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A Novel Bacteriocin From
Lactobacillus Pentosus ZFM94 and
Its Antibacterial Mode of Action
Mengdi Dai, Yanran Li, Luyao Xu, Danli Wu, Qingqing Zhou, Ping Li* and Qing Gu*

Key Laboratory for Food Microbial Technology of Zhejiang Province, College of Food Science and Biotechnology, Zhejiang

Gongshang University, Hangzhou, China

Bacteriocins are bioactive antimicrobial peptides synthesized in the ribosome

of numerous bacteria and released extracellularly. Pentocin ZFM94 produced

by Lactobacillus pentosus (L. pentosus) ZFM94, isolated from infant feces with

strong antibacterial activity, was purified by ammonium sulfate precipitation, dextran

gel chromatography, and reverse-phase high-performance liquid chromatography

(RP-HPLC). The molecular mass of the purified bacteriocin was 3,547.74 Da determined

by matrix-assisted laser desorption/ionization time-of-flight mass spectrometry

(MALDI-TOF MS). Pentocin ZFM94 exhibited broad-spectrum antimicrobial activity

against tested Gram-positive and Gram-negative bacteria, and the minimal inhibitory

concentrations (MICs) ofMicrococcus luteus (M. luteus) 10,209, Staphylococcus aureus

(S. aureus) D48, and Escherichia coli (E. coli) DH5α were 1.75, 2.00, and 2.50µm,

respectively. Pentocin ZFM94 was heat-stable (30min at 80◦C) and showed inhibitory

activity over a wide pH range (5.00–7.00). It could be degraded by trypsin and pepsin,

but not by amylase, lysozyme, lipase, and ribonuclease A. Fluorescence leakage assay

showed that pentocin ZFM94 induced disruption of the cell membrane and caused

leakage of cellular content. Furthermore, lipid II was not an antibacterial target of

pentocin ZFM94. This study laid the foundation for further development and utilization

of L. pentosus ZFM94 and its bacteriocin.

Keywords: bacteriocin, purification, pentocin ZFM94, antibacterial activity, mode of action

INTRODUCTION

Bacteriocins are ribosomally synthesized peptides that in most cases they exhibit antibacterial
activity against bacteria that are closely related to the producing bacteria. As for food corruption,
the commonly used method is to add preservatives. Although, the toxicity of the preservatives
now used is low, the toxicity accumulates and damages the body when taken in excess. Non-toxic
natural preservatives solve this problem perfectly. The bacteriocins are of very high perspective
because they may not only be used for food biopreservation but also have the potential to be
utilized as antibiotics, exploited in animal healthcare and marine environment (1). Bacteriocins
are usually divided into four groups (2). Class I bacteriocins, known as lantibiotic, generally have a
molecular weight of <5 kDa (3), such as lanthionine, β-12 methyllanthionine, dehydrobutyrine,
dehydroalanine, and labyrinthine. Class I is further subdivided into class Ia (lantibiotics), class
Ib (labyrinthopeptins), and class Ic (sanctibiotics). Nisin is a most popular class I bacteriocin (4).
Class II bacteriocins are called non-lantibiotics with molecular weight <10 kDa (5), which contain
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30–60 amino acids with thermal stability, and Class II
bacteriocins can be further subdivided into class IIa
(pediocin-like bacteriocins), class IIb (two-peptide unmodified
bacteriocins), class IIc (circular bacteriocins), and class IId
(unmodified, linear, and non-pediocin-like bacteriocins).
Pediocin-like bacteriocins are the most dominant class IIa
bacteriocins (4). Class III bacteriocins are non-lantibiotics with
heat sensitivity, and their molecular weight is generally >30
kDa (6). Colicin is one of the examples of class III bacteriocins
produced by Escherichia coli. Class III bacteriocins also include
helveticin M, helveticin J, and enterolysin A produced by
Lactobacillus crispatus and Lactobacillus helveticus, respectively
(4). Class IV bacteriocins are comprised of lipid or carbohydrate
groups (7). Besides, many bacteriocin-producing strains have
been found, such as Streptococcus lactis, Listeria monocytogenes
(L. monocytogenes), and Staphylococcus aureus (S. aureus) (4).

Lactic acid bacteria (LAB) are food-grade microorganisms
recognized by the Food and Drug Administration (FDA).
Recently, the isolation of bacteriocins has become a research
hotspot. The most well-known bacteriocin produced by LAB is
nisin (8). It is an FDA-approved and generally regarded as safe
(GRAS) peptide with recognized potential for food preservation,
which has been commercialized in more than 50 countries (9).
Nisin was effective in the treatment of dental caries and ulcers in
humans, and mastitis in cattle (8, 10).

Studies on the mode of action and target of bacteriocins
can lay a foundation for its applications. The action mode of
bacteriocins can generally be grouped into two types. The first
one is acting on the cell membrane of the bacteria, which can
be further divided into two subclasses: targeting cell membrane
protein (11) and non-specific “membrane perforation.” Nisin
can inhibit the growth of Gram-positive bacteria through two
antibacterial mechanisms. Lipid II, as a membrane-anchored cell
wall precursor, is essential for the biosynthesis of the bacterial
cell wall. When nisin binds with lipid II, the biosynthesis of
the cell wall is inhibited, resulting in the death of the bacteria
(12). Nisin can also cause the loss of proton motive force (PMF)
of the cell membrane through the formation of non-selective
transmembrane pores at micromolar concentrations (13). The
second type is directed to the destruction of non-membrane
substances in cells, for example, the target of microcin B17 is
DNA gyrase (14).

Although, bacteriocinogenic Lactobacillus Pentosus (L.
pentosus) has been isolated from different products such
as fermented meat and cereals, there are few reports on
the purification of bacteriocin from L. pentosus (15–19).
Lactobacillus Pentosus ZFM94 was isolated from the feces of a
healthy infant with strong antibacterial activities and probiotic
properties (20). In this study, a three-stepmethod was established
to purify a novel bacteriocin (pentocin ZFM94) from the cell-free
supernatant (CFS) of L. pentosus ZFM94. The antibacterial
spectrum and minimum inhibitory concentrations (MICs)
of pentocin ZFM94 were determined. Meanwhile, the effects
of temperature, pH, and enzyme on the stability of pentocin
ZFM94 were studied. Finally, the leakage experiment and agar
well-diffusion method were used to explore the action mode of
pentocin ZFM94 and its binding site with lipid II.

MATERIALS AND METHODS

Strains and Culture Conditions
Lactobacillus pentosus ZFM94 was isolated from the feces of a
healthy infant, deposited at the China Center for Type Culture
Collection (CCTCC) with the strain number of CCTCC NO: M
2016632, and cultured in de Man, Rogosa, and Sharpe (MRS)
broth at 37◦C. The indicator strains are listed in Table 1.

Purification of Bacteriocin
A three-step method, including ammonium sulfate precipitation,
SephadexTM G-25, and reverse-phase high-performance
liquid chromatography (RP-HPLC) were established to purify
bacteriocin. Four liters of clarified MRS broth was inoculated
(1%) with L. pentosus ZFM94 and incubated for 18–20 h at
37◦C. The culture was centrifuged (Beckman, USA) at 8,000 rpm
and 4◦C for 20min. The CFS was precipitated with saturated
ammonium sulfate (gradient from 10 to 90%). The protein
precipitations were collected by centrifugation (8,000 rpm, 4◦C,
20min), dissolved in 50mm phosphate buffer saline (PBS, pH
3.69), and desalted by dialysis (1 kDa cutoff membrane, Sangon,
China). The active fractions were purified by Sephadex G-25 (GE
Healthcare, 1.6 × 80 cm) equilibrated and eluted with ultrapure
water at 1 ml/min. The eluent was collected every 3min until no
absorbance was detected at 280 nm. Next, the active ingredient
was concentrated by a vacuum rotary evaporator (Marin Christ,
Germany). Subsequently, it was introduced into the RP-HPLC
system (Waters, USA) equipped with a RP C18 column (YMC-
Pack ODS-AQ, 150 × 20mm L.D.). The buffer A was 0.05%
trifluoroacetic acid (TFA)/distilled water (v/v), and buffer B was
0.05% TFA/acetonitrile (v/v). Gradient elution ranged from 95%
buffer A to 95% buffer B, with a flow rate of 4.0 ml/min. Fractions
with antibacterial activity were analyzed by an analytical RP-
HPLC system (Waters 2489 Detector, USA) using RP C18
column (YMC-Pack ODS-AQ, 150 × 4.6mm L.D., Japan) after
removing acetonitrile by evaporation. Protein concentration
was determined by a bicinchoninic acid (BCA) protein assay
kit according to the instructions of the manufacturer (Takara,
Dalian, China).

Determination of the Molecular Weight of
Pentocin ZFM94
The rough molecular mass of sample fraction with antibacterial
activity prepared by RP-HPLC was analyzed by Tricine-
sodium dodecyl sulfate–polyacrylamide gel electrophoresis
(SDS-PAGE) (5% concentrated glue and 18% separation glue).
The antibacterial activity and a low molecular weight marker
were run at 80V for 30min and 120V during the rest of the
separation. After completion of the run, the gel was stained with
Coomassie Brilliant Blue G-250 and destained by ethyl alcohol
acetic acid solution. Matrix-assisted laser desorption/ionization
time-of-flight mass spectrometry (MALDI-TOF MS) (ABSciex
5800) was further used to determine the accurate molecular
weight of this sample (21), which was operated in positive ion
mode. The α-cyano-4-hydroxy-cinnamic acid (CHCA) solution
was used as the matrix. In brief, 1 µl of the sample was dried on
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TABLE 1 | Inhibition spectrum of pentocin ZFM94 against different bacterial indicator strains.

Indicator strains Growth condition Antimicrobial activity Sources

Micrococcus luteus 10209 LB at 30◦C ++++ Laboratory preservation

Staphylococcus aureus D48 LB at 37◦C +++ Laboratory preservation

Staphylococcus carnosus

pCA44

LB at 37◦C ++ Laboratory preservation

Staphylococcus carnosus pot20 LB at 37◦C + Laboratory preservation

Listeria monocytogenes LM1 LB at 37◦C + Laboratory preservation

Bacillus subtilis BAS2 LB at 37◦C – Laboratory preservation

Escherichia coli DH5α LB at 37◦C +++ Laboratory preservation

Salmonella paratyphi-A

CMCC50093

LB at 37◦C – National Center for Medical

Culture Collections (CMCC)

Salmonella paratyphi-B

CMCC50094

LB at 37◦C – National Center for Medical

Culture Collections (CMCC)

Salmonella enterica subsp.

enterica ATCC14028

LB at 37◦C + American Type Culture Collection

(ATCC)

Saccharomyces cerevisiae

SM190

YPD at 28◦C + Laboratory preservation

Inhibitory zone diameter (mm): ++++ 22–25, +++ 18–21, ++ 14–17, + 10–13, – no inhibition.

the sample target plate, and then 0.6 µl of CHCA was added after
natural drying for the MALDI analysis.

Antibacterial Spectrum and MICs of
Pentocin ZFM94
The antibacterial spectrum of pentocin ZFM94 after purification
was detected by the agar well-diffusion method (22). Soft agar
of each medium was inoculated with 106 colony-forming units
(CFU)/ml of each indicator strain (Table 1) and mixed well,
and 8mm diameter wells were punched with Oxford Cups in
the plates. Every well was filled with 100 µl of 10µm pentocin
ZFM94, and the plates were incubated overnight at 37◦C.
The diameter of the inhibition zones (mm) around the wells
was measured.

According to the results of the antibacterial spectrum, MICs
of pentocin ZFM94 on S. aureus D48, Micrococcus luteus 10209,
and E. coli DH5α were determined by tube method (23). The
concentration gradient was 0, 0.10, 0.20, 0.50, 0.875, 1.75,
2.00, 2.50, 3.00, and 10.00µm. The absorbance was measured
by an ultraviolet spectrophotometer (OLYMPUS, Japan). Each
concentration was carried out in triplicate.

Stability of Pentocin ZFM94 on pH, Heat,
and Enzyme Conditions
Purified pentocin ZFM94 was prepared at a concentration of
15 µg/m and was used for testing the effects of heat, pH, and
enzymes. To determine thermal stability, the purified pentocin
ZFM94 was heated to 50, 60, 70, 80, 90, 100, and 121◦C for
30min, respectively, and then cooled to room temperature.
To evaluate the susceptibility of pentocin ZFM94 to different
pH values, the pH of purified peptide solution was adjusted
to 2–10 using 1M hydrochloric acid (HCl) and 1M sodium
hydroxide (NaOH), respectively. The above samples were then
incubated at 4◦C for 2 h and adjusted to an initial pH of 3.69.
For proteolytic enzyme treatments, pentocin ZFM94 was treated

with lysozyme, ribonuclease A, lipase, papain, α-amylase, α-
chymotrypsin, pepsin, and trypsin at the final concentration of
1 mg/ml, under the optimal temperature and pH of each enzyme
for 2 h, and then, the pH was adjusted to initial pH of 3.69. The
activity of residual anti-M. luteus 10209 was calculated by the
agar well-diffusion test. An untreated peptide sample was taken
as a control.

Analysis of Transmembrane Electrical
Potential
Fluorescence leakage test was used to measure transmembrane
electrical potential (19) (24), and the response value of the
cell membrane probe [3, 3-dipropylthiadicarbocyanine iodide,
DisC2(5)] was measured by a fluorescence spectrophotometer
(Agilent, USA). Luria-Bertani (LB) broth (20ml) was inoculated
with a 1% overnight culture of M. luteus 10209. The inoculated
broth was grown until it reached the exponential phase of growth
(OD600 = 0.6–0.8). Cells were collected by centrifugation at 4,000
rpm and 4◦C for 30min, washed twice with buffer (250mm
glucose, 5mm magnesium sulfate (MgSO4), 10mm tripotassium
phosphate (K3PO4), and 100mm potassium chloride (KCl), pH
7.0), and dissolved in 2ml of the same buffer, by adding 20
µl strain and 2 µl DisC2(5) into 2ml buffer in order. When
the detected fluorescence value was stable, pentocin ZFM94
with final concentrations of 1.75 and 8.75µm was added,
respectively. The same volume of 0.05% acetic acid was used as
a negative control.

Study on the Binding of Pentocin ZFM94 to
Lipid II
Studies have shown that lipid II was the target of nisin (25), and
the combination of lipid II and nisin can mediate the formation
of pores. Nisin and pentocin ZFM94 were mixed with lipid II,
respectively. The final concentration of nisin or pentocin ZFM94
was 10µm, while the concentration of lipid II was 20µm. The
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FIGURE 1 | Gel filtration chromatography peak of active fractions.

mixture was maintained at 4◦C for 1 h. The changes in the
antibacterial activity were detected by the agar well-diffusion
method. Micrococcus luteus 10209 was used as the indicator.
Then, the size of the inhibition zone was observed.

RESULTS

Purification of Bacteriocin
Pentocin ZFM94 was purified from a 4 L culture supernatant.
The obtained precipitate had good antibacterial activity when the
saturation of ammonium sulfate was 40%. Then, Sephadex G-
25 was used to separate and acquire the range between 1 and
5 kDa. Ultrapure water was used as a buffer. When the sample
was added to the dextran gel chromatography, it was separated
according to the molecular weight. About 40% ammonium
sulfate precipitation component can be well-separated from
Sephadex G-25. Five peaks were obtained as shown in Figure 1.
Only peak 3 had antibacterial activity againstM. luteus10209.

After purification by Sephadex G-25, RP-HPLC was used to
purify the active ingredient. The active ingredient was obtained at
a retention time of 22–23min using the preparative C18 column.
Analytical column C18 was used to analyze bacteriocin, and only
a single peak at 34.129min was observed, as shown in Figure 2.
The purity of bacteriocin obtained by the area normalization
method was 98.70%. The concentration of bacteriocin was
3.65 mg/L.

