current research
on probiotics and their improvement of body conditions was still
insufficient. First, there are few probiotics used in human health
research, although many types have been found. Secondly, there will
also be a relationship of competition and mutual benefit between bac-
teria. Some studies have pointed out that mixing different types of
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Fig. 1. A brief introduction to the main categories and nutritional activities of probiotics.
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probiotic strains has a better effect on the body than a single type of
probiotics. Third, the in-depth mechanism research on the regulation of
body immunity by probiotics still remains in the exploration of gene
changes and protein expression, and there is no report on the deeper
regulation mechanism. Therefore, it becomes the focus of future work to
continuously discover and isolate new probiotic strains, and to explore
and elucidate the effects of single type of probiotic and a mixture of
different types of probiotics on the body.

2.2. Active substances fermented by probiotics

Active substances extracted from natural products have shown sig-
nificant biological activity in improving gut microbiota and regulating
immunity (Chen et al., 2021; Annunziata et al., 2021) (Fig. 2) (Table 1).
Polysaccharides were not easily digested in the human body, and were
usually fermented in the gut to produce metabolites represented by
short-chain fatty acids. At the same time, polysaccharides could promote
the proliferation of probiotics in the intestinal tract, inhibited the
growth of harmful bacteria, and regulated the homeostasis of the in-
testinal tract, which means that the gut microbiota and polysaccharides
can interact to improve the immunity of the body, and jointly promote
the healthy and sustainable development of the body (Chen et al., 2022).
It was proposed that the nutritional properties of natural products fer-
mented by probiotics played a better role than single natural products
based on these researches. In the study of carrot polysaccharide fer-
mented by L. plantarum NCU 116, it was found that the functional ac-
tivity of carrot polysaccharide was enhanced after being fermented
(Wan et al., 2021). Further exploration found that the molecular weight
of carrot polysaccharide decreased after fermentation, and the links
between repeating units were avoided, reducing the polydisperse size
distribution (Wan et al., 2021). Qin et al. (2021) studied the poly-
saccharide composition and activity in vitro of Liubao tea before and
after fermentation, it was found that the content of crude polysaccharide
and each monosaccharide in Liubao tea increased after fermentation,
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the molecular weight decreased, and the anti-coagulation and binding
ability with bile acids were significant increased, which means that the
content of active substances in natural products increases after
fermentation and is more easily absorbed and utilized by the human
body (Qin et al., 2021). When mice were given bitter gourd juice fer-
mented by L. plantarum NCU116, it was found that the concentration of
short-chain fatty acids in mice increased, and the pH of colon contents
decreased compared with the unfermented group, which means that the
effect of bitter gourd juice fermented with probiotics is more significant
in regulating body metabolism, improving immunity and antivirus ac-
tivity (Gao et al., 2019). In conclusion, natural products fermented by
probiotics had a significantly higher proportion of active substances
extracted. The active substances were easier to be digested and absorbed
by the body and played a positive regulating role compared with un-
fermented substances. However, there were still parts that need to be
improved and studied in depth. For example, most of studies used a
single species of bacteria in the research on natural products fermented
by probiotic. At present, there were still few researches on the basic
components, in vitro and in vivo nutrition of multi-bacteria composite
fermentation active substances. At the same time, in the study of com-
pound probiotic fermentation active substances, it was clearly expressed
that there was a significant difference in biological activity compared
with single bacterial species fermented and unfermented active sub-
stances, but the reasons and mechanisms for the synergistic effect of
fermentation had not been thoroughly explored. It might become the
main direction of the next research for researchers.

3. The relationship between fermented natural products, gut
microbiota, immunity and anti-inflammatory activity

3.1. The relationship between fermented natural products and gut
microbiota

Inflammation, the imbalance of gut microbiota, and various

Probiotics

Total amino acid
content, crude The molecular
fat, weight of
crude fiber, polysaccharide
and ash content?

