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In the article titled “Modulation of Short-Chain Fatty Acids ~ down for lipid buffering capacity and pointing up for in-
as Potential Therapy Method for Type 2 Diabetes Mellitus”  flammation. In Figure 2, the arrows for skeletal muscle
[1], errors were identified in Figures 1 and 2 which were  should be pointing up. The authors confirm that this does
introduced during the preparation of the manuscript. The  not affect the results and conclusion of the article, and the
arrows for adipose tissue in Figure 1 should be pointing  revised figures are included below.
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Major negative risk factors for T2DM
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FiGure 1: T2DM pathophysiology. A matrix of negative genetic, epigenetic, and lifestyle factors interact with one another and induce dysfunction of
pancreatic $-cells and insulin resistance in the liver, skeletal muscle, or adipose tissue, thereby leading to the development of hyperinsulinemia and
hyperglycemia. Moreover, once reduced lipid-buffering capacity in adipose tissue occurs, circulating lipid concentrations increase, leading to ectopic
fat storage in the liver, skeletal muscle, and pancreas as well as the development of insulin resistance and dysfunction of pancreatic 3-cells. In addition,
inflamed adipose tissue results in a low-grade systemic inflammation, which contributes to the development of insulin resistance and T2DM. FFA,
free fatty acid; GSIS, glucose-stimulated insulin secretion; T2DM, type 2 diabetes mellitus.
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F1GURE 2: Impact of gut-derived SCFAs in T2DM. SCFAs (acetate, butyrate, and propionate) are produced from the fermentation of indigestible
foods in the distal intestine by gut microbiota. In the distal gut, acetate, propionate, and butyrate stimulate the secretion of the “satiety” hormones
GLP-1 and PYY in enteroendocrine-L cells, which leads to metabolic benefits upon satiety and glucose homeostasis. Furthermore, butyrate and
propionate induce IGN and sympathetic activity, thereby beneficially leading to control of body weight and glucose homeostasis. Very little
propionate and butyrate and a high concentration of acetate reach the circulation. They can also affect the metabolism and function of peripheral
tissues directly (e.g., liver, adipose tissue, and muscle). Furthermore, circulating levels of acetate and propionate might cross the BBB and regulate
satiety via CNS-related mechanisms. BBB, blood-brain barrier; CNS, central nervous system; GLP-1, glucagon-like peptide-1; GSIS, glucose-
stimulated insulin secretion; IGN, intestinal gluconeogenesis; PYY, peptide YY; SCFAs, short-chain fatty acids; T2DM, type 2 diabetes mellitus.
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The researchers are paying more attention to the role of gut commensal bacteria in health development beyond the classical
pathogens. It has been widely demonstrated that dysbiosis, which means the alternations of the gut microbial structure, is closely
associated with development of intestinal chronic inflammation-related diseases such as inflammatory bowel disease (IBD), and
even infectious diseases including bacterial and viral infection. Thus, for reshaping ecological balance, a growing body of the
literatures have proposed numerous strategies to modulate the structure of the gut microbiota, which provide more revelation for
amelioration of these inflammation or infection-related diseases. While the ameliorative effects of traditional probiotics seem
negligeable, emerging next generation probiotics (NGPs) start to receive great attention as new preventive and therapeutic tools.
Encouragingly, within the last decade, the intestinal symbiotic bacterium Faecalibacterium prausnitzii has emerged as the
“sentinel of the gut,” with multifunction of anti-inflammation, gut barrier enhancement, and butyrate production. A lower
abundance of F. prausnitzii has been shown in IBD, Clostridium difficile infection (CDI), and virus infection such as COVID-19. It
is reported that intervention with higher richness of F. prausnitzii through dietary modulation, fecal microbiota transplantation,
or culture strategy can protect the mice or the subjects from inflammatory diseases. Therefore, F. prausnitzii may have potential
ability to reduce microbial translocation and inflammation, preventing occurrences of gastrointestinal comorbidities especially in
COVID-19 patients.

1. Introduction

Probiotics are demonstrated to have potential anti-inflam-
matory and antiviral effects [1, 2]. The safety and clinical ef-
ficacy in reducing the severity and duration of upper
respiratory tract infections of probiotics have been demon-
strated [3]. An earlier review [4] confirmed the prophylactic
and therapeutic effects of several lactic acid-producing bacteria
strains on viral infection, which are reported to decrease titres
of Ebola and cytomegalovirus and reduce respiratory and
intestinal inflammation accordingly. Recently, Eguchi et al.
evaluated the ability of Lactobacillus gasseri against respiratory
syncytial virus (RSV) in a mice model [5]. The decreasing RSV
titre and the diminishing expression of proinflammatory cy-
tokines in the lung were significantly observed while

interferons and interferon-stimulated genes were increased
after the treatment. In addition, by summarizing 15 studies of
Lactobacillus rhamnosus GG in the treatment of acute diarrhea,
Szajewska and Kotodziej [6] concluded that Lactobacillus
rhamnosus GG could reduce the severity of purging and the
duration of diarrhea by about 1 day, and the most effective dose
was more than 10'° CFU. According to a meta-analysis, a lower
dose Lactobacillus reuteri was also reported to be effective in
reducing the duration of diarrhea by approximately 1 day [7].

Although most traditional and widely used probiotics
(e.g., Bifidobacterium spp. and Lactobacillus spp.) are safe,
their effect on disease improvement is uncertain. Moreover,
traditional probiotics are not disease-specific. Based on these
situations, there is an urgent need for identification and
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characterization of novel and disease-specific next genera-
tion probiotics (NGP). As one of the most common mi-
crobial species in the colon of healthy adults,
Faecalibacterium prausnitzii (F. prausnitzii) constitutes over
5 percent of the overall total bacterial population [8]. The
members of the genus Faecalibacterium are deemed sym-
biotic microorganisms, omnipresent in human and animal
gastrointestinal tracts (GIT) [9]. Alterations in the abun-
dance of F. prausnitzii have been commonly identified to be
related to a number of human intestinal and metabolic
diseases [10]. Therefore, due to the pervasiveness and im-
munomodulator, F. prausnitzii is not only an important
predictor but also an influential contributor to intestinal
health as well as the maintenance of gut homeostasis.

Studies have shown a certain correlation between the low
abundance of F. prausnitzii and the increased incidence of
inflammatory metabolic diseases such as inflammatory
bowel disease [11], Crohn’s disease [12], colitis [13] and
some infectious diseases such as Clostridium difficile in-
fection [14], human immunodeficiency virus (HIV) [15],
and hepatitis B virus (HBV) [16]. On the other hand,
supplementation with F. prausnitzii may contribute to the
amelioration of specific metabolic disorders and inflam-
matory diseases [17-19].

Given the above, it is fair to speculate that these anti-
inflammatory and antiviral effects can well lead to the
prevention and/or relief of COVID-19-related symptoms, at
least partially or in combination with other medicines. Thus,
this raises a possibility that F. prausnitzii might be a new
candidate probiotic which can be used in COVID-19 pa-
tients. Herein, we discuss recent advances in the under-
standing of the protective effects and mechanisms on
infectious diseases of F. prausnitzii and its potential rele-
vance in COVID-19 infection.

2. The Bionomics of F. prausnitzii

F. prausnitzii is one of the most abundant and widely dis-
tributed bacterial species inhabiting the human intestine,
which has been consistently described as one of the most
important butyrate producers found in the intestine [20].
Taxonomically, F. prausnitzii belongs to the Firmicutes
phylum, the Clostridia class, and the Ruminococcaceae
family, and the species is currently the only representative
characterized within the genus [9]. Metabolically, as an
anaerobe, F. prausnitzii, a non-spore-forming and non-
motile rod that is Gram-positive, is exceedingly oxygen-
sensitive [9]. It is difficult to survive even in an anaerobic
environment, but adding riboflavin, cysteine or glutathione
to the culture medium can improve its survival rate in a
microaerobic environment [21]. F. prausnitzii can be divided
into two lineages, line I and line II, and the differences in
their physiological functions are still unclear [21].

A variety of monosaccharides can be used by bacteria
as their energy sources, while the use of more complex
carbohydrates varies from strain to strain. The nutrients
can be obtained from the host or derived from other gut
microbes cross-feeding. F. prausnitzii can use fructose,
oligofructose, starch and inulin, but not arabinose,

melibiose, raffinose, rhamnose, ribose, and xylose. Acetic
acid can stimulate its growth and produce carbon dioxide,
but not hydrogen [9]. The major fermentation products
from glucoses and acetate by F. prausnitzii are formate,
D-lactate, and butyrate [9].

The proportion of F. prausnitzii in gut microbiota is
flexible affected by the colon physiological environment
such as the pH, oxygen concentration, and cholate
[21, 22]. Moreover, both improper diet and smoking will
lead to a decreased count of F. prausnitzii [23]. In ad-
dition, the use of certain drugs can also modulate the
abundance of F. prausnitzii in the intestine. For example,
taking rifaximin can increase the level of F. prausnitzii
[24], while the bacterium in the stool of Crohn’s disease
patients is reduced by taking infliximab and high doses of
cortisol [25]. Studies have reported that butyrate pro-
duced by F. prausnitzii has a significant protective effect
on enteritis [25]. As butyrate-producing bacteria,
F. prausnitzii acts on the immune system and has anti-
cancer effects [26, 27]. It can also improve the intestinal
barrier, insulin sensitivity, and oxidative stress tolerance
and reduce visceral sensitivity [28, 29].

Moreover, as one of the most abundant gut com-
mensal bacteria, F. prausnitzii has the double effect of
competitively inhibiting pathogenic bacteria and in-
creasing the colonization of nonpathogenic bacteria [30],
which could maintain a normal proportion of the gut
microbiota. When F. prausnitzii is cocultured with Bac-
teroides thetaiotaomicron (B. thetaiotaomicron), which
can also metabolize apple pectin, F. prausnitzii can
produce more butyric acid than it alone [31]. This indi-
cates that F. prausnitzii may rely on other gut microbiota
including B. thetaiotaomicron for cross-feeding. Some
studies found that the colonization of F. prausnitzii re-
quires B. thetaiotaomicron and Escherichia coli (E. coli) to
be preexisted in the intestine, which could prepare suit-
able conditions for F. prausnitzii by reducing redox po-
tential and altering the composition of nutrients [32, 33].
In addition, F. prausnitzii and normal intestinal micro-
ecology can effectively prevent the proliferation of in-
testinal pathogenic bacteria such as Escherichia coli,
Clostridium, and Shigella, which reduce the possibility of
intestinal epithelium injury, thereby avoiding the acti-
vation of intestinal immune cells and the release of in-
flammatory factors [34].

Therefore, F. prausnitzii is a probiotic with an important
protective effect on the human intestine and its reduction
will lead to weakened intestinal anti-inflammatory and
immune regulation capabilities.

Some characteristics of F. prausnitzii such as the absence
of adhesion of epithelial cells [35], plasmids, antimicrobial
[19, 36] and hemolytic activity, and the presence of DNAse
activity [19] have been known to date. In addition, only the
reference strain F. prausnitzii A2-165 [37] and the biofilm
forming strain HTF-F [38] have been examined in vitro and
in vivo for their beneficial anti-inflammatory effects. Some
evidence points to this symbiotic intestinal bacterium, as-
sociated with intestinal barrier integrity and inflammation
regulation, as an emerging “gatekeeper of the gut.”
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3. Multiskilled Commensal Bacterium
F. prausnitzii

As a major member of the human microbiome, F. prausnitzii
is a multiskilled commensal organism. It is distributed
widely in the mammalian digestive tract. This bacterium has
a variety of biological functions, such as regulating the
immune response, suppressing inflammation, and pro-
moting the integrity of the intestinal barrier.

3.1. Anti-inflammatory Effects. F. prausnitzii is a commensal
bacterium with anti-inflammatory property, as demon-
strated in a clinical trial [32]. Various studies have dem-
onstrated decreasing abundance of F. prausnitzii in the gut
could reduce protection against inflammatory interactions.
This defensive mechanism possibly involves stimulating
active molecules to secrete anti-inflammatory while inhib-
iting the secretion of proinflammatory cytokines.
F. prausnitzii secretes anti-inflammatory molecules which
can block the IL-1B-induced NF-xf signaling pathway,
thereby reducing the production of interleukin IL-8 secreted
by intestinal epithelial cells [39]. Additionally, F. prausnitzii
can promote the secretion of IL-10 through peripheral blood
monocytes, dendritic cells (DCs), and macrophages [37, 40]
and consequently inhabit the synthesis of proinflammatory
cytokines such as IFN-y, TNF-«, IL-6, and IL-12 [41].
Through these mechanisms, the anti-inflammatory effect of
F. prausnitzii in colitis may be realized, and through its anti-
inflammatory properties, this bacterium may promote in-
testinal immune homeostasis.

3.2. Enhancement of Gut Barrier Function. Another key to
intestinal development and maturity is the establishment of
the integrity of the intestinal mucosa, which is not only
essential for the absorption of nutrients, but also necessary
for preventing bacteria and food antigens from entering the
underlying tissues [42]. The metabolites released by
F. prausnitzii have been shown to reduce the severity of
inflammation by improving the function of the intestinal
barrier and affecting paracellular permeability [43, 44]. Rossi
et al. reported that the cell-free supernatant of F. prausnitzii
can enhance the intestinal mucus barrier function by af-
fecting the permeability of epithelial cells [40]. The im-
provement in permeability of F. prausnitzii appears to be
related to the expression of certain tightly bound proteins
[43]. It was investigated that F. prausnitzii could increase the
levels of tight junction proteins occludin and E-cadherin and
decrease colonic permeability, alleviating inflammation both
in vitro and in vivo [45]. Moreover, F. prausnitzii may also
help to maintain sufficient proportions of various cell types
of secretory linage in the intestinal epithelium via the mucus
pathway and O-glycan mucus formation [31].

3.3. Effects of Metabolites. Although we have confirmed the
anti-inflammatory property of F. prausnitzii and its su-
pernatant, the exact active substance and its mechanism
have not been fully elucidated due to its complex

composition. As an acetate consumer, F. prausnitzii has
capacity to generate anti-inflammatory molecules such as
butyrate and salicylic acids [32]. A growing body of the
literature has reported that the main metabolites of
F. prausnitzii, butyrate, play an important role in its anti-
inflammatory activity. Butyrate is a short-chain fatty acid
(SCFA) produced by intestinal microorganisms fer-
menting dietary fiber [46]. Moreover, F. prausnitzii has
been consistently regarded as one of the main butyrate
producers found in the intestine [47]. Butyrate provides
energy (5-15% of the total calories) to the host and
regulates the immune system, thereby protecting the host
from pathogens [48].

Butyrate is secreted by intestinal microbiota and plays a
significant role in intestinal physiology and body function. It
is of great importance to prevent the invasion of pathogens,
regulate the immune system, and reduce cancer progression
[49]. As a representative of numerous pathways for electron
disposal in the gut microbiota, F. prausnitzii can form
butyrate, and its concomitant generation of NAD" and
decreased ferredoxin is able to facilitate immune response
modulation.

Salicylic acid is another metabolic product with anti-
inflammatory effects delivered by F. prausnitzii [32]. As
strong modulators of the inflammatory process, salicylic
acid can also block the activation of NF-«f to inhibit the
production of IL-8 as same as butyrate [50]. In the
pharmaceutical industry, it is commonly recognized that
salicylic acid can work as the forerunner of 5-amino-
salicylic acid (5-ASA), which is a drug prescribed in the
management procedure of IBD [24]. It has been docu-
mented in vitro that 10 mM of salicylic acid could reduce
the level of IL-8 as well as the concentration found in the
colon [32].

In addition, F. prausnitzii is capable of secreting anti-
inflammatory substances including butyrate and salicylic
acid, as previously described. Quévrain et al. reported
another anti-inflammatory compound producing by
F. prausnitzii called microbial anti-inflammatory mole-
cule (MAM), which can inhibit the trigger of NF-xB in
vitro and vivo as well [18, 34]. Since MAM operates ac-
tively at the center of signaling molecule IxB kinase «
(IKKa), extra management of signal transduction mole-
cules upstream or downstream of IKKa may significantly
enhance its effects. In general, MAM could reach all over
the body, and it can play a significant role in the regulation
of inflammatory complications at anatomical locations
outside of the intestine. The main mechanisms of
F. prausnitzii are shown in Figure 1.

4. The Diseases Related to F. prausnitzii

As an important part of healthy human gut commensals,
F. prausnitzii exerts significant actions on human health.
Accumulating studies showed that the dysbiosis caused by the
change of the count of F. prausnitzii in the intestine was closely
related to the onset of some intestinal diseases such as IBD,
irritable bowel syndrome (IBS), and colorectal cancer (CRC)
[37, 51, 52].
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FIGURE 1: Mechanism underlying the anti-inflammation and enhancement of barrier function of Faecalibacterium prausnitzii. The effector
molecules of F. prausnitzii encourage secretion of IL-10 from peripheral blood mononuclear cells (PBMCs), dendritic cells (DCs), and
macrophages, and thus, proinflammatory cytokines are downregulated. The metabolites from F. prausnitzii, butyrate and salicylic acid, can
block the secretion of IL-8 through inhibition of activation NF- «f signaling and inflammation. The metabolites and effector molecules of
F. prausnitzii can enhance the barrier function through providing growth factors from mucin degradation. F. prausnitzii could interact with
the host by strengthening the intestinal barrier or modulating mucin turnover and immune responses.

4.1. IBD. Inflammatory bowel disease (IBD), whose two
major forms are ulcerative colitis (UC) and Crohn’s disease
(CD) [53], is a chronic inflammation of the intestine induced
by immune response under environmental conditions such
as genetic susceptibility, diet, and antibiotic use. In the past
few decades, plenty of clinical research data has shown that
the composition and diversity of microbiota is modified in
patients with IBD. Compared to that in healthy people, an
increasing abundance of Proteobacteria was observed in the
fecal microbiota of patients with active CD and UC, while
lower fecal counts of Firmicutes were detected [37].
F. prausnitzii, as the most abundant bacteria in human

intestine, possesses a small amount in CD and UC patients
[54]. Machiels et al. found that there was a significant inverse
association between the count of F. prausnitzii and disease
activity in UC patients, even with the inactive disease [55].
Moreover, regarding the metabolites, decreasing short-chain
fatty acids were observed in patients with UC [55]. Recently,
Zhao et al. performed a systematic review and meta-analysis
involving patients with UC and CD [56]. They found that
both CD and UC patients had a lower abundance of
F. prausnitzii than the healthy controls and a lower count of
F. prausnitzii was detected in patients with active IBD in
contrast with those in remission. In addition, it was reported
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that patients receiving infliximab, a TNF-« blocker, showed
an increase in F. prausnitzii population [57], which sug-
gested a relationship in the pathomechanisms of IBD.

4.2. CDI. In addition to gut diseases, recent studies have
shown the potential relevance between F. prausnitzii and
infectious diseases such as CDI, HIV, and HBV. This will
undoubtedly be a hotspot on F. prausnitzii worth studying in
the future.

A study reported that patients with CDI had significantly
fewer members of F. prausnitzii in their fecal microbiota
than the healthy group [58]. Demirci et al. found that the
amount of F. prausnitzii was reduced in patients with allergic
diseases, which might suppress inflammation by decreasing
proinflammatory cytokines such as IL-12 and increasing
anti-inflammatory cytokine IL-10 [59]. Roychowdhury et al.
revealed that supplementation with anti-inflammatory bu-
tyrate-producing commensal bacteria and prebiotic might
help to promote innate immune responses and minimize
bacterial burden and adverse effects during a course of
antibiotic and Clostridium difficile exposure [60]. Moreover,
a study observed increased F. prausnitzii in a cured recurrent
CDI patient who had received fecal microbiota transplan-
tation (FMT) 4.5 years ago.

Le Bastard et al. [61] discovered that ampicillin resulted
in a sharp drop in bacterial species richness and diversity
along with a fall in the percentage of F. prausnitzii. In mice
receiving FMT, dysbiosis was immediately reversed with a
significant increase in F. prausnitzii.

4.3. Virus-Infected Gut Dysfunction. Furthermore, Lu et al.
found that gastrointestinal microbiota changes were linked
to CD4" T-cell counts and immune activation in those with
HIV [14]. In that study, F. prausnitzii is overrepresented in
HIV-infected individuals who are immunological ART
nonresponders or untreated compared to those immuno-
logical ART responders. Similarly, another study revealed
that F. prausnitzii was depleted in HIV-positive persons on
long-term ART compared to HIV-negative and the amount
of F. prausnitzii has a negative correlation with gut dys-
function [15]. It has also been observed that the count of
F. prausnitzii in asymptomatic carriers showed significant
variation, and the variation range was considerably higher in
patients with chronic hepatitis B and those with decom-
pensated HBV cirrhosis in comparison with healthy controls
[16]. These findings have revealed the potential connection
between F. prausnitzii and viral infectious diseases, sug-
gesting the possibility of F. prausnitzii as a targeted probiotic
in the treatment of viral infectious diseases.

5. Strategies to Modulate the Abundance of
F. prausnitzii

Due to the fact that all the F. prausnitzii strains from feces of
healthy individuals showed positive anti-inflammation [62],
it could be a promising target for therapeutic purpose.
However, the production of medical supplements using
obligate anaerobes, such as F. prausnitzii, is certainly a major

challenge owing to the requirements for anaerobic condi-
tions and mass production. Herein, we propose strategies to
increase the abundance of F. prausnitzii from three
perspectives.

5.1. Dietary Interventions Modulate F. prausnitzii. The
structure of microbial communities of human beings de-
pends, to a great extent, on the dietary factor, for bacterial
composition in the gut is closely related to the available
nutritional compounds [62]. The intake of the typical
westernized diet which means a large amount of animal
meat, sugar, animal fat, processed foods, and low fiber diet
could reduce F. prausnitzii, whereas a high fiber diet with
less meat can increase F. prausnitzii [63]. Hence, the
abundance of F. prausnitzii can be regulated through the
consumption of prebiotics and/or formulations. Treatment
with inulin-type fructans and fructo-oligosaccharides has
been demonstrated to increase the level of F. prausnitzii
compared to placebo (maltodextrin) in patients [64]. Sup-
plementation of prebiotic inulin-oligofructose also led to an
increase of F. prausnitzii in healthy individuals [65]. An
increase of F. prausnitzii was reported for red wine intake
compared to baseline in male metabolic syndrome patients
and healthy individuals [66]. Another study found that
healthy men who consumed polydextrose or soluble corn
fiber supplements had more F. prausnitzii than men who did
not take fiber supplements, suggesting that this might be
potential prebiotics [67]. In a research on the effects of a low-
energy diet with prebiotic properties for patients with type 2
diabetes, F. prausnitzii increased by 34% compared to a
placebo diet [68].

F. prausnitzii is reported to consume various diet in-
cluding polysaccharides, such as the prebiotic inulin, ara-
binoxylans, resistant starch, fructan supplement, and ectins
[63, 69]. As the most important modulators of gut micro-
biota, polysaccharides are generally consumed in the food
because of their relative security, availability, and low price.
A study demonstrated that increased consumption of
polysaccharides had the potential to give advantage to in-
dividuals with a typical western-style diet, on condition that
they take in enough dietary fiber [70]. As shown in several
meta-analyses, the increased intake of dietary fiber greatly
reduces the mortality risk [71].

5.2. Fecal Microbiota Transplantation. In recent years, there
has been considerable interest in FMT, which is implemented
by transferring the microbiota from healthy donors to people
suffering from dysbiosis to restore eubiotic state. In an earlier
study, van Nood et al. demonstrated that FMT could heal
recurrent CDI, targeting the gut microbiota which can exert
profound influence on the host metabolism [72]. Furthermore,
researchers found that infusion of donor feces was significantly
more effective for the treatment of recurrent CDI than the use
of antibiotics. Moreover, in order to treat Crohn’s disease and
ulcerative colitis, Cui et al. proposed a step-up FMT strategy
consisting of a FMT, then by further FMT steps or standard
IBD prescriptions depending upon the patient’s therapeutic
response [73]. It is known that FMT can influence the growth of
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Bacteroidetes and Firmicutes, especially F. prausnitzii [74]. A
recent study investigates the safety and effectiveness of FMT in
patients with mild or moderate UC by giving 47 patients
treatments of fresh FMT. It shows that FMT resulted in clinical
remission in patients with mild to moderate UC and that the
remission may be associated with significantly increased levels
of F. prausnitzii [75]. Sarrabayrouse et al. investigate changes in
recipient intestinal mucosa upon contact with a fecal sus-
pension (FS) obtained from a healthy donor by using a human
explant tissue model and an in vivo mouse model. Interestingly,
it shows that tissues with a low microbial load and a higher
relative abundance of Firmicutes were more susceptible to FMT
[76]. These studies suggest that F. prausnitzii can be a diag-
nostic and therapeutic candidate for the use of FMT in UC.

However, beneficial effects of FMT can be affected by
dietary and host immune factors. The microbial structure of
a healthy individual must be taken into account in time and
in accordance with dietary, immune, and aging influences.
In addition, the potential risk of the transmission of obesity
and metabolic syndrome associated flora ought not to be
ignored. FMT from the obese ones caused an increase in
adiposity in mice, indicating the potential risk of trans-
mission of some diseases associated flora [77]. Therefore,
FMT needs further assessment.

5.3. Cultivate F. prausnitzii In Vitro. In addition to fecal
microbiota transplantation and dietary regulation, how to
cultivate F. prausnitzii in vitro is of vital importance. At present,
the research on the isolation of F. prausnitzii and the explo-
ration of the relationship between F. prausnitzii and diseases
from the strain level are still in the preliminary stage at home
and abroad. Therefore, the isolation and identification of
F. prausnitzii and the screening of excellent strains that are
correlated with human health and have strong biological ac-
tivity have become an important prerequisite for further in-
depth research on it. F. prausnitzii is extremely oxygen-sen-
sitive, which may lose validity when exposed to the air for
2 minutes, and it is difficult to cultivate even in an anaerobic
environment [9]. Adding riboflavin and cysteine or glutathione
to the medium can make it grow in low oxygen environment
[78]. In order to adapt to the micro-oxygen environment in the
intestine, F. prausnitzii uses flavin and thiols as shuttle carriers
inside and outside the cell to transfer electrons to oxygen and
protect itself from oxidative stress [78]. Khan et al. found that
the obligate anaerobic F. prausnitzii can be kept alive at am-
bient air for 24h in a growth medium formulated with the
antioxidants cysteine and riboflavin plus the cryoprotectant
inulin [79]. It suggests that we can improve the growth of
F. prausnitzii in vitro by changing the composition of the
medium.

6. Potential Clinical Applications of
F. prausnitzii in Diseases, Even in COVID-
19 Infection

Since F. prausnitzii is extremely sensitive to changes in the
intestinal environment, fecal- or mucosal-related F. prausnitzii
can be regarded as a potential biomarker for diagnosis of

intestinal diseases. However, a single bacterial species cannot be
a universal biomarker for all types of diseases. Lopez-Siles
proposed that the F-E index obtained by combining the
abundance of F. prausnitzii and E. coli can be a better indicator
than the single specie [80], which could discriminate between
CD, IBS, and CRC [25, 52, 80], also distinguish CRC patients
from other intestinal diseases. Since IBD is a chronic disease,
many researchers paid their attention to the use of biomarkers
to predict its prognosis. The lower CD activity index, C-reactive
protein levels, and erythrocyte sedimentation rate have been
demonstrated to be related to higher F. prausnitzii counts in
feces [12]. Furthermore, disease remission could recover the
abundance of F. prausnitzii in feces [13, 25]. However, the
current research studies on the characteristics and functions of
this bacteria are not enough intensive and extensive. There is a
need for more in-depth study on the functional activity of
F. prausnitzii and its potential as a biomarker.