Molecular Weight Determination of Purified
Bacteriocin
As we can see from the result of Sephadex G-25, the molecular
weight of purified bacteriocin was <5 kDa. Tricine-SDS-PAGE
analysis was performed with purified bacteriocin. The molecular
mass determined by relative mobility was between 1.7 and 4.6
kDa. Purified bacteriocin had an accurate molecular mass of

3,547.74 Da by MALDI-TOF MS as shown in Figure 3 and
named pentocin ZFM94.

Antimicrobial Spectrum and MICs
Pentocin ZFM94 showed the inhibitory effects against most
Gram-positive bacteria, some Gram-negative bacteria, and fungi,
as shown in Table 1. Among the indicator species, pentocin
ZFM94 showed high activities against M. luteus 10209, S. aureus
D48, and E. coliDH5α. In addition, it inhibited L. monocytogenes
LM1, Salmonella enterica subsp. enterica ATCC14028, and
Saccharomyces cerevisiae SM190. However, pentocin ZFM94
had no inhibitory activity against Bacillus subtilis BAS2,
Salmonella paratyphi-B CMCC50094, and Salmonella paratyphi-
A CMCC50093. Pentocin ZFM94 also inhibited Gram-positive
bacteria S. carnosus pot20 and L. monocytogenes LM1, and
Saccharomyces cerevisiae SM190. These results demonstrated that
this bacteriocin had a broad antibacterial activity.

Minimal inhibitory concentrations were determined by the
test tube method (23). Values of MICs for M. luteus 10209, S.
aureus D48, and E. coli DH5α were 1.75, 2.00, and 2.50µm,
respectively, which exhibited obvious antibacterial activities.

The Effects of pH, Temperature, and
Enzymes on Pentocin ZFM94
Pentocin ZFM94 had the best bacteriostatic effect at pH 3 and
pH 6; when the pH increased from 8 to 10, the inhibition
activity was significantly declined. Pentocin ZFM94 maintained
complete activity after exposure from 50 to 80◦C for 30min
(Figure 4A). When the temperature was higher than 80◦C, the
inhibition activity was significantly descended. The effects of
enzymes were presented in Figure 4B. The activity of pentocin
ZFM94 was significantly reduced by treatment with pepsin and
trypsin. However, amylase, lysozyme, lipase, and ribonuclease A
did not effect on the antimicrobial activity.

Frontiers in Nutrition | www.frontiersin.org 4 July 2021 | Volume 8 | Article 7108627

https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/journals/nutrition#articles


Dai et al. Novel Bacteriocin

FIGURE 2 | Reverse-phase high-performance liquid chromatography (RP-HPLC) analysis of pentocin ZFM94.

FIGURE 3 | Molecule weight of pentocin ZFM94 determined by matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF MS).

Antibacterial Action Mode of Pentocin
ZFM94
The effect of pentocin ZFM94 on the membrane integrity of
M. luteus 10209 was determined by the membrane potential
sensitive dye DisC2(5). After the addition of DisC2(5), the
fluorescence value decreased and reached stability in 3min.

When 0.05% acetic acid was added, the fluorescence value did

not change. As shown in Figure 5, with the addition of pentocin

ZFM94 at a final concentration of 8.75µm (5 × MIC), the

fluorescence value increased faster than the final concentration
of 1.75 (1 × MIC). It can be seen that the antibacterial action
of pentocin ZFM94 was through the perforation of the bacterial
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FIGURE 4 | (A) Effect of temperature on the antibacterial activity of pentocin

ZFM94; (B) Stability of pentocin ZFM94 after different enzyme treatments.

membrane, and indicator bacteria were killed by causing leakage
of intracellular electrolytes.

In order to further explore whether lipid II was the target of
pentocin ZFM94, nisin was used as a control andM. luteus10209
was used as an indicator. The lipid II (20µm) was mixed at a
ratio of 2:1 with the pentocin ZFM94 (10µm). The bacteriostatic
activity was detected by the agar well-diffusion method as shown
in Figure 6. After pentocin ZFM94 was mixed with lipid II, the
inhibitory action of penticin ZFM94 did not change, but the
antibacterial effect of nisin disappeared. The result showed that
lipid II was not the target of pentocin ZFM94.

DISCUSSION

Bacteriocins are generally defined as a class of small molecular
proteins or peptides synthesized by ribosomes in the metabolic
process of some bacteria. Lactobacillus Pentosus has antibacterial
activity, which is mainly related to its metabolites (26), and
bacteriocin is one of them. Lactobacillus Pentosus can produce
bacteriocin that has been reported, pentocin MQ1 produced
by L. pentosus CS2 (19), and pentocin TV35b produced
by L. pentosus TV35b (27). The appropriate separation and
purification processes vary from different bacteriocins. Pentocin
TV35bwas purified by ammonium sulfate precipitation, followed

by sulfopropyl (SP)-sepharose cation exchange chromatography
(27). Pentocin JL-1 was purified using macroporous resin,
cation exchange, gel filtration, and semipreparative HPLC
(17). Pentocin MQ1 was purified using the adsorption-
desorption approach followed by RP-HPLC (19). In our study,
pentocin ZFM94 was purified by a three-step process, including
ammonium sulfate saturation at 40%, Sephadex G-25, and RP-
HPLC from the supernatant of L. pentosus ZFM94. Then, we
determined its molecular weight, determined its antibacterial
spectrum, and explored its antibacterial mode.

Pentocin ZFM94 exhibited high thermal and pH stability. It
retained 80.37% of its original antibacterial activity after heating
at 80◦C for 30min. The antibacterial activity of pentocin ZFM94
was stable at pH 2–7. Pentocin MQ1 retained activity at 40–
121◦C, but unlike pentocin ZFM94, it was inactive at pH 6–7
(19). Nisin also exhibited a strong antibacterial activity at low pH,
but it will be inactivated at pH close to 7 (28). Pentocin ZFM94
was sensitive to trypsin and pepsin, but not to amylase, lysozyme,
lipase, and ribonuclease A. Studies have reported that leuconocin
S and carnocin 54 are sensitive to amylase but are not sensitive to
protease (29). Thus, pentocin ZFM94 has a proteinaceous nature
like most other bacteriocins.

Pentocin ZFM94 performed activity against Gram-positive
bacteria, Gram-negative bacteria, and fungi, especially for S.
aureus D48, M. luteus 10209, and E. coli DH5α. Many pentocins
produced from L. pentosus also can inhibit a variety of Gram-
positive bacteria, Gram-negative bacteria, and the fungi Candida
albicans (27). Food spoilage caused by microbial contamination
has been a huge challenge for production for the food industry.
But so far, only nisin was allowed to be used as a food
preservative. Nisin only can inhibit Gram-positive bacteria, and
plantaricin 163 can inhibit Gram-positive and Gram-negative
bacteria but cannot inhibit fungi (30). Most bacteriocins could
not be widely and effectively used in the food industry due to
their narrow spectrum and exhibit inhibitory activity against only
genetically close bacteria. Therefore, pentocin ZFM94 has a wider
application prospect. The MICs of pentocin ZFM94 against S.
aureus D48, M. luteus 10209, and E. coli DH5α were 2.00, 1.75,
and 2.50µm. BMA has a molecular weight of 1.77 kDa produced
by L. crustorumMN047, andMICs toward S. aureusATCC 29213
and E. coli ATCC 25922 were 165 and 305µm, respectively (21).
Pentocin ZFM94 performed a higher activity against S. aureus
and E. coli than bacteriocin BMA.

The mode of action of many bacteriocins has been identified
to inhibit microorganisms by disrupting the cell membrane
integrity of microorganisms (31, 32). In our study, 1 × and 5 ×

MIC of pentocin ZFM94 were tested using a fluorescence leakage
test. Both concentrations of pentocin ZFM94 were able to disrupt
the integrity of M. luteus 10209 cell membrane. In addition,
the disruption of cell membrane integrity was dose dependent.
Similar dose-dependent inhibitory action has also been observed
by aureocin A53 (32) and Plantaricin EF (Pln EF) (21). However,
whether it is a specific membrane perforation still needs further
study. Pediocin PA-1 (33) and Lactococcin G (34) all have specific
membrane perforation mechanisms.

The mode of action of bacteriocin is not unique. Nisin not
only has specific membrane perforation but also can mediate the
formation of the hole by combining with lipid II. Studies also
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FIGURE 5 | Effect of different pentocin ZFM94 concentrations on the membrane of Micrococcus luteus (M. luteus).

FIGURE 6 | Binding experiment of pentocin ZFM94 with lipid II.

found that lipid II was the target of many bacteriocins, such as
nisin (12), mersacidin (35), and plantaricin C (36). The molar
ratio 1:2 of pentocin ZFM94 and lipid II was studied using the
agar well-diffusion test. After pentocin ZFM94 was mixed with
lipid II, the inhibitory action did not change suggesting that lipid
II is not the target of pentocin ZFM94.

In future studies, we will further optimize the purification
method of pentocin ZFM94 and increase the recovery of it. The

target of the action, the amino acid sequence, and the structure of
pentocin ZFM94 will be addressed in more detail.
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The present study evaluated the protection of Lactiplantibacillus plantarum CCFM8661, a
candidate probiotic with excellent benzopyrene (B[a]P)-binding capacity in vitro, against B
[a]P-induced toxicity in the colon and brain of mice. Mice that received B[a]P alone served
as the model group. Each mouse in the L. plantarum treatment groups were administered
2×109 colony forming unit (CFU) of L. plantarum strains once daily, followed by an oral
dose of B[a]P at 50 mg/kg body weight. Behavior, biochemical indicators in the colon and
brain tissue, and the gut microbiota composition and short-chain fatty acid (SCFA) levels
in the gut were investigated. Compared to the treatment in the model group, CCFM8661
treatment effectively reduced oxidative stress in the brain, improved behavioral
performance, increased intestinal barrier integrity, and alleviated histopathological
changes in mice. Moreover, CCFM8661 increased the gut microbiota diversity and
abundance of Ruminococcus and Lachnospiraceae and reduced the abundance of
pro-inflammatory Turicibacter spp. Additionally, the production of SCFAs was
significantly increased by L. plantarum CCFM8661. Our results suggest that
CCFM8661 is effective against acute B[a]P-induced toxicity in mice and that it can be
considered as an effective and easy dietary intervention against B[a]P toxicity.

Keywords: probiotic, Lactiplantibacillus plantarum, benzopyrene, gut microbiota, SCFAs, gut barrier,
behavioral performance
INTRODUCTION

Benzopyrene (B[a]P) is a kind of polycyclic aromatic hydrocarbon that is categorized as a group I
carcinogen by the International Agency for Research on Cancer (1, 2). Contaminated food is an
important source of human exposure to B[a]P, which is up to 125 ng per day for each person (2, 3).
B[a]P would be produced during food processing, such as smoking, grilling, frying. B[a]P-
contaminated foods include vegetables (13 ng/kg), cereals (262 ng/kg), smoked fish (800-13900
ng/kg), and dairy products (11-78 ng/kg) (4). After entering into the host’s body, B[a]P would bind
to the aryl-hydrocarbon receptor and be activated by cytochrome P-4501A1 (CYP1A1) to produce
org August 2021 | Volume 12 | Article 73612912412
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immense size DNA adducts and ROS (2, 5), which would
inactivate tumor suppressor genes or activate oncogenes,
resulting in DNA damage, mutation, and cancer (6, 7).

B[a]P is neurotoxic and it affects the levels of 5-
hydroxytryptamine, 5-hydroxyindoleacetic acid, and target
protein kinase C (8), leading to neurotoxicity and behavioral
disturbances (6, 9). More seriously, the neurotoxicity of B[a]P
has a genetic effect (10). However, the effects of B[a]P on the gut
have not been thoroughly studied so far. The intestinal tract is
the first vital barrier against oral B[a]P exposure. Therefore, it is
necessary to investigate the negative effects of B[a]P on the gut,
especially the gut microbiota, gut barrier and intestinal
histopathology. Previous researches have reported the harmful
effects of B[a]P on the intestinal barrier, such as changes in the
expression levels of tight junction (TJ) proteins (11, 12). Ribiere
et al. demonstrated that B[a]P exposure dramatically changed
the gut microbiota composition, thereby causing a pro-
inflammatory intestinal environment and leading to moderate
inflammation in ileum and colon of mice (13). Moreover, the
important roles of intestine microbiota and SCFAs in regulating
host health have aroused the increasing concern (14–16). For
example, gut microbiota-generated SCFAs promote metabolism
via gut-brain axis, thereby reducing body weight, adiposity, and
blood glucose (15).

Lactic acid bacteria (LAB), a group of safe gram-positive
microorganisms, are widely used in various fermented food (17).
LAB are also the important components of the human gut
microbiota with various physiological function, including
balance of immune cell, regulation of metabolites and gut
microbiota. Lactiplantibacillus plantarum is a super vital LAB
that is capable of binding or sequestering various carcinogens in
vitro and in vivo and is a safe and cost-effective intervention way
(18–20). Apart from its capacity to bind carcinogens, L. plantarum
regulates the gutmicrobiota andhas antioxidativeproperties,which
may be important for the alleviation of B[a]P toxicity. Therefore,
the aim of this study was to select a novel probiotic strain with
excellent B[a]P-binding ability from the 23 L. plantarum strains
tested and evaluate its protective effects on the colons and brains of
mice exposed to B[a]P, especially the impacts on the intestinal
microbiota composition and intestinal barrier function. Moreover,
possible protective mechanisms against B[a]P toxicity
are proposed.
MATERIAL AND METHODS

Bacterial Strains and Culture
Twenty-three Lactiplantibacillus plantarum strains, including
L. plantarum CCFM571, CCFM595, CCFM8610, CCFM438,
CCFM726, CCFM408, CCFM8661, CCFM634, CCFM175,
CCFM242, CCFM361, CCFM259, CCFM382, Lp45, FJSWX14-
5, DYNDL58M4, PS3-9, FFJND7-L5, HY9-10, M2-05-R02,
FJSZJ4-L5, 4L-4 and VNMWLT1M12, were obtained from
Research Center of Food Biotechnology in Jiangnan University
(Wuxi, China). The cultivation of all L. plantarum strains was in
MRS broth (Hopebio, Qingdao, China) at 37°C for 18h.
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Determination of the B[a]P-Binding
Capacity of L. plantarum Strains In Vitro
The B[a]P-binding ability of the 23 L. plantarum strains was
estimated as previously described (21). The cultured biomass was
centrifuged at 5,000 × g for 15min andwashed twicewith ultrapure
water to acquire cell pellets. The cell pelletswere re-suspended in the
ultrapure water containing 10µg/mL B[a]P (Sigma-Aldrich, St
Louis, MO, USA). The suspension was centrifuged after
incubation for 2h at 150 rpm and 37°C, and the residual B[a]P
concentration in the supernatant was analyzed. B[a]P levels were
measured using a high performance liquid chromatography
(HPLC) equipped with a Waters Atlantis C18 reverse-phase
column (4.6×250 mm×5 µm, 30°C; Waters Corporation, Milford,
MA, USA). The mobile phase was acetonitrile:water (88:12). The
injection volume was 20mL, with a flow rate of 1mL/min, and the
fluorescence detection wavelength was 406 nm.

The B[a]P-binding abilities of the Lactiplantibacillus strains
are expressed as the B[a]P removal rate, which was calculated
as follows:

Removal rate (%)=[(Ci–Cr)/Ci]×100%, Ci and Cr are the
initial and residual B[a]P level, respectively.