Fig. 2. Changes in active substances obtained from natural products fermented by probiotic.
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Table 1 Table 1 (continued)
Chan.ge.s in active substances before and after natural products fermented by Natural Probiotic name or Changes in active References
probiotic. products category substances
Natural Probiotic name or Changes in active References 76 and Lactobacillus
products category substances plantarum 90
Grapefruit Mixed lactic acid Naringin, diosmin, (Tang et al., Blueberry and Lactobacillus Syringic acid, ferulic (Wu et al.,
bacteria gallic acid?; Ferulic 2022) blackberry plantarum and acid, gallic acid and 2021)
acid, vanillic acid| juice St'reptococ.cus lactic ac.idT;.P-
Kumgquat Mixed lactic acid Gallic acidt; Ferulic (Tang et al., thermophilus coumaric acu?, )
bacteria acid, vanillic acid| 2022) protocatec.hulc‘ ac1d,. )
Navel orange Mixed lactic acid Diosmin, gallic acidf; (Tang et al., ch.lorogemc ?fCld, 'crmc
bacteria Hesperidin and ferulic 2022) acid and malic acid,
acid, vanillic acid, cyannindin-3-glucoside
neohesperidin| and pefmidin-S-
Dioscorea Saccharomyces The molecular weight (Shao et al., glucoside|
opposita boulardi of polysaccharide/ 2022) Blueberry Autochthonous lactic Total phenolics, rutin, (Li et al,,
Thunb. acid bacteria myricetin and gallic 2021)
Ipomoea Saccharomyces Total amino acid (Campbell acidf; Anthocyani'n,
batatas (L.) boulardii content, crude fat, etal., 2017) pa.raben and caffeic
Lam crude fiber, ADF, NDF, acid|
and ash content? Mulberry L. plantarum Lp-115 Total anthocyanins, (Kwaw
Red bayberry Lactic acid bacteria, Total polyphenol (Zhu et al., (ATC'C SD?209)) phenols. and etal., 2018)
Acetic bacteria and contents and total 2020) L. acidophilus La-14 flavonoidst
Saccharomyces flavonoid contentt; (ATCC SDS‘212) and
cerevisiae Total anthocyanins L. paracasei Lpc-37
content| (ATCC SD5275)
Blueberry L. rhamnosus GG and Lactic acid, total (Yan et al.,
pomace L. phenols and 2019)
plantarum-1 flavonoids?; Citric infectious diseases were more susceptible to illness in patients with
acid| immunocompromised, it means that improving the body’s immunity
Brassica L Active dry yeast Rl!’c‘l’ﬂ*‘_V‘“{ mco_t;mc %‘1’;;‘ al., plays a crucial role in resisting various pathogenic bacteria, as well as
campestris L. acid, nicotinamide, .. .

P free amino acids anti-inflammatory (Agarwala et al., 2022; Al-Rashidi et al., 2022; Greer
phenolic compounds, et al., 2013; Kiely et al., 2022). Some studies have clarified that the gut
oligopeptides and fatty was an important place for probiotic fermentation active substances to
acidst; Fructose, improve body functions, and the gut microbiota was an important target

. glu'cosel . for its role (Chaikham et al., 2017; Ma et al., 2021). The modulating
Coffee Lactobacillus spp. Major volatiles, most (Chan . ) . .
active ingredients and et al., 2020) effect of low-fat ice cream supplemented with Lactobacillus casei 01 and
antioxidant capacity Lactobacillus acidophilus LAS on colonic microbiota was investigated in a
were preserved gut model in vitro and found that the content of Lactobacillus and Bifi-
Mango ’S“‘;Ct;’baa"”s bulgaricus SOI“bledl,Ztary ﬁ';er’ (W“]“i(m) dobacterium increased in the colon while other harmful microorganisms
, Streptococcus carotenoids, tota et al., 202 . 1e . g .
h e . et such as Clostridium and Escherichia coli gradually decreased and pro-
ermophilus phenols, and ascorbic o X K X X K X
6063, Lactobacillus acidt duced beneficial microbial metabolites, while toxic ammonia levels
plantarum Lp-115 decreased significantly in the study of Chaikham et al. (2017). Adding
Ganoderma Lactobacillus The main components  (Li et al,, complex probiotics with Lactobacillus acidophilus, Enterococcus faecium
lucidum acidophilus and of Ganoderma lucidum  2021) and Bifidobacterium bifidium and dietary fiber to the feed significantly
Bifidobacterium breve such as Ganoderma . A L. L. . .
acid A have undergone improved the lipase activity in the feed, the activity of lipase in the feed
structural changes was significantly improved, and the levels of amylase, protease and
Dendrobium Bacillus sp. DU-106 Monosaccharide (Tian et al., alkaline phosphatase also increased significantly. At the same time, it
officinal molecular weight, 2019 was found that the levels of total autochthonous gut microbiota were
mannoset significantly increased in vivo experimental study of fish, and skin mu-
Whole-grain Bifidobacterium Total phenolst (Ayyash R o X ’
lupin, quinoa  animalis subsp. lactis etal., 2018) cous immune parameters were also significantly improved compared
and wheat DSM10140, B. with the control group (Mirghaed et al., 2018). In the study of collagen
longum subsp. longum peptide-jackfruit mixture fermented by lactic acid bacteria, Ma et al.
DSM20097 and found that the in vitro antioxidant capacity and lactic acid content of the
B. breve DSM20213 f d d ionifi v i d he f .
Dimocarpus Lactobacillus Reducing sugarf; The (Huang ermented products wer.e §1$n1 can.t y 1ncrease. . The ermenFanon
longan Lour.  fermentum molecular weight] etal., 2020) products were found to significantly increase the immune organ index,
Purple potato Lactobacillus Protein, ash, resistant (Gong reduce colon tissue damage, and stimulate the secretion of cytokines and
flour plantarum CGMCC starch and the first etal,, 2022) immunoglobulins in immunosuppressed mice through reducing the
14177, L. plantarum limiting amino acidf; relative abundance of pathogenic bacteria, increasing the relative
CGMCC 15358 Total starch] Ol pathogenic 1, §
Anacardium Lactobacillus The bio-accessibility (Santana abundance of beneficial bacteria, improving the composition of gut
occidentale delbrueckii, index of total etal., 2022) microbiota and increasing the content of short-chain fatty acids (Ma
Lactobacillus jhonsoni,  phenolics, flavonoids, et al., 2021). Ginseng polysaccharide fermented by Lactobacillus has
Lactobacillus antioxidant capacity strong ameliorating effect on gut microbiota and immunity, diarrhea
rhamnosus and ORAC?T . . . . s s .
Bifidobacterium symptoms and gut inflammation in rats with antibiotic-associated
longum diarrhea (Qu et al., 2021).
Actinidia Lactobacillus Total phenolics and (Wang In conclusion, the active substances have improved antioxidant and
deliciosa acidophilus 85, flavonoidst etal., 2022) other activities in vitro after probiotic fermentation. In the research of