In addition, as a treatment strategy, transplantation of
F. prausnitzii has been widely used in dysbiosis of the intestinal
flora that is associated with the inflammation, autoimmune
disease, and infectious diseases. Butyrate-producing bacteria
have been demonstrated to prevent translocation of endotoxic,
which is a compound produced by the gut microbiota and has
been reported to drive insulin resistance [81]. Sokol et al. [13]
designed an in vitro experiment to prove that human immune
cells with F. prausnitzii can show a potential anti-inflammatory
response in the gut. At the same time, they revealed that the
transplantation of F. prausnitzii in mice could shield the gut
epithelium from destruction and inhibit gut inflammation
induced by experimental reagents. Additionally, several re-
search studies have demonstrated that oral F. prausnitzii has an
anti-inflammatory effect in IBD mice models [82, 83]. Overall,
transplantation of gut microbiota particularly F. prausnitzii
from a healthy individual to subjects with metabolic syndrome
or intestinal inflammation could modulate dysbiosis and in-
hibit downstream proinflammatory response.

Furthermore, respiratory viral infections have been re-
ported to be associated with altered gut microbial structure,
which predispose patients to secondary bacterial infections
[84]. Probiotics may be an effective adjuvant strategy for the
treatment and prophylaxis of viral infections including
COVID-19. Numerous experts and scholars have proposed the
use of probiotics to participate in the treatment of COVID-19
[85, 86], so it is important to screen out new probiotics.
Moreover, according to a recent science blog by the IASPP
(International Scientific Association for Probiotics and Pre-
biotics), numerous researchers around the world are studying
the susceptibility of the microbiome to COVID-19 and
assessing the ability of various probiotic strains to reduce viral
load through multiple mechanisms of action.

Researchers performed transcriptome sequencing on the
bronchoalveolar lavage fluid of COVID-19 patients, and the
results showed that the microbiota was dominated by
pathogens or oral and upper respiratory commensal bacteria
[87]. Furthermore, it has been demonstrated comorbidities
generally associated with severe COVID-19 are closely re-
lated to alterations in bacteria taxa from the phyla Bacter-
oidetes and Firmicutes [88, 89], which were reported to
regulate ACE2 expression in rodents.
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To the best of our knowledge, ACE2 is known as the
receptor for SARS-CoV-2 to enter the host, which is highly
expressed in both the respiratory and gastrointestinal tract
[90]. In addition, it plays a role in controlling intestinal
inflammation and maintaining intestinal microbial ecology
[91]. Interestingly, Firmicutes species seemed to have diverse
roles in regulating ACE2 expression in the colon of mice
models [92]. Moreover, Zuo et al. found that there was an
inverse correlation between abundance of F. prausnitzii and
COVID-19 severity [93]. In this study, F. prausnitzii was
discovered to be one of the top bacterial species which show
a negative correlation with COVID-19 severity.

Clinical data showed that older patients and those with
underlying chronic diseases related to inflammation (such as
hypertension, obesity, diabetes, and coronary artery disease)
had higher SARS-CoV-2 mortality and morbidity [94, 95].
Interestingly, the abundance of F. prausnitzii was reported to
be lower in these subjects compared with healthy individuals
[96-98]. Hence, it seems reasonable that F. prausnitzii can be
an add-on therapy for the management of COVID-19.

The possible role of F. prausnitzii abundance in COVID-
19 infection in terms of gut integrity and inflammation
needs to be further elucidated. Its potential prognostic and
therapeutic value in SARS-CoV-2 infections is waiting to be
explored.

Conflicts of Interest

The authors declare that there are no conflicts of interest
regarding the publication of this paper.

Acknowledgments

This work was supported by grants from the National
Natural Science Foundation of China (81771085) and Key
Projects of Sichuan Provincial Department of Science and
Technology (2020YFSY0008).

References

[1] D. E. Kiousi, “Probiotics in extraintestinal diseases: current
trends and new directions,” Nutrients, vol. 11, no. 4, p. 788,
2019.

[2] B. Strasser et al., “Probiotic supplements beneficially affect
tryptophan-kynurenine metabolism and reduce the incidence
of upper respiratory tract infections in trained athletes: a
randomized, double-blinded, placebo-controlled trial,” Nu-
trients, vol. 8, no. 11, 2016.

[3] L. Tapiovaara, L. Lehtoranta, T. Poussa, H. Mikivuokko,
R. Korpela, and A. Pitkdranta, “Absence of adverse events in
healthy individuals using probiotics-analysis of six rando-
mised studies by one study group,” Beneficial Microbes, vol. 7,
no. 2, pp. 161-169, 2016.

[4] O. Kanauchi, A. Andoh, S. AbuBakar, and N. Yamamoto,
“Probiotics and paraprobiotics in viral infection: clinical
application and effects on the innate and acquired immune
systems,” Current Pharmaceutical Design, vol. 24, no. 6,
pp. 710-717, 2018.

[5] K. Eguchi, N. Fujitani, H. Nakagawa, and T. Miyazaki,
“Prevention of respiratory syncytial virus infection with

probiotic lactic acid bacterium Lactobacillus gasseri

SBT2055,” Scientific Reports, vol. 9, no. 1, p. 4812, 2019.

H. Szajewska and M. Kolodziej, “Systematic review with meta-

analysis:Lactobacillus rhamnosusGG in the prevention of

antibiotic-associated diarrhoea in children and adults,” Ali-

mentary Pharmacology & Therapeutics, vol. 42, no. 10,

pp. 1149-1157, 2015.

[7] M. Urbanska, D. Gieruszczak-Bialek, and H. Szajewska,
“Systematic review with meta-analysis: Lactobacillus reuteri
DSM 17938 for diarrhoeal diseases in children,” Alimentary
Pharmacology & Therapeutics, vol. 43, no. 10, pp. 1025-1034,
2016.

[8] Y. Cao, J. Shen, and Z. H. Ran, “Association between
Faecalibacterium prausnitzii reduction and inflammatory
bowel disease: a meta-analysis and systematic review of the
literature,” Gastroenterology Research and Practice,
vol. 2014, Article ID 872725, 2014.

[9] S. H. Duncan, “Growth requirements and fermentation
products of Fusobacterium prausnitzii, and a proposal to
reclassify it as Faecalibacterium prausnitzii gen. nov., comb.
nov,” International Journal of Systematic and Evolutionary
Microbiology, vol. 52, no. Pt 6, pp. 2141-2146, 2002.

[10] C. V. Ferreira-Halder, A. V. d. S. Faria, and S. S. Andrade,
“Action and function of Faecalibacterium prausnitzii in health
and disease,” Best Practice & Research Clinical Gastroenter-
ology, vol. 31, no. 6, pp. 643-648, 2017.

[11] M. Lopez-Siles, M. Martinez-Medina, C. Abella et al., “Mu-
cosa-associated Faecalibacterium prausnitzii phylotype rich-
ness is reduced in patients with inflammatory bowel disease,”
Applied and Environmental Microbiology, vol. 81, no. 21,
pp. 7582-7592, 2015.

[12] T. Fujimoto, H. Imaeda, K. Takahashi et al., “Decreased
abundance of Faecalibacterium prausnitzii in the gut
microbiota of crohn’s disease,” Journal of Gastroenterology
and Hepatology, vol. 28, no. 4, pp. 613-619, 2013.

[13] H. Sokol, P. Seksik, J. P. Furet et al., “Low counts of Faeca-
libacterium prausnitzii in colitis microbiota,” Inflammatory
Bowel Diseases, vol. 15, no. 8, pp. 1183-1189, 2009.

[14] W. Lu, “Association between gut microbiota and CD4 re-
covery in HIV-1 infected patients,” Frontiers in Microbiology,
vol. 9, p. 1451, 2018.

[15] S. Pinto-Cardoso, “Fecal bacterial communities in treated
HIV infected individuals on two antiretroviral regimens,”
Scientific Reports, vol. 7, p. 43741, 2017.

[16] H. Lu, Z. Wu, W. Xu, J. Yang, Y. Chen, and L. Li, “Intestinal
microbiota was assessed in cirrhotic patients with hepatitis B
virus infection,” Microbial Ecology, vol. 61, no. 3, pp. 693-703,
2011.

[17] X. Qiu, M. Zhang, X. Yang, N. Hong, and C. Yu, “Faecali-
bacterium prausnitzii upregulates regulatory T cells and anti-
inflammatory cytokines in treating TNBS-induced colitis,”
Journal of Crohn’s and Colitis, vol. 7, no. 11, pp. e558-¢568,
2013.

[18] N. M. Breyner, “Microbial anti-inflammatory molecule
(MAM) from Faecalibacterium prausnitzii shows a protective
effect on DNBS and DSS-induced colitis model in mice
through inhibition of NF-«B pathway,” Frontiers in Micro-
biology, vol. 8, p. 114, 2017.

[19] R. Martin, S. Miquel, L. Benevides et al., “Functional char-
acterization of novel Faecalibacterium prausnitzii strains
isolated from healthy volunteers: a step forward in the use of
F. Prausnitzii as a next-generation probiotic,” Frontiers in
Microbiology, vol. 8, p. 1226, 2017.

[6



8 Canadian Journal of Infectious Diseases and Medical Microbiology

[20] P. Louis and H. J. Flint, “Diversity, metabolism and microbial
ecology of butyrate-producing bacteria from the human large
intestine,” FEMS Microbiology Letters, vol. 294, no. 1, pp. 1-8,
2009.

[21] M. Lopez-Siles, T. M. Khan, S. H. Duncan, H. J. M. Harmsen,
L. J. Garcia-Gil, and H. J. Flint, “Cultured representatives of
two major phylo groups of human colonic Faecalibacterium
prausnitzii can utilize pectin, uronic acids, and host-derived
substrates for growth,” Applied and Environmental Microbi-
ology, vol. 78, no. 2, pp. 420-428, 2012.

[22] G. L. Hold, A. Schwiertz, R. I. Aminov, M. Blaut, and
H. J. Flint, “Oligonucleotide probes that detect quantitatively
significant groups of butyrate-producing bacteria in human
feces,” Applied and Environmental Microbiology, vol. 69, no. 7,
pp. 4320-4324, 2003.

[23] R. F. J. Benus, T. S. van der Werf, G. W. Welling et al,
“Association between Faecalibacterium prausnitzii and die-
tary fibre in colonic fermentation in healthy human subjects,”
British Journal of Nutrition, vol. 104, no. 5, pp. 693-700, 2010.

[24] Y. Dorftel, A. Swidsinski, V. Loening-Baucke, B. Wiedenmann,
and M. Pavel, “Common biostructure of the colonic microbiota
in neuroendocrine tumors and crohn’s disease and the effect of
therapy,” Inflammatory Bowel Diseases, vol. 18, no. 9,
pp. 1663-1671, 2012.

[25] A. Swidsinski, V. Loening-Baucke, M. Vaneechoutte, and
Y. Doerffel, “Active Crohn’s disease and ulcerative colitis can
be specifically diagnosed and monitored based on the bio-
structure of the fecal flora,” Inflammatory Bowel Diseases,
vol. 14, no. 2, pp. 147-161, 2008.

[26] J. Hansen, A. Gulati, and R. B. Sartor, “The role of mucosal
immunity and host genetics in defining intestinal commensal
bacteria,” Current Opinion in Gastroenterology, vol. 26, no. 6,
pp. 564-571, 2010.

[27] P. L. Miller and T. L. Carson, “Mechanisms and microbial
influences on CTLA-4 and PD-1-based immunotherapy in the
treatment of cancer: a narrative review,” Gut Pathogens,
vol. 12, p. 43, 2020.

[28] Q. Zhai, D. Qu, S. Feng et al., “Oral supplementation of lead-
intolerant intestinal microbes protects against lead (Pb)
toxicity in mice,” Frontiers in Microbiology, vol. 10, p. 3161,
2019.

[29] N. Mohebali, “Barrier protection and recovery effects of gut
commensal bacteria on differentiated intestinal epithelial cells
in vitro,” Nutrients, vol. 12, no. 8, 2020.

[30] J.C. Clemente, L. K. Ursell, L. W. Parfrey, and R. Knight, “The
impact of the gut microbiota on human health: an integrative
view,” Cell, vol. 148, no. 6, pp. 1258-1270, 2012.

[31] L. Wrzosek, S. Miquel, M.-L. Noordine et al., “Bacteroides
thetaiotaomicron and Faecalibacterium prausnitzii influence
the production of mucus glycans and the development of
goblet cells in the colonic epithelium of a gnotobiotic model
rodent,” BMC Biology, vol. 11, no. 1, p. 61, 2013.

[32] S. Miquel, M. Leclerc, R. Martin et al., “Identification of
metabolic signatures linked to anti-inflammatory effects of
Faecalibacterium prausnitzii,” mBio, vol. 6, no. 2, 2015.

[33] T. W. Hoffmann, H.-P. Pham, C. Bridonneau et al., “Mi-
croorganisms linked to inflammatory bowel disease-associ-
ated dysbiosis differentially impact host physiology in
gnotobiotic mice,” The ISME Journal, vol. 10, no. 2,
pp. 460-477, 2016.

[34] E. Quévrain, M. A. Maubert, C. Michon et al., “Identification
of an anti-inflammatory protein from Faecalibacterium
prausnitzii, a commensal bacterium deficient in Crohn’s
disease,” Gut, vol. 65, no. 3, pp. 415-425, 2016.

[35] M. Altamimi, O. Abdelhay, and R. A. Rastall, “Effect of oli-
gosaccharides on the adhesion of gut bacteria to human HT-
29 cells,” Anaerobe, vol. 39, pp. 136-142, 2016.

[36] R. M. Jones, “The influence of the gut microbiota on host
physiology: in pursuit of mechanisms,” The Yale Journal of
Biology and Medicine, vol. 89, no. 3, pp. 285-297, 2016.

[37] H. Sokol, B. Pigneur, L. Watterlot et al., “Faecalibacterium
prausnitzii is an anti-inflammatory commensal bacterium
identified by gut microbiota analysis of Crohn disease pa-
tients,” Proceedings of the National Academy of Sciences of the
United States of America, vol. 105, no. 43, pp. 16731-16736,
2008.

[38] O.Rossi et al., “Faecalibacterium prausnitzii strain HTF-F and

its extracellular polymeric matrix attenuate clinical parame-

ters in DSS-induced colitis,” PLoS One, vol. 10, no. 4, Article

ID 0123013, 2015.

H. Sokol, P. Seksik, L. Rigottier-Gois et al., “Specificities of the

fecal microbiota in inflammatory bowel disease,” Inflam-

matory Bowel Diseases, vol. 12, no. 2, pp. 106-111, 2006.

[40] O. Rossi, L. A. van Berkel, F. Chain et al., “Faecalibacterium
prausnitzii A2-165 has a high capacity to induce IL-10 in
human and murine dendritic cells and modulates T cell re-
sponses,” Scientific Reports, vol. 6, no. 1, p. 18507, 2016.

[41] J.-P. Furet, L.-C. Kong, J. Tap et al., “Differential adaptation of
human gut microbiota to bariatric surgery-induced weight
loss: links with metabolic and low-grade inflammation
markers,” Diabetes, vol. 59, no. 12, pp. 3049-3057, 2010.

[42] K.R. Groschwitz and S. P. Hogan, “Intestinal barrier function:
molecular regulation and disease pathogenesis,” Journal of
Allergy and Clinical Immunology, vol. 124, no. 1, pp. 3-20,
2009.

[43] A. H. Carlsson, O. Yakymenko, I. Olivier et al., “Faecali-
bacterium prausnitzii supernatant improves intestinal barrier
function in mice DSS colitis,” Scandinavian Journal of Gas-
troenterology, vol. 48, no. 10, pp. 1136-1144, 2013.

[44] R. Martin, S. Miquel, F. Chain et al., “Faecalibacterium
prausnitzii prevents physiological damages in a chronic low-
grade inflammation murine model,” BMC Microbiology,
vol. 15, p. 67, 2015.

[45] L. Laval, R. Martin, J. Natividad et al., “Lactobacillus rham-
nosusCNCM  1-3690 and the commensal bacter-
iumFaecalibacterium  prausnitziiA2-165 exhibit similar
protective effects to induced barrier hyper-permeability in
mice,” Gut Microbes, vol. 6, no. 1, pp. 1-9, 2015.

[46] A. Wichtershiuser and J. Stein, “Rationale for the luminal
provision of butyrate in intestinal diseases,” European Journal
of Nutrition, vol. 39, no. 4, pp. 164-171, 2000.

[47] S. H. Duncan, G. Holtrop, G. E. Lobley, A. G. Calder,
C. S. Stewart, and H. J. Flint, “Contribution of acetate to
butyrate formation by human faecal bacteria,” British Journal
of Nutrition, vol. 91, no. 6, pp. 915-923, 2004.

[48] S. Miquel, R. Martin, O. Rossi et al, “Faecalibacterium
prausnitzii and human intestinal health,” Current Opinion in
Microbiology, vol. 16, no. 3, pp. 255-261, 2013.

[49] G. T. Macfarlane and S. Macfarlane, “Fermentation in the
human large intestine,” Journal of Clinical Gastroenterology,
vol. 45, no. Suppl, pp. S120-S127, 2011.

[50] A. Tiran, H.-J. Gruber, W. F. Graier, A. H. Wagner,
E. B. M. van Leeuwen, and B. Tiran, “Aspirin Inhibits-
Chlamydia pneumoniae-induced nuclear factor-«b activation,
cytokine expression, and bacterial development in human
endothelial cells,” Arteriosclerosis, Thrombosis, and Vascular
Biology, vol. 22, no. 7, pp. 1075-1080, 2002.

[39



Canadian Journal of Infectious Diseases and Medical Microbiology

(51]

[52

[53

[54

(55

[56

(57]

(58]

(59]

(60

(61]

[62

(63]

(64]

(65]

H.-N. Liu, H. Wu, Y.-Z. Chen, Y.-J. Chen, X.-Z. Shen, and
T.-T. Liu, “Altered molecular signature of intestinal micro-
biota in irritable bowel syndrome patients compared with
healthy controls: a systematic review and meta-analysis,”
Digestive and Liver Disease, vol. 49, no. 4, pp. 331-337, 2017.
M. Lopez-Siles, M. Martinez-Medina, R. Suris-Valls et al.,
“Changes in the abundance of Faecalibacterium prausnitzii
phylogroups I and IT in the intestinal mucosa of inflammatory
bowel disease and patients with colorectal cancer,” Inflam-
matory Bowel Diseases, vol. 22, no. 1, pp. 28-41, 2016.

L. Chen, W. Wang, R. Zhou et al., “Characteristics of fecal and
mucosa-associated microbiota in Chinese patients with in-
flammatory bowel disease,” Medicine, vol. 93, no. 8, p. €51,
2014.

E. Varela, C. Manichanh, M. Gallart et al., “Colonisation
byFaecalibacterium prausnitziiand maintenance of clinical
remission in patients with ulcerative colitis,” Alimentary
Pharmacology & Therapeutics, vol. 38, no. 2, pp. 151-161, 2013.
K. Machiels, M. Joossens, J. Sabino et al., “A decrease of the
butyrate-producing speciesRoseburia hominisand Faecali-
bacterium prausnitzii defines dysbiosis in patients with ul-
cerative colitis,” Gut, vol. 63, no. 8, pp. 1275-1283, 2014.

H. Zhao, “Systematic review and meta-analysis of the role of
Faecalibacterium prausnitzii alteration in inflammatory bowel
disease,” Journal of Gastroenterology and Hepatology, vol. 36,
no. 2, pp. 320-328, 2020.

H. Schifller, A. Kaschitzki, C. Alberts et al., “Alterations in the
mucosa-associated bacterial composition in Crohn’s disease: a
pilot study,” International Journal of Colorectal Disease,
vol. 31, no. 5, pp. 961-971, 2016.

B. Vakili A. Fateh, H. Asadzadeh Aghdaei,
F. Sotoodehnejadnematalahi, and S. D. Siadat, “Intestinal
microbiota in elderly inpatients with clostridioides difficile
infection,” Infection and Drug Resistance, vol. 13, pp. 2723-
2731, 2020.

M. Demirci, H. B. Tokman, H. K. Uysal et al, “Reduced
Akkermansia muciniphila and Faecalibacterium prausnitzii
levels in the gut microbiota of children with allergic asthma,”
Allergologia et Immunopathologia, vol. 47, no. 4, pp. 365-371,
2019.

S. Roychowdhury, J. Cadnum, B. Glueck, M. Obrenovich,
C. Donskey, and G. A. M. Cresci, “Faecalibacterium praus-
nitzii and a prebiotic protect intestinal health in a mouse
model of antibiotic and Clostridium difficile exposure,”
Journal of Parenteral and Enteral Nutrition, vol. 42, no. 7,
pp. 1156-1167, 2018.

Q. Le Bastard, T. Ward, D. Sidiropoulos et al., “Fecal
microbiota transplantation reverses antibiotic and chemo-
therapy-induced gut dysbiosis in mice,” Scientific Reports,
vol. 8, no. 1, p. 6219, 2018.

A. Cattaneo, N. Cattane, S. Galluzzi et al., “Association of
brain amyloidosis with pro-inflammatory gut bacterial taxa
and peripheral inflammation markers in cognitively impaired
elderly,” Neurobiology of Aging, vol. 49, pp. 60-68, 2017.

Y. Benno, K. Endo, H. Miyoshi, T. Okuda, H. Koishi, and
T. Mitsuoka, “Effect of rice fiber on human fecal microflora,”
Microbiology and Immunology, vol. 33, no. 5, pp. 435-440,
1989.

D. G. Burke, “The altered gut microbiota in adults with cystic
fibrosis,” BMC Microbiology, vol. 17, no. 1, p. 58, 2017.

T. Yang, M. M. Santisteban, V. Rodriguez et al., “Gut dysbiosis
is linked to hypertension,” Hypertension, vol. 65, no. 6,
pp. 1331-1340, 2015.

(6]

(67]

(68]

(69]

(70]

(71]

(72]

(73]

(74]

(75]

(76]

(77]

(78]

(79]

(80]

(81]

P. Blatchford, H. Stoklosinski, S. Eady et al., “Consumption of
kiwifruit capsules increases Faecalibacterium prausnitzii
abundance in functionally constipated individuals: a rando-
mised controlled human trial,” Journal of Nutritional Science,
vol. 6, p. €52, 2017.

K. Rea, S. M. O’'Mahony, T. G. Dinan, and J. F. Cryan, “The
role of the gastrointestinal microbiota in visceral pain,”
Gastrointestinal Pharmacology, vol. 239, pp. 269-287, 2017.

S. Musilova, N. Modrackova, P. Hermanova et al., “Assess-
ment of the synbiotic properites of human milk oligosac-
charides and Bifidobacterium longum subsp. infantis in vitro
and in humanised mice,” Beneficial Microbes, vol. 8, no. 2,
pp. 281-289, 2017.

A. Heinken, M. T. Khan, G. Paglia, D. A. Rodionov,
H.J. M. Harmsen, and I. Thiele, “Functional metabolic map of
Faecalibacterium prausnitzii, a beneficial human gut mi-
crobe,” Journal of Bacteriology, vol. 196, no. 18, pp. 3289-3302,
2014.

C. McGill, V. Iii 3rd, and L. Devareddy, “Ten-year trends in
fiber and whole grain intakes and food sources for the United
States population: national health and nutrition examination
survey 2001-2010,” Nutrients, vol. 7, no. 2, pp. 1119-1130,
2015.

C. Haro, S. Garcia-Carpintero, J. F. Alcala-Diaz et al., “The gut
microbial community in metabolic syndrome patients is
modified by diet,” The Journal of Nutritional Biochemistry,
vol. 27, pp. 27-31, 2016.

E. van Nood, A. Vrieze, M. Nieuwdorp et al., “Duodenal
infusion of donor feces for RecurrentClostridium difficile,”
New England Journal of Medicine, vol. 368, no. 5, pp. 407-415,
2013.

B. Cui, P. Li, L. Xu et al., “Step-up fecal microbiota trans-
plantation (FMT) strategy,” Gut Microbes, vol. 7, no. 4,
pp. 323-328, 2016.

A. Weingarden, “Dynamic changes in short- and long-term
bacterial composition following fecal microbiota transplan-
tation for recurrent Clostridium difficile infection,” Micro-
biome, vol. 3, p. 10, 2015.

H. T. Chen, “Fecal microbiota transplantation ameliorates
active ulcerative colitis,” Experimental and Therapeutic
Medicine, vol. 19, no. 4, pp. 2650-2660, 2020.

G. Sarrabayrouse, “Mucosal microbial load in Crohn’s disease:
a potential predictor of response to faecal microbiota trans-
plantation,” EBioMedicine, vol. 51, Article ID 102611, 2020.

V. K. Ridaura, J. J. Faith, F. E. Rey et al., “Gut microbiota from
twins discordant for obesity modulate metabolism in mice,”
Science (New York, N.Y.), vol. 341, no. 6150, Article ID
1241214, 2013.

M. T. Khan, S. H. Duncan, A. J. M. Stams, J. M. van Dijl,
H. J. Flint, and H. J. M. Harmsen, “The gut anaerobe Fae-
calibacterium prausnitzii uses an extracellular electron shuttle
to grow at oxic-anoxic interphases,” The ISME Journal, vol. 6,
no. 8, pp. 1578-1585, 2012.

M. T. Khan, J. M. van Dijl, and H. J. Harmsen, “Antioxidants
keep the potentially probiotic but highly oxygen-sensitive
human gut bacterium Faecalibacterium prausnitzii alive at
ambient air,” PLoS One, vol. 9, no. 5, Article ID 96097, 2014.
M. Lopez-Siles, “Mucosa-associated Faecalibacterium
prausnitzii and Escherichia coli co-abundance can distinguish
irritable bowel syndrome and inflammatory bowel disease
phenotypes,” International Journal of Medical Microbiology,
vol. 304, no. 3-4, pp. 464-475, 2014.

A. Vrieze, E. Van Nood, F. Holleman et al., “Transfer of
intestinal microbiota from lean donors increases insulin



10 Canadian Journal of Infectious Diseases and Medical Microbiology

sensitivity in individuals with metabolic syndrome,” Gas-

troenterology, vol. 143, no. 4, pp. 913-916, 2012.

G. Sarrabayrouse, “CD4CD8a« lymphocytes, a novel human

regulatory T cell subset induced by colonic bacteria and de-

ficient in patients with inflammatory bowel disease,” PLoS

Biology, vol. 12, no. 4, Article ID 1001833, 2014.

[83] M. Lorea Baroja, P. V. Kirjavainen, S. Hekmat, and G. Reid,
“Anti-inflammatory effects of probiotic yogurt in inflam-
matory bowel disease patients,” Clinical ¢ Experimental
Immunology, vol. 149, no. 3, pp. 470-479, 2007.

[84] S. Hanada, M. Pirzadeh, K. Y. Carver, and J. C. Deng, “Re-

spiratory viral infection-induced microbiome alterations and

secondary bacterial pneumonia,” Front Immunol, vol. 9,

p. 2640, 2018.

D. Dhar and A. Mohanty, “Gut microbiota and Covid-19-

possible link and implications,” Virus Research, vol. 285,

Article ID 198018, 2020.

[86] F. Anwar, H. N. Altayb, F. A. Al-Abbasi, A. L. Al-Malki,

M. A. Kamal, and V. Kumar, “Antiviral effects of probiotic

metabolites on COVID-19,” Journal of Biomolecular Structure

and Dynamics, vol. 2020, pp. 1-10, 2020.

Z. Shen, Y. Xiao, L. Kang et al., “Genomic diversity of severe

acute respiratory syndrome-coronavirus 2 in patients with

coronavirus disease 2019,” Clinical Infectious Diseases, vol. 71,

no. 15, pp. 713-720, 2020.

T. Emoto, T. Yamashita, N. Sasaki et al.,, “Analysis of gut

microbiota in coronary artery disease patients: a possible link

between gut microbiota and coronary artery disease,” Journal

of Atherosclerosis and Thrombosis, vol. 23, no. 8, pp. 908-921,

2016.

[89] R.E. Ley, P. . Turnbaugh, S. Klein, and J. I. Gordon, “Human
gut microbes associated with obesity,” Nature, vol. 444,
no. 7122, pp. 1022-1023, 2006.

[90] J. Shang, G. Ye, K. Shi et al,, “Structural basis of receptor
recognition by SARS-CoV-2,” Nature, vol. 581, no. 7807,
pp. 221-224, 2020.