Animal Experimental Procedure
Male adult BALB/c mice (8-week-old) were purchased from
Slack limited company (Shanghai, China). Mice were kept in
cages at a constant temperature (22°C ± 1°C) and humidity
(55% ± 10%) under a 12-h/12-h light/dark cycle and had free
access to food and water. All procedures and protocols of mice
experiments were performed according to the guidelines of the
Animal Care and Use Committee and the Ethics Committee of
Jiangnan University (JN.No20190915b0481210).

The mice were divided into four groups and allowed to
acclimatize to their environment for 1 week. The experimental
schedule is shown in Table 1. Group 1 (control group) was
administered skim milk and corn oil without B[a]P. Group 2
(model group) was administered B[a]P dissolved in corn oil at a
dose of 50 mg/kg b.w. Groups 3 and 4 (CCFM8661 and
CCFM382 groups, respectively) were administered 2×109 CFU
of L. plantarum strains CCFM8661 and CCFM382, respectively,
and 50 mg/kg b.w. of B[a]P. All treatments were administered
via oral gavage for 5 weeks. Mice were fasted for 12h before
sacrifice. Blood samples were collected and centrifuged at 3,000 ×
g for 15 min to obtain the serum, which was used for biochemical
analysis. Colon and brain tissues were immediately washed with
TABLE 1 | Animal experimental protocol.

Group (n = 8) Treatment (5 weeks)

Control SM+CO
Model SM+B[a]P
CCFM8661 L. plantarum CCFM8661+B[a]P
CCFM382 L. plantarum CCFM382+B[a]P
August 202
CO=0.2 mL corn oil; SM=0.2 mL skim milk; B[a]P=0.2 mL corn oil containing 50 mg/kg
body weight of B[a]P; CCFM8661 = 0.2 mL skim milk containing 2×109 CFU of L.
plantarum CCFM8661; CCFM382 = 0.2 mL skim milk containing 2×109 CFU of L.
plantarum CCFM382. Animals received corn oil, skim milk, B[A]P, and L. plantarum
strains via gavage.
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0.9% saline and separated into two parts: one part was stored at
-80°C for subsequent measurements, and the other part was fixed
with 4% formalin for histopathological analysis.

Open-Field Test
The test was performed as previously described with minor
modifications (22, 23). The size of apparatus used for the open-
field test was 50cm×50cm square with four white walls. The edge
region is a 15cm area near the walls and the rest of the field was the
central area. Each mouse can move freely within the apparatus for
15min. A camera was used to record theirmovements, and the data
were analyzed using EthoVision (Noldus, Wageningen,
Netherlands). The apparatus was cleaned with 75% ethanol after
each test to eliminate any possible odor cues. The total distance
traveled and the times spent in the center and the edge regions were
calculated to measure anxiety-like behavior.

Determination of 3-OH B[a]P
Levels in Feces
The mouse feces were mixed with acetonitrile (1:2) by vortex
oscillation. After centrifugation at 10000 rpm for 10 min, the 3-
OH B[a]P levels in supernatant was analyzed by HPLC-
fluorescence detection (24). The mobile phase was methanol:
water (97:3, pH4.5). The injection volume was 20 mL, with a flow
rate of 0.5 mL/min, and the fluorescence excitation and emission
wavelength were 365 and 450 nm, respectively.

Determination of Oxidative Stress-Related
Parameters in the Brain
The MDA level and SOD activity were measured using ELISA kit
according to the operating instructions of the manufacturer
(Jiancheng Bioengineering, Nanjing, China).

RT-qPCR Analysis
Colon and brain tissue (0.1g) samples were lysed in TRIzol reagent
(Ambion, USA) for RNA extraction. cDNA was synthesized using
the RevertAid (Thermo Fisher Scientific, Waltham, MA, USA).
Gene expression levelswere determinedusing validated primers for
Gapdh, Zo-1, Occludin, Claudin-1, CYP1A1, Bax, Bcl-2, and p53
(Table 2) and iTaq Univeral (Bio-Rad, Hercules, CA, USA) on an
RT-qPCR system (BioRad-CFX384) (25). The PCR program
comprised initial denaturation at 95°C for 2 min, followed by 40
cycles of 95°C for 30 s, 60°C for 30 s, and 72°C for 30 s, and finally,
72°C for 5 min. Relative quantification of these target gene
expression levels was performed after normalization to Gapdh
gene expression levels using the 2−DDCt method.

Histopathological Analysis
Colon tissue was fixed in 10% formalin saline for 24 h and then
embedded in paraffin. The paraffin was sliced into 5-mm-thick
sections. After sectioning, the tissue samples were stained with
H&E (26).

Analysis of the Gut Microbiota in Feces
Total DNA in feces was extracted using the FastDNA Spin Kit
(MP Biomedicals, Santa Ana, CA, USA). The V3-V4 region of
the 16S rRNA gene was amplified using 341F/806R primers.
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The library was built and sequenced on an Illumina MiSeq
PE300 platform.

Determination of SCFA Levels
Fecal samples (50mg) were dispersed in 50mL of saturated NaCl
solution, acidified with 5% (v/v) H2SO4, and SCFAs were
extracted with 1mL of diethyl ether. SCFA levels were tested
by GC-MS (27).

Statistical Analysis
Statistical analyses were performed using Prism version 7
(GraphPad, San Diego, CA, USA). Significant differences were
evaluated using a one-way analysis of variance. Microbiota-
related analyses, including alpha diversity and biodiversity
richness, were assessed with the QIIME (version 1.17) and R
(version 3.5.0) software.
RESULTS

B[a]P-Binding Abilities
The B[a]P-binding abilities of the 23 L. plantarum strains
are presented in Figure 1. The B[a]P-binding abilities were
significantly different among the different L. plantarum strains.
L. plantarum CCFM8661 had the highest B[a]P removal capacity,
with a removal rate of 60.9%; thus, this strain was selected as the
target strain for subsequent animal experiments. CCFM382 had
the lowest removal rate of only 1.6%; thus, it was selected as the
negative reference strain. The protection of these two L. plantarum
strains against B[a]P-induced toxicity in the gut and the brain
were compared.

Levels of 3-OH B[a]P in Feces
The levels of 3-OH B[a]P in the feces of mice significantly increased
after B[a]P treatment, which was up to 0.27 mg/g (Figure 2; P<0.05).
The effects were significantly reversed by oral administration
of L. plantarum CCFM8661 (P<0.05), but not L. plantarum
CCFM382 (P>0.05). The 3-OH B[a]P level in the CCFM8661
and CCFM382 groups were 0.14mg/g, and 0.21mg/g, respectively.
TABLE 2 | Primer sequences used for RT-qPCR.

Primer Sequence (5’-3’)

GAPDH Forward (F) TGCACCACCAACTGCTTAG
Reverse (R) GATGCAGGGATGATGTTC

ZO-1 F CTTCTCTTGCTGGCCCTAAAC
R TGGCTTCACTTGAGGTTTCTG

Occludin F CACACTTGCTTGGGACAGAG
R TAGCCATAGCCTCCATAGCC

Claudin-1 F GATGTGGATGGCTGTCATTG
R CCTGGCCAAATTCATACCTG

CYP1A1 F CCTCATGTACCTGGTAACCA
R AAGGATGAATGCCGGAAGGT

Bax F CTACAGGGTTTCATCCAG
R CCAGTTCATCTCCAATTCG

Bcl-2 F GTGGATGACTGAGTACCT
R CCAGGAGAAATCAAACAGAG

P53 F GTATTTCACCCTCAAGATCC
R TGGGCATCCTTTAACTCTA
August 202
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Open-Field Test
The open-field test was used to evaluate the spatial cognitive
ability of the experimental animals. The distance moved was
used to represent autonomous activity ability, and the time spent
in the central area was used to reflect their spatial cognition
ability in a new environment. Mice with poor cognitive ability
would quickly leave the central area and move along the
periphery, thereby spending less exploration time in the central
area. As shown in Figure 3, B[a]P-treated mice traveled a
shorter total distance and spent less time in the center than
mice in the control group (P<0.05). However, mice in the
CCFM8661 and CCFM382 group traveled a longer distance
and spent more time in the central zone than those in the
model group (P<0.05). Importantly, L. plantarum CCFM8661
had a more significant increase on these two parameters
than CCFM382. These results suggested that anxiety-like
behavior caused by B[a]P can be better reversed by
CCFM8661 supplementation.
Oxidative Stress- and Tumor-Related
Parameters in the Brain
Malondialdehyde (MDA) levels were dramatically higher in the
model group than those in the control group (Figure 4B,
P<0.05). Of the two L. plantarum intervention groups, only L.
plantarum CCFM8661 sharply decreased the MDA levels
(P<0.05). Superoxide dismutase activity was not dramatically
different between the groups (Figure 4A).

The expression levels of Bcl-2 and p53 in the brain increased
dramatically in the model group, but L. plantarum CCFM8661
dramatically reduced the expression levels of these genes
Frontiers in Immunology | www.frontiersin.org 42715
(Figures 4D, E; P<0.05). Although the decrease expression of
p53 in CCFM382 group was also observed, the difference was not
significant (P>0.05). In addition, the Bax expression level in the
brain tissue of the control, model, and two L. plantarum-
intervention groups were no significant differences (Figure 4C).

The mRNA Expression of TJ Proteins and
CYP1A1 in the Colon
The mRNA expression levels of Zo-1 and occludin in the colon
were dramatically lower in B[a]P-exposed mice than in control
mice (Figure 5A; P<0.05). Oral administration of CCFM8661
and CCFM382 significantly increased occludin expression
(P<0.05). The mRNA expression levels of claudin-1 were
increased in the model group (P<0.05) but were not
significantly affected by L. plantarum intervention (P>0.05).

Levels of the B[a]P-metabolizing enzyme CYP1A1, a member
of the P450 enzyme family, were increased about six-fold after B
[a]P treatment (Figure 5A; P<0.05), and L. plantarum
CCFM8661, rather than L. plantarum CCFM382, significantly
reduced its expression (P<0.05), thus alleviating the damage to
the colon caused by B[a]P.

Histopathological Changes in the Colon
Colonic histopathology was normal in mice in the control group
(Figure 5B). However, B[a]P treatment led to serious injury to
the colon, including crypt destruction, inflammatory cell
infiltration, and severe ulceration. Colonic ulcers were reversed
after L. plantarum CCFM382 administration, but there was still
moderate inflammatory cell infiltration. Treatment with L.
plantarum CCFM8661 significantly alleviated the colonic
histopathological lesions to almost normal levels. Therefore,
FIGURE 1 | B[a]P-binding capacity of L. plantarum strains.
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FIGURE 2 | Effect of L. plantarum CCFM8661 on 3-OH B[a]P levels in feces. The different letters indicate significant difference between groups (P < 0.05).
A B C

FIGURE 3 | Effects of L. plantarum CCFM8661 on B[a]P-induced behavioral changes. (A) The total distance, (B) The time spend in zone centres, (C) The time
spend in edge region. The different letters indicate significant difference between groups (P < 0.05).
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oral administration of L. plantarum CCFM8661 had a better
alleviative effects on colonic damage induced by B[a]P.

Gut Microbiota Diversity
To determine whether the protective effects of L. plantarum
CCFM8661 on B[a]P-induced colonic damage involved changes
Frontiers in Immunology | www.frontiersin.org 62917
in the gut microbiota, the a diversity and composition of gut
microbiota were measured. The number of observed species and
the Shannon index were used to represent the gut microbiota
richness and diversity, respectively. The Faith_pd index represents
phylogenetic diversity, which is a qualitative measure of
community richness. As shown in Figure 6A, the observed
A B

D EC

FIGURE 4 | Effect of L. plantarum CCFM8661 on oxidative stress- and tumor-related parameters in the brain. (A) SOD activity, (B) MDA level, (C–E) mRNA
expression levels of apoptosis-related genes in brain. The different letters indicate significant difference between groups (P < 0.05).
A B

FIGURE 5 | Effect of L. plantarum CCFM8661 on the parameters related to the colon. (A) The mRNA expression of TJ proteins and CYP1A1. (B) Histopathological
changes. The different letters indicate significant difference between groups (P < 0.05).
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species and Faith_pd indices decreased significantly in the model
group, indicating that the richness and diversity of the gut
microbiota were dramatically reduced (P<0.05). Oral
supplementation of L. plantarum CCFM8661 significantly
increased these two indexes, but L. plantarum CCFM382
supplementation only elevated the observed species index
(P<0.05). The results showed that L. plantarum CCFM8661
had a stronger regulating ability than CCFM382 on gut
microbiota diversity.
Composition of the Gut Microbiota
The a diversity results confirmed that B[a]P and L. plantarum
CCFM8661 could, indeed, change the composition of the
intestinal microbiota. Thus, changes in the gut microbiota
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composition were further explored (Figure 6). At the phylum
level, Bacteroidetes, Firmicutes, Actinobacteria, and
Proteobacteria accounted for more than 95% of the gut
microbiota (Figure 6B). In the control group, these four
predominant bacterial phyla accounted for 67.1%, 30.1%, 0.7%,
and 1.8% of the gut microbiota, respectively. The abundance of
Bacteroidetes, Firmicutes, and Actinobacteria in the model group
was 52.2%, 38.9%, and 5.8%, respectively, whereas the abundance
of Proteobacteria (2.3%) remained almost unchanged. After
supplement with L. plantarum CCFM8661, the abundance of
Bacteroidetes (62.7%), Firmicutes (30.8%) and Proteobacteria
(1.1%) gradually recovered to the levels of the control group,
while the abundance of Actinobacteria (5.0%) was similar to
their abundance in the model group, without significant changes.
The abundances of these four bacterial phyla in CCFM382
A

B

DC

FIGURE 6 | Effect of L. plantarum CCFM8661 on the diversity and composition of the gut microbiota and SCFA levels. (A) a-diversity, (B) relative abundance of
constituents of the gut microbiota at the phylum and genus levels, (C) relative abundance of significant bacterial communities, (D) SCFA levels. The different letters
indicate significant difference between groups (P < 0.05).
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group accounted for 57.6%, 36.8%, 3.9% and 1.1% respectively.
The results showed that CCFM382 also affected the gut
microbiota composition, but the effects were not as strong as
that of CCFM8661. At the genus level, Muribaculaceae,
Bacteroides, Alistipes , and Lachnospiraceae NK4A136
accounted for 23.6%, 20.6%, 5.6%, and 4.4%, respectively,
in the control group (Figure 6B). The abundance of
Muribaculaceae and Bacteroides in the model group decreased
to 13.8% and 8.9%, respectively, and the abundance of Alistipes
and Lachnospiraceae NK4A136 increased to 10.8% and 7.9%,
respectively, compared with those in the control group. In
the CCFM8661 group, the abundance of Bacteroides increased
to 14.6% and the abundance of Lachnospiraceae NK4A136
decreased to 2.5%. Moreover, after B[a]P treatment, the
abundance of Ruminococcus, Lachnospiraceae, and Bacteroides
decreased significantly and the abundance of Turicibacter
increased (Figure 6C, P<0.05). L. plantarum CCFM8661
reversed the abundance of these four genera to their levels
observed in the control group (P<0.05), while L. plantarum
CCFM382 only reversed the abundances of Turicibacter
and Bacteroides.