Lactobacillus helveticus

experiments in vivo on animal model by constructing various immune
dysfunctional such as mice, fish, and rabbits, it was found that their
immunity and related anti-inflammatory, and antiviral activities were



Q. Lietal

enhanced after the natural products fermented by probiotics. Mean-
while, it was found that the stable gut microbiota of the biological model
after treatment trended to be normal, the beneficial bacteria proliferated
steadily, the pathogenic bacteria gradually decreased, and the intestinal
environment was close to normal immune individuals of its gut micro-
biota. On the contrary, although various diseases were closely related to
the decline of immune function, the different drugs and methods used in
establishing animal models lead to different changes about gut micro-
biota after treatment with fermented products. The description of
boosting immunity and improving related symptoms in those researches
was not clear, which means that it is inconvenient to clarify that the gut
microbiota is the target of fermented immunity to improve immunity.

3.2. The relationship between gut microbiota, immunity and anti-
inflammatory activity

The human gut was parasitized by microorganisms from birth until
death, and the gut microbiota would change with the growth environ-
ment, diet and living habits of people, it means that the health of the
body will also be related to changes with gut microbiota (Ardissone
et al., 2014). The gut environment was worse in people with diseases
caused by a weakened immune system compared with normal people, it
was mainly manifested in the lower proportion of beneficial bacteria and
higher proportion of pathogenic bacteria in the gut tract of the diseased
population. The diversity and stability of bacteria gut microbiota are
poor although everyone in the world has a different gut microbiota (Al-
Rashidi et al., 2022). Inflammatory bowel disease is a common disease
in people with weakened immune systems. Compared with healthy
people, people with ulcerative colitis showed greater changes in gut
microbiota, mainly manifested as decreased abundance of Eubacterium
rectale and Akkermansia, and the diversity of gut microbiota was
decreased (Pittayanon et al., 2020). Hepatitis and cirrhosis as one of the
common diseases of immunocompromised patients, it was found that
alpha diversity indices including Simpson, Chaol, ACE and Shannon
were increased in patients with compensated cirrhosis compared with
patients with decompensated cirrhosis through the technology of 16S
rRNA sequencing. At the same time, the proportion of beneficial bacteria
including Bifidobacterium and Lactobacillus decreased, while the pro-
portion of harmful bacteria such as Enterobacter increased in patients
with liver cirrhosis through comparing patients with liver cirrhosis and
normal population. And the abundance of intestinal harmful Strepto-
coccus and Ruminococcus in patients with decompensated cirrhosis was
higher than that in patients with compensated cirrhosis, meaning that
the gut microbiota is severely damaged in patients with decompensated
cirrhosis (Shu et al., 2022). In fact, the body’s immune-related cancers
are closely linked to the gut microbiota (Chen et al., 2021; Gori et al.,
2019; Zhou et al., 2021). In the study of mice with colitis integrated
tumor treated of AOM/DSS-induced, it was found that compared with
the normal group, the diversity of intestinal flora was significantly
reduced, and the structure of the gut was significantly changed. Mean-
while, the abundance of Bacteroidetes increased and the abundance of
Firmicutes decreased at the phylum level. The relative abundance of
Lactobacillus and Bifidobacterium was significantly lower than that of the
normal group, while the relative abundance of Oscillibacter, Desulfovi-
brio, Alistipes, Lachnoclostridium, and Parasutterella increased (Guo et al.,
2021).