[91] T.Hashimoto, T. Perlot, A. Rehman et al., “ACE2 links amino
acid malnutrition to microbial ecology and intestinal in-
flammation,” Nature, vol. 487, no. 7408, pp. 477-481, 2012.

[92] N. Geva-Zatorsky, E. Sefik, L. Kua et al., “Mining the human
gut microbiota for immunomodulatory organisms,” Cell,
vol. 168, no. 5, pp. 928-943, 2017.

[93] T. Zuo, F. Zhang, G. C. Y. Lui et al, “Alterations in gut
microbiota of patients with COVID-19 during time of hos-
pitalization,” Gastroenterology, vol. 159, no. 3, pp. 944-955,
2020.

[94] Q. Cai, F. Chen, T. Wang et al., “Obesity and COVID-19
severity in a designated hospital in Shenzhen, China,” Dia-
betes Care, vol. 43, no. 7, pp. 1392-1398, 2020.

[95] M. A. Hill, C. Mantzoros, and J. R. Sowers, “Commentary:
COVID-19 in patients with diabetes,” Metabolism, vol. 107,
Article ID 154217, 2020.

[96] K. E. Wellen and G. S. Hotamisligil, “Inflammation, stress,
and diabetes,” Journal of Clinical Investigation, vol. 115, no. 5,
pp. 1111-1119, 2005.

[97] E.J. Verdam, S. Fuentes, C. de Jonge et al., “Human intestinal
microbiota composition is associated with local and systemic
inflammation in obesity,” Obesity, vol. 21, no. 12,
pp. E607-E615, 2013.

[98] A. C. de Moraes, G. R. Fernandes, I. T. da Silva et al,,
“Enterotype may drive the dietary-associated cardiometabolic
risk factors,” Frontiers in Cellular and Infection Microbiology,
vol. 7, p. 47, 2017.

[82

[85

(87

(88



Hindawi

Canadian Journal of Infectious Diseases and Medical Microbiology
Volume 2021, Article ID 6622092, 9 pages
https://doi.org/10.1155/2021/6622092

Research Article

Hindawi

Cytotoxin-Associated Gene A-Positive Helicobacter pylori
Promotes Autophagy in Colon Cancer Cells by Inhibiting

miR-125b-5p

Xiaolin Zhong ,12 Ou Chen ®,’ TieJun Zhou ®,* Muhan Lii®,"? and Juyi Wan 657

'Department of Gastroenterology, The Affiliated Hospital of Southwest Medical University, Luzhou 646000, China
’Nuclear Medicine and Molecular Imaging Key Laboratory of Sichuan Province, Luzhou 646000, China

*Department of Gastroenterology, Ya'an People’s Hospital, Ya’an 625000, China

*Department of Pathology, The Affiliated Hospital of Southwest Medical University, Luzhou 646000, China
*Department of Cardiovascular Surgery, The Affiliated Hospital of Southwest Medical University, Luzhou 646000, China
Cardiovascular and Metabolic Diseases Key Laboratory of Luzhou, Luzhou 646000, China

“Key Laboratory of Medical Electrophysiology,

Ministry of Education & Medical Electrophysiological Key Laboratory of Sichuan Province,
(Collaborative Innovation Center for Prevention of Cardiovascular Diseases) Institute of Cardiovascular Research,

Southwest Medical University, Luzhou 646000, China

Correspondence should be addressed to Juyi Wan; wanjuyi@yeah.net

Xiaolin Zhong and Ou Chen contributed equally to this work.

Received 18 November 2020; Revised 31 January 2021; Accepted 8 February 2021; Published 2 March 2021

Academic Editor: Tingtao Chen

Copyright © 2021 Xiaolin Zhong et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Objectives. To investigate the effects of cytotoxin-associated gene A- (CagA-) positive Helicobacter pylori on proliferation, in-
vasion, autophagy, and expression of miR-125b-5p in colon cancer cells. Methods. Colon cancer cells were cocultured with
H. pylori (CagA+) to analyze the effects of H. pylori on miR-125b-5p and autophagy. Colon cancer cells infected with H. pylori
(CagA+) were mimicked by transfection of CagA plasmid. The effects of CagA on the proliferation, invasion, and autophagy of
colon cancer cells were analyzed. Cell counting kit-8 (CCK-8), clone formation, and Transwell assays were used to detect cell
viability, proliferation, and invasion ability, respectively. Proteins and miRNAs were detected by western blotting and qPCR,
respectively. Results. H. pylori (CagA+) inhibited expression of miR-125b-5p and promoted autophagy in colon cancer cells. MiR-
125b-5p was underexpressed in colon cancer cells after CagA overexpression. CagA promoted colon cancer cell proliferation,
invasion, and autophagy. Overexpression of miR-125b-5p inhibited the proliferation, invasion, and autophagy of colon cancer
cells and reversed the effects of CagA. Conclusion. H. pylori (CagA+) infection may promote the development and invasion of
colon cancer by inhibiting miR-125b-5p.

1. Introduction

Colon cancer is a common digestive tract tumor that usually
occurs in people aged 40-50 years. According to a report,
colon cancer is one of the most common tumors in China,
and survey statistics show that the incidence of colon cancer
among young people is increasing [1-3]. Despite tremen-
dous breakthroughs in the detection and treatment of colon
cancer, the 5-year survival rate of colon cancer patients is
still not satisfactory. Indeed, more than 50% of patients with

colon cancer have distant metastasis at diagnosis, which is an
important factor leading to poor prognosis [4, 5].
Helicobacter pylori (H. pylori) is the major virulence
factor of chronic gastritis and peptic ulcers, which are closely
related to the pathogenesis of gastric mucosa lymphoid
tissue lymphoma and gastric cancer [6-8]. In recent years, it
has been found that H. pylori may be associated with the
pathogenesis of colon cancer and polyps. Zumbkeller et al.
first discovered through metastasis analysis that H. pylori
infection is potentially linked to the pathogenesis of colon
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cancer and adenomatous polyps [9]. Teimoorian et al. also
found that H. pylori is associated with colon cancer and
adenomatous polyps [10]. The genotype differences of
H. pylori strains are important factors leading to different
clinical outcomes after infection. There is also a higher risk of
serious clinical consequences of infection with cytotoxin-
associated gene A- (CagA-) positive H. pylori than with the
negative strain [11-13].

MicroRNAs (miRNAs), small noncoding single-
stranded RNAs, consist of approximately 22 nucleotides
encoded by an endogenous gene. miRNAs can directly bind
to target messenger RNA (mRNA) by recognizing and
complementing the 3’-untranslated region (UTR). miRNAs
lead to gene degradation or translation, thus downregulating
the expression of target genes [14, 15]. Regulation of
posttranscriptional gene expression of miRNAs plays im-
portant roles in tumorigenesis, metastasis, and drug resis-
tance [16-18]. H. pylori may regulate the proliferation of
gastric cancer cells by inhibiting miR-152 and miR-200b
[19]. The level of miR-490-3p is also associated with the
prognosis of patients with gastric cancer caused by H. pylori
[20]. However, the mechanism of H. pylori-induced colon
cancer is still unclear.

In this study, it was found that CagA-positive H. pylori
might promote the proliferation, invasion, and autophagy of
colon cancer cells by inhibiting miR-125b-5p, thereby in-
ducing colon cancer.

2. Materials and Methods

2.1. Cell Culture and Plasmid Transfection. Colon cancer cell
lines DLD-1 and SW620 (American Type Culture Collec-
tion, USA) were cultured in RPMI-1640 medium containing
10% fetal bovine serum (FBS, Thermo Fisher, Waltham,
USA), 50U/mL penicillin, and 50 ug/mL streptomycin
(15070063, Thermo Fisher, Waltham, USA).

Standard H. pylori (CagA+, VacA+) NCTCI1637 was
provided by the Chinese Center for Disease Control and
Prevention. An H. pylori suspension with a concentration of
1x 10° CFU/mL was added at a ratio of 200:1 when colon
cancer cells were grown to 80% confluence. Cell changes were
observed at 24 h after coculture, and the expression of CagA
protein was detected by western blotting. The autophagy-
related proteins LC3B-II/LC3B-1, Beclin-1, and miR-125b-5p
were detected by western blotting and qPCR, respectively.

H. pylori (CagA+) infection was simulated by trans-
fection of the CagA plasmid (GenePharma). Transfection
was carried out according to the kit instructions. The miR-
125b-5p mimic overexpresses miR-125b-5p by plasmid
transfection. Colon cancer cell lines DLD-1 and SW620 were
divided into four groups: mimic-NC + OE-NC (miR-125b-
5p negative control + CagA negative control), mimic-miR-
125b-5p + OE-NC (miR-125b-5p overexpression + CagA
negative control), mimic-NC+ OE-CagA (miR-125b-5p
negative control + CagA overexpression), and mimic-miR-
125b-5p + OE-CagA (miR-125b-5p overexpression + CagA
overexpression). For different experimental groups, 2 uL of
LipofectamineTM 2000 (Invitrogen, Waltham, USA),
40pmol of CagA plasmid, miR-125b-5p plasmid and

negative control (NC) (GenePharma) were mixed in 50 yL of
serum-free medium at room temperature for 15 min. The
lipid compounds were diluted in 300uL of serum-free
medium and 600 yL of medium containing FBS to produce a
1 mL volume mixture and incubated with the cells at 37°C
with 5% CO, for subsequent experiments.

2.2. QPCR. Total RNA was obtained using TRIzol (Invi-
trogen, Waltham, USA). The concentration and purity of the
RNA were detected by a NanoDrop2000 spectrophotometer
(NanoDrop Technologies, Wilmington, DE, USA). One
microgram of RNA was reverse transcribed using a reverse
transcription cDNA kit (Thermo Fisher Scientific, Waltham,
USA) for the synthesis of cDNA. SYBR Green PCR Master
Mix (Roche, Basel, Switzerland) was used to conduct the
qPCR experiments using a PCR Detection System (ABI
7500, Life Technology, USA). The PCR cycle was as follows:
pretreatment at 95°C for 10 min, followed by 40 cycles of
94°C for 155, 60°C for 1 min, 60°C for 1 min, and 4°C for
preservation. Comparative cycle threshold (27*“Ct) analysis
was employed to determine the expression of the RNAs
[21, 22]. The expression levels of GAPDH and U6 were used
for normalization. Primer sequences of the genes used in this
work are described in Table 1.

2.3. Cell Counting Kit-8 (CCK-8) Assay. The cells were ad-
justed to a density of 2 x 10* cells/mL and inoculated in 96-
well plates (100 L per well). Forty-eight hours after trans-
fection, 10 uL of CCK-8 (Beyotime Institute of Biotech-
nology, Beijing, China) was added and cultured at 37°C for
2 h. The optical density (OD) at 450 nm was measured by a
microplate reader (Tecan Infinite M200 Microplate Reader;
LabX, Minnedorf, Switzerland) to calculate the relative cell
viability.

2.4. Clone Formation Experiment. A total of 1x 10’ cells
were inoculated per well into 6-well plates. The cells were
cultured in a 5% CO, incubator for 2 weeks at 37°C. After
aspirating the medium, 500 4L of methanol solution was
added to each well to fix the cells for 15 min, and then 1 mL
of crystal violet dye solution was added for 20 min. An
automatic image analyzer was used to scan and photograph
the cells, and the clone formation numbers were tested.

2.5. Transwell Assay. A total of 3 x 10* cells were transferred
into the upper chambers of a Transwell apparatus (8 ym, BD
Biosciences, CA, USA). The bottom chamber was filled with
a complete medium supplemented with 10% FBS. After
incubation for 48h, cells that did not invade through the
membrane were swept away. Then, the cells were fixed with
20% methanol and stained with 0.2% crystal violet. Cells
invading into the bottom chamber per field were counted
under an inverted microscope.

2.6. Western Blotting. Protein was extracted by protein lysate
(RIPA). A BCA kit was applied to analyze the protein
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TaBLE 1: Primer sequences.

Primer name

Sequence (5'-3")

miR-125b-5p-forward
miR-125b-5p-reverse
CagA-forward
CagA-reverse
U6-forward
U6-reverse
GAPDH-forward
GAPDH-reverse

TCCCTGAGACCCTAACTTGTGA
AGTCTCAGGGTCCGAGGTATTC
ATAATGCTAAATAGACAACTTGAGCGA
TTAGAATAATCAACAAACATCACGCCAT
CTCGCTTCGGCAGCACA
AACGCTTCACGAATTTGCGT
GGGAGCCAAAAGGGTCAT
GAGTCCTTCCACGATACCAA

concentration. Protein was separated by SDS-PAGE at 110V
for 100 min and transferred to PVDF membranes. The
PVDF membranes were blocked in 5% nonfat milk for 1 h at
room temperature. The antibodies (CagA, ab224836,
Abcam, San Francisco, USA; Bcl2, ab59348, 26 kD; cyclin
D1, ab134175, 34 kD; E-cadherin, ab40772, 97 kD; N-cad-
herin, ab18203, 130 kD; LC3B-II/LC3B-1, ab48394, 19 kD/17
kD; GAPDH, ab8245,36 kD; Beclin-1, ab207612, 52 kD)
were diluted at 1:1000 with 5% BSA and added to the cells
overnight at 4°C. Then, the secondary antibody (sc-516102/
sc-2357; Santa Cruz Biotechnology, Inc. Dallas, TX, USA)
was diluted at 1:5000 and added to the cells at room
temperature for 2h. Protein blot bands were detected by
Pierce™ ECL plus western blotting substrate (Thermo
Fisher, Waltham, USA) in ChemiDoc MP (Bio-Rad, Cal-
ifornia, USA).

2.7. Statistical Analysis. All experimental data are presented
as the mean + SD, and p < 0.05 was considered statistically
significant. All statistical analyses were performed using
GraphPad Prism 6.

3. Results

H. pylori (CagA+) inhibits miR-125b-5p and promotes
LC3B-II/LC3B-I and Beclin-1 in colon cancer cells.

CagA protein expression was significantly increased after
coculture of both the DLD-1 (Figure 1(a)) and SW620
(Figure 1(b)) colon cancer cell lines with H. pylori (CagA+).
After coculture with H. pylori (CagA+), miR-125b-5p ex-
pression was significantly decreased in both DLD-1
(Figure 1(c)) and SW620 (Figure 1(d)) cells. The expression
of the autophagy-related proteins LC3B-II/LC3B-I and
Beclin-1 was significantly higher than that in the control
group for both DLD-1 (Figure 1(e)) and SW620 (Figure 1(f))
cells. The results indicated that H. pylori (CagA+) inhibited
the expression of miR-125b-5p and promoted the expression
of LC3B-II/LC3B-I and Beclin-1 in colon cancer cells.

CagA overexpression inhibits miR-125b-5p in colon
cancer cells.

An H. pylori (CagA+) infection model was constructed
by transfecting CagA. The qPCR results showed that
transfection of the CagA plasmid increased the expression of

CagA and decreased miR-125b-5p, and transfection of miR-
125b-5p increased the expression of miR-125b-5p, but it was
still lower than that of the CagA negative control and did not
affect the expression of CagA in either the DLD-1 or SW620
colon cancer cell lines (Figures 2(a) and 2(c)). The western
blot results also showed that overexpression of miR-125b-5p
did not affect the expression of the CagA protein in either the
DLD-1 or SW620 colon cancer cell lines (Figures 2(b) and
2(d)). This indicated that the transfection experiment was
successful. Moreover, overexpression of miR-125b-5p did
not affect the infection efficiency of CagA but did reverse the
inhibitory effect of CagA on miR-125b-5p.

CagA overexpression promotes the proliferation and
invasion of colon cancer cells by inhibiting miR-125b-5p.

On the fifth day, overexpression of CagA significantly
increased the viability of both DLD-1 (Figure 3(a)) and
SW620 (Figure 3(d)) cells. miR-125b-5p overexpression
significantly decreased the viability of both DLD-1
(Figure 3(a)) and SW620 (Figure 3(d)) cells and reversed the
effect of CagA on their viability. Increased levels of CagA also
significantly increased the proliferation of both DLD-1
(Figure 3(b)) and SW620 (Figure 3(e)) cells, whereas miR-
125b-5p overexpression significantly decreased the prolifer-
ation of both DLD-1 (Figure 3(b)) and SW620 (Figure 3(e))
cells and reversed the effect of CagA on their proliferation.
CagA overexpression significantly increased the invasion of
DLD-1 (Figure 3(c)) and SW620 (Figure 3(f)) cells, and
overexpressing miR-125b-5p significantly decreased the in-
vasion of both DLD-1 (Figure 3(c)) and SW620 (Figure 3(f))
cells and reversed the effect of CagA on their invasion.

Higher levels of CagA increased the expression of the
apoptosis-related protein Bcl2, the proliferation-related
protein cyclin D1, and the invasion-related protein
N-cadherin but decreased the expression of E-cadherin in
both DLD-1 (Figure 4(a)) and SW620 (Figure 4(b)) cells.
Moreover, overexpression of miR-125b-5p had the opposite
effect and reversed the effects of CagA on Bcl2, cyclin D1,
N-cadherin, and E-cadherin in both DLD-1 (Figure 4(a))
and SW620 (Figure 4(b)) cells. This indicated that CagA
overexpression promoted the proliferation and invasion of
colon cancer cells by inhibiting miR-125b-5p.

CagA overexpression promotes autophagy in colon
cancer cells by inhibiting miR-125b-5p.
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FIGURE 1: H. pylori (CagA+) inhibits miR-125b-5p and promotes LC3B-II/LC3B-I and Beclin-1 in colon cancer cells. (a) and (b) represent
CagA protein expression was significantly increased after coculture of both the DLD-1 (a) and SW620 (b) colon cancer cell lines with
H. pylori (CagA+). (c) and (d) represent that, after coculture with H. pylori (CagA+), miR-125b-5p expression was significantly decreased in
both DLD-1 (c) and SW620 (d) cells. (e) and (f) represent the expression of the autophagy-related proteins LC3B-II/LC3B-I and Beclin-1
was significantly higher than that in the control group for both DLD-1 (e) and SW620 (f) cells. *p <0.05.

Overexpression of CagA promoted the expression of the
autophagy-related proteins LC3B-II/LC3B-I in both DLD-1
(Figure 5(a)) and SW620 (Figure 5(b)) colon cancer cells.
Moreover, the overexpression of miR-125b-5p inhibited the
expression of LC3B-II/LC3B-I and reversed the effects of
CagA on the expression of LC3B-II/LC3B-I in both DLD-1
(Figure 5(a)) and SW620 (Figure 5(b)) cells. This further
indicated that CagA promoted autophagy by inhibiting the
expression of miR-125b-5p, thus promoting the prolifera-
tion and invasion of colon cancer cells.

4. Discussion

H. pylori is considered a class I carcinogen, and its role in
gastric cancer has been widely recognized. H. pylori also

plays a role in other digestive tract tumors [13]. The genotype
differences of H. pylori strains are important factors leading
to different clinical outcomes after infection. The risk of
serious clinical consequences with CagA-positive strains is
significantly greater than that with CagA-negative strains
[23]. Research from Europe and the United States has shown
that the CagA gene is present in approximately 50-70% of
H. pylori strains. The incidence and severity of gastroin-
testinal ulcers in patients infected with CagA + H. pylori are
significantly higher than in those infected with CagA strains
[24]. Researchers from China also showed that the detection
rate of the CagA + strain is as high as 90% in patients with
chronic gastritis [25]. After H. pylori infection, CagA is
injected into the host cell through the CagPAI-type IV se-
cretion system and phosphorylated, causing serious tissue



Canadian Journal of Infectious Diseases and Medical Microbiology 5

DLD-1
25 4 *
20 o T
- 15+
5 8 CagA
= #
Z o
2 64
g
E * GAPDH
2 4 L
S
&
2
* —
, | I - 0
miR-125b-5p CagA
Bl mimic-NC + B mimic-NC +
OE-NC OE-CagA
mimic-miR- mimic-miR-
125b-5p + OE-NC 125b-5p + OE-CagA
(@
SW620
15 - *
= 10 4+
>
i 6 -+ M N CagA
: ! T
E 44 GAPDH
=
o}
~
2 4
Ml s EO
o ] i

T

miR-125b-5p CagA

Bl mimic-NC +
OE-NC
mimic-miR-
125b-5p + OE-NC

B mimic-NC +
OE-CagA

mimic-miR-
125b-5p + OE-CagA

(c)

DLD-1
25 4
<<
o *
&5’2.0-
— — S | _
% 15 4
g
oy
: T
(=1
eEpeEDeEDeE> |
g
P Py
S) + 0 N+
Z 8% 5@ &8 £
= 28 +9 49 5
o in O &) oM o~
+ b Z 0 0.0
g 2 s 2 '
Z =1 = =} '
5 E £ E S t9e2% i3
2 0 g 0 AT O’ &
g 2 g g B Ta O PO
g £ £ S R8O S #a
B 8 o2z =09
S o2 L &
2 B O£ B
E S 2
g E £
g g
(®)
SW620
3
§Q *
<
S
B
— enesommpe— | c ) | T
z
g
&
5
L _ 2 N
5
sz L
S
[=9
8] +O om< < v
Z g% o2 &% %
) &3 +© 59 c
o in O Q in o
+ = Z =0 04
o : 5
CAN- 3 g O +tU 4T ot
92 E=| 0 Z oz o ¥ oo
£ 4 E 2 G4 9@ 378798
E £ £ o ®O G Ba
g g 5 i Z :O
2 L &
Z, =t = =1
o £ £ &
E o g8
g E £
E E

(d)

FIGURE 2: CagA overexpression inhibits miR-125b-5p, while miR-125b-5p does not affect CagA expression in DLD-1 and SW620 colon
cancer cells. (a) and (c) represent the transfection of CagA plasmid decreased the miR-125b-5p level, while transfection of miR-125b-5p did
not affect the CagA mRNA level in DLD-1 (a) and SW620 (c) cancer cell lines. (b) and (d) represent the transfection of miR-125b-5p did not
affect the CagA protein level in DLD-1 (b) and SW620 (d) cancer cell lines. *p < 0.05, compared with mimic-NC + OE-NC, and ™ p < 0.05,

compared with mimic-NC + OE-CagA group.

inflammatory damage in the host and leading to abnormal
cell function [26]. In addition, studies have confirmed in
recent years that H. pylori can promote the epi-
thelial-mesenchymal transition [27, 28].

In this study, the effect of CagA + H. pylori on colon
cancer cells was analyzed. First, it was discovered that
H. pylori (CagA+) inhibited the expression of miR-125b-5p.
Other studies have found that miR-125b-5p plays an im-
portant role in the inhibition of breast cancer, gallbladder
cancer, esophageal squamous cell carcinoma, and other
tumors [29-31]. Second, H. pylori (CagA+) infection was
induced by transfection of the CagA plasmid, which showed
that CagA promoted the expression of proliferation-related
proteins and invasion-related proteins, thus promoting the
proliferation and invasion of colon cancer cells. Finally,
H. pylori (CagA+) infection promoted the expression of
autophagy-related proteins. However, the overexpression of
miR-125b-5p had the opposite effects and reversed the ef-
fects of CagA on proliferation, invasion, and autophagy.
These results indicated that H. pylori (CagA+) might

participate in the development and invasion of colon cancer
by promoting autophagy, which can be inhibited by miR-
125b-5p. Cao’s study [32] showed that miR-125b-5p par-
ticipates in the development of systemic lupus eryth-
ematosus and inhibits autophagy by targeting UVRAG. Xiao
also reported that miR-125b-5p regulates autophagy [33].
Autophagy is the main pathway through which normal
cells resist external stress and stimulation, but it has a dual
effect on cancer cells. Autophagy promotes and inhibits the
formation and development of tumors and plays different
roles in different tumors and different stages of tumor de-
velopment. In the early stage of tumor growth, the inhibition
of autophagy activity can lead to the continuous growth of
precancerous cells, indicating the role of autophagy in
suppressing tumor growth; in the later stage of tumor
growth, the tumor cells in the central ischemic area of the
tumor experience poor nutrient status for a long duration. In
the hypoxic state, autophagy provides energy support for the
growth of tumor cells by degrading macromolecular sub-
stances, proteins, and organelles in the cell, which is
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FIGURE 3: CagA overexpression promotes, while miR-125b-5p inhibits, the proliferation and invasion of colon cancer cells. (a) and (d)
represent that on the fifth day, transfection of CagA plasmid significantly increased, while transfection of miR-125b-5p significantly
decreased the viability of both DLD-1 (a) and SW620 (d) cells. (b) and (e) represent the transfection of CagA plasmid significantly increased,
while transfection of miR-125b-5p significantly decreased the proliferation of both DLD-1 (b) and SW620 (e) cells. (c) and (f) represent the
transfection of CagA plasmid significantly increased, while transfection f miR-125b-5p significantly decreased the invasion of DLD-1 (c) and
SW620 (f) cells. *p <0.05, compared with mimic-NC+ OE-NC, and #p <0.05, compared with mimic-NC+ OE-CagA group.

beneficial to the growth of tumor cells in a hypovascular In conclusion, H. pylori (CagA+) inhibits the expression
environment [34]. Additionally, tumor cells can resist in-  of miR-125b-5p in colon cancer cells and promotes auto-
flammatory reactions and acquire drug resistance through  phagy. Overexpression of miR-125b-5p reverses the role of
autophagy [35]. CagA in promoting the proliferation, invasion, and
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FiGURE 5: CagA overexpression promotes autophagy in colon cancer cells by inhibiting miR-125b-5p. (a) and (b) represent the transfection
of CagA plasmid promoted, while transfection of miR-125b-5p inhibited the expression of LC3B-II/LC3B-I and reversed the effects of CagA
on the expression of LC3B-1I/LC3B-I in both DLD-1 (a) and SW620 (b) cells. *p < 0.05, compared with mimic-NC + OE-NC, and #p <0.05,

compared with mimic-NC + OE-CagA group.

autophagy of colon cancer cells. This indicates that H. pylori
(CagA+) infection may promote the development and in-
vasion of colon cancer by inhibiting autophagy, but its
specific mechanism needs further study.

Data Availability

All data generated or analyzed during this study are included
in this published article.

Conflicts of Interest

The authors declare that they have no conflicts of interest.

Acknowledgments

This study was supported in part by the following funding
sources: Sichuan Province Science and Technology Projects
(2020YJ0190 and 2021YFHO0148), Science and Technology
Strategic Cooperation Programs of Luzhou Municipal
People’s Government and Southwest Medical University
(2019LZXNYD]J27 and 2019LZXNYDJ30), Sichuan Science
and Technology Grant for Overseas Students (19059), and
Medical Research Project of Sichuan Province (Q16081).

References

[1] W. Chen, “Cancer statistics: updated cancer burden in
China,” Chinese Journal of Cancer Research, vol. 27, no. 1, p. 1,
2015.

[2] W. Chen, K. Sun, R. Zheng et al., “Cancer incidence and
mortality in China, 2014,” Chinese Journal of Cancer Research,
vol. 30, no. 1, pp. 1-12, 2018.

[3] B. A. Weinberg, J. L. Marshall, and M. E. Salem, “The growing
challenge of young adults with colorectal cancer,” Oncology
(Williston Park, N.Y.), vol. 31, no. 5, pp. 381-389, 2017.

[4] R.L.Siegel, K. D. Miller, S. A. Fedewa et al., “Colorectal cancer
statistics, 2017,” CA: A Cancer Journal for Clinicians, vol. 67,
no. 3, pp. 177-193, 2017.

[5] Y. N. You, R. B. Rustin, and J. D. Sullivan, “Oncotype DX
colon cancer assay for prediction of recurrence risk in patients
with stage II and III colon cancer: a review of the evidence,”
Surgical Oncology, vol. 24, no. 2, pp. 61-66, 2015.

[6] S. H. Kuo, K. H. Yeh, M. S. Wu et al., “First-line antibiotic
therapy in Helicobacter pylori-negative low-grade gastric
mucosa-associated lymphoid tissue lymphoma,” Science Re-
ports, vol. 7, no. 1, p. 14333, 2017.