SCFA Levels
Compared to the levels in the control group, the levels of SCFAs,
including acetic acid, butyric acid, isobutyric acid and propionic
acid, were dramatically reduced in mice treated with B[a]P
(Figure 6D). L. plantarum CCFM8661 sharply increased the
levels of these SCFAs (P<0.05) to levels almost the same as those
in the control group. However, the administration of CCFM382
significantly increased only the levels of isobutyric acid among
the SCFAs in B[a]P-treated mice (P<0.05). The results showed
that L. plantarum CCFM8661 had a better effect than CCFM382
on increase of SCFA levels.
Frontiers in Immunology | www.frontiersin.org 83119
Correlation and Heat Map Analyses
The parameters that were significantly affected by B[a]P and
L. plantarum CCFM8661 were selected to assess their correlation
using Pearson’s correlation coefficients (Figure 7). The Zo-1
expression levels were positive correlated with the abundance of
Ruminococcus (r=0.91), Lachnospiraceae (r=0.99), and
Bacteroides (r=0.98), and negatively correlated with the
Turicibacter abundance (r=-0.95), indicating that the gut
microbiota was closely related to gut barrier function. The
3-OH B[a]P levels in feces had a strong positive correlation
with Turicibacter abundance (r=0.97) but a negative correlation
with the abundance of Ruminococcus (r=-0.97), Lachnospiraceae
(r=-0.98), and Bacteroides (r=-0.99) and Zo-1 expression levels
(r=-0.96). These results confirmed that the gut microbiota and
the gut barrier affected 3-OH B[a]P excretion in the feces, and
vice versa. Moreover, Bcl-2 expression levels showed a strong
positive correlation with the abundance of Turicibacter (r=0.95)
but a negative correlation with the abundance of Lachnospiraceae
(r=-0.94) and Bacteroides (r=-0.91). p53 levels were positively
correlated with Turicibacter abundance (r=1.00) and negatively
correlated with the abundance Ruminococcus (r=-0.98),
Lachnospiraceae (r=-0.93) and Bacteroides (r=-0.93). MDA
levels were positively correlated with Turicibacter abundance
(r=0.97) and negatively correlated with the Ruminococcus
abundance (r=-0.94), indicating that the gut microbiota was
related to changes in tumor- and oxidative stress- related
parameters in the brain.

Heatmap analysis was used to identify the similarities and
differences among the four groups, as similar groups would
cluster together in this analysis. As shown in Figure 8, the
CCFM8661 treatment group was clustered with the control
group, and the CCFM382 treatment group clustered with the
model group, indicating that CCFM8661 had a strong protection
A B

FIGURE 7 | Correlations between parameters significantly affected by B[a]P and L. plantarum CCFM8661 treatment. (A) The correlation of intestinal microbiota with
gut-related parameters, (B) The correlation of intestinal microbiota with brain-related parameters. Significant negative and positive correlations are represented by red
and blue circles, respectively.
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against B[a]P-induced damage, which may almost recover to the
levels of the control group, while CCFM8661 only had a little
protective effects.
DISCUSSION

When performing in vitro screening of strains of the probiotic
L. plantarum for the potential to alleviate B[a]P toxicity, the
B[a]P-binding ability should be considered. The selected strain
should have superb B[a]P-binding ability, allowing it to bind
B[a]P before it is absorbed by the host intestine, thereby
resulting in excretion of B[a]P via the feces. In this study, the
B[a]P-binding capacities varied among the 23 L. plantarum
strains tested, and CCFM8661 was found to have the highest
B[a]P-binding ability. The adsorption of B[a]P and other
carcinogens by Lactiplantibacillus strains has previously been
reported, and the mechanisms may involve the adsorption of
polysaccharides and proteins on the cell surface (18, 19, 28). The
main metabolic product of B[a]P in vivo is 3-OH B[a]P. The
levels of 3-OH B[a]P in the feces of mice treated with B[a]P
were decreased after L. plantarum CCFM8661 supplementation,
indicating that this strain may bind to B[a]P in vivo and, thereby,
reduce its metabolism. It has been reported that probiotic
Frontiers in Immunology | www.frontiersin.org 93220
Lactiplantibacillus spp. can bind to heavy metals, such as lead
(29) and cadmium (30), and mycotoxins, such as aflatoxin (31),
in vivo, thereby alleviating their toxic effects.

B[a]P treatment disturbed the balance of the gut microbiota. At
the phylum level, B[a]P elevated the abundance of Proteobacteria
and Firmicutes and reduced the abundance of Bacteroidetes. It has
been reported that an increase in Proteobacteria and a decrease in
Bacteroidetes are associated with polyaromatic hydrocarbons (32,
33). At the genus level, the abundance of the beneficial bacteria
Clostridiales, Lachnospiraceae, Ruminococcus, and Bacteroides
decreased, and the abundance of the pro-inflammatory bacteria
Turicibacter spp. increased significantly. However, L. plantarum
CCFM8661 supplementation reversed these effects. A previous
study also reported that L. salivarius Ls-33 can change the relative
abundance of Clostridium spp. in the feces of obese juveniles (34).
Some Clostridiales members produce butyrate, whichmay have an
anti-inflammatory effect (13), and its levels usually decrease in an
unhealthy state (35). Members of the family Lachnospiraceae are
the most important butyrate-producing microorganisms in the
intestine, as they regulate host energy metabolism and mucosal
integrity and create a proinflammatory environment (36), while
Ruminococcus has the ability to regulate mucin expression and
mucosal glycosylation in the colonic mucosa (37). The significant
changes observed in the abundance of these bacteria indicated that
FIGURE 8 | Clustered heat map of the parameters significantly affected by B[a]P and L. plantarum CCFM8661 treatment. Red indicates an increase in the
corresponding group and blue indicates a decrease in the corresponding group. The asterisks indicate significant difference between control and model groups (P <
0.05). The pound signs indicate significant difference between model and L. plantarum intervention groups (P < 0.05).
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B[a]P treatment can disrupt the gut microbiota composition, and
L. plantarum CCFM8661 intervention can improve the
homeostasis of the intestinal microbiota.

SCFAs are the metabolites of the gut microbiota, which can
directly provide energy for intestinal epithelial cells and affect
intestinal immunity and barrier function (38, 39). In this study, B
[a]P exposure led to a decrease in the expression levels of the TJ-
related genes Zo-1 and occludin; this decrease may be attributed
to the decrease in butyric and isobutyric acid production
caused by B[a]P. L. plantarum CCFM8661 supplementation
significantly increased the expression levels of occludin to
almost normal levels. Previous studies have also reported that
Lactiplantibacillus intervention can induce colonic TJ-related
protein expression (40). In summary, B[a]P can significantly
reduce the diversity of the intestinal microbiota, thus increasing
the permeability of the intestinal barrier. Notably, L. plantarum
CCFM8661 protected the integrity of the colonic mucosa and
alleviated the pathological damage to the colon, which may have
been related to changes in the intestinal microbiota. In addition,
L. plantarum CCFM8661 significantly reduced the level of
CYP1A1 induced by B[a]P and, thus, exerted a protective effect
on the colon. Pithva et al. demonstrated similar results, showing
that L. rhamnosus Vc alleviates colon injury caused by the
carcinogen N-methyl-N ‘-nitroguanidine (41).

Mood and behavior are also closely related to changes in the
intestine microbiota (42). B[a]P treatment resulted in
disturbances of the gut microbiota, resulting in brain injuries
and behavioral abnormalities. However, L. plantarum
CCFM8661 reversed these effects. Bcl-2 has anti-apoptotic
roles, and its overexpression can reduce the production of
oxygen free radicals and lipid peroxides and inhibit changes in
mitochondrial permeability, thus inhibiting apoptosis. Exposure
to B[a]P and the pesticide triazophos has been shown to
significantly increase Bcl-2 expression levels in the brain (43).
The tumor suppressor gene p53 is one of the most frequently
mutated genes and is highly correlated with human cancers.
Abnormal expression of this gene can be found in more than
50% of all malignant tumors. When DNA damage is minor, the
p53 gene helps the cell to repair itself; however, if the damage is
Frontiers in Immunology | www.frontiersin.org 103321
severe or the DNA repair mechanism fails, p53 induces
apoptosis. Intraperitoneal injection of B[a]P has been shown
to increase the expression levels of p53 in the cerebral cortex and
hippocampus (44). Lactiplantibacillus administration has been
shown to protect the brain fromB[a]P-induced injury by reducing
the expression levels of Bcl-2 and p53. In addition, an increase in
intestinal permeability induces systemic inflammation, causing an
inflammatory response in the brain. The levels of MDA, an
oxidative stress factor, reflect lipid peroxidation levels, which
indicate the extent of injury to cells (45). A previous study also
showed thatB[a]P exposure increasesMDAlevels in the brain (46),
indicating ROS generation and brain injury (47). Reportedly, L.
plantarum strains have antioxidant abilities and induce a decrease
in MDA levels (48).

In present study, the protection of two L. plantarum strains,
with the highest and lowest B[a]P-binding ability respectively,
against B[a]P-induced toxicity were compared. In terms of
decreasing 3-OH B[a]P level in feces, improving colonic
histopathology, oxidative stress- and tumor-related parameters
in the brain and behavioral performance, regulating diversity and
composition of gut microbiota and increasing SCFAs level,
L. plantarum CCFM8661 performed better than L. plantarum
CCFM382. The results of Heatmap analysis also proved this
viewpoint. The underlying reasons for these different effects may
main involve their significant difference in B[a]P-binding ability.
However, in the aspect of colonic TJs expression and gut
microbiota diversity, L. plantarum CCFM382 and L. plantarum
CCFM8661 had the similar performance, which may attribute
to the antioxidative ability or other probiotic properties of
L. plantarum CCFM382.
CONCLUSION

Oral administration of L. plantarum CCFM8661 effectively
alleviated colonic histopathological changes, reduced oxidative
stress and tumor-related parameters in the brain, and improved
behavioral performance. The underlying mechanism for these
effects may involve the B[a]P-binding ability of CCFM8661 or
FIGURE 9 | The possible protective mechanisms of L. plantarum CCFM8661 against B[a]P toxicity in the gut and brain. The red and green arrows represent the
B[a]P- and CCFM8661-induced parameter changes, respectively. The thin arrows represent that only part of the parameter is affected.
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the regulation of the gut microbiota by CCFM8661, including an
increase in the gut microbiota diversity and the abundance of
Ruminococcus and Lachnospiraceae and a decrease in the
abundance of the pro-inflammatory Turicibacter spp., thereby
increasing the SCFA levels and improving the integrity of the gut
barrier (Figure 9). Therefore, oral administration of L. plantarum
CCFM8661 is an effective, easy, and safe intervention against
B[a]P-induced toxicity.
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The beneficial effect of short-chain fatty acids (SCFAs) on host health has been well
recognized based on the booming knowledge from gut microbiome research. The role of
SCFA in influencing psychological function is highlighted in recent years but has not been
fully elucidated. In this study, the SCFA-acylated starches were used to accomplish a
sizeable intestine-targeted release of the SCFAs, and the neurobehavioral, immunological,
and microbial effects were further investigated. Acetylated-, butylated-, and isobutylated-
starch could attenuate the depression-like behaviors and excessive corticosterone
production in chronically stressed mice. Butylated- starch significantly reduced the
colonic permeability via increasing the tight junction proteins (including ZO-1, Claudin,
and Occludin) gene expression and reduced the level of the inflammatory cytokines
(including IL-1b and IL-6). The butylated starch’s neurological and immunological benefits
may be derived from the gut microbiome modifications, including normalizing the
abundance of certain beneficial microbes (Odoribacter and Oscillibacter) and
metabolomic pathways (Tryptophan synthesis and Inositol degradation). The present
findings further validate the brain-beneficial effect of butyrate and offer novel guidance for
developing novel food or dietary supplements for improving mental health.

Keywords: butyrate, starch, depression, gut barrier, inflammation
INTRODUCTION

Short-chain fatty acids (SCFAs) are the primary products of gut microbial fermentation from the
undigested dietary fibers (1). Acetate, propionate, and butyrate (or isobutyrate) are the three major
SCFAs (2). The regular communication between SCFAs and hosts participates in multiple
physiological processes, including nutrients metabolism and immune system function (3). These
SCFAs have been demonstrated to affect the host through multiple mechanisms: (a) SCFAs are
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energy sources for gastrointestinal mucosal cells. In particular,
butyrate is the primary energy source for colonocytes (4). (b)
SCFAs are the ligands of G Protein-Coupled Receptors (GPCR).
The activation of GPR43 and GPR41 via SCFAs promotes the
secretion of various hormones involving blood glucose
maintenance, such as glucagon-like peptide-1 (GLP-1) and
peptide tyrosine (PYY) (5, 6). (c) SCFAs could act as the histone
deacetylases (HDACs) and therefore normalize the gene
expression involving cell proliferation and anti-inflammatory
process (6).

In recent years, growing evidence suggested that SCFAs are
also a class of signaling molecules regulating brain function
through the gut-brain axis (7). For example, feeding the obese
mice with butyrate could activate the vagus nerve, which
suppresses the appetite-related hormones’ release and then
reduces the weight of mice (8). Besides, SCFAs secreted into the
circulation could reach the brain and improve the blood-brain
barrier’s permeability by up-regulating the tight junction protein
expression (9). Direct intake of SCFAs also showed noticeable
neuromodulation effects. A prior oral supplementation of the
SCFA mixture (acetate, propionate, and butyrate) could prevent
the mice from the neurobehavioral deficits induced by the
repeated psychosocial stress, including depression and anxiety-
like behaviors and impaired gut barrier function (10). In addition,
our previous studies also proved that the SCFAs facilitate the
Frontiers in Immunology | www.frontiersin.org 25025
biosynthesis of gut serotonin and the 5-hydroxytryptophan’s
circulation, and this mechanism may account for the
antidepressant-like effect of some psychobiotic strains such as
the Bifidobacterium longum CCFM687 and Bifidobacterium breve
CCFM1025 (11–13).