The variation of gut microbiota for different diseases was mostly the
ratio of Firmicutes and Bacteroidetes at the phylum level in the
description of the correlation between gut microbiota and immunity,
and richness and diversity of gut microbiota decreased. The changes of
the same disease at the genus level were different in different studies,
which might be due to the differences in the genetic of people in each
region, food culture, living habits and other external factors, it means
that we need to find out the specific bacteria that coexist between the
same disease and the different bacteria between different diseases in
different regions and populations, in order to explore, judge and treat
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related diseases in the later stage by improving the gut microbiota. And
this may become the focus of future research in this aspect.

4. The possible mechanism of probiotic fermented natural
products to improve immunity and anti-inflammatory by
targeting gut microbiota

4.1. A brief introduction to the pathogenesis of immune dysfunction and
inflammation

Inflammation response in the body was caused by factors such as
genes, bad living habits, and external environment, which acted on the
malignant changes of gut microbiota (Ye et al., 2021). This process
involved the damage of the intestinal immune barrier, the activation of
inflammatory factors, the weakening of the body’s ability to recognize
and eliminate external viruses and bacteria, and changed in a series of
signaling factors and enzymes (Ge et al., 2021; Shamoon et al., 2019).
The external environment caused the body’s gut microbiota imbalance,
which further triggered the damage of the intestinal immune barrier and
triggered the expression of inflammatory factors and the malignant
regulation of genes. It increased the level of inflammation in the body
and the expression of enzymes was unbalanced, and finally affected
various organs of the body, causing inflammation of organs such as
colitis and pneumonia. Meanwhile, it was more susceptible to infectious
diseases because of the degradation of the immune barrier, and the
ability to resist external bacterial and viral aggression was weakened
(Praveen et al., 2019; Tan et al., 2020; Zhu et al., 2021). It was detailed
on the possible mechanisms of inflammation, changes in the gut
microbiota, the intestinal immune barrier, and changes in specific
signaling pathways and their factors in this section. The possible
mechanism of natural products fermented by probiotic to modulate
immune and anti-inflammatory functions by improving gut microbiota
had also been speculated and elucidated.

4.2. Possible mechanism by which natural products fermented by
probiotics improve gut microbiota

The mechanism of natural products fermented by probiotic to
improve gut microbiota could be roughly analyzed from two aspects: the
regulating effect of probiotics on gut microbiota and the regulating ef-
fect of fermentation products on gut microbiota. Natural products fer-
mented by probiotics had lower molecular weight of active substances
and were more easily absorbed by the body compared with direct intake
of active substances, it means that the bioavailability of fermented
active substances is greatly improved (Hu et al., 2022). Probiotics
inhibited the reproduction of harmful bacteria, reduced the proportion
of harmful bacteria, and promoted the healthy and stable development
of gut microbiota when a large number of probiotics entered the intes-
tinal tract, because some probiotics competed with harmful bacteria
(Coyte et al., 2019; Miiller et al., 2019; Patnode et al., 2019) (Fig. 3)
(Table 2). When the active substances entered the intestinal tract, part of
the digestible active substances were directly absorbed by the body or-
gans, and the other part of the indigestible active substances were fer-
mented by the beneficial bacteria of gut microbiota (Li et al., 2022;
Osbelt et al., 2021). On the one hand, pH of the intestinal environment
changed during the fermentation process, which would be adjusted in
the direction of suitable reproduction of beneficial bacteria, resulting in
the death of harmful bacteria due to changes in the breeding environ-
ment. On the other hand, metabolites represented by short-chain fatty
acids were produced in large quantities, which also inhibited the
reproduction of harmful bacteria (Li et al., 2022; Ma et al., 2021; Wei
et al., 2022). In general, the active substances of probiotics fermented
natural products were more effective in regulating gut microbiota than
simply ingesting active substances through improving the pH value of
the intestinal environment and producing metabolites, it inhibited the
reproduction of harmful bacteria and proliferated beneficial bacteria.
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Fig. 3. Modulation of gut microbiota with active substances extracted from natural products fermented by probiotic.