[7] M. Amieva and R. M. Peek Jr., “Pathobiology of helicobacter
pylori-induced gastric cancer,” Gastroenterology, vol. 150,
no. 1, pp. 64-78, 2016.

[8] J. L. Espinoza, A. Matsumoto, H. Tanaka, and I. Matsumura,

“Gastric microbiota: an emerging player in helicobacter py-

lori-induced gastric malignancies,” Cancer Letters, vol. 414,

pp. 147-152, 2018.

N. Zumbkeller, H. Brenner, M. Zwahlen, and D. Rothenbacher,

“Helicobacter pylori infection and colorectal cancer risk: a

meta-analysis,” Helicobacter, vol. 11, no. 2, pp. 75-80, 2006.

[10] F. Teimoorian, M. Ranaei, K. Hajian Tilaki, J. Shokri Shirvani,
and Z. Vosough, “Association of helicobacter pylori infection
with colon cancer and adenomatous polyps,” Iranian Journal
of Pathology, vol. 13, no. 3, pp. 325-332, 2018.

[11] S. Chen, G. Duan, R. Zhang, and Q. Fan, “Helicobacter pylori
cytotoxin-associated gene A protein upregulates a-enolase
expression via Src/MEK/ERK pathway: implication for pro-
gression of gastric cancer,” International Journal of Oncology,
vol. 45, no. 2, pp. 764-770, 2014.

[12] M. Ibrahim, T. Rafaat, A. Abbas, H. Masoud, and A. Salama,
“A novel association between cytotoxin-associated gene A
(CagA) positive strain ofHelicobacter pyloriand unexplained

[9



Canadian Journal of Infectious Diseases and Medical Microbiology

recurrent early pregnancy loss,” The European Journal of
Contraception & Reproductive Health Care, vol. 19, no. 2,
pp. 78-85, 2014.

[13] J. Y. Park, D. Forman, L. A. Waskito, Y. Yamaoka, and
J. E. Crabtree, “Epidemiology of Helicobacter pylori and
CagA-positive infections and global variations in gastric
cancer,” Toxins (Basel), vol. 10, no. 4, 2018.

[14] W. Ritchie, “microRNA target prediction,” Methods in Mo-
lecular Biology, vol. 1513, pp. 193-200, 2017.

[15] D. Mellis and A. Caporali, “MicroRNA-based therapeutics in
cardiovascular disease: screening and delivery to the target,”
Biochemical Society Transactions, vol. 46, no. 1, pp. 11-21,
2018.

[16] J. Xu, J. Zheng, J. Wang, and J. Shao, “miR-876-5p suppresses
breast cancer progression through targeting TFAP2A,” Ex-
perimental and Therapeutic Medicine, vol. 18, no. 2,
pp. 1458-1464, 2019.

[17] R. Li, X. Teng, H. Zhu, T. Han, and Q. Liu, “MiR-4500
regulates PLXNC1 and inhibits papillary thyroid cancer
progression,” Horm Cancer, vol. 10, no. 4-6, pp. 150-160,
2019.

[18] M. Li, M. Gao, X. Xie et al., “MicroRNA-200c reverses drug

resistance of human gastric cancer cells by targeting regu-

lation of the NER-ERCC3/4 pathway,” Oncology Letters,

vol. 18, no. 1, pp. 145-152, 2019.

G. Xie, W. Li, R. Li et al., “Helicobacter pylori promote B7-H1

expression by suppressing miR-152 and miR-200b in gastric

cancer cells,” PLoS One, vol. 12, no. 1, p. e0168822, 2017.

[20] M. Qu, L. Li, and W. C. Zheng, “Reduced miR-490-3p ex-
pression is associated with poor prognosis of Helicobacter
pylori induced gastric cancer,” European Review for Medical
and Pharmacological Sciences, vol. 21, no. 15, pp. 3384-3388,
2017.

[21] M. Huang, H. G. Kim, X. Zhong et al., “Sestrin 3 protects
against diet-induced nonalcoholic steatohepatitis in mice
through suppression of transforming growth factor f signal
transduction,” Hepatology, vol. 71, no. 1, pp. 76-92, 2020.

[22] X.Zhong, M. Huang, H.-G. Kim et al., “SIRT6 protects against
liver fibrosis by deacetylation and suppression of SMAD3 in
hepatic stellate cells,” Cellular and Molecular Gastroenterology
and Hepatology, vol. 10, no. 2, pp. 341-364, 2020.

[23] Y. Hu, Y. Zhu, and N. H. Lu, “Novel and effective therapeutic
regimens for Helicobacter pylori in an era of increasing
antibiotic resistance,” Frontiers in Cellular Infection and
Microbiology, vol. 7, p. 168, 2017.

[24] A. Nomura, G. N. Stemmermann, P.-H. Chyou, I. Kato,
G. L Perez-Perez, and M. J. Blaser, “Helicobacter pylo-
rilnfection and Gastric Carcinoma among Japanese Ameri-
cans in Hawaii,” New England Journal of Medicine, vol. 325,
no. 16, pp. 1132-1136, 1991.

[25] Z.]. Pan, R. W. van der Hulst, M. Feller et al., “Equally high
prevalences of infection with cagA-positive Helicobacter
pylori in Chinese patients with peptic ulcer disease and those
with chronic gastritis-associated dyspepsia,” Journal of
Clinical Microbiology, vol. 35, no. 6, pp. 1344-1347, 1997.

[26] D. N. Horridge, A. A. Begley, J. Kim et al., “Outer inflam-

matory protein a (OipA) of helicobacter pylori is regulated by

host cell contact and mediates CagA translocation and in-
terleukin-8 response only in the presence of a functional cag
pathogenicity island type IV secretion system,” Pathog Dis,

vol. 75, no. 8, 2017.

G. Krzysiek-Maczka, A. Targosz, U. Szczyrk et al., “Role of

Helicobacter pylori infection in cancer-associated fibroblast-

(19]

(27]

(28]

(29]

(30]

(31]

(32]

(33]

(34]

(35]

induced epithelial-mesenchymal transition in vitro,” Heli-
cobacter, vol. 23, no. 6, p. e12538, 2018.

N. Li, Y. Feng, Y. Hu et al, “Helicobacter pylori CagA
promotes epithelial mesenchymal transition in gastric car-
cinogenesis via triggering oncogenic YAP pathway,” J Exp
Clin Cancer Res, vol. 37, no. 1, p. 280, 2018.

Y. Li, Y. Wang, H. Fan, Z. Zhang, and N. Li, “miR-125b-5p
inhibits breast cancer cell proliferation, migration and in-
vasion by targeting KIAA1522,” Biochemical and Biophysical
Research Communications, vol. 504, no. 1, pp. 277-282, 2018.
D. Yang, M. Zhan, T. Chen et al., “miR-125b-5p enhances
chemotherapy sensitivity to cisplatin by down-regulating Bcl2
in gallbladder cancer,” Science Reports, vol. 7, p. 43109, 2017.
L.L. Mei, W.J. Wang, Y. T. Qiu et al., “miR-125b-5p functions
as a tumor suppressor gene partially by regulating HMGA2 in
esophageal squamous cell carcinoma,” PLoS One, vol. 12,
no. 10, p. 0185636, 2017.

W. Cao, G. Qian, W. Luo et al,, “miR-125b is downregulated
in systemic lupus erythematosus patients and inhibits auto-
phagy by targeting UVRAG,” Biomedicine & Pharmaco-
therapy, vol. 99, pp. 791-797, 2018.

C. Xiao, K. Wang, Y. Xu et al,, “Transplanted mesenchymal
stem cells reduce autophagic flux in infarcted hearts via the
exosomal transfer of miR-125b,” Circulation Research,
vol. 123, no. 5, pp. 564-578, 2018.

R. G. Carroll and S. J. Martin, “Autophagy in multiple my-
eloma: what makes you stronger can also kill you,” Cancer
Cell, vol. 23, no. 4, pp. 425-426, 2013.

L. Xu, X. Zhang, Y. Li et al,, “Neferine induces autophagy of
human ovarian cancer cells via p38 MAPK/JNK activation,”
Tumor Biology, vol. 37, no. 7, pp. 8721-8729, 2016.



Hindawi

Canadian Journal of Infectious Diseases and Medical Microbiology
Volume 2021, Article ID 6627074, 7 pages
https://doi.org/10.1155/2021/6627074

Research Article

Hindawi

Serum Glycated Albumin Levels Are Affected by Alcohol in
Men of the Jinuo Ethnic Group in China

Chaoyu Zhu, Xuhong Hou, Ming Li, Qingyi Sun, Huijuan Lu, Yuqian Bao, Li Wei,

Weiping Jia (), and Fusong Jiang

Department of Endocrinology and Metabolism, Shanghai Jiao Tong University Affiliated Sixth People’s Hospital,
Shanghai Diabetes Institute, Shanghai Clinical Center for Diabetes, Shanghai Key Clinical Center for Metabolic Disease,

Shanghai, China

Correspondence should be addressed to Weiping Jia; wpjia@sjtu.edu.cn and Fusong Jiang; hajfs@126.com

Received 20 November 2020; Revised 14 January 2021; Accepted 29 January 2021; Published 10 February 2021

Academic Editor: Yisong Qian

Copyright © 2021 Chaoyu Zhu et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Aim. To investigate the effects of alcohol on serum glycated albumin (GA) levels in Chinese men. Methods. A total of 2314 male
subjects from the Jinuo ethnic group in China were enrolled. Of these, 986 subjects drank alcohol frequently and 404 subjects did
not. Lifestyle information was gathered by using a questionnaire, and measurements of blood pressure, body mass index, blood
glucose level, liver function, and kidney function were collected. GA was measured by using an enzymatic method. Frequent
drinking was defined as a history of drinking ethanol > 80 g/d within the past two weeks. Nondrinking was defined as no alcohol
consumption in the past three months. Subjects with an alcohol intake between 0 and 80 g/d in the past two weeks were included in
the drinking-occasionally group. Analysis of variance (ANOVA), correlation analysis, and linear regression were used to evaluate
the effects of drinking on serum GA levels. Decision tree regression (DTR) algorithm was used to evaluate the effect of features
(variables) on GA levels. Results. We found that male subjects who drank frequently had significantly lower serum GA levels than
subjects who did not drink (13.0+ 1.7 vs. 14.1 + 3.7, p <0.05). Spearman’s correlation analysis calculated a coefficient of —0.152
between drinking and GA (p < 0.005). Linear regression established that drinking was an independent predictor for GA levels with
a standardized regression coeflicient of —0.144 (p < 0.05). Decision tree regression showed that the effect of drinking on GA levels
(0.0283) is five times higher than that of smoking (0.0057). Conclusions. Frequent alcohol consumption could result in decreased
GA levels in men of the Jinuo ethnic group in China.

1. Introduction

Serum glycated albumin (GA) is a nonenzymatic glycation
product of albumin and glucose [1]. Since the half-life of
albumin is 17-19 days, GA can reflect the average levels of
blood glucose within the previous 2-4 weeks and can
compensate for a deficiency of glycosylated hemoglobin
(HbA1c), which reflects the average blood glucose level of
the previous 8-12 weeks [2, 3]. GA has been widely used in
clinical practice to assess blood glucose levels of patients
before and after treatment, especially in patients who are at
an early stage [4, 5]. GA has also been associated with
chronic complications of diabetes mellitus (DM) and can be
used as a predictor of DM complications [6, 7].

Previous work has demonstrated that GA levels are
influenced by various factors [8, 9]. Concentrations of
HbAlc are affected by erythrocyte replacement velocity.
Similarly, GA levels are affected by the rate of serum albumin
renewal. Albumin metabolism is affected by many factors.
Alcohol consumption affects the metabolism of blood glu-
cose and liver function [10]. Additionally, it has been re-
ported that the concentration of glycated albumin in
nondiabetic men in Japan can be reduced by drinking or
smoking [11, 12]. However, the interaction between
smoking and drinking has not been fully explored and the
role of these two factors in patients with diabetes should be
considered in clinical practice. It is known that drinking or
smoking are common behaviors among Chinese men [13].
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This study aimed to investigate the effects of drinking and
smoking on GA levels among men in the Chinese com-
munity, including those with diabetes, impaired glucose
regulation (IGR), and normal glucose tolerance (NGT).

2. Materials and Methods

2.1. Definitions. DM and IGR were diagnosed based on the
diagnostic WHO 1999 criteria using the results of their 75 g
oral glucose tolerance test (OGTT) without medical treat-
ment. Drinking-frequently was defined as a history of
drinking, the equivalent >80 g/d of ethanol within the past
two weeks. Nondrinking was defined as no alcohol con-
sumption in the past three months. If the alcohol intake was
between 0 and 80 g/d in the past two weeks, the subject was
classified as drinking-occasionally. Smoking frequently was
defined as smoking at least 1 cigarette per day for the past
three months. If a subject had not smoked in the past three
months, he was classified as no-smoking. Those who smoked
some cigarettes but less than 1 cigarette daily in the past
three months were classified as smoking-occasionally. Fi-
brosis index based on the 4-factor (FIB-4) value was used to
evaluate liver fibrosis, FIB-4 = age x AST/PLT x VALT [14].

2.2. Study Subjects. From January to May 2012, a cross-
sectional survey was conducted among men aged 18-75
years old from the Jinuo ethnic group in Yunnan Province,
China. The study protocol was followed in accordance with
the Helsinki Declaration and was approved by the Shanghai
Jiao Tong University Affiliated Sixth People’s Hospital’s
ethics committee. Informed consent was obtained from all
participants prior to the survey. All subjects underwent an
oral glucose tolerance test (OGTT), GA measurement, se-
rum liver function, and renal function test.

2.3. GA Measurement. Liquid enzymatic determination of
GA (Lucica®GA-L kit, Asahi Kasei Corporation, Tokyo,
Japan) was performed using an Olympus AU2700™
Chemistry-Immune Analyzer. GA is represented as % with a
detectable range of 3.2. - 68.1%, and the coefficient of var-
iation (CV) was <3.0%.

2.4. Statistical Analysis. Analysis of variance (ANOVA) and
linear trend tests were used to compare the differences
between the groups and subgroups. Spearman’s correlation
analysis was used to observe the relationship between GA
and other variables (drinking, smoking, etc.). Linear re-
gression analysis was used to determine the effect these
variables had on GA levels, with GA as the dependent
variable and drinking status (nondrinking represented as 1,
drinking-occasionally as 2, and drinking-frequently as 3),
smoking status (no-smoking represented as 1, smoking-
occasionally as 2, and smoking-frequently as 3), age, body fat
percentage, fasting plasma glucose (FPG), 2h postprandial
glucose (2hPG), albumin, glutamic-pyruvic transaminase
(ALT), serum uric acid (sUA), FIB-4, and triglycerides (TG)
as independent variables. All p values were double-tailed,

and p < 0.05 was considered as statistically significant. SPSS
21.0 software (SPSS Inc., Chicago, IL, USA) was used for all
statistical analyses.

2.5. Feature Importance Analysis. Since linear regression
cannot represent the nonlinear relationships between the
GA and the independent variables, we used a decision tree
regression (DTR) algorithm, a feature engineering method,
to find the influence of these features/variables on GA levels.
The following features such as drinking status, smoking
status, age, body fat, 2hPG, albumin, ALT, sUA, and tri-
glycerides were used. The FPG was not used because it has a
significant correlation with 2hPG (r=0.51, p <0.001). The
DTR model selects the tree’s node (i.e., the feature) based on
the decision criterion of mean squared error (between the
true GAs and the GAs predicted by the model with the
selected features). The importance of a feature refers to the
(normalized) total reduction of the criterion brought about
by that feature.

3. Results

A total of 2,314 male subjects were surveyed, of these 986
(42.6%) drank frequently and 404 (17.5%) did not drink;
1710 (73.9%) smoked frequently and 390 (16.9%) did not
smoke; 169 (7.3%) neither drank nor smoked; and 825
(35.7%) both drank and smoked frequently.

The clinical data showed that systolic blood pressure
(SBP), gamma-glutamyl transferase (y-GT), total bilirubin
test (TBIL), FIB-4, albumin, and TG levels were all signif-
icantly increased in the drinking-frequently group compared
to the nondrinking group, while the 2-hour insulin (2hINS)
levels were significantly lower (p < 0.05) (Table 1). There was
alinear trend in SBP, albumin, TG, and 2hINS in these three
groups. There was no significant difference in the levels of
diastolic blood pressure (DBP), BMI, body fat, FPG, 2hPG,
and fasting insulin among the three groups (p > 0.05).

The average serum GA levels for the whole study pop-
ulation were 13.2 +2.4%. The serum GA concentrations in
the drinking-frequently group were significantly lower than
those in the no-drinking group (13.0+1.7 vs. 14.1+3.7,
P <0.05). The subjects were further divided into subgroups
based on their glucose tolerance status, age, smoking status,
and body fat. GA levels of each subgroup of the drinking-
frequently group, except the smoking-occasionally group,
were significantly lower than those in the nondrinking group
(p <0.05). The results of the ANOVA analysis showed that
there was a statistically significant difference in serum GA
concentrations among the subgroups with different drinking
statuses and that the serum GA concentrations in the no-
drinking group, the drinking-occasional group, and the
drinking-frequently group had a decreasing trend (Table 2).
Subjects who smoked frequently had no significant differ-
ence in serum GA levels compared with those who were
nonsmokers (13.2+2.4vs.13.4+ 2.5, p = 0.453, not listed in
the table). Analysis of smoking status showed that there was
also no linear trend in serum GA levels (p = 0.180, not listed
in the table).
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TaBLE 1: Clinical characteristic by drinking status.

Parameter Overall (n=2314) No-drinking (n=404) Drinking-occasionally (n=924)  Drinking-frequently (n =986)
DM 208 (9.0%) 27 (6.7%) 68 (7.4%) 113 (11.5%)*
IGR 494 (21.3%) 80 (19.8%) 187 (20.2%) 227 (23.0%)
Age (years) 40+ 14 47 +15 37+13 41 + 14"
BMI (kg/m?) 22.6+3.4 224+3.3 22.8+3.5 22.5+3.3
Body fat (%) 19.04+5.74 18.87+£6.17 19.16 +5.71 18.99 + 5.59
SBP (mmHg) 118+ 17 118 £ 19 116 + 16 119+ 17
DBP (mmHg) 75+12 74+ 12 74+ 12 77 +12%
FPG (mmol/L) 5.76 +1.25 5.90+1.84 5.70+1.16 5.75+1.01
FINS (mU/L) 7.59+9.95 7.24+6.15 8.43+13.27 6.95+7.14
2hPG (mmol/L) 6.36 +3.03 6.28 +3.12 6.07 +2.64 6.67 £3.29*
2hINS (mU/L) 3527 +31.62 40.08 + 36.46 36.04 +32.93 32.56 +£27.74*
HOMA-IR 2.00+2.83 1.96 £ 2.29 2.19+£3.66 1.83 £2.03
TG (mmol/L) 1.87 +1.54 1.68 +1.22 1.83+1.36 1.99 + 1.79*
TC (mmol/L) 5.34+1.13 5.20+1.12 5.27+1.05 5.46 +1.19*
HDL (mmol/L) 1.68 +0.59 1.56 £ 0.52 1.60+0.51 1.81 £0.66*
LDL (mmol/L) 3.30 +£0.90 3.21+0.92 3.29+0.87 3.31+0.93
ALT (U/L) 36.8+32.6 32.1+£14.0 34.6+16.4 46.6 +45.2*
y-GT (U/L) 76+ 116 46 £63 58 + 63 106 £ 156*
TBIL (mmol/L) 11.2+5.8 10.6 +4.8 11.4+6.3 11.3+5.7*
Uric acid (umol/L) 396 +91 388 +£96 397 + 89 399 +91
FIB-4 1.46 +1.52 1.46 £0.91 1.16 £0.92 1.74 +£2.04*
Albumin (g/L) 47.6+3.3 46.8+3.4 48.0+3.2 47.6 +3.2*
GA (%) 13.2+2.4 14.1+3.7 132423 13.0+1.7*

*Significantly different between the subjects who were not drinking and who were drinking frequently. 2hINS, 2h postprandial insulin; 2hPG, 2h postprandial
plasma glucose; ALT, Alanine aminotransferase; BMI, body mass index; DBP, diastolic blood pressure; FIB-4, fibrosis-4 score; FINS, fasting insulin; FPG,
fasting plasma glucose; GA, glycosylated albumin; HDL, high density lipoprotein; HOMA-IR, homeostatic model assessment-insulin resistance; LDL, low
density lipoprotein; SBP, systolic blood pressure; TBIL, total bilirubin; TG, triglycerides; y-GT, y-glutamyl transferase.

TaBLE 2: Effects of drinking status on glycated albumin levels (%, mean + SD).

Groups Population No-drinking  Drinking-occasionally  Drinking-frequently  p linear
NGR (n=1612) 13.4+1.3 129+1.2 12.7+1.17 <0.001

Glucose regulation status IGR (n=494) 13.9+1.6 13.1+1.2 129+1.2* <0.001
DM (n=208) 22.6+10.1 16.5+£6.8 144+3.7" <0.001

FIB-4 <1.45 (n=1548) 13.6£3.1 129+£1.9 12.7+1.6* <0.001
>1.45 (n=766) 14.8+4.1 13.9+£2.9 13.3+1.8" <0.001

18-39 years (n=1178) 13.0£1.9 12.7+£1.2 125+ 1.2" <0.001

Age group 40-59 years (n=872) 141+£3.3 13.9+3.5 13.1+1.8* <0.001
>60 years (n=264) 15.7+5.4 14.5+£2.2 142+2.4" 0.001

No-smoking (n=390) 13.7+£1.9 13.1£3.1 13.0+2.0* <0.001
Smoking status Smoking-occasionally (n=214) 152+52 13.4+1.6 13.2+21 0.001
Smoking-frequently (n =1710) 143+4.4 13.2+2.2 129+ 1.6" <0.001

Body fat <25% (n=1953) 141+3.6 13.2+£21 13.0+1.4" <0.001
Y >25% (n=1361) 142+44 13.1£3.2 12.7+2.5" 0.003

*Significantly different between the subjects who were not drinking and who were drinking frequently. DM, diabetes mellitus; IGR, impaired glucose

regulation; NGR, normal glucose regulation.

Spearman’s correlation analysis revealed that GA levels
were positively correlated with FPG, 2hPG, FIB-4, and age
and negatively correlated with GA and BMI, body fat, y-GT,
albumin, smoking status, and drinking status, all of which
were statistically significant. The correlation coefficients
between GA and smoking status and drinking status were
—0.040 (p =0.056) and —0.152 (p<0.001), respectively.
After adjusting for age, FPG, 2hPG, BMI, body fat per-
centage, y-GT, TBIL, albumin, and TG, the partial corre-
lation coefficient between GA and drinking status was

-0.149 (p<0.001), and —0.049 between GA and smoking
status (p = 0.020) (Table 3).

Linear regression analysis was performed using GA
levels as the dependent variable and the age, body fat, FPG,
2hPG, albumin, ALT, TG, sUA, FIB-4, smoking status, and
drinking status as independent variables. The method used
in the regression model is “enter.” The results demonstrated
that drinking status was a predictor of GA in all three models
with the increments of independent variables, whereas
smoking status was not a predictor of GA. The standardized
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TaBLE 3: Correlation analysis of glycated albumin and other variables.

Simple correlation

Partial correlation

r p r p
BMI -0.065 0.002 -0.054 0.010
Body fat -0.057 0.007 —-0.084 <0.001
FPG 0.667 <0.001 0.484 <0.001
FINS -0.031 0.133 -0.005 0.799
2hPG 0.477 <0.001 0.413 <0.001
2hINS -0.025 0.238 -0.054 0.011
TG -0.013 0.532 -0.009 0.671
TC -0.150 <0.001 -0.081 <0.001
HDL -0.070 0.001 -0.105 <0.001
LDL -0.145 <0.001 -0.045 0.031
ALT -0.073 <0.001 -0.040 0.057
y-GT -0.042 0.045 -0.067 0.001
TBIL -0.038 0.068 -0.020 0.329
UA -0.098 <0.001 -0.074 <0.001
FIB-4 0.100 <0.001 -0.045 <0.032
Albumin -0.177 <0.001 -0.060 0.004
Smoking status —-0.040 0.056 —-0.049 0.020
Drinking status -0.152 <0.001 -0.149 <0.001

Partial correlation: after adjusting for age. BMI: body mass index, FIB-4: fibrosis-4 score; FPG: fasting plasma glucose, FINS: fasting insulin, 2hPG: 2-hour
postprandial glucose, 2hINS: 2-hour postprandial insulin, y-GT: y-glut amyl transferase, TBIL: total bilirubin, TG: triglycerides.

regression coefficients of drinking status were —0.134 in
model 1 (p<0.001), —0.167 in model 2 (p<0.001), and
—0.144 in model 3 (p <0.001) with increasing independent
variables. The linear regression models also showed that age,
FPG, 2hPG, body fat, albumin, FIB-4, and TGs were all
independent predictors of GA levels (Table 4).

Decision tree regression analysis was conducted to de-
termine the effects of these features on GA levels. The results
of this feature importance analysis using the decision tree
algorithm are shown in Table 5. The effect of drinking on GA
levels (0.0283) is five times higher than that of smoking on
GA (0.0057). According to the importance of features
analysis, the influence of drinking is much higher than that
of smoking on GA levels.

4. Discussion

Like HbAlc, GA is a nonenzymatic glycation product;
however, it can reflect the average blood glucose level of the
previous 2-4 weeks because albumin has a shorter half-life.
Therefore, it is a more suitable marker of the average blood
sugar levels of anemia patients since GA is not affected by
red blood cells or hemoglobin [15]. Moreover, GA is also
more valuable in the assessment of neonatal diabetes gly-
cemic control [16]. However, GA levels are not exclusively
affected by the average blood glucose concentrations. A
series of studies have found that GA levels are associated
with factors such as age, body mass index, body fat, ab-
dominal fat, and smoking status [11, 17, 18]. A previous
study showed a link between GA concentration and smoking
status but did not investigate the effects of drinking status
[11]. Another study showed that increased alcohol con-
sumption was associated with elevated blood glucose levels
and decreased glycosylated hemoglobin and glycated he-
moglobin concentrations in 300 nondiabetic men. Smoking

and drinking are very common behaviors among Chinese
men, and many Chinese smokers drink alcohol frequently.
In order to avoid the effects of gender, our project has fully
studied the effects of alcohol and smoking on GA levels in
the male population of the general community, yielding
some different results.

Jinuo ethnic residents in Yunnan, China, have been
found to have a high prevalence of smoking/drinking [19].
Our study analyzed the association between GA levels and
drinking as well as smoking in this regional population,
where a high percentage of the population frequently drink
and smoke. Our survey results showed that our study
population had high frequency of smoking and drinking;
42.6% of the subjects drank frequently, 73.9% smoked fre-
quently, and 35.7% both drank and smoked frequently.
Pathophysiological data has indicated that alcohol can in-
hibit gluconeogenesis [20]. We have demonstrated that,
compared with nondrinkers, those who drank frequently
had similar FPG concentrations and significantly higher
2hPG and lower levels of GA. Meanwhile, the levels of GA
showed a decreasing trend in individuals who were not
drinking, drinking occasionally, and drinking frequently.
Therefore, serum GA concentrations in those who drink
frequently cannot be explained by blood glucose levels.

The subjects were further divided into subgroups based
on glucose tolerance, age, smoking status, and body fat
percentage. ANOVA analysis by subgroup showed that the
GA levels were also significantly lower in subjects who were
drinking frequently compared to those who were not
drinking. These results further illustrate that the effect of
alcohol consumption on serum GA levels is independent of
blood glucose, age, body fat content, and smoking status. In
contrast with the findings by Koga et al. [11], our results
found that men who were not smoking showed no signif-
icant difference in GA levels compared with those who
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TABLE 4: Linear regression to determine the variables associated with GA.