Previous research from our group indicated that intaking of
SCFA-acylated starch, which results in increased SCFAs levels in
the large intestine, alleviates the constipation symptoms in mice
(14). All the evidence indicates the SCFAs possess great
psychotropic potential. Inspired by the reported findings, here
we use the SCFA-acylated starches as the dietary supplement to
investigate the role of each SCFA in managing stress-induced
neurobehavioral, immunological, and gut microbial abnormalities.
MATERIAL AND METHODS

Animal Experiment
The animal procedures were approved by the Ethics Committee of
Experimental Animals at Jiangnan University [JN.No20190930c0
501205(256)], following Directive 2010/63/EU guidelines.
Animals were allowed to adapt to the environment (21°C~23°C,
50%~60% of humidity, 12:12h light-dark cycle) for seven days
before the experiment. The group and experimental schedule are
shown in Figure 1A (N=8-10 per group).
A B

D EC

FIGURE 1 | The effect of the SCFA-acylated starches on the neurobehavioral phenotype. (A) The animal experiment schedule. (B) Open field test. (C) Tail
suspension test. (D) Forced swim test. (E) Serum corticosterone levels. Except for the control, all groups are given two-week chronic restraint stress. Data are mean
with SEM (n=6-10 per group for each test). ##P<0.01 in the unpaired t-tests. *P<0.05, **P<0.01, ***P<0.001 in the one-way ANOVA followed by Dunnett’s multiple
comparisons test against the Depressed group.
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Chronic Restraint Stress
The chronic restraint stress (CRS) paradigm was used to establish
the depression-like phenotype (15). Mice were exposed to the
restraint stress three h per day (from 09:00 to 15:00 every day,
1hour/each time, three times in total) for 14 consecutive days. Each
mouse was put into a 50 mL plastic tube with a breathing hole and
no food and water access. Mice in the control group fasted
simultaneously during the CRS procedure. After the stress, all the
mice were placed back in their home cages.
Behavioral Tests
The protocols of open field test (OFT), tail suspension test (TST),
and forced swim test (FST) were described in detail in our
previously published papers (13). For the OFT, mice were
assessed for their locomotor activity in a square arena (50
cm×50 cm) enclosed by continuous opaque walls made of
plexiglass. Animals were monitored for 10 minutes, and the
time spent in the center zone and active time during the whole
period were measured. For the TST, animals were hanged using
adhesive tape to fix the tails to a suspension bar (30 cm high from
the floor). Locomotor activity is monitored for six minutes, and
the duration of immobility was measured. For the FST, mice
were allowed to swim in the water with a temperature of 23-25°C,
and the immobility time was recorded during the ten-minute
swimming. All mice are trained to swim for 15 minutes the day
before the test. Before all the behavioral tests, animals were
habituated to the room for one hour. All tests were performed
under dim light (60 lux) and monitored by the video tracking
system (Ethovision version 13, Noldus, Netherland).
SCFA-Acylated Starches Preparation
SCFA-acylated starches were prepared as previously described
(16, 17). Briefly, 40% (w/v) high amylose corn starch solution
was continuously stirred in the water bath with a constant
temperature of 40°. The pH was maintained at 8.00 by the
addition of dilute NaOH (0.5 mol/L). Meanwhile, the acetic
anhydride, propionic anhydride, butyric anhydride, and
isobutyric anhydride were dripped into the starch solution,
respectively, to reach a final amount of 20% (w/v). The
solution was continued to be stirred for 2 hours, then adjusted
to a pH of 5.70 using HCl (0.5 mol/L). The precipitation was
collected by centrifuge (6000×g, 5min) and washed with water
until the lotion was neutral. After a suction filtration at vacuum
(-20 kPa, 10min), the precipitation was freeze-dried to get the
SCFA-acylated starches. The starch solution without adding
anhydride but processed as the same procedure above was
used as control. The methods of measuring the degree of
substitution of the SCFA-acylated starches and the results were
described in Supplemental 1.1.
SCFAs Determination
SCFAs levels were measured as previously described with some
modifications (12, 18). Fecal samples from the distal ileum and
cecum are weighed (about 50 mg), homogenized, and
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lyophilized. The samples were soaked in 500 ml of saturated
NaCl solution for 30 min. The mixture was homogenized, and
40 mL 10% (w/v) sulfuric acid was added. 1 mL ether was added
to the mixture and vortexed following centrifugation (18,000g,
15 min, 4°C). 500 mL supernatant was filtered (0.22 mm) before
further analysis. SCFA concentrations were determined in the
TSQ 9000 GC-MS system (Thermo Scientific) equipped with an
Rtx-WAX capillary column, using helium as carrier gas (flow
rate of 0.89 mL/min). A gradient profile of the oven temperature
was used, starting at 100°C and increased to 140°C (7.5°C/min),
then increased to 200°C (6.0°C/min) and maintained for 3 min.
The ion source and interface temperature in the mass
spectrometer were 220°C and 250°C, respectively.
Hormones and Cytokines Determination
Serum corticosterone and inflammatory cytokines (TNF-a, IL-b,
and IL-6) were measured using enzyme-linked immunosorbent
assay (ELISA) kits according to the manufacturer’s protocol
(SenBeiJia Biological Technology Co., Ltd., Nanjing, China).
Gene Transcription of the Tight
Junction Proteins
Total RNA of the colon tissues was extracted using Trizol reagent
(Invitrogen, USA). Complementary DNA was prepared using
the HiFiScript gDNA Removal cDNA Synthesis Kit (ComWin
Biotech Co., Ltd., China). Transcription levels of the zonula
occludens-1 (ZO-1), Claudin, and Occludin were determined by
quantitative PCR. The gene expression was normalized to Gapdh
based on the cycle threshold (Ct) values and the 2−DDCt method.
All samples are measured in triplicate. Primer sets information
are shown in Supplemental Table S1.
16S rRNA-Amplicon Sequencing of the
Fecal Microbiome
16S rRNA gene amplicon sequencing of the fecal microbiome was
performed using universal primers (341F/806R, for V3-V4 region)
as previously described. Rawdatawere processedusing theQIIME2
software package, and the specialized bioinformatic analysis was
performed using the online software of MicrobiomeAnalyst
(https://www.microbiomeanalyst.ca), including alpha diversity,
beta diversity, and network analysis (19, 20). Gut metabolic
modules (GMMs) analysis was performed using the R version of
the Gomixer tool as previously described (21, 22). Detailed
bioinformatical methods are described in Supplemental 1.2.

Statistical Analysis
Data are presented as means with SEM. All data were checked for
normality by the Shapiro-Wilk test. Unpaired Student’s t-test was
performed between the Control and Depressed groups. One-way
ANOVA followed by Dunnett’s multiple comparisons test against
the Depressed group was performed to compare the effects of
SCFA-acylated starches in the CRS-treated animals. A criterion for
significance was set to P<0.05 in all comparisons. The P-value of
multiple comparisons was adjusted by family-wise significance
and confidence levels of 0.05 (95% confidence interval).
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RESULTS

Consumption of SCFA-Acylated Starches
Changed the Depressive Symptoms of
Stressed Mice
A two-week CRS induced significantly depressive behaviors, such as
the significantly reducedactive time in theOFT(P=0.002;Figure1B)
and increased immobility time in the FST (P=0.011;Figure 1D). The
immobility time in the TST was increased but without any statistical
difference (P=0.308; Figure 1C). Acetylated, butylated, and
isobutylated starch reversed the animal’s behavioral abnormality in
the OFT (Figure 1B; P<0.001, P=0.044, P<0.001, respectively) and
TST (P=0.011, P=0.007, P=0.013, respectively; Figure 1C). Butylated
starch also reduced the animal’s immobility time in the FST, with a
trend statistical difference (P=0.056, Figure 1D). In addition, the
stressed mice also showed a significantly reduced time spent in the
center zone of the open field, but no SCFA-acylated starch reversed
thisabnormality (FigureS1).Thehyperactivityof thehypothalamus-
pituitary-adrenal axis was also observed in the stressed mice, as
reflected by the significantly increased serum corticosterone level
(P=0.002; Figure 1E). Acetylated, butylated, and isobutylated starch
normalized the serum corticosterone level (Figure 1E; P=0.031,
P=0.005, P=0.040, respectively).

SCFA-Acylated Starches Increased the
SCFA Levels in the Large Intestine
In the distal ileum, the propionate (P=0.001), butyrate (P=0.009),
and isobutyrate (P<0.001) levels were significantly increased
Frontiers in Immunology | www.frontiersin.org 45227
when compared with the depressed mice, while the acetate
level was not changed by the acetylated starch (Figures 2A–
D). In the cecum, the acetate (P=0.044) and butyrate (P=0.024)
levels were significantly decreased in the depressed mice, and the
abnormalities were reversed by the acetylated (P=0.035) and
butylated (P=0.001) starch treatment (Figures 2E, G). The
cecum propionate (P=0.009) and isobutyrate (P<0.001) levels
were also significantly increased when compared to the
depressed mice (Figures 2F, H). All above data indicated that
the SCFA-acylated starches resulted in a release of SCFAs in the
gut, especially in the large intestine.

Butylated Starch Improved the Gut Barrier
Function of Depressed Mice
Gut barrier function was evaluated by the gene expression of tight
junction protein levels. CRS induced a significant reduction of the
transcriptional level of the ZO-1 gene P=0.049), the Claudin gene
(P=0.038), and the Occludin gene (P=0.048). Intriguingly, the
butylated starch showed a superior effect to others to restore the
gut barrier (Figures 3A–C). The deficit of gut barrier resulted in
increased serum lipopolysaccharide (LPS; Figure 3D) and
inflammatory cytokines, including serum IL-1b (P=0.001), IL-6
(P<0.001), and TNF-a (P=0.074) (Figures 3E–G). Butylated
starch significantly reduced the serum IL-1b (P=0.025) and IL-6
(P=0.002) levels. The isobutyrate starch could also reduce the
serum IL-6 level (P=0.036; Figure 3F). In addition, butylated
starch reduced the serum TNF-a level, with a trend statistical
difference (P=0.054, Figure 3D).
A B D

E F G H

C

FIGURE 2 | The SCFAs levels in the ileum and cecum. (A–D) Acetate, propitiate, butyrate, and isobutyrate levels in the ileum. (E–H) Acetate, propitiate, butyrate,
and isobutyrate levels in the cecum. Except for the control, all groups are given two-week chronic restraint stress. Data are mean with SEM (n=6-10 per group for
each test). #P<0.05 in the unpaired t-tests. *P<0.05, **P<0.01, ***P<0.001 in the unpaired t-tests.
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Butylated Starch Changed the Gut
Microbial Composition and Function of
Depressed Mice
CRS induced a significantly increased gut microbial alpha-diversity, as
reflected by the Shannon (P<0.001) and Chao1 (P=0.001) index
(Figures 4A, B). The butylated starch treatment normalized the
Chao1 changes (P=0.003; Figure 4B). Besides, the beta diversity
estimated using Aitchison distance and principal component analysis
(PCA) showed that every two groups are significantly different
(PERMANOVA results in Figure 4C). The linear discriminant
analysis (LDA) effect size algorithm (LEfSe) identified five genus-level
biomarkers of the butylated starch treated gut microbiome, including
Bacteroide, Ruminiclostridium, Odoribacter, and Oscillibacter
(Figure 4D). The relative abundance of these four taxa was all
significance decreased under stress, and the butylated starch
treatment increased the Odoribacter (P=0.072) and Oscillibacter
(P=0.048) abundances (Figure 4E). The microbial genomic functions
were analyzed based on the gut-brain modules as previously described
(22). A total of 17 pathways were identified, and four of them are
significantly affected by the CRS and reversed by the butylated starch
treatment, including striatal dopamine (DA) and metabolite (DOPAC)
synthesis,Dopamine degradation, Inositol degradation, and Tryptophan
synthesis (Figure 4F).

DISCUSSION

In the present study, oral intake of SCFA-acylated starches could
significantly increase the SCFAs levels in the large intestine,
Frontiers in Immunology | www.frontiersin.org 55328
which improves the neurobiological conditions of the mice
enduring chronic stress. In particular, the butylated starch
could significantly enhance the gut barrier integrity and reduce
inflammation. The butylated starch also improved the gut
microbial composition and function, contributing to the
recovery from the stress-induced disorder.

Although accumulated research have proved the beneficial role
of SCFAs in regulating brain function, using dietary SCFAs to
address psychological disorders did not make good progress (7).
Since most SCFAs have a strong smell, the direct intake of SCFAs
could cause olfactory discomfort and may affect neurobehavioral
performance (23). Moreover, oral intake SCFAs are primarily
absorbed by the upper intestine, which cannot mimic the natural
production of SCFAs in the large intestine (24, 25). Since current
evidence that supports the SCFAs’ health effect is mainly generated
from the research focusedon the large intestine, direct oral intake of
the SCFAs may not be the optimal choice (26). Intaking dietary
fibers is anotherwidely usedway to enhance the SCFAs’ production
in the large intestine (27, 28). However, the production of each
SCFA cannot be quantitatively controlled, and the role of each
SCFA is hard to identify.

Accumulating studies demonstrated that acylated starch has
small enzyme resistance and could reach the large intestines (29,
30). Here, a catalytic reaction of corn starch with SCFA
anhydrides was used to obtain the SCFA-acylated starches
(31). These starches cannot be digested and absorbed when the
degree of substitution was modified to the range of 0.2 to 0.3 (32).
When reaching the large intestine, they are fermented by the gut
A B

D E F G

C

FIGURE 3 | The SCFAs levels in the ileum and cecum. (A–C) mRNA levels of the ZO-1, Claudin, and Occludin protein in the colon tissues. (D–G) Serum LPS and
inflammatory cytokines (IL-1b, IL-6, and TNF-a) levels. Except for the control, all groups are given two-week chronic restraint stress. Data are mean with SEM (n=6-
10 per group for each test). #P<0.05, ##P<0.01, ###P<0.001 in the unpaired t-tests. *P<0.05, **P<0.01 in the unpaired t-tests.
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microbiome and release the free SCFAs (16, 32). Our results
reproduced the phenomenon, reflected as the higher SCFA levels
in the cecum than in the ileum (Figure 2). Also, each starch only
significantly increased the corresponding acid without affecting
other acids’ levels (Figure 2). Although not very precise, to some
extent, the administration of SCFA-acylated starches realize a
sizeable intestine-targeted release and elevation of each SCFA,
which offers a great model for us to further investigate the
SCFA’s psychotropic effects.

A neurobehavioral change of stressed mice was observed in the
acetylated-, butylated-, and isobutylated- starch treated mice, but
only butylated starch significantly improved the gut barrier
function and immune status. To investigate the underlying
mechanisms, the gut microbiome was analyzed, and some
interesting findings were observed. Butylated-starch treatment
established a novel microbial structure that differs from healthy
and depressed mice (Figure 4C). Specifically, the reduced
Odoribacter and Oscillibacter abundance was largely recovered
(Figure S2). Odoribacter is a common SCFA-producing microbe,
and thedeficit ofOdoribacterhasbeencorrelated tomanymetabolic
and immunological disorders, including chronic kidney disease
(33), Crohn’s disease (34), and inflammatory bowel disease (35). A
recent study proved that Odoribacter splanchnicus has very low
adherent and inflammatory capacity to the enterocytes or mucus
and can secret the outer membrane vesicles that exert anti-
inflammatory action in the gut epithelium (36).
Frontiers in Immunology | www.frontiersin.org 65429
Oscillibacter is anothermicrobial taxa that sensitively responded
to stress (37, 38), and the abundance is found to be significantly
decreased in significant depression disorder patients (39). In
addition, the butylated-starch modified microbial function also
facilitates the neurotransmission function through upregulating
the Tryptophan synthesis and downregulating the Inositol
degradation pathways. Tryptophan is the precursor of serotonin,
which is a crucial neurotransmitter that regulating multiple brain
functions. Inositol was widely verified to be efficacious in treating
depression and obsessive-compulsive disorder, and themechanism
correlates to the enchantment of serotonin production via the 5-
HT2 receptors (40, 41). Collectively, normalizing the key microbes
and metabolomic pathways seems beneficial to the host’s immune
and brain function.
CONCLUSIONS

In conclusion, the butylated starch could alleviate the chronic
restraint stress-induced neurobehavioral and gut barrier
deficits. The mechanisms may link to the modification of gut
microbial composition and function. Butylated starch’s anti-
depressive and anti-inflammatory effects further validate the
beneficial role of SCFAs in host health and offer novel
guidance for developing novel food or dietary supplements for
improving mental health.
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FIGURE 4 | The SCFAs levels in the ileum and cecum. (A, B) Alpha diversity of the gut microbiome, quantified using the Shannon and Chao 1 index. Except for the
control, all groups are given two-week chronic restraint stress. Data are mean with SEM (n=6-10 per group). ##P<0.01, ###P<0.001 in the unpaired t-tests. (C) Beta
diversity of the gut microbiome. PCA based on the center-log ratio transferred Aitchison distance followed by the PERMANOVA. (D) Microbial biomarkers are
identified by the linear discriminant analysis (LDA) effect size algorithm (LEfSe). a<0.05 in the Wilcoxon rank-sum test and log LDA>2.0 were used as the threshold.
(E) Relative abundance of selected microbes. Data are mean with SEM (n=6-10 per group). #P<0.05, ###P<0.001 in the unpaired t-tests. (F) Gut-brain module
analysis. The colors of the boxes indicate the effect size between the two groups. Welch’s t-test was performed between two groups. Asterisks in the heat map
represent the Benjamini-Hochberg false discovery rate (FDR)-adjusted p-value: *P<0.05, **P<0.01, ***P<0.001.
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As the first line of defense against intestinal bacteria and toxins, intestinal epithelial cells are
always exposed to bacteria or lipopolysaccharide (LPS), whereas pathogenic bacteria or
LPS can cause intestinal epithelial cell damage. Previous studies have shown that konjac
mannan oligosaccharides (KMOS) have a positive effect on maintaining intestinal integrity,
and Bacillus subtilis (BS) can promote the barrier effect of the intestine. However, it is still
unknown whether KMOS and BS have a synergistic protective effect on the intestines. In
this study, we used the LPS-induced Caco-2 cell injury model and mouse intestinal injury
model to study the synergistic effects of KMOS and BS. Compared with KMOS or BS
alone, co-treatment with KMOS and BS significantly enhanced the activity and antioxidant
capacity of Caco-2 cell, protected mouse liver and ileum from LPS-induced oxidative
damage, and repaired tight junction and mucus barrier damage by up-regulating the
expression of Claudin-1, ZO-1 and MUC-2. Our results demonstrate that the combination
of KMOS and BS has a synergistic repair effect on inflammatory and oxidative damage of
Caco-2 cells and aIIeviates LPS-induced acute intestinal injury in mice.