4.3. Possible mechanisms by which the gut microbiota modulates immune
and anti-inflammatory activity

4.3.1. Gut microbiota improves immunity and exerts anti-inflammatory
function by maintaining intestinal immune barrier function

The proliferation of probiotics about gut microbiota played an
important role in enhancing immunity and improving inflammatory
response. The proliferation of Lactobacillus of gut microbiota could
maintain the barrier function of intestinal epithelial cells and enhance
the protective immune response (Yan and Polk, 2020). At the same time,
Lactobacillus rhamnosus GG of gut microbiota could derive the soluble
protein p40. On the one hand, it could release the epidermal growth
factor receptor in intestinal epithelial cells by stimulating the activity of
a disintegrin and metalloproteinase 17 (Yan et al., 2013). On the other
hand, p40 could induce ligand production by upregulating the prolif-
eration of epidermal growth factor in intestinal epithelial cells, which
would increase the production of IgA in the gut (Wang et al., 2017). The
IgA in intestinal mucus interacts with immunogenic substances to pre-
vent it from adhering to intestinal mucosal cells. In addition, IgA lost its
adhesion ability by agglutinating external invading bacteria or blocking
its flagella, it means that Lactobacillus rhamnosus GG of gut microbiota
plays an important role in inhibiting cytokine-induced apoptosis and

improving the protective function of the intestinal mucosal barrier and
anti-inflammatory (Nagafusa et al., 2020; Zhang and Zhang, 2018). In
addition, short-chain fatty acids, including acetic acid and its salts,
propionic acid and its salts, et al. played an important role in improving
the immune system of the intestinal mucosa. They were metabolites
produced by beneficial bacteria of gut microbiota fermenting active
substances that were difficult to digest by the human body (Akhtar et al.,
2021; Ding et al., 2018). As an important factor of immune tolerance,
regulatory T cells played a key role in the regulation of immunity and
anti-inflammation of short-chain fatty acids (Dupraz et al., 2021). It was
found that native CD4" T cells exposed to peripheral TGF-p cytokines
produced IL-10-producing inducible regulatory T cells that were even-
tually converted into regulatory T cells through feeding mice with
butyrate supplementation feed (Richards et al., 2016). However, short-
chain fatty acids could be produced by the fermentation of beneficial
bacteria of gut microbiota, which means that the homeostasis of gut
microbiota can improve the immune mucosa of the intestinal epithelium
by productizing the short-chain fatty acids to regulate regulatory T cells
(Richards et al., 2016).

In conclusion, gut microbiota improved immunity and anti-
inflammatory by maintaining intestinal immune barrier function and
improving intestinal epithelial tissue cells. On the one hand, beneficial
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Table 2
Gut microbiota improvement after ingestion of probiotic-fermented natural products.
Natural Active substances Probiotic name or In Model Changes in gut microbiota References
products category Vivo
or in
vitro
Ganoderma Water extracts Lactobacillus In Mice with The relative abundance of Lactobaccilus 1; The relative  (Li et al.,
lucidum acidophilus and vivo dexamethasone- abundance of Enterococcus| 2021)
Bifidobacterium induced Lachnospiraceae_bacterium DW17,
immunosuppressed Dorea_sp_5-2, rumen_bacterium NK4A214 and
Lachnospiraceae_bacterium_DW52 1
Goji berry polysaccharides, amino Lactobacillus In Mice with DSS-induced The relative abundance of Bacteroidetes?; The relative  (Liu et al.,
juice acids, phenolics and plantarum, vivo ulcerative colitis abundance of Firmicutes|; The relative abundance of 2021)
protein Lactobacillus reuteri Muribaculaceae-unclassified?; The relative abundance
and Streptococcus of Lachnospiraceae-NK4A136-group|
thermophilus
Fagopyrum Gamma-aminobutyric Bacillus sp. DU-106  In Mice with high-fat diet-  The relative abundance of Bacteroides, Lactobacillus, (Yan et al.,
esculentum acid, rutin, total and Lactobacillus vivo induced hyperlipidemia and Blautia 1; The ratio of Firmicutes to 2022)
polyphenols and total plantarum Bacteroidetes|; Gut microbiota approached the
flavonoids normal group
Anethum - Lactobacillus In - Escherichia coli 0157 (Mojaddar
graveolens acidophilus vitro et al., 2021)
essential oil
Black tartary Tyrosine, lysine, total Bacillus sp. DU-106  In Mice with high-fat diet-  The relative abundance of Lactobacillus, (Ren et al.,
buckwheat flavonoids, total vivo induced hyperlipidemia Faecalibaculum, and Allobaculum?t; The relative 2021)
polyphenols, quercetin, abundance of Romboutsial
and kaempferol
Apium Total polyphenols, Mixed probiotics In Mice with high-fat diet-  The ratio of Firmicutes/Bacteroidetes and the relative ~ (Zhao et al.,
graveolens L. flavonoids, vitamin C Vivo induced hyperlipidemia abundance of Lactobacillus, Ruminococcaceae_UCG- 2021)
014, Faecalibaculum and Blautiat; the relative
abundance of Alloprevotella and Helicobacter|
Blueberry Polyphenols Lactobacillus casei In - Escherichia coli, Enterococcus Firmicutes and (Cheng
pomace vitro Bacteroidetes|; Bifidobacterium, Ruminococcus, et al., 2020)
Lactobacillus, Akkermansia and butyrate-producing
bacteriat
Raspberry Polyphenols Lactobacillus casei In Normal mice the Firmicutes to Bacteroidetes ratiol; (Wu et al,,
vivo Verrucomicrobiat; the relative abundance of Blautia, 2021)
Ruminiclostridium_9|; the relative abundance of
Lactobacillust
Mulberry Phenolic compounds and Lactobacillus In - Lactobacillus, Bifidobacterium, Ruminococcus, (Tang et al.,
pomace dietary fibers plantarum vitro butyrateproducing bacteria and Akkermansiat; 2021)
Escherichia coli and Enterococcus)|
Blueberry - Lactobacillus casei In Mice with high-fat diet-  The Firmicutes to Bacteroidetes ratiol; (Cheng
pomace vivo induced hyperlipidemia  Bifidobacterium, Lactobacillus and Akkermansiat et al., 2020)