Standardized coeflicients

Model 1
Age 0.291
Body fat -0.059
Smoking status 0.002
Drinking status —-0.134

Model 2
FPG 0.355
2hPG 0.288
Albumin -0.157
Smoking status 0.006
Drinking status -0.167

Model 3
Age 0.191
Body fat -0.121
FPG 0.381
2hPG 0.266
Albumin —0.068
ALT -0.074
TG —-0.048
sUA 0.014
FIB-4 -0.053
Smoking status -0.010
Drinking status -0.139

OR (95% CI) p
0.050 (0.043, 0.057) <0.001
~0.025 (~0.041, —0.009) 0.003
0.007 (=0.122, 0.136) 0911
~0.443 (~0.577, —0.309) <0.001
0.676 (0.603, 0.748) <0.001
0.180 (0.156, 0.204) <0.001
~0.093 (-0.112, —0.074) <0.001
0.015 (~0.069, 0.100) 0.724
~0.434 (-0.522, —0.345) <0.001
0.026 (0.020, 0.031) <0.001
~0.039 (~0.051, —0.028) <0.001
0.722 (0.651, 0.793) <0.001
0.167 (0.143, 0.191) <0.001
~0.040 (-0.061, —0.149) <0.001
~0.004 (~0.006, —0.002) <0.001
~0.062 (~0.106, —0.018) 0.006
0.000 (~0.001, 0.000) 0.393
~0.064 (~0.110, —0.018) 0.006
~0.024 (~0.106, 0.059) 0.570
~0.356 (~0.443, —0.270) <0.001

2hPG, 2h postprandial glucose; ALT, Alanine aminotransferase; FPG, fasting plasma glucose; FIB-4: fibrosis-4 score; sUA, serum uric acid; TG, triglycerides.

TaBLE 5: The importance of features on GA.

Features The feature’s importance
2h PG 0.416760
FIB-4 0.141971
Age 0.116355
sUA 0.091316
ALB 0.055419
BMI 0.055078
TG 0.054010
ALT 0.037208
Drinking status 0.026660
Smoking status 0.005224

2hPG, 2h postprandial glucose; ALT, Alanine aminotransferase; FPG,
fasting plasma glucose; FIB-4: fibrosis-4 score; sUA, serum uric acid; TG,
triglycerides.

smoked frequently. This may be because our study had a
larger sample size.

In addition to smoking and sUA, our linear regression
results showed that age, FPG, 2hPG, body fat, albumin, ALT,
TG, FIB-4, and drinking status were all independent factors
affecting serum GA levels. Age, FPG, and 2hPG are risk
factors for elevated GA, while other factors are predictors of
the decreased serum GA levels. Considering that there was
no statistical difference between the smoking status and the
correlation coefficient of GA, smoking status was not a
predictor of serum GA level in the regression model. The
result from decision tree regression is consistent with the
results of the aforementioned statistical analysis,

demonstrating that drinking status was more important
than smoking status when applied as GA predictors.
Previous work has established that albumin is associated
with inflammation and nutritional status [21], that GA is
negatively correlated with C-reactive protein [16], and that
thyroid function also impacts GA levels [22]. Our current
analysis was unable to analyze these variables as our in-
vestigation lacked this information. Based on the results of
the current study, we hypothesized that alcohol leads to a
decrease in serum GA concentrations because albumin
synthesis and metabolism may be affected by alcohol intake.
The relationship between alcohol intake and GA needs
further research. Considering the effect of alcohol on the
liver, we observed a significant increase in FIB-4 in the
frequent drinking group. FIB-4 was also found to be a
predictor of GA decline. However, we lack a mechanism that
would explain how alcohol consumption leads to an increase
in FIB-4 and a further decrease in GA. TBIL and y-GT are
two indicators of liver damage and had higher concentra-
tions in subjects who were drinking frequently compared to
those who were not drinking. The detection of GA was not
affected by TBIL or y-GT but was affected by alcohol. In our
study, blood samples were taken at least 8 h after fasting, so
the effect of alcohol on GA test results can be ignored. A
study by Inada and Koga [12] observed that drinking
resulted in a decrease in GA and HbAlc. However, there is
no evidence to support the hypothesis that the reduction in
GA and HbAIlc levels caused by drinking can slow the
incidence of diabetic complications. Different from previous
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study, in this study, more subjects were included, analyzing
the relationship between GA and alcohol consumption in
Chinese men at the first time.

In summary, we found that smoking status was not a
significant factor contributing to a decrease in GA con-
centrations. GA levels were decreased in those who were
drinking frequently in both the overall study population and
the subgroups with DM, normal glucose tolerance, and
impaired glucose regulation. GA levels of subjects who were
drinking frequently had an absolute decrease of 0.628% (95%
confidence interval: 0.456% to 0.800%) compared to subjects
who were not drinking. This decrease was independent of
blood glucose and body fat content and should be noted
when making a clinical interpretation. Classifying patients
by drinking statuses such as no-drinking, drinking-occa-
sionally, and drinking-frequently is convenient to apply, and
it could effectively account for the effect of drinking on GA
levels in clinical practice.

It is well known that both a high-fat diet and alcohol can
induce hepatic steatosis, inflammation, and fibrosis and can
also change gut microbiota [23]. Furthermore, some com-
plicated factors may have influence on this, including the
changes in the gut microbiota or alcohol induced liver
disease. Many studies have shown that abnormalities in the
composition of the gut microbiota might contribute to the
development of type 2 DM [24]. Additionally, the gut
microbiota plays an important role in both nonalcoholic
fatty liver disease and alcohol-related liver disease [25].
Alcohol may affect glucose metabolism in the liver by
downregulating gluconeogenesis or changing hepatic lipids,
inflammatory response, and oxidative stress by inducing
steatosis [26, 27]. It may also affect gut microbiota diversity
and interfere with the protective effect of beneficial bacteria
[28]. Alcohol-related liver disease can also change the
composition and function of the gut microbiota, and
treatment of the gut microbiota can restore intestinal ho-
meostasis and improve alcohol-related liver disease [29]. The
ability of the gut microbiota to directly regulate GA levels is
currently unclear and basic research should be done on this
topic.
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Background. Intestinal microorganisms play an important role in regulating the neurodevelopment and the brain functions of the host
through the gut-brain axis. Lactobacillus, one of the most representative intestinal probiotics, produces important effects on human
physiological functions. Our previous studies reveal that the Lactobacillus plantarum WLPL04 has a series of beneficial actions, such as
antiadhesion of pathogens, protection from the harmful effect of sodium dodecyl sulfate, and anti-inflammatory stress on Caco2 cells.
However, its effects on brain functions remain unknown. The present study aims to evaluate the potential effect of L. plantarum
WLPLO04 on anxiety/depressive-like behaviors in chronically restrained mice. Methods. Newly weaned mice were exposed to chronic
restraint stress for four weeks and raised daily with or without L. plantarum WLPL04 water supplement. Animals were behaviorally
assessed for anxiety/depression and cognitive functions. The 16S rRNA sequencing was performed to analyze the intestinal microbiota
structure. The levels of the medial prefrontal cortical (mPFC) brain-derived neurotrophic factor (BDNF)/tropomyosin-related kinase
B (TrkB) and serum 5-hydroxytryptamine (5-HT) were examined using Western blot and enzyme-linked immunosorbent assay.
Results. The chronic stress-induced anxiety/depressive-like behaviors and cognitive deficits were significantly alleviated by the L.
plantarum WLPLO04 treatment. The 16S rRNA sequencing analysis showed that the chronic stress reduced the diversity and the
richness of intestinal microbiota, which were rescued by the L. plantarum WLPL04 treatment. The levels of BDNF and TrkB in the
mPFC and the concentration of 5-HT in the serum remained unchanged in chronically restrained mice treated with the L. plantarum
WLPL04. Conclusions. The L. plantarum WLPLO04 can rescue anxiety/depressive-like behaviors and cognitive dysfunctions, reverse the
abnormal change in intestinal microbiota, and alleviate the reduced levels of 5-HT, BDNF, and TrkB induced by chronic stress in mice,
providing an experimental basis for the therapeutic application of L. plantarum on anxiety/depression.

1. Introduction

The chronic stress in early life increases the susceptibility to a
range of psychopathologies, including depression and
anxiety [1]. Traditional psychotropic medications are con-
troversial partly because the long-term effects to developing
nervous systems have not been clearly established [2]. Re-
cently, accumulating evidence indicates the existence of a
microbiome-gut-brain axis and strong bidirectional

communications among these structures [3, 4]. Stress in
early life can alter the enteric microbiota [5], and intestinal
bacterial infection can induce anxiety-like behaviors and
cause memory deficits [6, 7]. Thus, the regulation of the
intestinal microbiota is suggested to be an interesting
strategy for the development of new therapy for mental
diseases [8].

Probiotics are a group of active microorganisms and
confer health benefits to the host via active interactions with
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endogenous microbiota and gut cells when provided in
appropriate amount [9]. Probiotics are also beneficial to
patients suffering from psychiatric illness. In 2005, Logan
and Katzman have used probiotics as adjunct therapy for
depression for the first time [10]. Some strains of Lacto-
bacillus and Bifidobacterium are shown to alleviate mood
disorders and prevent stress-induced alterations in colonic
microbiota [8, 11].

Lactic acid bacteria are regarded as safe and beneficial
probiotics that may help prevent constipation, irritable
bowel syndrome or Crohn’s disease, and asthma or eczema
in children [12, 13]. A recent study shows that the Lac-
tobacillus plantarum NDC75017 alleviates the learning and
the memory deficit in aging rats by reducing the mito-
chondrial dysfunction [14]. The Lactobacillus plantarum
MTCCI1325 strain, which produces acetylcholine, has
potential antioxidant and anti-Alzheimer activities against
the D-galactose-induced Alzheimer’s disease [15, 16]. Most
L. plantarum strains are isolated from fermented food,
whereas the strains isolated from human breastmilk have
some special features, such as regulating natural and ac-
quired immune responses, treating infectious mastitis,
having antimicrobial properties, and having beneficial ef-
fects for infants [17-19]. A previous study shows that the L.
plantarum WLPL04 isolated from human breastmilk can
increase the capabilities of human body against pathogens
and may be a candidate probiotic for promoting host health
[20]. The present study aims to assess the effects of L.
plantarum WLPL04 on anxiety/depressive-like behaviors
and cognitive functional deficits induced by chronic stress
in young adult mice and analyze the underlying
mechanism.

2. Materials and Methods

2.1. Animals. A total of 30 male C57BL/6 mice (approxi-
mately four weeks old at the start of the experiments) were
used. All mice were randomly assigned to three groups (10
mice per group), including one control group and two
chronic restraint-stressed groups. One of the stressed
groups was provided with normal drinking water, and the
other stressed group was provided with normal drinking
water and L. plantarum WLPLO04, which was kindly pro-
vided by State Key Laboratory of Food Science and
Technology, Nanchang University, China. The final con-
centration of the L. plantarum WLPL04 in drinking water
was 10° CFU/mL. The mice were housed in cages (3 or 4
mice per cage) under a constant temperature (23°C-25°C)
and a 12 h light/dark cycle with ad libitum access to food
(SHOOBREE, SPF-grade chow, Jiangsu Xietong Pharma-
ceutical Bio-Engineering Co., Nanjing, Jiangsu, China) and
water (sterilized drinking water). Mice were placed in a
plastic restrainer in their home cages for 3 h daily (from 11:
00 to 14:00) for 28 consecutive days to establish chronic
restraint stress [21]. All experiments were carried out in
accordance with the principles of laboratory animal care
and use approved by the Nanchang University Animal Care
and Use Committee Guidelines.

2.2. Behavioral Assessments. Prior to behavioral tests, all
mice were handled for five days and received 1h accom-
modation to the experiment room before testing. The open
field, elevated plus maze, and forced swimming tests were
performed to analyze anxiety/depressive-like behaviors, and
the novel object recognition and Barnes maze tests were used
to evaluate the cognitive functions of the medial prefrontal
cortex (mPFC).

2.2.1. Open Field Test. The open field test was performed in
accordance with previously described procedures [22]. Each
mouse was placed in an open field arena
(45cm x45cm x40 cm, Med Associates, Vermont, USA)
and allowed to freely explore the arena for 10 min to carry
out the test. The locomotion of the mouse was recorded
using a video capture software. The total distance and the
routine traveled in the arena were measured. The open field
arena was cleaned with 75% ethanol after each use.

2.2.2. Elevated Plus Maze Test. The elevated plus maze test
was performed in a gray plastic cross-shaped maze (Med
Associates, Vermont, USA) with 1.0 m elevation from the
floor, two open arms (35cm x 7 cm), and two closed arms
(35cm x 7 cm x40 cm). The arms were connected by the
center platform (7 cm x7cm). A mouse was placed in the
intersection of the open and closed arms, facing an open
arm, and allowed to freely explore the maze for 10 min. The
behavioral exploration and the time spent in the open and
the closed arms were video recorded for analysis. The maze
arms were cleaned with 75% ethanol after each use.

2.2.3. Forced Swimming Test. 'The forced swimming test was
performed in a Plexiglas cylinder (25 cm in height and 10 cm
in diameter) containing water at height of 10cm and
temperature of 22°C-25°C. The water was changed between
trials. Each mouse was allowed to swim for a maximum of
6 min, and the immobility time was recorded during the last
5min of the trial. After the trial ended, the mouse was
carefully dried with a cloth towel and kept under a heating
fan for 1h before placing back into the home cage.

2.2.4. Barnes Maze Test. The Barnes maze task is a spatial
memory task. The maze apparatus (Techman, BMT-100,
Chengdu, China) was a round platform (75 cm in diameter)
with 18 evenly arranged holes (7cm in diameter, Figure
1(a)). During the training, a target box was placed below one
of the holes, which was labeled as the target hole. Training
and testing were performed in a 500 lux light environment.
The platform was cleaned with 75% ethanol after each use to
avoid smelling interference with the next animal.

The day before the training, a mouse was placed in the
target hole for 1 min to get familiar with the environment.
For the spatial training, target holes were maintained in the
same location relative to the extramaze cues on each trial.
The trial was started by placing a mouse in the center of the
platform. The mouse was covered with a cylinder. After 10,
the mouse was allowed to freely explore the platform for
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FIGURE 1: L. plantarum WLPLO04 treatment alleviates the cognitive dysfunctions in chronically stressed mice. (a) Diagram of Barnes maze. (b),
(¢) Chronic stress impairs spatial memory but not spatial learning in the Barnes maze, and such memory deficit is rescued by the L. plantarum
WLPL04 treatment. (d) Chronic stress impairs the novel/familiar object recognition, and such deficit is reversed by the L. plantarum WLPL04

treatment. n =7 mice per group.

3 min. If the mouse found the target hole, the mouse was
allowed to stay inside the target box for 30s. If the mouse
failed to find the target hole, the mouse was guided to the
target box, and the environment light was turned off si-
multaneously. The mouse was permitted to stay in the box
for 30 s. Each mouse was trained for three 3 trials each day
for four consecutive days.

For the spatial memory testing, the target box was re-
moved and each mouse underwent a probe trial on the fifth
day. The mouse was placed on the center of the platform and
allowed to freely explore the platform for 90 s. The latency to
find the target box was recorded.

2.2.5. Novel Object Recognition Test. The novel object rec-
ognition task was performed in a square arena
(30cm x 30 cm x 45 cm). Each mouse was placed in the
arena to explore for 1 min to get familiar with the envi-
ronment. One day later, two identical objects were placed in
two distinct corners of the arena, and the mouse was allowed
to explore the arena for 10 min. On the next day, one of the
two identical objects (familiar objects) was replaced by a
novel object (nonfamiliar object). The novel object was
different in shape and color with the familiar ones. The

mouse was placed in the arena to freely explore for 10 min.
The exploration behavior of the mouse was video recorded
for analysis. The arena was cleaned with 75% ethanol after
each use.

2.3. DNA Extraction and High-Throughput DNA Sequencing.
After the chronic restraint stress, the mouse feces was
collected from every cage and immediately placed in 1.5 mL
screw-capped tubes for DNA extraction. Prior to the DNA
extraction, each sample tube was added with sterilized
phosphate-buftered saline (PBS) solution (6 ml, 0.05 M, pH
7.4), shaken for 5-10 min, and centrifuged for 5min at
500 rpm. The deposits were collected in Eppendorf tubes,
and such processes were repeated thrice. The deposits were
suspended in 1.0 mL ddH,O and centrifuged for 5min at
14000 rpm. The resulting deposits were dissolved in 200 ul
absolute ethanol (precooled at —20°C) and centrifuged for
2min at 14,000 rpm. The supernatant was discarded, and
the process was repeated thrice. The total DNA was
extracted from the feces by using the TITANamp Bacteria
DNA Kit (TIANGEN, DP302, Beijing, China) in accor-
dance with the manufacturer’s instructions. The extracted
genomic DNA was sent to Personal, Inc. (Personal Bio Inc.,
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Shanghai, China) for high-throughput sequencing and
analysis.

The V3/4 region of the 16S rRNA gene was amplified
using universal primers 338F (5'-ACTCCTACGGGAGG-
CAGCAG-3') and 806R (5'-GGACTACHVGGGTWTC-
TAAT-3'). The PCR product was extracted from 2% agarose
gels, purified, and quantified. The sequencing was carried
out using the Illumina MiSeq platform and 2 x300bp re-
agent kit for paired-end sequencing (GenBank accession
number PRJNA673977). Operational taxonomic units
(OTUs) were clustered with 97% similarity cutoff, and
chimeric sequences were identified and removed using the
QIIME analysis tools (Quantitative Insights into Microbial
Ecology, v1.8.0; http://giime.org/).

2.4. Enzyme-Linked Immunosorbent Assay (ELISA). The
truck blood was collected and centrifuged at 3400 rpm for
20min to measure the 5-HT level. The supernatant was
collected and stored at —80°C for further analysis. The 5-HT
level was measured using the commercial ELISA kit
(ab133053, Abcam, Cambridge, UK). In brief, varying
concentrations of standard and sample solutions were added
into the ELISA plates. All ELISA measurements were per-
formed in two replicates.

2.5. Protein Extraction and Western Blot. Brain tissues were
quickly removed, washed with PBS, and homogenized with
phenylmethanesulfonyl fluoride (Sigma-Aldrich, 78830,
Wisconsin, USA). The total protein concentration was
measured using the BCA protein assay kit (Thermo Scien-
tific, 23235, New York, USA). Protein extracts were used for
Western blot to quantify the levels of brain-derived neu-
rotrophic factor (BDNF), tropomyosin-related kinase B
(TrkB), and glyceraldehyde-3-phosphate dehydrogenase
(GAPDH). After the measurement and the adjustment of
protein concentration, samples were added with 4x loading
buffer, heated at 100°C for 10 min, and loaded onto the
SDS-PAGE. Proteins were transferred onto polyvinylidene
difluoride membranes (Merck Millipore, ISEQ00010 and
IPVHO00010, Massachusetts, USA) for 2h at 56V in the
transfer buffer. Membranes were blocked with 5% nonfat
milk in Tris-buffered saline (TBST) for 2h at room tem-
perature on an orbital shaker. The membranes were then cut
into several parts in accordance with the goal protein mo-
lecular weight and incubated with primary antibodies (anti-
BDNF antibody, 1:1000, Abcam, ab108319, Cambridge, UK;
anti-TrkB antibody, 1:5000, Abcam, ab187041, Cambridge,
UK; and anti-GAPDH antibody, 1:1000, BioRad,
MCAA4739, California, USA) overnight at 4°C. The mem-
branes were washed thrice with TBST (5 min each time) and
incubated with horseradish peroxidase- (HRP-) conjugated
IgG secondary antibodies (goat anti-mouse IgG HRP, 1:
3000, Cw0102s, Beijing, China; and goat anti-rabbit IgG
HRP, 1:3000, Cw0103s, Beijing, China) for 2h at room
temperature. Signals were visualized using the Gel DocTM
EZ System (BioRad, California, USA), and the relative levels
of BDNF, TrkB, and GAPDH proteins were analyzed using
the “Image J” Software (https://imagej.nih.gov/ij/).

2.6. Statistical Analysis. Statistical analysis was performed
using the GraphPad Prism 6. Continuous variables were
presented as the mean + standard error of the mean. Results
were analyzed using unpaired one-way and two-way
ANOVA.

The Chaol index was determined as follows:

nl(nl-1)

2(m2+1)° M

SChaol = Sobs +
where Sgy,,,; 1s the estimated number of OTUs (operational
taxonomic units), S, is the observed number of OUTs, n1 is
the number of OTU that have one sequence, and n2 is the
number of OTU that have two sequences.

The Shannon index was commonly calculated as follows:

R
HShannon == Z piln pi> (2)
i=1

where p; is the proportion of characters belonging to the i
type of letter in the string of interest, and R denotes the
actual number of types.

3. Results and Discussion

3.1. L. plantarum WLPL04 Rescues Stress-Induced Anxiety/
Depressive-Like Behaviors. The behavioral assessment with
the open-field test showed that the chronically stressed mice
spent significantly less time in the central area of the open
field compared with the control mice, indicating that the
chronically stressed mice exhibited the anxiety phenotype.
This phenotype was not observed in the stress + WLPL04
group of mice (Figures 2(a) and 2(b), control: 22.22 +2.159 s;
stress: 12.41 +1.115s; stress + WLPL04:17.73 +1.798 s; and
one-way ANOVA, F (2, 27) =7.928, p=0.0020).

The elevated plus maze test showed that the L. plantarum
WLPLO04 treatment could rescue the chronic stress-induced
anxiety phenotype. The stressed mice spent significantly less
time (control: 43.93+7.197s; stress: 23.61+3.078s;
stress + WLPL04:34.13 £2.552s; and one-way ANOVA, F
(2, 27)=4.571, p=0.0195) and executed significantly less
entries (control: 6.300+1.146; stress: 3.300 + 0.3000;
stress + WLPLO04: 6.900 + 1.286; and one-way ANOVA, F (2,
27)=3.651, p=0.0395) in the open arms of the maze
compared with the control mice. This anxiety-like pheno-
type was not observed in the stress + WLPL04 group of mice
(Figures 2(c) and 2(d)).

The forced swimming test was performed to examine the
effect of the L. plantarum WLPL04 treatment on the de-
pressive-like behavior. The stressed mice had significantly
more immobility time (control: 37.17+5.846s; stress:
71.43 +8.680s; stress+ WLPL04:40.57 +5.467 s; and one-
way ANOVA, F (2, 32)=7.670, p=0.0019) compared with
the control mice, indicating that the chronically stressed
mice exhibited the depressive-like phenotype. This pheno-
type was not observed in the stress + WLPL04 group of mice
(Figure 2(e)).

Overall, these results suggested that the L. plantarum
WLPL04 treatment could alleviate the anxiety and the
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FIGURE 2: L. plantarum WLPL04 treatment reduces anxiety-like behaviors in chronically stressed mice. (a) The moving trajectory of the
three groups of mice in the open-field test. (b) Chronically stressed mice exhibit significantly (p <0.01) less time in the central area of the
open field, and such behavioral phenotype is alleviated by the L. plantarum WLPL04 treatment. Chronically stressed mice have spent (c)
significantly (p <0.01) less time and (d) significantly (p <0.05) fewer entries into the open arms in the elevated plus maze test, and such
behavioral phenotypes are alleviated by the L. plantarum WLPLO04 treatment. (e) Chronically stressed mice demonstrate significantly
(p <0.01) longer immobility time, and such behavioral phenotype is alleviated by the L. plantarum WLPL04 treatment. n="7 - 12 mice per

group.

depressive-like behavioral phenotypes induced by chronic
stress.

3.2. L. plantarum WLPL04 Alleviates Stress-Induced Cognitive
Functional Deficits. The Barnes maze and novel object
recognition tests were performed to examine whether the L.
plantarum WLPLO04 treatment could alleviate the cognitive
deficits induced by the chronic restraint stress. In the Barnes
maze test, which measured the hippocampus and prefrontal
cortex-dependent spatial learning and memory, the stressed
and the control mice performed equally well during the
training, indicating an intact ability of spatial learning

(session 1: control: 61.85+8.202s; stress: 70.22+9.081 s;
stress + WLPL04:52.10+7.771s;  session 2: control:
33.64+3.709s; stress: 41.59+6.798s; stress+ WLPL04:
43.70+£7.901s; session 3: control: 30.01 +4.748s; stress:
33.14 +5.496 s; stress+ WLPL04:26.16 +4.148 s; session 4:
control: 19.95+3.223 s; stress: 26.20 +5.703 s;
stress + WLPL04:17.94+£2.660s; and two-way ANOVA, F
(6, 162)=0.6035, p=0.7272). However, in the spatial
memory in the probe trial, compared with the control mice,
the stressed mice spent a significantly longer time (control:
10.96 £2.218s; stress: 25.76 £+5.814s; stress+ WLPL0O4:
11.28 £2.641s; and one-way ANOVA, F (2, 39)=4.693,
p =0.0149) to find the target box, indicating impaired spatial
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memory. Such impairment was not observed in the
stress + WLPL04 group of mice, suggesting the protective
effect of the L. plantarum WLPL04 on the spatial memory
consolidation (Figures 1(b) and 1(c)).

In the novel object recognition test, which measures the
prefrontal cortex-dependent cognitive function [23, 24], the
control mice preferred to interact with the novel objects. By
contrast, the stressed mice spent equal time interacting with
novel and familiar objects, indicating a deficit in the novel
object recognition. Such deficit was not observed in the
stress+ WLPL0O4 group of mice, suggesting that the L.
plantarum WLPL04 could protect the cognitive ability for

novel object recognition (Figure 1(d), control:
2.889+£0.5159; stress: 1.354+0.1111; stress+ WLPL04:
1.946 +0.2031; and one-way ANOVA, F (2, 18)=5.620,
p=0.0127).

Overall, these results suggested that the L. plantarum
WLPL04 treatment could alleviate the cognitive deficits
induced by chronic stress.

3.3. L. plantarum WLPL04 Reverses the Reduction in the
Intestinal Microbiota Diversity Caused by Stress. The com-
position of intestinal microbiota was analyzed using the
high-throughput DNA sequencing. The analysis of the
relative abundance of the detected bacteria within each
sample at the phylum level revealed a decrease in the
abundance of Firmicutes and Actinobacteria and an increase
in the abundance of Bacteroidetes in the stressed mice
compared with those in the control mice (Figure 3(a)). Such
changes were not observed in the stress + WLPL04 group of
mice (Figure 3(a)). The Chaol and the Shannon analyses
showed that the species richness (Chaol) and the microbiota
diversity (Shannon) in the feces were reduced by the chronic
restraint stress, and such reductions were somehow reversed
upon probiotic treatment with the L. plantarum WLPL04
(Figures 3(b) and 3(c), Chaol: control: 930.0 + 49.00; stress:
662.0+11.00; stress+ WLPL04:772.3+£21.36; one-way
ANOVA, F (2, 4)=18.70, p=0.0093; Shannon: control:
6.700 +£0.2900; stress: 5.325+0.08500; stress+ WLPLO04:
5.990 +£0.3262; and one-way ANOVA, F (2, 4)=4.606,
p=0.0917). Thus, the chronic stress reduced the intestinal
microbiota diversity, and such reduction could be reversed
by the L. plantarum WLPLO04 treatment.

3.4. L. plantarum WLPL04 Reverses the Decrease in the Serum
5-HT Level Caused by Stress. 'The 5-HT, a key element in the
gut-brain axis, acts as a neurotransmitter in the central and
the enteric nervous systems. The 5-HT plays an important
role in learning, memory, and emotion regulation in the
central nervous systems. The analysis of the serum 5-HT
level revealed a significant decrease in the 5-HT level in
stressed mice compared with that in the control mice. This
decrease was not observed in the stress + WLPL04 group of
mice (Figure 4, control: 130.6+9.672ng/mL; stress:
90.78 £ 8.945 ng/mlL; stress + WLPL04 :122.7 +12.65 ng/mL;
and one-way ANOVA, F (2, 6)=4.004, p=0.0786), sug-
gesting that the L. plantarum WLPL04 could produce a

protective effect on the chronically stressed mice by
maintaining the serum 5-HT at a normal level.