Keywords: Bacillus subtilis, KMOS, Caco-2 cells, LPS, intestinal injury
INTRODUCTION

The intestinal tract, as the largest bacterial endotoxin reservoir in the body, has a complete intestinal
epithelial barrier, which plays an important role in maintaining the permeability of epithelial cells
and homeostasis of the internal environment of the body (1). Intestinal epithelial cells are an
important part of the gut mucosal barrier, the first line of defense against intestinal toxins and
bacteria (2, 3), and play an important regulatory role in the immune system of the host (4). Tight
junctions (TJs) are the primary factors that determine paracellular permeability (5). The barrier and
permeability properties of TJs are defined in a significant part by the ensemble of claudin proteins
expressed (6). The cytoplasmic protein, zonula occludens-1 (ZO-1), is a key protein that maintains
org September 2021 | Volume 12 | Article 69614813632
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TJ structure and intestinal epithelial barrier function (7). In the
colonic mucosa, the main mucin gene is MUC2, a secretory
mucin, and to a lesser extent MUC1, MUC3, and MUC4, which
are both transmembrane mucins and secretory mucins from the
splicing variants (8).

Oxidative stress is closely associated with inflammation and
immunity. Intestinal epithelial cells are strongly involved in
mucosal oxidative stress and inflammatory responses (9).
Nuclear factor E2-related factor 2 (Nrf2) is a central regulator
of cells against oxidative stress. High levels of lipopolysaccharide
(LPS) are present in the colon. LPS not only causes inflammation
damage, but also induces oxidative stress (10), causing damage to
the intestinal structure and function (11). LPS is often used to
induce intestinal epithelial barrier dysfunction in a Caco-2
cell model (12) and a pathological mouse model (13).

Konjac mannan oligosaccharides (KMOS) are important
functional oligosaccharides, which are the hydrolytic products
of konjac glucomannan, isolated from tubers of Amorphophallus
konjac K. Koch (14). Konjac mannan oligosaccharide (KMOS) is
a hydrolysis product of konjac glucomannan, consisting of b-D-
mannose and b-D-glucose residues linked together by b-(1!4)
glycosidic bonds. Recently, the protective effects of KMOS on
intestinal immunity and integrity have received much attention.
KMOS supplementation has been reported to help improve
trinitrobenzenesulfonic acid-induced colitis and improve the
intestinal condition of patients with inflammatory bowel
disease (IBD) (15). Furthermore, KMOS supplementation
improved colonic epithelial integrity and blocked the
production of pro-inflammatory cytokines including IL-1b, IL-
6 and TNF-a , indicating the inhibition of intestinal
inflammation by KMOS (16). Recent studies suggest that
KMOS amelioration of DSS-induced colitis requires activation
of the SIGNR1 signaling pathway, and that activation of this
signal is critical for KMOS-mediated macrophage phenotype
switching (16). KMOS deliver various physiological functions,
such as dietary fiber and prebiotics (17), regulation of immune
system (18), antiobesity (19), and attenuation of glucose
metabolism dysfunction (18). In particular, Liu et al. (15)
indicated that konjac oligosaccharide is an anti-inflammatory
agent and could be useful as a prebiotic to design functional
foods for ulcerative colitis. Jian et al. (20) found a protective effect
of Konjac oligo-glucomannan against H2O2-induced oxidative
damage in a human hepatic cell line. The inclusion of Konjac
flour in the gestation diet changes the gut microbiota, alleviates
oxidative stress, and improves insulin sensitivity in sows (21).
However, the exact molecular mechanisms involved in the anti-
inflammatory and antioxidant effects of KMOS in intestinal
epithelial cells remain poorly understood.

Probiotics can regulate intestinal flora and protect against
intestinal injury. Bacillus subtilis is a biosafety bacterium used in
many studies (22) and has extensive applications. In particular,
there have been several studies on the protective effect of BS on
intestinal barrier function. Musa et al. (23) indicated that Bacillus
subtilis B21 improves the intestinal health and performance of
broiler chickens with Clostridium perfringens-induced necrotic
enteritis. Supplementation of the spores of BS and Bacillus
Frontiers in Immunology | www.frontiersin.org 23733
coagulans improved growth performance and was beneficial to
the intestinal microbiota in rats (24). It was shown that oral
administration of Bacillus subtilis fermented milk could reduce
intestinal mucosal injury and inflammatory response and induce
intestinal stem cell proliferation to promote the reconstruction of
mucosal barrier. In addition, Bacillus subtilis can rebalance the
intestinal flora, such as increasing the abundance of Bacillus,
Alistipes and Lactobacillus, while decreasing the abundance of
Escherichia coli (25) and Bacillus mimicus (26), as well as the
relative number of E. coli. Bacillus subtilis increased ZO-1
protein expression, attenuated tight junction damage, and
reduced apoptosis. Mechanistically, BS may have protected
ZO-1 protein by activating toll-like receptor signaling
pathways and reduced damage by downregulating death
receptor genes and upregulating DNA repair genes (27).

However, there are still many bottleneck problems in the
research and application of probiotics, especially the rapid
colonization, growth, and maintenance of a rich concentration
of bacteria in the body after addition. In practice, the application
of probiotics alone cannot achieve a good and stable effect.
However, whether KMOS and BS have synergistic protective
effects on the intestinal tract, and the mechanism of their effects,
are still unknown. In the present study, we detected the
synergistic protective effect of KMOS and BS against LPS-
induced intestinal epithelial cell injury in a Caco-2 cell model
and a mouse model, respectively. Our study shows that the
combined use of KMOS and BS has a synergistic repair effect on
Caco-2 cells and intestinal injury in mice, can enhance the
antioxidant function of cells, and has a good protective effect
against LPS-induced acute injury in mice.
MATERIALS AND METHODS

Cell Culture and Treatment
When the Caco-2 cells covered the monolayer, the old medium
was discarded and the cells were rinsed with sterile PBS three
times. Next, 2 mL of 0.125% trypsin was added to digest the cells,
the rounding of the cells was observed under the microscope, and
discarded when the cell gap increased. The trypsin was then
removed and a certain amount of high-sugar DMEM basal
medium containing 10% FBS was added to terminate the
digestion. The suspension was repeatedly pipetted until the
cells were completely shed and dispersed into single cells,
cultured in separate bottles, and placed in a 5% CO2 incubator
at 37°C. The fluid was changed every 2–3 days. After 70%–90%
of the cells adhered to the wall, they were seeded on a 6-well plate
and the cells were processed after 48 h.

In this study, Caco-2 cells were treated with different
concentrations of LPS, and the optimal concentration and
duration of LPS treatment were determined by detecting the
expression of relevant inflammatory factors and changes of
oxidation indexes at different time periods, so as to construct
the inflammatory injury model and oxidative damage model of
Caco-2 cells, respectively. In the LPS group, Caco-2 cells was
diluted in ddH2O with LPS (Sigma, USA). In the negative control
September 2021 | Volume 12 | Article 696148
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experiments, ddH2O was added to untreated cells as a vehicle
group. In the model experiment of inflammatory injury of Caco-
2 cells, LPS with concentration of 1 mg/mL, KMOS and BS were
added simultaneously for 6h. In the model experiment of
oxidative injury, Caco-2 cells were treated with 2 mg/mL LPS,
KMOS and BS at the same time for 8h. In all cell experiments, the
supplemental concentrations of KMOS and BS were 2 g/L and
107 CFU/mL, respectively. The culture conditions of Bacillus
subtilis in the LPS+BS treatment group were normal LB liquid
medium, while the LPS+KMOS+BS treatment group were LB
liquid medium containing 2 g/L konjac mannan oligosaccharide.
All the bacterial broths were incubated in a shaker at 200 rpm
37°C for 24h. The cells used in this study were human colon
cancer epithelial cells (Caco-2 cells) from the Huazhong
Agricultural University College of Fisheries. The KMOS used
in the experiment was extracted from konjac refined powder and
purchased from Enshi Tiantianjia Biotechnology Co., Ltd. BS
was isolated from pig manure and has been deposited in China
Center for Type Culture Collection (CCTCC) and the CCTCC
NO: M2019185.

MTT Method to Detect Cell Viability
MTT colorimetry is an effective method for detecting cell
survival and growth. The detection principle is that exogenous
MTT can be reduced by succinate dehydrogenase in the
mitochondria of living cells to water-insoluble blue-purple
crystal formazan and deposited in the cells, but dead cells have
no such function. Dimethyl sulfoxide (DMSO) can dissolve
formazan in cells, and its absorbance was measured by
enzyme-linked immunosorbent assay (ELISA) at 490 nm,
which can indirectly reflect the number of living cells. In a
certain range of cell numbers, the amount of MTT crystallization
is proportional to the number of cells. The cell suspension was
prepared and placed into a 96-well cell culture plate, 100 µL was
added to each well (the control well and zero adjustment hole
was set at the same time), 100 µL of the concentration gradient
drug was added after the cells were covered at the bottom of the
well, and then incubated for 24 h. Next, the cells were rinsed two
times with PBS, 100 µL of 0.5% MTT medium was added to each
well, and incubated for 4 h in the dark. After, 150 µL DMSO was
added to each well, shaken at low speed for 10 min on a shaker,
and left until the crystals are fully dissolved. The absorbance of
each hole was measured at 490 nm wavelength.

Western Blotting
Tissues or cells were collected and homogenized in a lysis buffer
with a handheld homogenizer to prepare a lysis solution. The
total protein of the cells and tissues was extracted, and the
protein concentration was determined using the Bradford
method. The homologs were separated using sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and
then transferred to polyvinylidene fluoride membranes. The
membranes and antibodies were incubated overnight at 4°C.
The samples were then washed twice with TBST (TBS containing
0.05% Tween - 20) and once with TBS (Tris-HCl Buffered Saline)
for 10 min each time. The secondary antibody was incubated at
room 37°C for 1 h, and chemiluminescence imaging was
Frontiers in Immunology | www.frontiersin.org 33834
performed. The following antibodies were used: anti-claudin-1,
anti-ZO-1 (Cell Signaling Technologies), anti-SOD, anti-Nrf2
(Proteintech, Wuhan, China), horseradish peroxidase (HRP)-
labeled goat anti-rabbit IgG (Proteintech, Wuhan, China), and
HRP-labeled goat anti-mouse IgG (Proteintech, Wuhan, China).

Real-Time PCR
We used the QuantStudio6Flex real-time polymerase chain
reaction system (ABI, Thermo Fisher, Shanghai, China) and
Roche LightCycler®480 (Roche, Switzerland), and the following
PCR program for real-time polymerase chain reaction:
denaturation at 95°C for 10 min, expansion at 95°C for 45
cycles for 15s, and annealing and extension at 60°C for 1 min.
Next, 2×SYBR Green qPCR Master Mix (#B21203, Bimake,
Shanghai, Shanghai, China) was used for RT-qPCR. The
primer sequences are listed in Table 1 . The specific
amplification of certain PCR reactions was evaluated using the
melting curves. To avoid potential contamination, a negative
control reaction was performed in which water was replaced with
the cDNA template. Sampling was repeated three times for each
well, and the comparative Ct (2−DDCt) value method was used
for relative quantification. GAPDH (NM_002046.6) was used as
a reference gene.

Establishment of a Mouse LPS
Injury Model
Thirty 6-week-old SPF-KM female mice (purchased from the
Experimental Animal Center of Huazhong Agricultural
University) were randomly divided into five groups: control
group, LPS group, KMOS+LPS treatment group, BS+LPS
treatment group, and KMOS+BS+LPS treatment group, with 6
mice in each group. All mice were kept in a normal environment
with free access to food and water. KMOS was diluted with sterile
water to 2 g/L, the gavage group was fed with BS at room
temperature, and after washing twice with sterile PBS, the BS and
BS + KMOS pre-feeding groups were treated with PBS and
resuspended in 2 g/L KMOS and adjusted to a concentration of
1×109 CFU/mL. The control group was gavaged with 200 mL
sterile PBS by gavage needle, and the gavage treatment groups
were gavaged with 200 ml bacterial solution and konjac mannan
oligosaccharide, and the gavage was stopped at 9:00 a.m. every
day for 7 days. 200 ml LPS (200 mg/each) was injected
intraperitoneally to induce inflammation in mice, and samples
were collected 24 hours later.

Tissue Collection
After 24 h of treatment, the blood was collected by enucleating
and blood sampling, and then placed in a refrigerator at 4°C for
2 h. After centrifugation at 3000 g and 4°C for 10 min, the upper
clear serum was carefully removed and quickly frozen at -80°C.
After blood collection, the mice were euthanized by dislocating
the cervical vertebrae, the liver was separated, the surface
bloodstains were washed with normal saline pre-cooled to 4°C,
and the filter paper was wiped dry. The other part was added
with a double volume of pre-cooled normal saline, and the cut
tissue was poured into a glass homogenization tube. Next, it was
turned up and down dozens of times to fully grind and
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homogenize the tissue. The prepared homogenate was
centrifuged with a low-temperature centrifuge and the
supernatant was collected for testing.

Five mice in each group were sacrificed by necking, subjected
to aseptic dissection, and then 2 cm of the jejunum, ileum, and
colon tissues of the two groups of mice were collected; a part was
collected in a cryotube and transferred into liquid nitrogen
quickly and stored at -80°C while the remaining 2 cm of the
jejunum, ileum, and colon tissues were washed with sterile PBS,
cleaned, and soaked in 4% paraformaldehyde for fixation.

Determination of Antioxidant
Enzyme Content
Glutathione peroxidase (GSH-Px) activity can be expressed by
the rate of the enzymatic reaction. The enzyme activity can be
determined by measuring the consumption of glutathione (GSH)
in this enzymatic reaction. GSH reacts with dithiodinitrobenzoic
acid to produce the 5-thiodinitrobenzoic acid anion, which
presents a relatively stable yellow color. The amount of GSH
was calculated by measuring the absorbance at 412 nm. O2

-,
produced by the reaction of xanthine and xanthine oxidase, can
oxidize hydroxylamine to form nitrite, which appears purple red
under the action of a color developer. When the sample contains
SOD, it has a specific inhibitory effect on O2

-, reducing the
formation of nitrite, and the absorbance decreases when the
color is compared at 550 nm. The SOD in the sample was
calculated using the vitality formula. The concentration of
malondialdehyde in the plasma was determined using
thiobarbituric acid colorimetry. Malondialdehyde is the final
product of lipid peroxidation in the body. Malondialdehyde
can react with thiobarbituric acid to form a red product. The
substance has the strongest absorption at 532 nm, so the
absorbance value of the reactant can be measured with an
ultraviolet-visible spectrophotometer, and the concentration in
the measured sample was calculated according to the formula in
Frontiers in Immunology | www.frontiersin.org 43935
the manual. The determination of GSH, SOD, T-AOC, and
MDA content was performed in accordance with the kit
instructions. The kits were purchased from the Nanjing
Jiancheng Institute of Biological Engineering.