bacteria dissolved soluble protein p40 to release epidermal growth
factor receptor 17 and inhibited cytokine-induced apoptosis. On the
other hand, the short-chain fatty acids produced by beneficial bacteria
fermenting the indigestible active substances could improve the intes-
tinal epithelial mucosa by regulating regulatory T cells, and finally
achieved the improvement of immunity and anti-inflammatory activity.
Of course, the mechanism of gut microbiota improving immunity and
anti-inflammatory by maintaining intestinal immune barrier function
was not only the above expression because its mechanism was very
complex and huge, which means that clarifying its mechanism of action
has become the focus of future in-depth research.

4.3.2. Gut microbiota regulates signaling pathway and its factors to improve
immunity and anti-inflammatory

IL-6, TNF and IL-1p were pro-inflammatory cytokines, while cell
permeability proteins IL-4, IL-10, IL-13 and TGF were anti-inflammatory
cytokines, which played an important role in regulating inflammatory
responses (Liao et al., 2022) (Fig. 4A). And the changes of these in-
flammatory factors were regulated by signaling pathways including: NF-
kB signaling pathway and MAPK signaling pathway in TLR2/4 signaling
pathway, Arachidonic acid dependent pathway, CD14 and CR3
signaling pathway, Dectin-1-mediated signaling pathway and others (Li
et al., 2022; Fitzgerald and Kagan, 2020) (Fig. 4B). The improvement of
gut microbiota could inhibit the expression of inflammatory factors to
improve immunity and anti-inflammatory activities by regulating gene
expression (Aggeletopoulou et al., 2019) (Table 3). Different microor-
ganisms had different regulatory mechanisms on the expression of

various inflammatory factors, and this process was closely related to
gene expression. Probiotic-fermented fish diet significantly reduced
serum LPS levels, gut inflammation scores, and MDA levels in zebrafish
through increasing the relative abundance of Firmicutes and Actino-
bacteria and reducing the relative abundance of Proteobacteria. At the
same time, the gene expression of SVCV-2d was significantly decreased
in the spleen, and the gene expression of IFN¢1, IFN¢2, IFN¢3 and MxC
was significantly increased, which means that the improvement of gut
microbiota can achieve antiviral and anti-inflammatory effects by
regulating gene expression (Xie et al., 2022). Porphyromonadaceae,
Helicobacter, Parasutterella, Parabacteroides, Oscillibacter and Lachno-
spiraceae of gut microbiota played key roles in the inflammatory
response, and the gene expression of COX-2, MCP-1, NLPR3 was down-
regulated, and ZO-1, FFAR2, FFAR3 gene expression was up-regulated
along with benign changes of gut microbiota in mice. Finally, the
expression of pro-inflammatory factors such as TNF-a, IL-1p, and IFN-y
was inhibited (Peng et al., 2019). Interestingly, the fermentation of
carrageenan fructose could increase the proportion of Prevotella, Bifi-
dobacterium, Lactobacillius and Prevotellaceae of gut microbiota, inhibi-
ted the reproduction of Bacteroides and Parabacteroides, it promoted
secretion of IL-1p, TNF-a, SIgA and mucin 2, which means that there
exists a part of the fermented active substances that have a negative
regulatory effect on the body and promote the inflammatory response
(Sun et al., 2019). In fact, gut microbiota modulated inflammatory
factors, improved inflammation and immunity by regulating related
signaling pathways and their factors (Xie et al., 2022; Peng et al., 2019).
In general, the benign regulation of gut microbiota such as proliferation
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Fig. 4. Interrelation and mechanism of gut microbiota with inflammation and immunity (A: Imbalance of gut microbiota led to decreased immunity and antiviral
ability by affecting the expression of inflammatory factors. B: Gene expression in various diseases caused by imbalance of gut microbiota in mice).