3.5. L. plantarum WLPL04 Prevents the Stress-Induced De-
crease in BDNF and its Receptor TrkB. The BDNF, a member
of neurotrophic factors, plays an important role in the
nervous system development and learning/memory function
[25]. Previous reports show that early-life events regulate the
expression of neurotrophic factors [26]. Here, the expression
levels of BDNF and its receptor TrkB in the mPFC of mice
were measured using the Western blot. As shown in Fig-
ure 5, the chronic stress significantly reduced the levels of
BDNF and the TrKB protein, and these reductions were not
detected in the stress+ WLPL04 group of mice (BDNEF:
control: 100.0 £+ 2.699%; stress: 65.57 +7.401%;
stress + WLPL04:99.68 +9.028%; one-way ANOVA, F (2,
6)=8.182, p=0.0193; TrkB: control: 100.0 £ 7.444%; stress:
50.64 + 2.565%; sStress + WLPL04 : 82.82 + 7.694%; and one-
way ANOVA, F (2, 6)=15.54, p=0.0042). These results
suggested that the L. plantarum WLPL04 could prevent the
stress-induced decrease in BDNF and its receptor TrkB.

4. Discussion

The present study shows that the chronic restraint stress
induces anxiety/depressive-like behaviors and results in
cognitive deficits, causes an abnormal change in the intes-
tinal microbiota, and reduces the levels of 5-HT, BDNF, and
TrkB. These changes can be alleviated with the L. plantarum
WLPLO04 treatment, providing an experimental basis for the
therapeutic application of L. plantarum on anxiety/de-
pression and cognitive dysfunctions.

A growing body of studies suggests that the probiotic
treatment can reverse the stress-induced intestinal dysbiosis
and behavioral abnormality. The beneficial effects of pro-
biotics include promoting host digestion, supporting the
immune system, and managing the intestinal microbiota
[27, 28]. Lactobacillus and Bifidobacteria, as the represen-
tative bacteria of Firmicutes and Actinobacteria, respec-
tively, are reported to reduce anxiety symptoms in patients
with chronic fatigue syndrome [29]. A probiotic formulation
combining L. acidophilus Rosell-52 and Bifidobacterium
longum Rosell-175 exerts a beneficial effect on the gastro-
intestinal symptoms in individuals affected by chronic stress
[30]. The oral administration of B. longum 1714 or Bifido-
bacterium breve 1205 for six weeks reduces anxiety-like
behavioral phenotypes in anxious BALB/c mice [31]. Several
factors increase the risk of depression, including stress and
environment and gut microbiota [32, 33]. Our study shows
that four-week chronic restraint stress could cause de-
pression. Previous studies show that gut microbiota can
modulate depressive-like behavior. Mice treated with a
combination of Lactobacillus helveticus R0052 and Bifido-
bacterium longum RO175 present improvements in de-
pression-like  behavior [34]. CCFM1025 treatment
significantly reduced anxiety and depression-like behaviors
induced by chronic unpredictable mild stress [35]. Mice
received 1 x 10 cfu-L. rhamnosus daily for four weeks could
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FIGURE 3: L. plantarum WLPL04 treatment rescues the negative change in the intestinal microbiota. (a) Aggregate microbiota composition
at the phylum level in the fecal samples of experimental mice. Chronic stress significantly reduces the number of Firmicutes, and such
negative effect is reversed by the L. plantarum WLPL04 treatment. Bacterial diversity and species richness as indicated by the (b) Chaol and
the (c) Shannon indices. The chronic stress tends to destroy the diversity and destroy the species richness, and such negative effects are
rescued by the L. plantarum WLPL04 treatment. n =12 mice per group.

alleviate anxiety and depression-related behaviors [36]. Data
from the open-field test and elevated plus maze test in our
study also show that L. plantarum WLPL04 alleviated
anxiety and depressive-like behaviors induced by chronic
restraint stress, suggesting its antianxiety and antidepression
effect of L. plantarum WLPLO4.

The link between microbiome composition and neu-
rodevelopment has been proposed for a long time [4].
Microbiota has been reported to influence the neuro-
development. The alterations of the gut microbiota may
affect the neurodevelopment and could be mediated by
microbiota via microbiota-gut-brain axis [37, 38]. Neuro-
development-related molecular, such as BDNF, has been
found to be related with the microbiota-gut-brain axis, and
they are susceptible to modulations [4, 39]. The microbiota-
gut-brain axis is reported to regulate neuropsychiatric dis-
eases [40]. Alterations of gut microbiota could influence
strongly on the neurodevelopment. The L. helveticus NS8
treatment improves cognitive deficit and anxiety-like be-
haviors in hyperammonemia rats. The two-month admin-
istration of L. plantarum MTCCI1325 ameliorates the
cognitive deficits in Alzheimer’s disease [16]. The long-term
treatment of Lactobacillus paracasei K71 may alleviate the

age-dependent cognitive decline in mice [41]. The dysbiosis
and behavioral deficits caused by prenatal stress can be
prevented by treating the dam and the offspring mice with
Lactobacillus-containing probiotics and indigenous Lacto-
bacillus reuteri, respectively [42, 43]. In the present study, the
L. plantarum WLPL04 treatment rescues cognitive deficits in
chronically stressed mice, providing evidence that this
probiotic treatment can benefit the host by alleviating stress-
induced cognitive disorders.

The stress exposure is known to significantly change the
gastric acid secretion, gastrointestinal motility, and mucous
levels, which can influence the ability of microbes to colonize
within the gastrointestinal tract. The stress can alter the
composition of intestinal microbiota. For instance, Bailey
et al. have reported that a social stressor reduces the relative
abundance of Bacteroidetes in mice [5]. The change in the
microbiota diversity can be detected as early as 2h after
stress exposure [44]. A study in nonhuman primates indi-
cates that stress during pregnancy affects the infant gut
microbiota by reducing Bifidobacteria and Lactobacilli [45].
The present study shows a consistent result, indicating that
the chronic restraint stress induces changes in bacterial
species and diversity.
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FIGURE 5: Protein levels of brain-derived neurotrophic factor (BDNF) and tropomyosin receptor kinase B (TrkB) in the mPFC of mice.
Chronic stress reduces the expressions of (a), (c) BDNF and (b), (d) TrkB, and such effects are rescued by the L. plantarum WLPL04
treatment. Three independent experiments were conducted in each sample group.

Although research shows the validity of probiotics, many
scholars remain cautious. Suez et al. have found that the
potential postantibiotic probiotic benefits may be offset by a
compromised gut mucosal recovery [46]. Zmora has con-
firmed that the empiric probiotic supplementation may be
limited and persistently affect the gut mucosa, meriting the
development of new personalized probiotic approaches [47].
The effects of probiotic may be dependent on the strain. A
probiotic formulation exhibits beneficial effects for stressed

animals but has no benefit or may cause harm to normal
ones [48]. Lactic acid bacteria are often considered to
promote health but are reported to be associated with bad
outcomes, including susceptible to inescapable electric stress
[49], increased severity of psychotic dysfunctions [50], and
high levels of proinflammatory [51]. Lactic acid bacteria are
also reported to be relatively abundant in persons with
schizophrenia and bipolar disorders [52, 53]. The discrep-
ancy may be explained by differences in study design and
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methodologies. In the present study, the L. plantarum
WLPL04 is supplied as drinking supplement for chronically
stressed mice, and results provide further evidence that this
probiotic treatment can rescue the intestinal microbiota
composition and support the hypothesis that the L. plan-
tarum WLPL04 can benefit the host by alleviating stress-
induced mood disorders. The 5-HT is produced in the brain
and the gastrointestinal tract and can be detected in the
blood. Gershon and Tack have reported that the gastroin-
testinal tract contains most of the body’s 5-HT [54]. The
synthesis and the metabolism of 5-HT in the brain and
periphery are believed to be independent. To our knowledge,
90% of the 5-HT is produced by enterochromaffin cell and
stored in granule cells [55]. When stimulus factors are in-
volved, the 5-HT stored in granule cells is released into the
blood [56]. The 5-HT produced in the brain cannot pass the
blood-brain barrier and cannot enter blood.

The microbiota is involved in regulating the host’s 5-HT
level. Germ-free mice have significantly low serum serotonin
[57]. Approximately 50% of the gut-derived 5-HT is regu-
lated by the gut microbiota. Spore-forming bacteria, which
are dominated by the Clostridiaceae and the Turicibacter-
aceae [57], produce short-chained fatty acids and trypt-
amine, which influence TPH-1 expression, 5-HT synthesis,
and/or 5-HT release [58, 59]. The long-term diet supple-
mentation with L. paracasei K71 elevates the serum sero-
tonin level [41]. Consistent with those of the previous
studies, our results show that the L. plantarum WLPL04 can
reverse the serum 5-HT level of chronically restrained mice.
The L. plantarum WLPL04 may affect the 5-HT synthesis in
the gut and rescue the body’s 5-HT concentration to a
physiological level in the stressed mice.

The serotoninergic system plays an important role in the
mood regulation [60]. The 5-HT has long been recognized as
a key contributor to the regulation of mood and anxiety and
is strongly associated with the etiology of major depression
[61]. Early studies demonstrate that disabling the seroto-
nergic system completely either by preventing the 5-HT
production or by lesioning the 5-HT neurons leads to
widespread behavioral consequences ranging from cognitive
deficits to avoidance behaviors [52-65]. Increasing the
bioavailability of the 5-HT in serotoninergic synapses ef-
fectively alleviates depressive symptoms [66]. In the present
study, the serum 5-HT concentration is significantly de-
creased in the chronically stressed mice, and such decrease is
alleviated by the L. plantarum WLPL04 treatment.

As the most abundant neurotrophic factor, the BDNF
affects several aspects of brain functions. The expression of
BDNF is dependent on the activity and regulated by internal
and environmental factors. Increasing studies have shown
that the stress downregulates the expression of BDNF
[67-69]. The intestinal microbiota regulates the level of
BDNF in the central nervous system [70]. For example, the
administration of antimicrobials transiently alters the
composition of microbiota and reduces the expression of
BDNF in the hippocampus of mice [69]. Moreover, the
hippocampal BDNF expression is upregulated after the mice
are orally administered with the probiotic B. longum 1714
[31]. Consistently, the present study has found that the

chronic restraint stress reduces the expression of BDNF and
its receptor TrkB in the mPFC and impairs mPFC-depen-
dent cognitive functions, and such effects are alleviated by
the supplementation of the L. plantarum WLPLO04.

5. Conclusions

In summary, the L. plantarum WLPL04 treatment can al-
leviate anxiety/depressive-like behaviors, the abnormal
change in intestinal microbiota, and the reduced levels of 5-
HT, BDNF, and TrkB induced by chronic stress, providing
an experimental basis for its therapeutic application on
anxiety/depressive mood disorders.
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With the ability to cross placental barriers in their hosts, strains of Gram-positive Enterococcus faecalis can exhibit either beneficial
or harmful properties. However, the mechanisms underlying these effects have yet to be determined. A comparative tran-
scriptomic analysis of human placental trophoblasts in response to pathogenic or probiotic E. faecalis was performed in order to
investigate the molecular basis of different traits. Results indicated that both E. faecalis Symbioflor 1 and V583 could pass through
the placental barrier in vitro with similar levels of invasion ability. In total, 2353 (1369 upregulated and 984 downregulated) and
2351 (1233 upregulated and 1118 downregulated) DEGs were identified in Symbioflor 1 and V583, respectively. Furthermore,
1074 (671 upregulated and 403 downregulated) and 1072 (535 upregulated and 537 downregulated) DEGs were only identified in
Symbioflor 1 and V583 treatment groups, respectively. KEGG analysis showed that 6 and 9 signaling pathways were associated
with interactions between Symbioflor 1 and V583. GO analysis revealed that these DEGs were mainly related to cellular and
metabolic processes and biological regulation. However, 28 and 44 DEGs were classified into terms associated with placental and
embryonic development in Symbioflor 1 and V583 treatment groups, respectively. Notably, 9 and 25 unique DEGs were identified
only in Symbioflor 1 and V583 treatment groups, respectively. A large proportion of transcriptional responses differed when
compared between pathogenic and probiotic E. faecalis interaction, and several unique DEGs and signal pathways were identified
in the two different groups. These data enhance our understanding of how different traits can be affected by pathogenic and
probiotic E. faecalis and the mechanisms underlying these effects.

et al. confirmed that various enterococci could transmit to
fetus and cause stillbirth [6]. We have previously demon-
strated that E. faecalis OG1RF can pass through the placental
barrier of pregnant mice, translocate into the fetus, and then

1. Introduction

Enterococcus faecalis is a Gram-positive bacterium that is
commonly found in a variety of different matrices including

the alimentary tract and foods. This bacterium has received
substantial attention due to the fact that it can exert both
beneficial and pathogenic effects [1]. Certain E. faecalis
strains are regarded as commensal bacteria or even pro-
biotics for creating a healthy gut environment; however,
other strains are considered to be dangerous as they can lead
to a variety of nosocomial infections and diseases [2, 3].
Previous researches have shown that E. faecalis is able to pass
through biological barriers and can subsequently mediate a
variety of effects in the host [4, 5]. A review by Goldenberg

affect both fetal and placental growth and development [7].
We demonstrated that E. faecalis OG1RF induces placental
and embryonic development retardation, stress and stimulus
response activation, apoptosis, immune response disorder,
and cell adhesion disintegration of placental trophoblasts
through various signaling pathways using real-time PCR and
DNA microarray [8]. E. faecalis has also been identified in
meconium obtained from healthy neonates. The presence of
this type of bacteria in meconium could initiate gut colo-
nization as an adaptation to the fetal gut to prepare the fetus


mailto:weihua@ncu.edu.cn
https://orcid.org/0000-0003-4341-8290
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2021/6655414

2 Canadian Journal of Infectious Diseases and Medical Microbiology

for life outside the mother [9]. Albesharat et al. found that
E. faecalis was present in the feces of mothers and their
babies and hypothesized that the initial bacterial coloniza-
tion of the infant occurs via vertical transmission from
mothers to infants [10]. The close relationship between two
typical E. faecalis strains (Symbioflor 1 [11] and V583 [12])
has been studied in significant detail with regards to human
pregnancy. E. faecalis Symbioflor 1 (SymbioPharm, Her-
born, Germany) is recognized as a probiotic strain that can
alleviate the symptoms of irritable bowel syndrome by
improving the microbial balance in the intestine. E. faecalis
V583 is a vancomycin-resistant prototype clinical isolate
that causes opportunistic nosocomial infection worldwide.
Meanwhile, a human placental choriocarcinoma BeWo cell
lines, a widely recognized in vitro placental model [13], was
adopted. The BeWo cell line is regularly used to study a range
of placental functions, including transplacental transport
and infection caused by viruses and bacteria. DEGs of BeWo
cells associated with E. faecalis invasion were identified by
using DNA microarray, and transcriptomic profiling was
compared by using Gene Ontology (GO) and Kyoto En-
cyclopedia of Genes and Genomes (KEGG) pathway data-
base [14].

In this study, we first constructed an interaction model
between two different E. faecalis strains and BeWo cells.
Then, we compared the invasion abilities (adhesion ability
and internalization ability) between the two E. faecalis
strains. Subsequently, we performed comparative tran-
scriptomic profiling by using a DNA microarray (Illumina
Human HT-12 v4 Expression Bead Chip), GO analysis, and
KEGG pathway analysis. The main objective of this study
was to gain insights into the differences in transcriptional
regulation between strains of E. faecalis that can exhibit
dualistic behavior towards host health. The study was
designed to identify the different traits that might be affected
by putative pathogenic or probiotic E. faecalis. The identi-
fication of such traits is crucial as this information may
ultimately contribute to the future development of strategies
for the prevention and treatment of invasion and infection
caused by different E. faecalis strains.

2. Materials and Methods

2.1. Bacterial Strains and Cell Lines. The bacterial strains
used in this study are listed in Table 1. In brief, strains of
E. faecalis strains, clinical pathogen V583 (ATCC 700802),
and probiotic Symbioflor 1 (DSM 16431) were cultured in
Trypticase soy broth (TSB) at 37°C for 24 h with shaking at
180 rpm. The bacteria were then harvested by centrifugation
at 6000 rpm for 10 min, washed twice with sterile PBS
(0.01M, pH 7.4), and reconstituted in cell culture medium
DMEM/F-12 (Solarbio, Beijing, China) to yield a concen-
tration of 10° CFU/mL before use.

The human choriocarcinoma cell line BeWo was pur-
chased from Action-award Biotech Co., Ltd. (Guangzhou,
China) and cultured as described previously [8]. In brief,
BeWo cells were cultured in DMEM/F-12 medium sup-
plemented with 10% (v/v) FBS (Gibco, Grand Island, NY) at

37°C under a 5% CO, atmosphere, until approximately 80%-—
90% cell confluence.

2.2. Invasion Assays. Invasion assays were performed in
accordance with our previous study [8]. BeWo cells were
transferred into 24-well plates (Corning, NY) and cultured
for 24-48h until a confluent monolayer was obtained. A
5 uL aliquot of resuspended bacteria was then added to each
well containing 495 uL of cell culture medium and incubated
for 60 minutes.

The total number of invading bacteria was determined by
twice dip-washing with sterile PBS to remove free bacteria
and lysing the BeWo cells with 500 uL of 0.5% Triton X-100/
PBS to release the internalized bacteria. Serial dilutions were
spread onto Trypticase soy agar (TSA) plates and incubated
at 37°C overnight. The numbers of internalized bacteria were
then determined by adding 100 yg/mL of gentamicin and
50 pg/mL of penicillin and incubating for 60 min to kill any
viable extracellular bacteria that were still present. The cells
were then washed twice, lysed, and the bacterial count
determined as described above. P values were calculated
using Student’s t-test.

2.3. DNA Microarray and Data Analysis. Incubation ex-
periments were performed as described in our previous
study [8]. In brief, BeWo cells were grown in 24-well plates
and cultured for 24-48h until 80%-90% confluency.
E. faecalis V583 and Symbioflor 1 were then harvested and
resuspended in DMEM/F-12 cell culture medium to
10°CFU/mL. A 5uL aliquot of resuspended E. faecalis
V583 and Symbioflor 1 was then added to each well
containing 495 uL of cell culture medium and incubated for
4 h. The same amount of cell culture medium, but without
any E. faecalis strains, was used as a negative control. Total
RNA was extracted using TRNzol Total RNA Reagent
(TIANGEN, Beijing, China). DNA microarrays were
performed by Beijing EMTD Technology Development
Co., Ltd. using an Illumina Human HT-12 v4 Expression
BeadChip system (Illumina, Inc., San Diego, CA). In brief,
RNA was adjusted to a concentration of 200 ng/uL, fol-
lowed by first and then second strand cDNA synthesis.
Double-stranded ¢cDNA was then purified with a filter
cartridge, and cRNA was synthesized by T7 RNA poly-
merase transcription in vitro. Following purification and
quantification, the cRNA was hybridized with the Bead-
Chip, washed, scanned, and analyzed. Illumina expression
data were deposited in the NCBI Gene Expression Om-
nibus (GEO) database under the accession number
GSE75626. DEGs were analyzed using GO and KEGG
pathway databases.

2.4. Statistical Analysis. Unless specified, all experiments
were performed in triplicate. All data were analyzed using
statistics programs contained in SigmaPlot 11.0 (Systat
Software, San Jose, CA).
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TaBLE 1: Enterococcus faecalis strains used in this study.

Strain Number Country Source Isolation Characteristics References
Symbioflor 1 DSM 16431 Germany  Nonhospitalized person Feces Probiotic [11]
V583 ATCC 700802 USA Hospitalized patient Blood Pathogen, EryR, Gen®, and Van® [12]

*Ery, erythromycin; Gen, gentamicin; Van, vancomycin; R resistance.

3. Results

3.1. Invasion Ability of E. faecalis. The number of E. faecalis
strains present in BeWo cells was determined using invasion
assays. As shown in Figure 1(a), 8.42+0.13 Log;o CFU/mL
of Symbioflor 1 and 8.66 + 0.18 Log;o CFU/mL of V583 were
identified in BeWo cells after incubation under the same
conditions. These results showed that incubation conditions
did not cause any deviations in the detection of invasion
ability.

As demonstrated in Figure 1(b), the invaded cell counts
of Symbioflor 1 and V583 strains were 6.76+0.20 and
6.86+0.20 Log;o CFU/mL, respectively, while those of in-
ternalized Symbioflor 1 and V583 were 2.48+0.35 and
2.06 £0.50 Log;o CFU/mL, respectively (Figure 1(c)). These
results showed that there was no significant difference in the
in vitro invasion ability when compared between the two
strains (P >0.05). These data indicated that both the path-
ogenic and probiotic E. faecalis strains could pass through
the placental barrier. Similar observations were noted with
regards to the in vitro invasion ability when compared
between the two strains.

3.2. Differential Gene Expression Profile Analysis. DNA
microarray techniques were used to compare the gene ex-
pression patterns of untreated BeWo cells with those in-
fected by E. faecalis. After applying cutoffs for induction
(ratio > 2.0-fold) and suppression (ratio < 0.5-fold), out of a
total of 47,231 genes on the BeadChip, a total of 2353 DEGs,
including 1369 upregulated genes and 984 downregulated
genes were identified in the Symbioflor 1 treatment group. In
the V583 treatment group, a total of 2351 DEGs, including
1233 upregulated genes and 1118 downregulated genes, were
identified. Furthermore, 1279 of the total number of DEGs
were found to be common to both treatment groups, thus
accounting for 54.36% and 54.40% of the DEGs in Sym-
bioflor 1 and V583 treatment groups, respectively
(Figure 2(a), Tables S1 and S2).

In addition, 698 of the total number of upregulated
DEGs were found to be common to both strains, thus ac-
counting for 50.99% and 56.61% of the DEGs in the Sym-
bioflor 1 and V583 treatment groups, respectively
(Figure 2(b)). Furthermore, 581 of the downregulated DEGs
were found to be common to both strains, thus accounting
for 59.04% and 51.97% of the DEGs in the Symbioflor 1 and
V583 treatment groups, respectively (Figure 2(c)).

In general, both pathogenic and probiotic E. faecalis
treatment groups showed a similar number of total DEGs.
However, the number of upregulated and downregulated
genes varied significantly in both groups. Hence, DEGs were
then mapped using the KEGG database for signal pathway

analysis to gain further understanding of their biological
function.

3.3. Signal Pathway Analysis of DEGs. According to signal
pathway analysis of DEGs, six main terms associated with
BeWo cells in response to invasion by Symbioflor 1, in-
cluding the MAPK signaling pathway, Jak-STAT signaling
pathway, adherens junction, T cell receptor signaling
pathway, p53 signaling pathway, and pathogenic Escherichia
coli infection. For the V583 treatment group, nine main
terms were associated with the response of BeWo cells to
invasion, including the MAPK signaling pathway, leukocyte
transendothelial migration, p53 signaling pathway, T cell
receptor signaling pathway, apoptosis, ErbB signaling
pathway, adherens junction, B cell receptor signaling
pathway, and pathogenic Escherichia coli infection.
According to the results obtained as shown in Table 2, five
common terms were identified in both treatment groups.
However, the Jak-STAT signaling pathway in particular was
only observed in the Symbioflor 1 treatment group, whereas
the ErbB signaling pathway, apoptosis, B cell receptor sig-
naling pathway, and leukocyte transendothelial migration
were all identified in the V583 treatment group.

3.4. Bioinformatic Analysis of DEGs. DEGs were charac-
terized functionally by comparison against GO database and
classified into three different categories, namely, the bio-
logical process, cellular component, and molecular function.
For the Symbioflor 1 treatment group, DEGs were catego-
rized into 293 terms in the biological process, 58 terms in
cellular component, and 70 terms in molecular function
(Table S3). For the V583 treatment group, the DEGs were
categorized into 267 terms in the biological process, 59 terms
in cellular component, and 62 terms in molecular function
(Table S4). According to the comparative analysis of relevant
data from both treatment groups, the top three genes were
classified under the GO biological process categories related
to the same terms used for the cellular process, metabolic
process, and biological regulation (Tables S3 and S4).

In particular, for the Symbioflor 1 treatment group, a
total of 28 genes were classified into terms associated with
placental and embryonic development: placental develop-
ment, embryonic placental development, in utero embry-
onic development, and the embryonic process involved in
female pregnancy (Table 3). However, for the V583 treat-
ment group, a total of 44 genes were classified into terms
associated with placental and embryonic development,
namely, placental development, chordate embryonic de-
velopment, in utero embryonic development, embryonic
development ending in birth or egg hatching, embryonic
cranial skeleton morphogenesis, and the embryonic process
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FiGure 1: Invasion ability of E. faecalis strains associated with BeWo cells. (a) Colony forming units (CFUs) of E. faecalis strains after
incubation; (b) CFUs of invaded E. faecalis; (c) CFUs of internalized E. faecalis. Values represent mean + SD. P values were calculated using
Student’s t-test.
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TaBLE 2: DEGs containing relevant terms of the signal pathway generated by KEGG pathway analysis.

Group Term

Genes

hsa04010: MAPK signaling
pathway

hsa04630: Jak-STAT signaling
pathway
Symbioflor 1
group hsa04520: adherens junction

hsa04660: T cell receptor signaling
pathway

hsa04115: p53 signaling pathway

hsa05130: pathogenic Escherichia
coli infection

FGFR4, PDGFB, GNA12, PPM1A, MKNK2, PPM1B, MAP3K7, MAX, FOS,
MAP3K5, MAP3K3, HSPA7, MAP2K7, MYC, HSPAS, RASA2, EGFR, TAOKI,
TGFBR2, DUSP5, ATF4, RPS6KA4, MAPK13, MAPK14, JUN, RAP1A, PLA2G6,

MAPK7, GADD45B, GADD45A, PLA2G2D (31)

PTPN6, CRLF2, LEPR, CBL, SOCS4, BCL2L1, SOCS5, IL7R, IL10, STAT3, LEP,
GH2, ZFP91, STATA4, SPRY1, EP300, IL10RB, IL5RA, SPRED1, MPL, MYC,
PIK3R1 (22)

EGFR, LOC646821, PTPN6, BAIAP2, TGFBR2, CTNND1, ACP1, WAS, CTNNBI,
VCL, MAP3K7, PVRL4, EP300, PVRL1, SORBSI, PVRL2 (16)

PTPN6, NFKBIB, CBL, MALTI, IL10, MAP3K?7, FOS, NCK2, MAPK13, MAPK14,
PAK4, JUN, ZAP70, MAP2K7, PIK3R1 (15)

ZMATS3, RPRM, SESN2, CCNG2, CDK2, CCNB1, PPM1D, CDKN1A, CDKN2A,
BAX, RRM2, GADD45B, GADD45A (13)

LOC646821, NCK2, YWHAZ, KRT18, LOC399942, TUBA3E, WAS, ITGBI,
CTNNBI, TTLL3 (10)

hsa04010: MAPK signaling
pathway

hsa04670: leukocyte
transendothelial migration

hsa04115: p53 signaling pathway

hsa04660: T cell receptor signaling

V583 group pathway

hsa04210: apoptosis
hsa04012: ErbB signaling pathway

hsa04520: adherens junction

hsa04662: B cell receptor signaling
pathway
hsa05130: pathogenic Escherichia
coli infection

FGFR1, FGF18, PDGFB, MRAS, PPP3R1, PPM1A, MKNK2, CACNB3, GNGI12,
PPM1B, NFKB2, FOS, MAP3K5, CASP3, NFATC4, MYC, HSPAS, RASA2, EGFR,
NTF4, TAOK1, TGFBR2, DUSP5, ATF4, DUSP2, JUN, GADD45G, RAPIA,
MAPK9, GADD45B, PLA2G3, PLA2G2D, GADD45A (33)

ACTB, F11R, LOC646821, NCF4, SIPA1, CTNNDI, ITGB1, ITGAM, CTNNBI,
VCL, PTK2, CYBB, PTK2B, RAP1A, PIK3R3, PIK3R1, LOC284620 (17)
ZMAT3, SESN2, CCNG2, CDK2, CCNE2, PPM1D, CDKN1A, CASP3, CDKN2A,
RRM2, GADD45G, BAI1, APAF1, MDM4, GADD45B, GADD45A (16)
BCL10, PTPN6, NFKBIE, NFKBIB, CBL, PPP3R1, IL10, FOS, NCK2, JUN, PAK4,
MAPK9, NFATCA4, PIK3R3, PIK3R1, NFATCI (16)

IAP, AIFM1, PPP3R1, BAD, BCL2L1, CAPN2, CASP6, TNFSF10, CASP3, RIPKI,
PRKARIB, ILIRAP, APAFI, PIK3R3, PIK3RI (15)

EGFR, CBL, BAD, NCK2, PTK2, CDKN1A, CDKNI1B, PAK4, JUN, GABI, MAPKO9,
PIK3R3, MYC, PIK3R1 (14)

ACTB, EGFR, LOC646821, FGFR1, PTPN6, TGFBR2, CTNNDI1, ACP1, VCL,
CTNNBI, PVRL4, EP300, PVRL1, PVRL2 (14)

BCL10, PTPNG6, IFITM1, NFKBIE, NFKBIB, PPP3R1, FOS, JUN, NFATC4,
PIK3R3, PIK3R1, BLNK, NFATC1 (13)

ACTB, LOC646821, NCK2, KRT18, ARPC3, LOC399942, TUBA3E, ITGBI,
CTNNBI, TTLL3 (10)

involved in female pregnancy. According to the results  of nine unique DEGs were upregulated, while one gene
obtained (Table 3), 19 DEGs were found to be common to (MSX1) was downregulated. For the V583 treatment group,

both treatment groups.