H&E Staining of Ileum Tissue
After being euthanized using the neck-inducing method, 2 cm of
the ileum tissue was removed and washed with sterile PBS. After
cleaning, the samples were immersed in 4% paraformaldehyde
for fixation. Then, it was embedded in paraffin, and the sections
were stained with alcohol-eosin staining solution.

Data Statistics
The statistical analysis software GraphPad Prism was used to
calculate the means and standard errors of each group of data.
Data of each group were expressed as means ± SEM, and t test
was used to analyze the significance of the mean difference of
relevant groups of data. P<0.05 was marked as significant
difference and marked as *. P<0.01 was marked as **; P<0.001
is a very significant difference, marked as ***.
RESULTS

Co-Treatment With BS and KMOS Repairs
Caco-2 Cell Viability Damage
To study the repair effects of probiotics and KMOS on Caco-2
cell injury, we constructed an LPS-induced intestinal epithelial
cell injury model. Caco-2 cells were treated with different
concentrations of LPS, and the expression of the related
inflammatory factors IL-1b and TNF-a was detected using
qPCR. We found that after treatment with 1 mg/mL LPS for
6 h, the expression of the two inflammatory factors was
significantly upregulated (Supplementary Figures S1A, B),
TABLE 1 | Primer used for SYBR Green I qRT-PCR validation.

Gene Symbol Primer Sequence 5’-3’ (Forward) Primer Sequence 5’-3’ (Reverse)

homo-GAPDH GGGAAGCTTGTCATCATCAATGG CATCGCCCCACTTGATTTTG
homo-IL-1b GTACCTGAGCTCGCCAGTG TGTTTAGGGCCATCAGCTT
homo-IL-6 GACAGCCACTCACCTCTTCA TTCACCAGGCAAGTCTCCTC
homo-TNF-a CCGAGTCTGGGCAGGTCTA CGTTTGGGAAGGTTGGATG
homo-ZO-1 CGGGACTGTTGGTATTGGCTAGA GGCCAGGGCCATAGTAAAGTTTG
homo-Claudin-1 GCGCGATATTTCTTCTTGCAGG TTCGTACCTGGCATTGACTGG
homo-Muc-2 AACGGCCTGCAGAGCTATTC ATCTTCTGCATGTTCCCAAACTC
homo-NRF2 CGACGGAAAGAGTATGAG TGGGAGTAGTTGGCAGAT
homo-SOD1 GACAGCCACTCACCTCTTCA CTTCATTTCCACCTTTGC
homo-GPx1 AAGGTACTACTTATCGAGA ATGTG GTCAGGCTCGATGTCAATGGTCTG
homo-NOX2 homo-Keap1 AATCCCTGCTCCCACTAACAATGCAGCCAGATCCA TTTCAAGATGCGTGGAAACTACGCAGAACTGTACCTGTTGA
homo-Keap1 ATGCAGCCAGATCCA GCAGAACTGTACCTGTTGA
mus-GAPDH ACCCCAGCAAGGACACTGAGCAAG GGCCCCTCCTGTTATTATGGGGGT
mus-SOD1 TTCGAGCAGAAGGCAAGCGGTGAAA AATCCCAATCACACCACAAGCCAA
mus-SOD2 CAGACCTGCCTTACGACTATGG CTCGGTGGCGTTGAGATTGTT
mus-IL-6 AGACAAAGCCAGAGTCCTTCAGAGA GCCACTCCTTCTGTGACTCCAGC
mus-TNF-a AGCAGGCCATCACCACCAAGA GTGCGTCACATCCTTGAAGTCAT
mus-NOX2 TGTTTTCATTTCCTCATCAGAAG CCAACCACACCAGAATGACA
mus-Nrf2 CGAGATATACGCAGGAGAGGTAAGA GCTCGACAATGTTCTCCAGCTT
Homo means Homo sapiens and mus means Mus musculus
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indicating that the cells had an obvious inflammatory response.
We also used different concentrations of BS to treat damaged
cells and found that the optimal concentration of BS that could
repair the damaged cells was 107 CFU/mL. In addition, different
concentrations of KMOS promoted the growth of BS, and the
growth effect was the best when using KMOS at a concentration
of 2 g/L to treat BS for 24 h (Supplementary Figures S1G–I).

We used the best ratio of KMOS and BS in a culture mixture
to achieve the best time of action, and then treated the damaged
cells with the mixture. The MTT method was used to detect
changes in the activity of Caco-2 cells. The results showed that
compared with the LPS treatment group, the Caco-2 cell activity
of the KMOS and probiotics co-treated group was significantly
upregulated (Figure 1A), indicating that KMOS and probiotics
worked together to repair the damaged Caco-2 cell activity, and
is more conducive for the repair of intestinal epithelial cell
activity damage than the konjac mannan oligosaccharide alone,
and the effect was significant.
Frontiers in Immunology | www.frontiersin.org 54036
Co-Treatment With BS and KMOS Repairs
Caco-2 Cell Tight Junction Damage
LPS treatment can also cause damage to the tight junctions of
Caco-2 cells (28) (Supplementary Figures S1C–F), and
probiotics can prevent damage to the tight junctions of cells
(29, 30). Therefore, we wanted to know whether BS and KMOS
have a synergistic repair effect on tight junction damage in Caco-
2 cells. We used qPCR to detect changes in the expression of tight
junctions ZO-1 and Claudin-1. The results showed that
compared with the LPS treatment group, the expression of
tight junction ZO-1 and Claudin-1 mRNA in the konjac
mannan oligosaccharide and the probiotic co-treatment group
was upregulated, and the expression of the tight junction was
upregulated compared with the probiotic alone group
(Figures 1B, C). This shows that the joint action of KMOS
and probiotics can repair the damage of the tight junctions of
Caco-2 cells, and it is more conducive for the repair of intestinal
epithelial cell tight junctions than probiotics alone.
A B

DC

FIGURE 1 | The repair effect of KMOS and BS on cell damage. (A) KMOS and probiotics can repair cell activity damage. (B) Claudin-1 mRNA expression level.
(C) ZO-1 mRNA expression level. (D) MUC-2 mRNA expression Level. These experiments were repeated three times.*p < 0.05, **p < 0.01 and ***p < 0.001; ns,
not significant.
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Co-Treatment With BS and KMOS
Repairs the Mucus Barrier Damage
of Caco-2 Cells
After treating the cells with LPS, mucin expression in Caco-2
cells decreased, and the cell mucus layer was damaged. We used
qPCR to detect MUC-2 mRNA expression. The results showed
that compared with the LPS treatment group, the expression of
MUC-2 mRNA in the co-treatment group of KMOS and
probiotics was significantly upregulated, and the effect was
better than that of KMOS and probiotics alone (Figure 1D).

Co-Treatment With BS and KMOS Repairs
Oxidative Damage in Caco-2 Cells
LPS can also cause oxidative damage in cells (10). To test whether BS
and KMOS can repair cell oxidative damage, we constructed a Caco-2
cell oxidative damage.We used different concentrations of LPS to treat
Caco-2 cells to detect the expression level of GSH and found that when
the stimulating concentration of LPS was 2mg/mL and the action time
was 8 h, the GSH expression was the lowest (Supplementary Figure
S2A), and NOX2 expression was significantly upregulated
(Supplementary Figure S2B), SOD enzyme activity was
significantly reduced (Supplementary Figure S2C), and MDA
oxidation level increased significantly (Supplementary Figure S2D).
Therefore, the above-mentioned concentration and treatment times
are oxidative damage conditions for cells.
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Then, we used the optimal ratio of KMOS and BS to mix the
culture and then treated the damaged cells after reaching
the optimal growth concentration. The results showed that the
addition of BS and oligosaccharide mixtures significantly
increased compared to the LPS treatment group. Down-
regulation of the level of oxidation marker MDA (Figure 2A)
and the expression of NADPH oxidase subtype NOX2
(Figure 2B), and the combination of the two has a better effect
on cell repair. We also tested the SOD enzyme activity and GSH
content in the cell culture supernatant and cell lysate and found
that the SOD enzyme activity in the cell culture supernatant of
the KMOS and probiotics co-treatment group was significantly
upregulated (Figure 2C), and the GSH content was significantly
increased (Figure 2D), and the SOD enzyme activity and GSH
content in the cell lysate were similar to those in the supernatant
(Figures 2E, F).

Next, we tested the expression levels of SOD1, Gpx1, and Nrf2
at the mRNA level, and found that the expression of SOD, Gpx1,
and Nrf2 in the combined treatment group of probiotics and
oligosaccharides was upregulated compared with the LPS-
injured group (Figures 3A–C), but compared with the
probiotics alone, there was no significant difference in the
addition group. We also used western blotting to detect the
expression of Nrf2 protein and found that the combined
treatment of oligosaccharides and probiotics can significantly
A B C

D E F

FIGURE 2 | Co-treatment with BS and KMOS on the repair of oxidative damage in Caco-2 cells. The level of cell (A) MDA in different treatment groups. (B) The
expression level of NOX2. (C) SOD enzyme activity in cell culture supernatant. (D) The expression level of GSH. (E) SOD enzyme activity in cell lysate. (F) GSH
content. These experiments were repeated three times. *p < 0.05, **p < 0.01 and ***p < 0.001; ns, not significant.
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increase the expression of Nrf2 protein compared to the LPS
alone injury group (Figures 3D, E).

Protective Effects of KMOS and BS on
LPS-Induced Liver Injury in Mice
The above studies indicate that KMOS and BS have a synergistic
repair effect on cell damage, but it is still unknown whether this
synergistic repair functions in vivo. To study its synergistic repair
effects in vivo, we administered BS, KMOS, and their mixtures to
the stomach for 7 consecutive days, and then injected LPS into
the intraperitoneal cavity to establish a mouse injury model. The
mice were sacrificed 24 h later. In mice, the liver was collected to
determine relevant antioxidant enzyme indices. The results
showed that compared with the LPS treatment group, the pre-
infused gastric oligosaccharide group significantly increased the
activities of the three antioxidant enzymes (Figures 4A–C).
The group of gastric probiotics only significantly improved the
activities of superoxide dismutase and total antioxidant enzymes,
Frontiers in Immunology | www.frontiersin.org 74238
but had no significant effect on the content of GSH in the liver
(Figures 4A–C). The combined treatment with KMOS and BS
significantly improved the three antioxidant enzymes in the liver,
and the effect was more significant than that of the group treated
with probiotics alone (Figures 4A–C). We also tested the MDA
levels in the serum of mice. The results showed that the serum
MDA of mice in the LPS alone treatment group increased
significantly, and both KMOS and BS gavage could
significantly reduce the MDA content in the serum of LPS-
treated mice. The effect of the combined gavage was more
significant (Figure 4D).

Protective Effects of KMOS and BS on
LPS-Induced Ileal Tissue Damage in Mice
Studies have shown that LPS treatment can damage the mouse
ileum tissue (31). Therefore, we wanted to know whether KMOS
and BS are beneficial for repairing damaged ileum tissue in mice.
We performed H&E staining on the ileum tissue of each group of
A B

C

D

E

FIGURE 3 | The co-treatment of BS and KMOS can repair the oxidative damage of Caco-2 cells. Cell (A) SOD1 mRNA expression level in different treatment
groups. (B) Gpx1 mRNA expression level. (C) The expression level of Nrf2 mRNA. (D) Western blot result of Nrf2 (E) Level of Nrf2 protein. These experiments were
repeated three times. *p < 0.05 and **p < 0.01; ns, not significant.
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mice (Figures 5A–E). We found that LPS caused obvious
damage to the ileum tissue of the mouse, with broken
intestinal villi and tissue pyknosis (Figure 5B). The addition of
KMOS and BS protected the mouse ileum tissue from the
damage to varying degrees (Figures 5C–E).

To study the protective effects of oligosaccharides and
probiotics on mouse intestinal inflammatory damage, we
collected mouse ileum tissues and used RT-qPCR to detect
changes in the expression of inflammation-related genes in
mouse ileum tissues. The results showed that compared with
the LPS treatment group, the expression of TNF-a was
downregulated in the oligosaccharide and probiotic gavage
groups, and the combined gavage group was more
downregulated (Figure 5F). The IL-6 gene was significantly
upregulated after LPS treatment. Pretreatment with BS and
KMOS significantly inhibited LPS-induced upregulation of
inflammatory factors in mouse ileum tissue caused by LPS
(Figure 5G), indicating that oligosaccharides and probiotics
are effective in mice, and inflammatory damage in the intestine
has a synergistic repair effect.
Frontiers in Immunology | www.frontiersin.org 84339
Next, we studied the protective effects of oligosaccharides and
probiotics on oxidative damage in the mouse intestine. We tested
the effects of oligosaccharide and probiotic mouse gavage on
mouse intestinal oxidase genes. The data showed that the
expression of the oxidation gene NOX2 in the intestinal cells of
mice in the LPS alone treatment group was significantly
upregulated (Figure 5H), and the groups of gavage KMOS and
BS could significantly inhibit the upregulation of the oxidation
gene NOX2 caused by LPS And the difference in downregulation
of the two combined gavage groups was more significant than that
of single gavage (Figure 5H). We then tested the changes in
antioxidant enzymes and genes in the mouse intestines and found
that the SOD enzyme activity and GSH content of mice in the LPS
alone treatment group were significantly downregulated, and the
groups of BS and KMOS were administered with the two
antioxidants. Oxidase activity was significantly upregulated
(Figures 5I, J). RT-qPCR was used to detect the expression of
Nrf2, SOD1, and SOD2. The results showed that, compared with
the blank control group, the acute oxidative damage induced by a
high concentration of LPS destroyed the antioxidant enzyme
A B

C D

FIGURE 4 | The protective effects of KMOS and BS on LPS-induced liver injury in mice. Liver tissue (A) T-AOC enzyme activity of mice in different treatment groups.
(B) SOD enzyme activity. (C) GSH enzyme activity. (D) MDA content. These experiments were repeated three times. *p < 0.05, **p < 0.01 and ***p < 0.001; ns,
not significant.
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system in the mouse intestine and inhibited the expression of
mouse Nrf2, SOD1, and SOD2 genes (Figures 5K, M, N).
Compared with the LPS treatment group, BS and Konjac
mannan oligosaccharide pretreatment significantly increased the
expression of the antioxidant genes. Western blot analysis revealed
that the expression of SOD2 protein was consistent with the
transcription level (Figure 5L). This shows that both BS and
KMOS can significantly upregulate the expression of antioxidant
genes in the mouse intestine, improve the antioxidant capacity of
mice, and have a good protective effect against oxidative damage
in mice.