of beneficial bacteria, increased diversity and abundance of microbiota
led to the down-regulation of pro-inflammatory cytokines such as IL-6,
TNF and IL-1p and up-regulation of anti-inflammatory cytokines such
as IL-4, IL-10, IL-13, TGF. This process was the effect of the regulation of
related signaling pathways, such as insulin signaling pathway, MAPK
signaling pathway. Finally, anti-inflammatory activity and improved
immunity were manifested through benign improvements in the gut
environment and cytokines. At the same time, a small number of active
substances fermented by probiotics did not show good organism regu-
lation, which means that it is still necessary to delve into the specific
reasons (Sun et al., 2019).

5. Enlightenment of natural products fermented by probiotic for
the auxiliary prevention of COVID-19 through modulating gut
microbiota to improve immunity and inflammatory response.

5.1. A brief introduction of COVID-19

The world first patient with COVID-19, the coronavirus caused by the
spread of SARS-CoV-2, appeared on November 17, 2019 (The Lancet,
2020). And the virus had infected hundreds of millions of people and
killed more than 600,000 people. In fact, SARS-CoV-2 was more likely to

infect the elderly, children, and people with weakened immune systems.
And there was no vaccine or drug that could cure it because of its
extremely fast mutation rate. Its essence was the inflammation caused by
viral infection in the lungs, and the inflammation of the body was closely
related to the deterioration of gut microbiota (Dhar and Mohanty,
2020). There existed an inextricable link between gut microbiota
disturbance, low immunity, inflammatory and COVID-19. The gut
microbiota of immunocompromised patients was significantly worse
than that of normal individuals. At the same time, the decline in im-
munity led to a weakening of the ability to resist external virus
aggression. The decline in immunity caused to a weakening of the ability
to resist external virus aggression, resulting in lung inflammation of the
organism caused by SARS-CoV-2 virus infection. Therefore, in this part,
we mainly introduced the changes of gut microbiota of patients with
COVID-19, in order to expect that natural products fermented by pro-
biotics could prevent the COVID-19 in adjunct vaccines and drugs by
improving gut microbiota to adjust the immunity and anti-inflammatory
effects.
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Fig. 4. (continued).

5.2. The gut microbiota and inflammatory factors of patients with
COVID-19

Some studies have pointed out that the gut microbiota of patients
with COVID-19 continued to change during hospitalization, and the
inflammation of the body promoted the severity of COVID-19 (Mizutani
et al., 2022). The abundance of Blautia and Ruminococcus increased of
gut microbiota of patients with colitis, and the severity and lethality
increased when they had COVID-19 (Cai et al., 2021). Compared with
healthy controls or patients with seasonal influenza, patients with
COVID-19 had significantly lower gut microbiota diversity and higher
levels of IL-18 in stool samples (Tao et al., 2020). Opportunistic path-
ogens such as Enterococcus faecalis and Saccharomyces cerevisiae were
enriched in the gut microbiota. In febrile COVID patients, Bacteroides
fragilis and Eubacterium ramulus were reduced, which induced that the
lymphocytes, CD3" T cells, CD4" T cells were significantly decreased,
and AST, LDH, CRP, IL-6, IL-10 were significantly increased (Zhou et al.,

2021). And three months after the recovery of patients with COVID-19,
their gut microbiota could not recover (Tian et al., 2021).

In conclusion, patients with COVID-19 have significant differences in
gut microbiota and inflammatory indicators compared with normal
people. However, the treatment and prevention of diseases should not
only consider vaccines or drugs, daily diet and physical protection are
also very important. In our above discussion, it was found that the
natural products after fermentation of probiotics could regulate the gut
microbiota through increasing the proportion of beneficial bacteria and
reducing the proportion of harmful bacteria to improve the diversity and
richness of gut microbiota to achieve the purpose of improving immu-
nity and reducing the level of inflammatory factors, which means that
ingestion of natural products fermented by probiotics in daily life pro-
vides possible ideas and methods to assist prevention of SARS-CoV-2
invasion.
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Table 3
Immunity and inflammation changes with gut microbiota by regulating signaling factors.
Model Changes in gut microbiota Changes in immunity and inflammation Changes in signaling References
pathways and its factors
Mice with The relative abundance of Lactobaccilus |; The relative Colonic crypt architecture was markedly Occludint (Li et al.,
dexamethasone- abundance of Enterococcus?t destroyed with more histological 2021)
induced Lachnospiraceae_bacterium DW17, inflammation; Weight, spleen index, IL-17,
immunosuppressed Dorea_sp_5-2, rumen_bacterium NK4A214 and TNF-at; Lipopolysaccharidet
Lachnospiraceae_bacterium DW52 |
Mice with DSS-induced The relative abundance of Bacteroidetes|; The relative Crypts were damage, goblet cells were The gene expression of ZO-  (Liu et al.,
ulcerative colitis abundance of Firmicutes 1; The relative abundance of severely lost and colon bowel integrity 1, claudin-1} 2021)