10 out of 25 unique DEGs were upregulated, while 15 genes

In addition, the fold-changes for these DEGs are shown  were downregulated. Furthermore, the most common DEGs
in Figure 3. For the Symbioflor 1 treatment group, eight out ~ showed a similar tendency to vary in each of the treatment
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TaBLE 3: DEGs classified into placenta and embryonic development of the GO biological process category.

Group Term

Genes

GO: 0001701~in utero embryonic
development

Symbioflor 1 GO: 0001890~placenta development

MAFG, MAFF, XRCC2, GABPA, GNA12, SPINT1, EGLN1, BCL2L1,
MBNL1, ITGB1, TPM1, CITED2, HES1, NDEL1, MSX1, PSMC4,

HANDI1, HSF1, TEAD4, PKD1, MKL2, LOC652826 (22)

VWE, PPARD, HSF1, HANDI1, CCNF, PLCD3, SPINTI, HS6ST1,

EGLN1, PRDX3, CITED2 (11)

group . - .
GO: 0001892~embryonic placenta HSF1, HANDI, SPINT1, EGLN1, CITED2 (5)
development
GO: 0060136~embryonic process involved in HSF1, CITED2 (2)
female pregnancy
GNA13, SYVNI1, XRCC2, NDSTI1, EGLN1, BCL2L1, ITGB1, TPM1,
. CITED2, HSF1, PKD1, MKL2, FLVCRI1, BCL10, MAFF, ADAMI10,
GO: 00430(:12;21}(1)01:1112§t embryonic ZNF830, TGFBR2, SPINT1, MBNLI, LIG4, GAS1, CAPN2, BRCALI,
P HES1, DLX2, TULP3, EP300, TSC1, PSMC4, SP3, HOXB6, MNX1,
TGIF1, RIPPLY1, FOXCI1, APAF1, LOC652826, POFUTI (39)
GO: 00.0979.2~e.mbry0mc develop ment Same as GO: 0043009~chordate embryonic development (39)
ending in birth or egg hatching
V583 group

GO: 0001701~in utero embryonic
development

GO: 0001890~placenta development

GO: 0048701~embryonic cranial skeleton
morphogenesis
GO: 0060136~embryonic process involved in
female pregnancy

GNA13, XRCC2, SYVNI1, EGLN1, BCL2L1, TPM1, ITGB1, CITED2,
HSF1, PKD1, MKL2, FLVCR1, MAFF, ADAM10, ZNF830, SPINT1, LIG4,
MBNLI1, CAPN2, HES1, TULP3, PSMC4, SP3, FOXC1, LOC652826 (25)
VWE, PPARD, CYP27B1, HSF1, SP3, CCNF, PLCD3, SPINT1, EGLN1,

CITED2 (10)
DLX2, TULP3, NDST1, TGFBR2, GAS1 (5)

HSF1, SP3, CITED2 (3)

groups. However, the PPARD gene in particular differed
from all other genes as it was upregulated in Symbioflor 1
and downregulated in V583.

4. Discussion

In our previous studies, we demonstrated the ability of
E. faecalis OGIRF to translocate both intestinal and pla-
cental barriers and demonstrated the molecular mechanisms
responsible for these actions by DNA microarray analysis
[7, 8]. However, the influence of E. faecalis in human
pregnancy has not been fully elucidated, as different
E. faecalis strains are expected to exhibit multiple roles. The
objectives of the present study were to investigate and
compare the different influences of putative pathogenic or
probiotic E. faecalis on human placental trophoblast cells.
Hence, two typical strains, representing the different life-
styles of this species, were evaluated for comparison:
Symbioflor 1 and the pathogen V583. To the best of our
knowledge, researchers have yet to investigate the influence
of putative pathogenic or probiotic E. faecalis on human
placental trophoblast cells by comparative transcriptomic
analysis.

Our invasion assays demonstrated that both the path-
ogenic V583 strain and the probiotic Symbioflor 1 strain
could adhere and internalize into human placental tro-
phoblast cells. Furthermore, regardless of their diverse or-
igins and lifestyles, these strains were found to show similar
in vitro invasion ability. This observation was also consistent
with our recent study of E. faecalis OGIRF in which
6.32+0.10 Log;o CFU/mL of bacteria were seen to invade
and 2.23 £ 0.29 Log;o CFU/mL were seen to internalize [8].

Similarly, Peng et al. found that the same three E. faecalis
strains showed a similar adhesion rate but exhibited a dif-
ferent translocation rate in Ptk6 epithelial cell monolayers
[15]. Bierne et al. reported that E. faecalis has the ability to
internalize into intestinal LoVo cells [16]. These results
demonstrated that different E. faecalis strains are able to pass
through both intestinal and placental barriers, and their
differences in invasion ability may be related to the cell
model selected.

The influence of E. faecalis on human placental tropho-
blast cells was further investigated using DNA microarray
analysis. We previously illustrated the biological effects and
associated molecular mechanisms of E. faecalis OGIRF on
placental function using a BeadChip microarray [8]. DNA
microarrays have a distinct advantage over other techniques
as they can provide both qualitative and quantitative data for a
vast numbers of DEGs with high levels of sensitivity [17]. Li
et al. used a DNA microarray to compare gene expression
patterns between untreated and Aa-LPS-treated BeWo cells
[18]. The changes in gene expression in human trophoblasts
that pose a direct impact to placental and fetal health are now
recognized as biomarkers [19]. According to the comparative
results of DNA microarray analysis, the total number of DEGs
appeared to be similar for both Symbioflor 1 and V583
treatment groups. Furthermore, the number of genes iden-
tified was slightly higher than that previously found in
E. faecalis OGIRF [8]. However, almost half of the DEGs
(both upregulated and downregulated) were unique to each
group suggesting that different strains exhibit different effects
on the placenta. According to our KEGG results, the V583
strain exhibited a greater number of signaling pathways than
the Symbioflor 1 strain, thus indicating that pathogenic
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FiGure 3: Fold change of DEGs classified into placenta and embryonic development. (a) Unique DEGs in the Symbioflor 1 treatment group;
(b) unique DEGs in the V583 treatment group; (c¢) common DEGs in the Symbioflor 1 and V583 treatment groups. The relative expression
ratio for each gene is presented in the histogram. A ratio greater than zero (>1) indicates upregulation of gene expression, and a ratio below

zero (<1) indicates downregulation.

E. faecalis may in particular cause a stronger response in
BeWo cells. Moreover, apoptosis, ErbB, B cell receptor, and
leukocyte transendothelial migration signaling pathways were
only activated in the V583 group. Similarly, pathogen-in-
duced apoptosis in human placental trophoblasts can also
lead to septicemia during pregnancy [18]. A previous study
showed that the B cell receptor signaling pathway and leu-
kocyte transendothelial migration were also found in the host
cell infected by Streptococcus pneumoniae [20]. In particular,
PPAR (peroxisome proliferator-activated receptor delta) is
critically essential for placental development and function.
This typical nuclear receptor has also been suggested to

increase the placental fatty acid uptake [21]. Furthermore,
studies have shown that PPAR-§-deficiency mice offspring
can lead to growth retardation and impairment of neural
development [22]. Our present results showed that PPARD
was upregulated in the Symbioflor 1 treatment group but
downregulated in the V583 treatment group. These results
suggest that the presence of pathogenic E. faecalis may stunt
fetal and placental growth and development. This result is in
high agreement with our previous studies showing that
pregnant mice given oral doses of E. faecalis OGIRF exhibit
changes in terms of their fetal and placental growth and
development [7, 8]. Moreover, both ADAM10 and APAF1
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were exclusively upregulated in the V583 treatment group but
not in the Symbioflor 1 treatment group. Previous studies
have demonstrated that ADAM10 can mediate E-cadherin
shedding and regulate epithelial cell-cell adhesion, thus
exerting a direct impact on early embryonic development in
vivo [23]. APAF1 is considered as a key player in apoptosis
during embryonic development [24]. We also found that
CAPN2, POFUTI, and GAS1 were all downregulated in the
V583 treatment; these proteins have been shown to play an
important role in embryonic development [25-27]. In par-
ticular, mouse embryos lacking Pofutl have been shown to
exhibit defects in their cardiovascular system [26]. Martinelli
et al. found that Gasl mutant pups were only 3/4 the size of
their control littermates [27] and showed similar abnor-
malities as fetal mice infected with E. faecalis OGIRF [7].

5. Conclusions

Our present analysis identified that a large proportion of
transcriptional responses in BeWo cells differed when
compared between infection caused by pathogenic and
probiotic E. faecalis. Several unique DEGs and signal
pathways were identified in the two strains. These data
constitute a strong basis for understanding the mechanisms
underlying the differential effects caused by pathogenic and
probiotic strains of E. faecalis.
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Gut microbiota is increasingly recognized as a metabolic organ essential for human health. Compelling evidences show a variety
set of links between diets and gut microbial homeostasis. Changes in gut microbial flora would probably contribute to the
development of certain diseases such as diabetes, heart disease, allergy, and psychiatric diseases. In addition to the composition of
gut microbiota, the metabolites derived from gut microbiota have emerged as a pivotal regulator in diseases development. Since
high-fat and high-protein diets substantially affect the gut microbial ecology and human health, the current review summarizes
the gut microbiota-derived metabolites such as short-chain fatty acids (SCFAs), amino acids, and their derivatives and highlights

the mechanisms underlying the host responses to these bioactive substances.

1. Introduction

Intestine is a complex ecosystem harboring a diversity of
microbial community known as the gut microbiota. Gut
microbiota has recently emerged as a virtual endocrine
organ producing multiple compounds, which maintains the
homeostasis and influences the function of the human body.
The gut microbiota community is predominantly composed
of two phyla: Firmicutes and Bacteroidetes [1-4]. Emerging
data show that an aberrant gut microbiota composition is
associated with several diseases, such as metabolic disorders
and inflammatory bowel disorder (IBD) [5]. Prebiotic
feeding (e.g., with inulin-type fructans and some polyphe-
nols) strongly increases the presence of A. muciniphila and
improves metabolic disorders [6]. Conversely, some studies
in mice have reported an increased abundance of
A. muciniphila on the ingestion of a high-fat high-sucrose
diet [7]. The host diets are believed to regulate the com-
position of gut microbiota and microbiota-derived metab-
olites, which causes a crosstalk between the host and its
microbiome. A growing body of research has focused on the
microbially produced metabolites such as short-chain fatty

acids (SCFAs), amino acids, and their derivatives comet-
abolized by the host [8]. Implications from the die-
t-microbiota-host interactions highlight the therapeutic
potential for preventing and treating certain diseases. Koh
et al. identifies imidazole propionate as a microbially pro-
duced histidine-derived metabolite that is present at higher
concentrations in subjects with type 2 diabetes [9]. In this
review, we will describe the microbial origin of several key
metabolites produced from diets and their remarkable ef-
fects on host physiology.

2. Synthesis of Short-Chain Fatty Acids

Dietary fibers but also proteins and peptides, which escape
digestion from host enzymes in the upper gut, are metabo-
lized by the microbiota in the cecum and colon [10].
Short-chain fatty acids are the metabolites of dietary fibers
metabolized by intestinal microorganisms [11]. Protein fer-
mentation can also contribute to the SCFAs pool but mostly
gives rise to branched-chain fatty acids such as isobutyrate, 2-
methylbutyrate, and isovalerate exclusively originating from
branched-chain amino acids valine, isoleucine, and leucine
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[12]. However, branched-chain amino acids (BCAAs) have
been proposed as potentially harmful microbially modulated
metabolites [13-15]. The acetate (C2), propionate (C3), and
butyrate (C4) are the most abundant (>95%) SCFAs, which
are saturated aliphatic organic acids that consist of one to six
carbons. Acetate, propionate, and butyrate are present in an
approximate molar ratio of 3:1:1 in the colon and stool
[15, 16]. In the cecum and large intestine, 95% of the produced
SCFAs are rapidly absorbed by the colonocytes, while the
remaining 5% is secreted in the feces. The SCFAs are not
distributed evenly, which means they are decreased from
proximal colon to distal colon [17]. Changing the distribution
of intestinal flora and thus the distribution of metabolites may
be of a great effect in the treatment of diseases because there is
a concentration threshold for acetate’s different impacts on
the host.

Conceptually, the simplest way to synthesize an organic
molecule is to construct one carbon at a time. The bio-
chemical events that underlie the condensation of two
one-carbon units to form the two-carbon compound, ac-
etate, have intrigued chemists, biochemists, and microbi-
ologists for many decades [18]. Gut microbiota produce
acetate from (1) the pyruvate pathway which can produce
acetyl-CoA as the precursor for acetate (2) and the
Wood-Ljungdahl pathway which is composed of two
branches: (1) the C1-body branch (also known as eastern
branch) via reduction of CO, to formate and (2) the carbon
monoxide branch (the western branch) via reduction of
CO, to CO [19]. End product of this pathway is acetyl-CoA
which is formed by formate, CO, and the extra methyl
group. Another major SCFA butyrate has a particularly
important role as the preferred energy source for the co-
lonic epithelium and a proposed role in providing pro-
tection against colon cancer and colitis [20]. The two
molecular of acetyl-CoA are converted to butyryl-CoA;
then, the butyryl-CoA is turned into butyrate by some gut
microbe with phosphotransbutyrylase and butyrate kinase.
Interestingly, some microbes possess an enzyme called
butyryl-CoA: acetate-CoA transferase, which transforms
acetate and butyryl-CoA into acetyl-CoA and butyrate.
There is a connection between acetate and butyrate dis-
tinctly, which suggests the complexity of the relationship
between metabolites and leads us to think the significance
of this metabolite transformation for the survival of bac-
teria. The significance may even play an important role in
disease development. Propionate is produced in the human
large intestine by microbial fermentation and may help
maintain human health that includes antilipogenic, serum
cholesterol levels lowering, anti-inflammatory, and anti-
carcinogenic functions [21-23]. There are three major
microbially produced ways [24]: (1) acrylate pathway, (2)
propanediol pathway, and (3) succinate pathway, which
involves three genes: IcdA (encoding lactoyl-CoA dehy-
dratase), pduP (encoding propionaldehyde dehydroge-
nase), and mmdA (encoding methylmalonyl-CoA
decarboxylase), respectively Figure 1. Of note, diet fibers
are not the only source for SCFAs. Analysis of metagenome
data also suggested that butyrate can be synthesized from
proteins via the lysine pathway [25]. Consequently, there

are bacteria with different functions in the intestinal tract,
and they perform their own duties. Some of them provide
specialized supports for other functional bacteria or in-
testinal cells such as producing nutrients such as SCFAs.
These kinds of bacteria are just like producers in the
ecosystem. And these bacteria are promising to be migrated
objects for fecal microbiota transplantation (FMT).

2.1. Regulation of Glucose/Energy Metabolism by SCFAs.
The regulation of glucose metabolism by SCFAs is deter-
mined by multiple mechanisms. A recent study suggested
that acetate, in the form of neutralized AcOH, activated
AMPK (5'-AMP-activated protein kinase) in rat hepatocytes
[26]. Activation of the hepatic AMPK pathway decreased
gene expression of the gluconeogenic enzymes glucose-6-
phosphatase (G6Pase) and phosphoenolpyruvate carbox-
ykinase (PEPCK). AMPK mediates glucose uptake and free
fatty acid oxidation in skeletal muscle and inhibits gluco-
neogenesis, glycolysis, lipogenesis, and cholesterol forma-
tion in the liver. Propionate, itself a substrate of IGN
(intestinal gluconeogenesis), activates IGN gene expression
via a gut-brain neural circuit involving the fatty acid re-
ceptor FFAR3 [27]. Though there is a plausible contradiction
that SCFAs play opposite roles in gluconeogenesis. SCFAs
have beneficial effects on glucose and energy homeostasis
beyond question. The FFAR3 reporter is strongly expressed
in the main, large population of enteroendocrine cells
throughout the GI tract (gastrointestinal tract) but sur-
prisingly also in neurons of both submucosal and myenteric
ganglia. In contrast, the FFAR2 is expressed only in a
subpopulation of the enteroendocrine cells but very strongly
in a large population of leukocytes in the lamina propria
throughout the small intestine [28]. SCFAs can activate
FFAR2/3 (GPCR43/41) in colon cells to secrete PYY
(peptide YY) or GLP-1 (glucagon-like peptide-1) into
plasma. It is proved that GLP-1 can promote the secretion of
insulin and inhibit the secretion of glucagon. The PYY can
improve glucose uptake and utilization of periphery tissues
[29]. What is more, another G protein-coupled receptor
TGR5 responsive to bile acids can fine-tune energy ho-
meostasis as a part of the BA-TGR5-cAMP-D2 signaling
pathway [30] that can be targeted to improve metabolic
control. The PYY or GLP-1 secreted by the intestinal cells
mediate the nucleus tractus solitarius (NTS) in the brain via
the vagus nerve and the circulatory system. Then, the signal
is transmitted to ARC (arcuate nucleus) in the hypothala-
mus to enhance the satiety [31]. What is more, SCFAs
existing in human cerebrospinal fluid work as an important
energy source for glial cells and initiate peripheral effects
such as enhanced leptin production by adipose tissue or
diminished ghrelin production in the stomach [32]. Further
investigations are needed to elucidate the complicated gut-
microbiota-brain axis and the potential of gut-microbiota-
targeted strategies, such as dietary interventions and faecal
microbiota transplantation (FMT) that help patients to live a
healthy weight throughout life. Some researchers have
improved pseudomembranous colitis by faecal microbiota
transplantation [33].
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2.2. Relationship between Cancer and SCFAs. Each nucleo-
some contains a nucleosome core, composed of an octameric
complex of the core histone proteins, which forms a spool to
wrap 145-147bp of DNA [34]. The nucleosome core with
about 165bp of DNA together with the linker histone is
called the chromatosome. The level of histone acetylation
can influence the DNA replication; thereby, it determines
cell proliferation in some way. There are two enzymes called
histone acetyltransferase (HAT) and histone deacetylase
(HDAC), which promote gene transcription and inhibit
gene transcription, respectively. When losing the steady state
of some gene expressions regulated by these two enzymes,
the cells get high-risk differentiating into cancer cells. The
SCFAs are one of the well-known HDAC inhibitors
(HDACi) which have been used for cancer therapy. Among
these SCFAs, the butyrate is the most pop and promising
modulator of cancer and immune homeostasis. The butyrate
is the primary energy source for colonocytes by transporting
into colonocytes, entering the mitochondria, and under-
going f-oxidation to acetyl-CoA. Consequently, the acetyl-
CoA enters the TCA cycle resulting in the reduction of
NAD + to NADH, which enters the electron transport chain
culminating in ATP production with CO, as a byproduct.
Thus, butyrate has been shown to stimulate cell proliferation
in a low concentration as a HAT activator. However, the
nutritional function of butyrate is also important that it is
proven to have a regulation on autophagy when the colo-
nocytes are in an energy-deprived state via AMPK and p27
[35]. Naturally, butyrate also exerts antiproliferative and
anticancer effects when tumor cell lines are exposed to it in
vitro, primarily through HDAC inhibition. The Warburg
effect (aerobic glycolysis) indicates that the cancerous
colonocytes prefer glucose rather than butyrate as the energy
substrate. For this reason, butyrate could be accumulated to
a high concentration where it can protect against colorectal
cancer as HDACI. It is interesting that butyrate has chance to

play a HDACI role just because of the “strange food pref-
erences” of cancerous colonocytes. The strange food pref-
erences mean that cancerous colonocytes prefer glucose as
the energy source rather than butyrate. In conclusion, the
butyrate has totally different functions in different situations.
A recent study showed that gut microbial production of
butyrate stimulated polyp formation in a genetic mouse
model of colorectal cancer (ApcMi”/ *Msh2™7) [36]. The
keypoint is that the polyp formation is considered as the
marker of colorectal cancer. Thereby, the accurate rela-
tionship between butyrate and host disease development is
not totally rigorously studied yet. One day, using butyrate as
clinical application should take more individual differences
and situations into account.

2.3. Relationship between Short-Chain Fatty Acids and
Inflammation. SCFAs can modulate the progression of
inflammatory diseases either by inhibiting histone acetylase
(HDAC) activity, and thereby affecting gene transcription,
or through the activation of metabolite-sensing G-protein
coupled receptors (GPCRs) such as GPR43. Numerous
works have proven that the SCFAs are related to decreasing
of cytokines such as IL-6 and IL-8 in human macrophages
[37] and TNFa in peripheral blood mononuclear cells
(PMBC:s) [38]. These inflammation-related phenomena are
bound up with the HDAC inhibition role of SCFAs. There
are general two steps for maturation of cytokines: proin-
flammatory and inflammatory. Thus, the anti-inflammatory
effect of SCFAs could mediate inflammation by inhibiting
gene which encodes cytokines or the mediator involved in
production of mature inflammatory cytokines. Butyrate and
propionate are found inhibiting the NF-kB pathway which is
activated to release inflammatory cytokines. Thus, the in-
hibition role of SCFAs to HDAC may work through
modulating NF-kB activity via controlling DNA
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transcription [38]. Macrophage is one kind of white blood
cells, derived from monocytes. Once stimulated, macro-
phages rapidly produce a large number of TNF-«, IL-1p, IL-
6, NO, and arachidonic acid derivatives [39]. Numerous
studies have established a role for butyrate that it inhibits
macrophage migration mediated by LPS via reducing the
transcriptional activity of Src (a nonreceptor tyrosine ki-
nase) [40]. Regulatory T cells (Tregs) are considered sen-
sitive to HDAC inhibition, which may be resulted by
increased Foxp3 (forkhead box P3) induction through
acetylation at FoxP3 locus [41, 42]. Foxp3 is a transcription
factor necessary for Treg development and function. Thus,
SCFAs could mediate proliferative and functional capabil-
ities of Tregs via Foxp3. The butyrate could slightly diminish
the proliferation of Tregs but enhance the inhibitory ability
on T cell proliferation mediated by CTLA-4 [43]. SCFAs are
also important for regulating effector T cells such as CD4"
and CD8" T cells particularly in regards to increased
function and differentiation.

The integrity of epithelial is important for intestinal
homeostasis because a leaky intestinal mucosal barrier
allowed more intestinal microbial metabolites appear at
where they should not be, which may initiate lots of un-
necessary inflaimmation. SCFAs showed increasing anti-
inflammatory IL-18 secretion by intestinal epithelial cells
(IECs) [44], and IL-18 is a cytokine promoting gut epithelial
integrity [45]. Butyrate-stimulated signaling of GPRI09A
could induce differentiation of Tregs and IL-10-producing
T cells [46]. While GPR43 is activated by all three SCFAs,
GPRI109A is activated only by butyrate [47, 48]. Acetate was
shown to promote the release of ROS (reactive oxygen
species) when added on mouse neutrophils by activating
GPR43 [49]. ROS is thought to upregulate or inhibit in-
flammation in a concentration-dependent manner. There-
fore, the specific functions of SCFAs on controlling
inflammation are supposed to be discussed in multiple
views. The GPR43 also activates the NLRP3 inflammasome,
which is critical for intestinal homeostasis. There are two
stages of NLRP3 inflammasome including priming phase
and signal activation [50]. The GPR43 activated by acetate
initiate the hyperpolarization due to K+ efflux or successive
to Ca®>* mobilization happening, which activates the NLRP3
inflammasome [44]. This is consistent with the downstream
increasing IL-18. This beneficial role on epithelial integrity
was confirmed in a model of dextran sulphate sodium-
(DSS-) induced colitis in vivo in which the protective role of
dietary fiber was mediated through NLRP3 activation in the
epithelial compartment following GPCR activation [44]. In
general, the SCFAs are multifunctional gut microbial me-
tabolites that are of benefit to the host. The applications of it
on different diseases should be more cautious because of its
multifunction, which could initiate other chain reactions
that we do not hope.

2.4. Aromatic Amino Acid Metabolites. The human digestive
system will hydrolyze the proteins from all kinds of food into
amino acids with the help of various proteases. A growing
body of knowledge [51, 52] is accumulating by metabolomics

that points the gut microbiota is also a mediator of the host
health status via amino acids metabolism. The aromatic
amino acid is called essential amino acid including tyrosine,
tryptophan, and phenylalanine, which cannot be synthesized
in vivo. Histidine is also an aromatic amino acid because of
its imidazole ring. Microbially produced imidazole propi-
onate from histidine is proven to impair insulin signaling
through mTORC1 [9]. Thus, interactions among the gut
microbiota, diet, and the host potentially contribute to the
development of metabolic diseases and deserve more
research.

2.5. Tryptophan Metabolites. Since the tryptophan (Trp) is
not produced by animal cells, human rely on exogenous,
mostly dietary intake. Tryptophan and its derivatives,
bioactive small molecules, originate from nutrition- and
environmental-related sources or are endogenously
produced and modulated by the host and its microbiota.
The three currently most studied pathways of tryptophan
metabolism involved in host-microbiota interactions are
as follows [51]: (1) the direct transformation of tryptophan
into several molecules, including ligands of the aryl hy-
drocarbon receptor (AhR), by the gut microbiota; (2) the
kynurenine pathway (KP) in both immune and epithelial
cells via indoleamine 2,3-dioxygenase (IDO); and (3) the
serotonin (5-hydroxytryptamine (5-HT)) production
pathway in enterochromaffin cells via Trp hydroxylase 1.
We focus on the first pathway because this is an article
about gut microbes. The dominant products are indole
and its derivatives. Indole, as an interspecies and inter-
kingdom signaling molecule, plays important roles in
bacterial pathogenesis and eukaryotic immunity, and
indole concentrations of up to 1.1 mM are produced by
indole-producing bacteria in the mouse, rat, and human
gut [53, 54]. Most indole derivatives are considered as
ligands for AhR (aryl hydrocarbon receptor) such as in-
dole-3-acetaldehyde (IAAld) and indole-3-aldehyde
(IAld). The AhR recognizes xenobiotics as well as natural
compounds such as dietary components and microbiota-
derived factors. AhR affects T cell differentiation and Th17
development and upregulates the IL-22 level to maintain
the immune homeostasis in the intestinal tract [51, 55].
This is consistent with that there are lots of ligands
existing in human gut such as indole as well as its de-
rivatives. Some scientists find that highly adaptive lac-
tobacilli are expanded and produce an AhR ligand
(indole-3-aldehyde) that contributes to AhR-dependent
IL-22 producing. The resulting phenomenon also provides
antifungal resistance to fungus Candida albicans [56]. The
uncovered mechanism provides us a new sight into in-
teractions among host, indigenous bacteria, and harmful
foreign pathogens. Other Trp-derived indole derivatives
such as I3S (indoxyl-3-sulfate) reduced Ccl2 and Nos2
expressions in astrocytes in an AhR-dependent manner
[57]. The article also reports that the AhR expression
could be enhanced by the IFN-I signaling in astrocytes
with upregulation of genes associated with IFN-I sig-
naling. These findings suggest that it is promising to limit
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the central nervous system (CNS) inflammation by
combing drugs and diets therapy because of the important
roles of astrocytes during CNS injury and disease. An-
other derivative, indole 3-propionic acid (IPA), is proved
as an agonist for the pregnane X receptor (PXR) and
downregulated the enterocyte inflammatory cytokine
tumor necrosis factor-a (TNF-«a) via toll-like receptor 4
(TLR4) [58]. In general, tryptophan derivatives are almost
harmless to humans and may have an organ-specific or
species-specific interaction with the host.