Mice with high-fat diet-
induced
hyperlipidemia

Mice with high-fat diet-
induced
hyperlipidemia

Normal mice

Mice with high-fat diet-
induced
hyperlipidemia

Cyclophosphamide
(CTX)-induced mice

Mice with high-fat diet-
induced
hyperlipidemia

Mice with D-
galactose-induced
aging

Mice with LPS-induced
inflammation

Muribaculaceae-unclassified|; The relative abundance of
Lachnospiraceae-NK4A136-groupt

The relative abundance of Bacteroides, Lactobacillus, and
Blautia |; The ratio of Firmicutes to Bacteroidetest

The relative abundance of Lactobacillus, Faecalibaculum,
and Allobaculum|; The relative abundance of Romboutsia?t

The Firmicutes to Bacteroidetes ratiol;
Verrucomicrobia?; the relative abundance of Blautia,
Ruminiclostridium_9]; the relative abundance of
Lactobacillust

The Firmicutes to Bacteroidetes ratio?; Bifidobacterium,
Lactobacillus and Akkermansial

Diversity and richness of gut microbiotal; the relative
abundance of Bacteroidetes|; the relative

richness of Firmicutes?; the relative abundance of
Erysipelatoclostridum 1

Akkermansia and Lachnospiraceae was specific bacteria

The proportion of Bacteroidetesand|; the proportions of
Firmicutes and Verrucomicrobiat

The abundance of Bacteroidetes and Proteobacterial; The
abundance of Actinobacteria and Firmicutest; The
abundance of Lactobacillius, Alistipes, Odoribacter and
Ruminoccaceael; The abundance of Bacteroides and
Staphylococcus?t

decreased; T-SOD, IL-4 and IL-10}; MPO,
GSH, NO, TNF-a, IL-6, IL-1p and IFN-y1
The level of SOD, CAT and GSH-Px|; The

The gene expression of

(Yan et al.,

level of MDA, TNF-q, IL-1f and IL-61 CPT1A and PPARa; The 2022)
gene expression of SREBP-
1c, ACC, HMGCR, LXR,
SREBP-21

- The gene expression of (Ren et al.,
FXR and SREBP11; The 2021)
gene expression of PPARa/|

- The gene expression of ZO-  (Wu et al.,
1, Claudin-1, Claudin-4, 2021)
Ocdudin, E-cadherin and
Muc-21

The level of sIgAt; TGF-Bl The gene expression of (Cheng

CCL28 and CCR10|

et al., 2020)

The level of TNF-a, IL-2, IL-6, INF-y, Ig-A, The gene expression of (Liu et al.,
Ig-G| TLR4, MyD88, p65and NF- 2021)
kB|
TNF-q, IL-6, IL-10 and IL-1p in small The protein expression of (Lietal,
intestine and braint IL-1pB, TNF-« in small 2021)
intestine and braint
The level of SOD, CAT in serum and liver|; The protein expression of (Chen

The level of MDA in serum and livert; IL-

1p1

The level of IL-1p, IL-6, TNF-a, IL-101; The
level of SOD and T-AOC|; The level of
MDA?

Bax, NF-KB and caspase-
31; The protein expression
of IKB-a and Bcl-2|

et al.,2022)

(Zhang
et al., 2020)

6. Conclusions and prospects

Active substances obtained from natural products fermented by
probiotics showed extremely high nutritional value in regulating im-
munity and anti-inflammatory, and gut microbiota has become an
important research hotspot. The gut microbiota was regulated by the
action of active substances, which further affects the intestinal mucosal
immune system and inhibits the expression of inflammatory factors,
thereby improving the body’s immunity and anti-inflammatory activity.
Meanwhile, it should be focused on in-depth exploration of its under-
lying mechanisms and signaling pathways.

As an important target for active substances to regulate the body’s
health, the gut microbiota is gradually accepted by medicine by looking
for characteristic bacteria as a means of judging and determining
whether one has a certain disease. At the same time, the improvement of
the gut microbiota by active substances opens up new possibilities for
the treatment of complementary diseases. As the largest public health
problem in the world in recent years, the prevention of COVID-19 by
ingesting natural products fermented by probiotics in daily meals has
become a new idea.
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