2.6. Phenylalanine Metabolites. The phenylalanine absorbed
by the host is either utilized by the host or intestinal
microbiota. Mostly, diet phenylalanine is digested into ty-
rosine with the help of phenylalanine hydroxylase (PAH)
and then involved in melanin metabolism. The left is con-
verted to phenylpyruvic and phenylacetic with the help of
phenylalanine ammonia lyase (PAL). The patients with
phenylketonuria caused by the accumulation of toxic me-
tabolites of phenylalanine have interferences in these two
enzymes. Some researchers [59] characterize a pathway from
the gut symbiont Clostridium sporogenes that generates
phenylalanine acid metabolites. This species either metab-
olizes phenylalanine to corresponding propionic acid de-
rivatives phenylpropionic acid (PPA) with the enzymes
encoded by fldH, fldBC, and acdA or phenylacetic acid
(PAA) with the enzyme encoded by porA. A recent study
[60] shows that PAA serves as the precursor of the gut
microbiota-generated metabolite phenylacetylglutamine
(PAGIn), and phenylacetylglycine (PAGly) would promote
cardiovascular disease- (CVD-) relevant phenotypes via host
G protein-coupled receptors (GPCRs), including a2A, a2B,
and b2-adrenergic receptors (ADRs). It is also worth
mentioning that the production of PAGIn and PAGly is
species-specific, which means the PAA could be the pre-
cursor of different phenylalanine derivatives in different
biological intestines with different microflora. All these
results indicate that what matters are the enzymes that the
microbes have, not the microbes themselves. Thus, it will be
interesting to create an engineering bacterium which can
turn toxic metabolites of phenylalanine into beneficial
metabolites with its special enzyme ratio. In this way, people
could prevent some diseases induced by losing certain en-
zyme such as phenylketonuria and enjoy food without any
menace from the “rear.”

3. Conclusion

The gut microbiome has attracted increasing attention over
the last 15 years. However, the abundance of metagenomic
data generated on comparing diseased and healthy subjects
can lead to the erroneous claim that a bacterium is causally
linked with the protection or the onset of a disease. In fact,
during the development of diseases, people are constantly
changing their eating habits. Thus, the gut microbiome is
changing too. We still need more work to go beyond the
simple associations, and we need to provide as much as
possible more complex analyses (e.g., multiomics and time

series measurements) if we want to finally approach the final
causality. For example, P. copri is found having the opposite
effect in diabetes [13, 61]. This is consistent with that there
are lots of research studies indicating that gut microbiota
brings damage or benefits to host. There are lots of con-
founding factors that affect the specific role of gut micro-
biota. Thus, the targeted screening of gut microbiota could
be realized by the host through diet control or fecal
microbiota transplantation.
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In recent years, the relationship between intestinal microbiota (IM) and the pathogenesis of type 2 diabetes mellitus (T2DM) has
attracted much attention. The beneficial effects of IM on the metabolic phenotype of the host are often considered to be mediated
by short-chain fatty acids (SCFAs), mainly acetate, butyrate, and propionate, the small-molecule metabolites derived from
microbial fermentation of indigestible carbohydrates. SCFAs not only have an essential role in intestinal health but might also
enter the systemic circulation as signaling molecules affecting the host’s metabolism. In this review, we summarize the effects of
SCFAs on glucose homeostasis and energy homeostasis and the mechanism through which SCFAs regulate the function of
metabolically active organs (brain, liver, adipose tissue, skeletal muscle, and pancreas) and discuss the potential role of modulation

of SCFAs as a therapeutic method for T2DM.

1. Introduction

The alarmingly high worldwide incidence of type 2 diabetes
mellitus (T2DM) and its complications has made it one of
the major causes of death. T2DM is a major health issue
worldwide. The International Diabetes Federation has es-
timated that 463 million adults worldwide are living with
diabetes currently; 90% of whom have T2DM. This estimate
is projected to be 700 million by 2045 [1].

Insulin resistance in insulin-sensitive tissues such as the
liver, muscle, and adipose tissue and dysfunction of pan-
creatic f-cells can contribute to the development of hy-
perglycemia, hyperinsulinemia, insulin resistance, and
T2DM [2]. Over the past two decades, information on
abnormal signaling by adipocytes and subclinical inflam-
mation that contributes to the prediabetic state has ex-
panded understanding of the complexity of T2DM
pathophysiology beyond the classic triumvirate of pancreatic
B-cells, skeletal muscle, and the liver (Figure 1) [3].

Intestinal microbiota (IM) has a vital role in the mod-
ulation of glucose homeostasis and the pathogenesis of
metabolic diseases, including T2DM [3, 4]. IM composition
is shifted away from species that produce butyrate in people
with prediabetes or T2DM compared with that in controls
[5, 6]. Insulin sensitivity is improved in obese individuals
after receiving transplantation of fecal microbiota from lean
donors, which is associated with an increase in the abun-
dance of acetate- or butyrate-producing bacteria [7, 8].
Animal studies support a causal role for IM in the devel-
opment of obesity, insulin resistance, and T2DM [9, 10]. In
addition, alterations in IM have been associated with the
development of diabetes-related chronic low-grade in-
flammation [11, 12].

Clinical trials have indicated that an increase in the
intake of nondigestible carbohydrates (dietary fiber) is a
possible nutritional strategy to modulate IM, thereby pre-
venting and alleviating the disease phenotypes of T2DM
[13-16]. Such dietary fiber supports the growth of symbiotic
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bacteria. In return, fermentation of these indigestible car-
bohydrates by these bacteria produces short-chain fatty acids
(SCFAs) such as acetate, butyrate, and propionate. The
beneficial effects of dietary fiber are often considered to be
mediated by SCFAs through the provision of energy sources
and reduction of inflammation, as well as regulation of
glucose homeostasis and energy homeostasis [4]. The ben-
eficial effect of SCFAs on glucose control, lipolysis, resting-
energy expenditure, body weight, and insulin sensitivity has
been shown in animals [17-19] and humans [13, 20-22].
SCFAs have been shown to increase insulin sensitivity and
promote glucose homeostasis, so modulation of SCFAs
could provide a unique approach to T2DM treatment.

In this review, we discuss recent studies that provide
evidence for the role of microbial SCFAs (acetate, propio-
nate, and butyrate) in T2DM pathogenesis. We provide an
overview of the biological properties of SCFAs and their
impact on metabolic homeostasis. The effects of SCFAs and
nondigestible carbohydrates on the metabolism and func-
tion of the gut-brain axis, liver, adipose tissue, skeletal
muscle, and pancreas in relation to energy homeostasis,
insulin sensitivity, and insulin secretion are also discussed
(Figure 2) [23]. Finally, we discuss the potential of SCFAs as
novel therapeutics for T2DM.

2. Overview of SCFAs

2.1. Metabolism and Systemic Concentrations of SCFAs.
SCFAs are saturated fatty acids with chain lengths of 1-6
carbon atoms. Due to a lack of the enzymes essential for
digestion of dietary fiber in the human gut, SCFAs are the
primary metabolites from the fermentation of incompletely
hydrolyzed dietary foods by specific gut microbiota in the
colon through various pathways (Table 1) [4]. The total
concentration of SCFAs in the gut is 0.5-0.6 mol per day [24]
depending on the diet, bacterial composition of the gut, and
intestinal transit time [25]. Acetate (C2), propionate (C3),
and butyrate (C4) are the most abundant SCFAs found in the
gut (=95%) with a molar ratio of roughly 3:1:1, respectively
[3]. The SCFAs produced in the gastrointestinal tract are
absorbed rapidly by colonocytes, with only <10% excreted in
feces [26]. SCFAs are absorbed by colonocytes mainly
through four transport mechanisms: passive diffusion; ex-
change with bicarbonate; transport by monocarboxylate
transporters (MCTs); through sodium-coupled MCT1 [27].

After being absorbed by colonocytes, SCFAs are used as
substrates in mitochondrial S-oxidation and the citric acid
cycle to generate energy [28]. Among SCFAs, butyrate is the
primary energy source for colonocytes [4], and propionate is
a gluconeogenic substrate [17]. SCFAs that are not me-
tabolized in colonocytes are transported to the liver through
the portal circulation, where SCFAs are used as energy
substrates for hepatocytes by acetyl-CoA synthetases (ACS)
[28]. In addition, in the liver, acetate and butyrate are
substrates for the synthesis of cholesterol and long-chain
fatty acids [29], and propionate is converted into glucose
through the tricarboxylic acid (TCA) cycle [27]. Uptake of
propionate and butyrate in the liver is significant, whereas
acetate uptake in the liver is negligible [3]. This situation

arises because of the low substrate affinity of hepatic mi-
tochondrial ACS1 (which can activate acetate) and the
absence of cytosolic ACS2 in the liver, which is present in
other organs (e.g., heart and skeletal muscles), where it can
be utilized as fuel [28]. SCFAs absorbed in the sigmoid colon
and rectum can also reach the systemic circulation directly
through the inferior vena cava [23]. Consequently, only 40%,
10%, and 5% of microbial acetate, propionate, and butyrate,
respectively, reach the systemic circulation. The plasma
concentration (in yM) of acetate, propionate, and butyrate
has been estimated to be 19-160, 1-13, and 1-12, respec-
tively [23].

In addition, SCFAs can cross the blood-brain barrier
(BBB) via MCTs to inform the brain of the intestinal
metabolic state [30]. In the brain, acetate is used as an
important energy source for astrocytes [25]. The concen-
tration of acetate and propionate in the cerebrospinal fluid of
healthy individuals is ~31uM and ~62uM, respectively
[31, 32]. It has been shown that intravenous or colonic
infusions of acetate lead to ~3% and ~2% acetate taken up by
the brain, respectively [33]. However, butyrate uptake in the
brain is very low (only 0.006% of the injected dose in pri-
mates) [34]. Moreover, no measurable brain uptake of ac-
etate has been detected up to 76min after intravenous
injection in humans [25].

In summary, SCFAs are small-molecule metabolites
produced from microbial fermentation of indigestible car-
bohydrates. Butyrate and propionate are metabolized mainly
in the colon and liver, whereas acetate is the main SCFA to
enter the circulation. In addition, circulating levels of acetate
and propionate can cross the BBB, but uptake of SCFAs in
the brain is very low.

2.2. Cellular Signaling Pathways of SCFAs. SCFAs are used
not only as essential energy sources but also function as
signaling molecules because they activate orphan G protein-
coupled receptors (GPRs) and inhibit histone deacetylases
(HDAC:S). In this way, they exert several effects to improve
metabolic homeostasis and energy homeostasis. The inter-
actions of SCFAs with specific cellular signaling pathways
have a potentially key role in SCFAs-mediated regulation of
T2DM pathogenesis and are described below.

2.2.1. GPR Activation. GPR41 and GPR43 are the best-
studied SCFA receptors, which have been identified as free
fatty acid (FFA) receptor 3 (FFAR3) and FFAR?2, respectively
[35]. GPRs are seven transmembrane-spanning proteins that
detect extracellular molecules and induce intracellular sig-
naling cascades and cellular responses involving different G
protein heterotrimers or arrestins [36]. If GPRs are activated
by ligands, the Gar subunit of the heterotrimers (which bears
most responsibility for coupling with receptors) disassoci-
ates from the Gfy subunits and further affects intracellular
signaling proteins depending on the type of Ga subunit (e.g.,
Gay/ and Gagy11) [37]. GPR41 couples with pertussis toxin-
sensitive Gay, proteins. GPR43 couples not only with Gay/,
but also with the pertussis toxin-insensitive Geg/q; proteins
[38]. Activation of GPR41 and GPR43 by SCFAs via Ga,
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Figure 1: T2DM pathophysiology. A matrix of negative genetic, epigenetic, and lifestyle factors interact with one another and induce
dysfunction of pancreatic -cells and insulin resistance in the liver, skeletal muscle, or adipose tissue, thereby leading to the development of
hyperinsulinemia and hyperglycemia. Moreover, once reduced lipid-buffering capacity in adipose tissue occurs, circulating lipid con-
centrations increase, leading to ectopic fat storage in the liver, skeletal muscle, and pancreas as well as the development of insulin resistance
and dysfunction of pancreatic §-cells. In addition, inflamed adipose tissue results in a low-grade systemic inflammation, which contributes
to the development of insulin resistance and T2DM. FFA, free fatty acid; GSIS, glucose-stimulated insulin secretion; T2DM, type 2 diabetes
mellitus.
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FIGURe 2: Impact of gut-derived SCFAs in T2DM. SCFAs (acetate, butyrate, and propionate) are produced from the fermentation of
indigestible foods in the distal intestine by gut microbiota. In the distal gut, acetate, propionate, and butyrate stimulate the secretion of the
“satiety” hormones GLP-1 and PYY in enteroendocrine-L cells, which leads to metabolic benefits upon satiety and glucose homeostasis.
Furthermore, butyrate and propionate induce IGN and sympathetic activity, thereby beneficially leading to control of body weight and
glucose homeostasis. Very little propionate and butyrate and a high concentration of acetate reach the circulation. They can also affect the
metabolism and function of peripheral tissues directly (e.g., liver, adipose tissue, and muscle). Furthermore, circulating levels of acetate and
propionate might cross the BBB and regulate satiety via CNS-related mechanisms. BBB, blood-brain barrier; CNS, central nervous system;
GLP-1, glucagon-like peptide-1; GSIS, glucose-stimulated insulin secretion; IGN, intestinal gluconeogenesis; PYY, peptide YY; SCFAs,
short-chain fatty acids; T2DM, type 2 diabetes mellitus.
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TaBLE 1: Precursors, biosynthetic pathways, and producers of SCFAs.

SCFAs Precursors Pathways Producers
Acetyl-CoA pathway Most intestinal ba§ter1a, sucb as Bacteroides spp., Prevptella Spp->
Ruminococcus spp., Bifidobacterium spp., and Akkermansia muciniphila
Acetate Pyruvate .
Wood-Ljungdahl L : .
Clostridium spp., Streptococcus spp., and Blautia hydrogenotrophica
pathway
Phosphoenol- Succinic pathway Bacteroides spp., Dialister sp};;eiI;lﬁZicl;Za:;;‘)Obactermm succinatutens, and
Propionate pyruvate Acrylic pathway Coprococcus catus and Megasphaera elsdenii
Deoxyhexose Propanediol pathway Ruminococcus obeum, Roseburia inulinivorans, and Salmonella spp.
Acetate CoA-transferase Faecalibacterium prausnitzii, Eubacterium hallii, and Roseburia spp.
Butvrate Acetyl-CoA pathway
e Butyrate kinase pathway Coprococcus catus and Coprococcus comes
Proteins Lysine pathway Odoribacter splanchnicus and Alistipes putredinis

reticulum (Figure 3) [35]. GBy subunits also activate various
molecules, such as the isoform of AC and phospho-inosi-
tide-3-kinase. Moreover, -arrestin-2 (a negative regulator
of GPR signaling) is recruited by GPR43 activation, which
desensitizes GPR signaling via G proteins and induces the
endocytosis of GPRs [39]. In addition, S-arrestin functions
as a “scaffold protein” to link GPRs to intracellular signaling
pathways and consequently activates the mitogen-activated
protein kinase (MAPK) cascade [40].

The potencies of individual SCFAs in activating GPR43
in humans are ordered as C2 = C3 > C4, and those for GPR41
are ordered as C3>C4>C2 [35]. GPR43 is expressed in
adipose tissue, intestines, pancreatic f3-cells, and immune
tissues [35, 41]. GPR41 is expressed in adipose tissues, in-
testines, the peripheral nervous system, and immune cells
[35, 41]. Thus, GPR43 and GPR41 have important roles in
the SCFAs-induced beneficial effects of various physiological
functions and systemic glucose homeostasis.

2.2.2. HDAC Inhibition. HDACs are a group of proteases
that deacetylate histones and nonhistone proteins, ensuring
that they can negatively charge DNA, “curl” chromatin, and
inhibit gene transcription. The opposing enzymes, histone
acetyltransferases (HATs), transfer the acetyl group of
acetyl-CoA to histones, dissociate DNA from histone
octamers, relax the nucleosome structure, make transcrip-
tion factors bind to DNA-binding sites, and activate gene
transcription. HATs and HDACs maintain acetylation of
histone and nonhistone proteins in dynamic equilibrium to
regulate physiological functions, such as inflammation,
pancreas development, glucose metabolism, and insulin
signaling [24, 42]. However, overexpression and aberrant
recruitment of HDACs are associated with T2DM patho-
genesis [43].

SCFAs are natural inhibitors of HDACs. SCFAs can act
directly on HDACs by entering cells through transporters or
act indirectly on HDACs through GPR activation [44].
Evidence highlighting the beneficial effects of SCFA-medi-
ated HDAC inhibition in T2DM has arisen mostly from
studies using butyrate. Butyrate has been shown to inhibit
HDACS3, suppress peroxisome proliferator-activated re-
ceptor (PPAR)-a expression, and induce hepatic fibroblast
growth factor 21 (Fgf21) transcription, which promotes lipid

oxidation, triglyceride (TG) clearance, and ketogenesis in
the liver [45]. Furthermore, the butyrate-mediated inhibi-
tion of HDAC increases nuclear factor erythroid 2-related
factor 2 (Nrf2) expression via the coactivator P300 at the
Nrf2 promoter [46], which has been shown to lead to an
increase of its downstream targets to protect against dia-
betes-induced oxidative stress and inflammation in diabetic
mice [47]. In addition, the deacetylase inhibition induced by
butyrate also enhances mitochondrial activity [48].

Propionate and acetate can also improve T2DM by
inhibiting HDACs [49]. In 3T3-L1 adipocytes, propionate
(20 mM) was shown to increase the rate of lipolysis in vitro
through HDAC inhibitory activity to a similar extent as that
by butyrate (5 mM). However, acetate (5 mM) did not affect
lipolysis [49]. This may be because of the high mitochondrial
and lipogenic demand for two-carbon acetyl units from
exogenous acetate in adipocytes, leaving it to contribute to
histone acetylation only sparingly [50]. However, acetate can
inhibit HDACs in the liver, leading to amelioration of he-
patic lipid dysregulation and enhancement of insulin sen-
sitivity in diabetic rats [51] Moreover, acetate released from
histone deacetylation can be “recaptured” to supply the
acetyl units for HATs [50], indicating a complex role of
acetate in histone acetylation.

Altogether, the interaction with GPRs and/or inhibition
of HDACs have critical roles in the beneficial effects of
SCFAs in T2DM pathogenesis. However, understanding of
how SCFAs inhibit HDACs and regulate posttranslational
modifications is in its preliminary stages. Future studies
should make use of epigenetics and transcriptomics to
obtain comprehensive understanding of the part played by
SCFAs in T2DM pathogenesis.

3. Beneficial Effects of SCFAs on Energy and
Glucose Homeostasis

A deficiency of SCFAs has a central role in T2DM devel-
opment [52]. A metagenome-wide association study of IM in
Chinese patients with T2DM showed a moderate degree of
intestinal dysbiosis with a lower abundance of butyrate-
producing bacteria [5]. Consistently, fecal-metagenome
analyses of European women with T2DM have revealed
significant depletion of butyrate-producing microbiota,
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which exhibited a negative correlation with serum levels of
insulin, C-peptide, and TG [6].

The production of SCFAs induced by dietary fiber and
resistant starch can improve insulin sensitivity and glu-
cose homeostasis in humans. Supplementation with high
amylose-resistant starch has been shown to reduce body
fat, increase levels of acetate, early-phase insulin, and
glucagon-like peptide- (GLP-) 1, and increase the number
of gut microbes that produced acetate in volunteers with
normal body weight [53]. Rye-based bread supplemented
with resistant starch type 2 increased insulin sensitivity,
fasting levels of peptide YY (PYY), GLP-2, acetate, bu-
tyrate, and total SCFAs in healthy middle-aged individ-
uals [54]. Furthermore, administration of dietary fiber in
T2DM patients enhanced a group of SCFA producers and
improved glycated hemoglobin levels, partly via increased
GLP-1 production, which resulted in T2DM alleviation
[13].

Direct administration of SCFAs can influence the ho-
meostasis of glucose metabolism and optimize insulin
sensitivity. Acute oral administration of sodium propionate
increased resting-energy expenditure and was accompanied
by increased whole-body lipid oxidation, in fasted healthy

volunteers [21]. Rectal administration of SCFAs mixtures for
four days increased fasting fat oxidation, energy expendi-
ture, and plasma levels of PYY and decreased fasting free-
glycerol concentrations in normoglycemic overweight men
[20].

Overall, the clinical data stated above suggest that
modulation of SCFAs could prevent or alleviate T2DM.
Nonetheless, those are preliminary results from small-
sample studies on the effects of SCFAs on the host’s
metabolism. More prospective studies involving much larger
and more diverse sample sets are needed to investigate
further the effects of long-term administration (through
different modes of administration) of SCFAs on T2DM.

3.1. SCFAs Regulate the Brain’s Control of Energy Homeostasis.
SCFAs derived from the gut can positively influence the
effect of the brain in controlling energy homeostasis and
glucose homeostasis. These include reduced energy intake,
body weight, hepatic glucose production, and improved
insulin sensitivity, all of which reduce T2DM. SCFAs affect
the gut-brain axis by regulation of secretion of metabolic
hormones, induction of intestinal gluconeogenesis (IGN),
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stimulation of vagal afferent neurons, and regulation of the
central nervous system (CNS) [25].

3.1.1. Regulation of Secretion of Metabolic Hormones.
Modulation of the hormones associated with satiety is one of
the best-studied mechanisms by which SCFAs regulate
appetite and energy intake. Studies [13, 55, 56] have shown
that plasma levels of GLP-1 and PYY in overweight adults
are increased after acute rectal infusion of sodium acetate
[57, 58] or SCFAs mixtures [20] or an oral insulin-
propionate ester [59]. SCFAs can trigger the secretion of
GLP-1 and PYY from enteroendocrine-L cells [60-64]
through GPR41 and GPR43 and/or GPRs-independent
signaling by being metabolized to adenosine triphosphate
(ATP) as a colonocyte energy source [65]. Production of
these gut hormones leads to activation of appetite- and food
intake-related brain activity via humoral and neural path-
ways [25]. GLP-1 is an anorexigenic incretin hormone that
enhances glucose-dependent insulin secretion [66]. The
interaction between circulating levels of GLP-1 and food
reward-related central nervous activity in the dorsolateral
prefrontal cortex can achieve body weight loss in obese
individuals [67]. PYY is costored and cosecreted with GLP-1
by enteroendocrine-L cells [35]. PYY is another anorexic
neuropeptide that has been shown to inhibit gastrointestinal
movement, suppress appetite, and improve the survival and
function of pancreatic S-cells, with obvious benefits for
T2DM [68].

Moreover, SCFAs can affect the secretion of other
metabolic hormones, including leptin and ghrelin. The
BBB and vagus nerve are implicated in the effect of these
hormones on the brain [69, 70]. Leptin is an anorexic
hormone secreted from adipose cells and activates hy-
pothalamic proopiomelanocortin neurons to inhibit food
intake [71]. However, the effect of SCFAs on the regu-
lation of leptin production seems controversial [69]. In
vitro studies have demonstrated consistently that SCFAs
stimulate leptin secretion in adipocytes through GPR41
activation. In vivo studies have shown that body fat (rather
than SCFAs) is the main driver for leptin synthesis [69].
Ghrelin is the main “hunger” hormone. It is produced by
ghrelin cells in the stomach and duodenum and activates
hypothalamic somatostatin neurons to promote feeding
[70]. Acute increases in levels of colonic-derived SCFAs
by ingestion of inulin reduce ghrelin levels in lean and
obese individuals [72]. However, chronic intragastric
infusion of acetate has been found to activate the vagal
nervous system and, in turn, stimulate ghrelin secretion in
rats, which may promote hyperphagia and metabolic
syndrome [73].

Hence, SCFAs may exert beneficial effects on appetite
suppression and lower energy intake mainly by regulation of
metabolic hormones such as GLP-1, PYY, leptin, and
ghrelin. Further investigations on the direct impact and
underlying mechanism of action of SCFAs on these hor-
mones are needed to clarify the mechanism through which
SCFAs affect energy homeostasis.

3.1.2. IGN Induction. IGN is a brain signal derived from the
intestine that plays an important part in glucose homeostasis
and energy homeostasis [74]. IGN is induced during the
postabsorptive period [17, 74]. It can induce beneficial effects
on metabolism, such as a decrease in food intake, acquisition
of a food preference, rapid-phase secretion of insulin, and
reduction of hepatic glucose production, via gut-brain
glucose signaling [75]. Because of intense glycolysis in the
intestine, physiological portal hypoglycemia occurs during
the postabsorptive period. This signals to the brain via so-
dium-coupled glucose cotransporter 3 in the hepatic-portal
area (a key link in the portal glucose-sensing process) and
promotes the reonset of hunger [74, 75]. IGN activation
counterbalances the lowering of portal-area glucose,
resulting in hunger inhibition. Interestingly, the hunger-
curbing effect of the portal glucose signal induced by IGN
involves activation of afferents from the spinal cord and
specific neurons in the parabrachial nucleus, rather than the
afferents from the vagal nerves [74, 76].

The SCFAs butyrate and propionate activate IGN via
complementary metabolic processes [17, 77]. Butyrate-
induced activation of IGN is mediated by an increase in
ATP, which increases intracellular cAMP, but not via Gay,-
or Gag/j1-mediated mechanisms [17]. Propionate (itself a
gluconeogenic substrate) activates GPR41 in periportal
nerves. It stimulates a gut-brain neural circuit that induces
IGN by promoting the local release of vasoactive intestinal
peptides [77] and upregulation of methylmalonyl-CoA
mutase (the key enzyme in propionate metabolization) [17].
The position of SCFAs upstream of IGN-mediated gut-brain
glucose signaling indicates that this function can activate the
portal nervous system and its related benefits.

3.1.3. Stimulation of Vagal Afferent Neurons. SCFAs can
suppress energy intake by stimulating vagal afferent neurons
directly. Oral (but not intravenous) administration of bu-
tyrate reduces food intake by activating the gut-brain neural
circuit, resulting in inhibition of orexigenic neuropeptide Y
neurons in the hypothalamus and neurons within the tractus
solitarius and dorsal vagal nuclei [19]. Furthermore, intra-
peritoneal administration of three SCFAs was shown to
reduce food intake by activating vagal afferents in fasted
mice in the order C4 > C3 > C2 [78]. This effect was atten-
uated by systemic capsaicin treatment and hepatic-branch
vagotomy that desensitized vagal afferents. Moreover, bu-
tyrate-induced sympathetic activity increased phosphory-
lation of extracellular signal-regulated kinase-1/2 and
intracellular Ca** concentration ([Ca*'];) signaling in no-
dose ganglion neurons [78]; this could have been mediated
by GPR4l activation in nodose ganglion neurons [79].
Moreover, the gut-brain neural circuit induced by SCFAs
may also promote fat oxidation by activating brown adipose
tissue [19]. Surprisingly, chronic intragastric infusion of
acetate activated vagal nervous and stimulated ghrelin se-
cretion in rats, which increased caloric intake and weight
gain [73]. A recent study revealed that activation of the right
(but not the left) upper-gut vagal sensory ganglion stimu-
lated the parabrachio-nigral pathway (which regulates food
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consumption) in mice [80]. Thus, investigating whether
these a