Finally, we studied the protective effects of oligosaccharides and
probiotics on LPS-induced intestinal tight junction protein damage
in mice. Our data showed that the expression of Claudin-1 protein
was significantly downregulated in the LPS treatment group, while
Frontiers in Immunology | www.frontiersin.org 94440
the expression of Claudin-1 protein in the group supplemented
with BS and KMOS was significantly upregulated (Figures 5L, O),
indicating that it has a good protective effect on the intestinal tight
junction damage caused by LPS.
DISCUSSION

The intestine is the largest reservoir of bacteria and endotoxins in
the human body. Intestinal epithelial cells provide a physical
barrier for the body, which can protect the body from microbial
invasion (32). Previous studies have shown that KMOS is effective
in keeping the intestinal mucosa tight and intact, improving
immunity (8), regulating the balance of intestinal flora, and
A B C D

E F G H

I J K

M N O

L

FIGURE 5 | The protective effects of KMOS and BS on LPS-induced ileal tissue damage in mice. Mouse ileum tissue (A–E) H&E staining in different treatment
groups, (F) TNF-a mRNA expression level, (G) IL-6 mRNA expression level, (H) NOX2 mRNA expression level, (I) SOD enzyme activity, (J) GSH enzyme activity, (K)
Nrf2 mRNA expression Level, (L) Western blot result of SOD2 and Claudin-1, (M) SOD2 mRNA expression Level, (N) SOD1 mRNA expression level, (O) Claudin-1
protein level. *p < 0.05, **p < 0.01 and ***p < 0.001; ns, not significant.
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improving intestinal function (33). By interacting with
microorganisms, BS can promote intestinal barrier function and
maintain the integrity of the intestinal epithelial barrier (34).
However, whether KMOS and BS have a synergistic repair effect
on intestinal injury remains unknown. In this study, we used the
LPS-induced Caco-2 cell and mouse intestinal injury model to
study the synergistic effects of KMOS and BS on Caco-2 cells and
intestinal injury. Our research results show that the combined use
of KMOS and BS has a synergistic repair effect on Caco-2 cells and
mouse intestinal injury, and can enhance the antioxidant function
of cells, which is beneficial for LPS-induced acute injury in
mouse models.

LPS is a biologically active bacterial structural component
released after the death and disintegration of bacteria and is the
main pathogenic factor of bacteria (35). LPS acts on intestinal
epithelial cells and can increase the permeability of intestinal
epithelial cells (35, 36), increases the expression of related
inflammatory cytokines, causes inflammation (36–38), and
inhibits the expression of tight junction proteins in intestinal
epithelial cells (38), resulting in damage to the intestinal barrier.
Intestinal homeostasis is precisely regulated by a variety of
cytokines (39). The tightly linked proteins ZO-1 and ZO-2 can
bind directly to cytoskeletal proteins, thereby regulating cellular
tissue and epithelial morphogenesis (7, 40). Deletion of ZO-1 can
increase intestinal epithelial permeability and promote the
development of intestinal inflammation (41, 42). It has been
reported that the probiotic B. subtilis CW14 repairs the epithelial
barrier and reduces the toxicity of ochratoxin A to Caco-2 cells
by promoting the expression of ZO-1 protein (27). Claudin-1 is
also an important tight junction protein and helps regulate
intestinal epithelial homeostasis by regulating Notch signaling
(43). Intake of BS in mice upregulated the expression of TJ
proteins (claudin-1, and ZO-1), thereby repairing intestinal
barrier function (44), which is consistent with our findings.
Mucins are major components of mucus and form a protective
barrier between the resident microbiota and the underlying
immune cells in the intestine. Oral administration of Bacillus
subtilis fermented milk promotes the expression of MUC-2 in
inflammatory epithelial cells and may play a role in the treatment
of dextran sulfate sodium salt (DSS)-induced IBD (27). This
repair effect may be due to some bioactive peptides produced by
bovine b-casein of Bacillus subtilis acting through the protective
function of Mucin2 (27). The enhanced expression of MUC-2 by
combined treatment of KMOS and BS to repair LPS-induced
adhesive damage may be due to the role of bioactive substances
in this repair process. Metabolites of BS, such as surfactant A and
polyg-glutamic acid, have been reported to alleviate symptoms in
animal models of IBD (45). In addition, nattokinase of BS
inhibits inflammation and oxidative stress in mice (46).

Bacillus subtilis fermented milk inhibits the expression of the
pro-inflammatory cytokine TNF and promotes the expression of
anti-inflammatory cytokines, thereby reducing local inflammatory
damage to the intestinal mucosa (25). Overexpression of TNF leads
to apoptosis of intestinal epithelial cells (IECs). In contrast, the anti-
inflammatory factor IL-6 is usually associated with inflammation
and promotes proliferation and repair of the intestinal epithelium
Frontiers in Immunology | www.frontiersin.org 104541
(39). The expression of TNF-a in epithelial cells could be inhibited
by the synergistic effect of KMOS and BS, which might inhibit
apoptosis of intestinal epithelial cells and thus alleviate the injury.
In contrast, the expression of IL-6 was lower in the KMOS and
BS co-treatment group, indicating the inhibition of intestinal
inflammation (16).

Intestinal cells sense LPS and other pathogenic receptors of
intestinal flora through pattern recognition receptors, promote the
expression of NADPH oxidase and the activity of reactive oxygen
species, and produce a large number of reactive oxygen species (47,
48). Although the generated active oxygen can kill pathogenic
bacteria, the attack of a large amount of active oxygen on the
intestinal epithelium also causes oxidative damage to the intestinal
epithelium (49) and causes damage to the structure and function of
the intestine (50–52). The precondition for cells to exert their
antioxidative stress effect is to activate Nrf2. When the body is
oxidatively damaged, the expression of Nrf2 increases, and the
expression of downstream antioxidants such as SOD1, HO-1, and
GPX1 is upregulated to combat free radical damage. In addition, the
KMOS treatment group had no significant effect on antioxidant
factors at the transcriptional level. We speculate that the antioxidant
action mechanism of KMOS may be clearing active oxygen free
radicals through its own physical and chemical properties because
some plant polysaccharides, such as APS and garlic polysaccharides,
scavenge free radicals and improve the activity of antioxidant
enzymes (39, 40). The antioxidant system of the human body is
inextricably linked to the immune system. Oxidative stress is often
accompanied by inflammation (53). Overexpression of TNF leads to
apoptosis of intestinable epithelial cells (IECs) (39). Bacillus subtilis
fermented milk can inhibit the expression of pro-inflammatory
cytokines TNF and promote the expression of anti-inflammatory
cytokines, thus reducing local inflammatory damage in the
intestinal mucosa (25). The expression of TNF-a in epithelial
cells can be inhibited by the synergistic effect of KMOS and BS,
which may inhibit apoptosis of intestinal epithelial cells thereby
alleviating the injury. The anti-inflammatory factor IL-6 is usually
associated with inflammation and may promote proliferation and
repair of intestinal epithelium (39). In contrast, the expression of IL-
6 was lower in the KMOS and BS co-treatment groups, indicating
the inhibition of intestinal inflammation (25).

Inflammatory damage in the intestine has been reported to be
associated with a decrease in the abundance and diversity of the
intestinal microbiota (54). Whether oral administration of KMOS
and BS altered the composition of the intestinal flora in mice in this
study remains to be further investigated, and we hypothesize that
KMOS and BS administration may alter the intestinal flora diversity
in mice. Because it has been shown in other studies that oral
administration of Bacillus subtilis fermented milk can significantly
increase the variety and diversity of intestinal microbiota (25). As
for the mechanism of how KMOS affects intestinal microbial
diversity, more in-depth studies are needed. In animal
experiments, KMOS could affect the antioxidant enzyme system
in the intestine of mice, and there was a significant effect of oxidative
enzymes, which may be related to the utilization of KMOS by
microorganisms in the intestine (55). In conclusion, our study
suggests that the combined use of KMOS and BS can help
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https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Chen et al. KMOS and BS Protect Intestinal Damage
improve LPS-induced intestinal damage in mice and is expected to
be a potential novel combination functional food.
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Short-chain fatty acids (SCFAs) are crucial gut microbial metabolites that play a major

role in the occurrence and development of hepatic fibrosis (HF). However, the effect of

SCFAs on hepatic stellate cells (HSCs), the major pro-fibrogenic cells, is yet undefined.

In this study, the effects of three major SCFAs (acetate, propionate, and butyrate) were

assessed on the activation of HSCs. LX2 cells were activated with TGF-β1 and treated

with sodium acetate (NaA), sodium propionate (NaP), or sodium butyrate (NaB). SCFA

treatment significantly reduced the protein levels of α-SMA and the phosphorylation of

Smad2 and decreased the mRNA expression of Acta2/Col1a1/Fn in cells compared

to the TGF-β1 treatment. Among the three SCFAs, NaA revealed the best efficacy at

alleviating TGF-β1-induced LX2 cell activation. Additionally, acetate accumulated in the

cells, and G protein-coupled receptor (GPR) 43 silencing did not have any impact on the

inhibition of LX2 cell activation by NaA. These findings indicated that NaA enters into the

cells to inhibit LX2 cell activation independent of GPR43. The results of phosphokinase

array kit and Western blot indicated that NaA increased the AMP-activated protein

kinase (AMPK) activation and reduced the phosphorylation of c-Jun in cultured LX2

cells, and siRNA-peroxisome proliferator-activated receptor (PPAR) -γ abolished the

inhibitory effects of NaA against TGF-β1-induced LX2 cell activation. In conclusion, this

study showed that NaA inhibited LX2 cell activation by activating the AMPK/PPARγ and

blocking the c-Jun signaling pathways. Thus, SCFAs might represent a novel and viable

approach for alleviating HF.

Keywords: short chain fatty acid, fibrosis, hepatic stellate cells, AMPK, PPARγ

INTRODUCTION

Hepatic fibrosis (HF) is a wound-healing response of the liver to the continuous action of various
injury factors, characterized by the net accumulation of extracellular matrix (ECM) or scar (1).
A variety of chronic stimuli, including chronic viral infection (hepatitis B or C virus), toxic
damage, alcohol abuse (long-standing excessive alcohol consumption), non-alcoholic fatty liver
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disease (NAFLD)/non-alcoholic steatohepatitis (NASH),
autoimmune liver diseases, and metabolic and genetic diseases,
could cause HF (2). Subsequently, HF may progress to cirrhosis
associated with several complications, such as functional liver
failure, hepatic encephalopathy, renal and cardiac disturbances,
and hepatocellular carcinoma (HCC) (3). During HF, the
ongoing liver injury results in excessive ECM deposition,
and abundant Col1a1 and 3 lead to scarring and fibrosis
(4). HSCs are the primary source of activated myofibroblasts
and portal fibroblasts that drive the fibrogenic process. In
response to liver injury, the quiescent, vitamin-A storing HSCs
transdifferentiate to contractile, proliferative, and fibrogenic
myofibroblasts (5). Then, the cells produce collagen as well as
other types of ECM tissue inhibitors of metalloproteinases and
matrix metalloproteinases (MMPs) that elicit liver architecture
remodeling, thus propagating fibrosis (6). This process is known
as HSC activation, and activated HSCs are responsible for about
80% of total fibrillar Col1a1 in the fibrotic liver (7). Therefore,
inhibiting HSCs activation is emerging as a promising target for
fibrosis alleviation.

Currently, the literature is focused on the correlation between
gut and liver. The liver receives most of its blood flow (70%)
from intestinal vascularization, and hence, is constantly exposed
to nutrients, toxins, and products of the gut microbiota (8).
Moreover, the gastrointestinal tract receives a liver product
in the form of bile acid (9). This functional bidirectional
correlation between the liver and gastrointestinal tract is known
as the gut-liver axis (GLA) (8). The dysregulation of the
microbiota has been confirmed in patients with HF (10). Several
studies reported that the ratio of Firmicutes/Bacteroidetes in
microbiota was correlated with lipid accumulation and HF in
both human and animal models (11, 12). In a group of biopsy-
proven NAFLD patients, a higher abundance of Bacteroides were
observed in fibrosis subjects compared to those without fibrosis,
suggesting a correlation between Bacteroides and HF severity
(13). Previous studies also showed that patients with cirrhosis had
a decrease in commensal SCFA-producing bacteria, especially
butyrate-producing bacteria, including Lachnospiraceae and
Ruminococcaceae (14). Accumulating evidence indicated a
balance in themicrobial community by supplementing probiotics
or prebiotics, which alleviated HF. Gadallah et al. (15)
demonstrated that treatment with the probiotic mixture and
prebiotic insulin suppressed the expression of inflammatory IL-
6 and reduced the level of fibrotic TGF-β1 and α-SMA markers
in the experimental rats. In humanized mice, dietary fiber altered
the intestinal microbiota composition produced abundant SCFAs
and exerted a protective effect on mouse HF (16). These studies
suggested that gutmicrobiota had a tight correlation withHF, and
SCFAs could be major regulators of these processes.

SCFAs are the main microbial metabolites of dietary fibers
of gut microbiota. Acetate, propionate, and butyrate are the
most abundant SCFAs in the human gut (17). Importantly
SCFAs are not only metabolic substrates but also signaling
molecules that regulate liver metabolism (18). A previous
study indicated that fructo-oligosaccharide treatment increased
intestinal SCFAs and improved hepatic steatosis, inflammatory
cell infiltration, and hepatocyte ballooning of NASH mice (19).

Takayama et al. (20) showed that feeding partially hydrolyzed
guar gum increases butyrate, acetate, and propionate in the gut
and attenuates liver inflammatory markers (TNF-α and MCP-
1) and fibrogenic markers (Col1a1 and α-SMA) in mice. These
results indicated that regulating the level of gut SCFAs alleviates
NASH-related fibrosis via complicated processes. In addition,
direct oral supplementation of butyrate remarkably alleviates the
liver fibrosis stage by decreasing the expression of inflammatory
maker protein (MyD88) and alleviating liver steatosis and lipid
degeneration of NASH mice, interestingly, the inhibition of
iNOS may be involved in the potential mechanism for butyrate
alleviating NASH (21). However, only a few studies have focused
on the protective effects of specific SCFAs on the development
of HF, especially in HSC activation; nonetheless, the related
mechanisms are not yet elucidated.

In this study, TGF-β1-activated HSCs were employed to
evaluate the effects of three dominant SCFAs, NaA, NaP, and
NaB, on fibrotic markers. The mechanisms related to the NaA-
induced inhibition of HSC activation were assessed using protein
antibody chip and RNA interference (RNAi) in HSCs.

MATERIALS AND METHODS

Cell Culture
HSC-LX2 cells were purchased from Stem Cell Bank, Chinese
Academy of Sciences (Shanghai, China) and cultured in
Dulbecco’s modified Eagle’s medium (DMEM; Gibco, Grand
Island, NY, USA) containing 2% fetal bovine serum (FBS, Gibco)
and 100 U/mL penicillin and streptomycin (Beyotime, Beijing,
China) in a 5%CO2 incubator at 37

◦C (22). To study the effects of
SCFAs on TGF-β1-induced fibrogenesis, LX2 cells were seeded in
six-well plates (Corning, Corning, NY, USA) in 2mL of DMEM
medium at a density of 1× 106 cells/mL. After achieving 70–80%
confluency, the cells were subjected to 12 h of serum starvation,
while the control group was incubated with fresh DMEM and the
cells in the other groups were incubated with DMEM containing
2.5 ng/mLTGF-β1 (PeproTech, RockyHill, NJ, USA) and varying
concentrations of NaA (0.1 or 1mM) for an additional 48 h. Next,
we selected the concentration based on previous toxicological
studies in LX2 cells, especially those related to fibrogenesis.
Subsequently, the cells were used forWestern blot analysis and/or
harvested for total RNA isolation.

Cell Cytotoxicity Assays
An Enhanced Cell Counting Kit 8 Assay (Beyotime, Shanghai,
China) was used to determine cell cytotoxicity of SCFAs (23). LX2
cells were seeded at a density of 5× 103 per well onto flat-bottom
96-well culture plates (Corning). Cells were treated by NaA,
NaP or NaB (0 to 1mM) as mentioned earlier. The absorbance
values of viable cells were finally determined at 450 nm using
a microplate spectrophotometer (BioTek, Winooski, VT, USA).
The cell inhibitory rates were calculated using the following
formula: Cell inhibition rate (%) = (1 – A450 (sample) / A450

(control))× 100.
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Western Blot Analysis
Total protein was isolated from cultured cells using lysis buffer
supplemented with protease and phosphatase inhibitors. The
protein concentration was measured using a protein assay
kit (Bio-Rad, Hercules, CA, USA). An equivalent of 30 µg
(24) protein extract was separated by sodium dodecyl sulfate-
polyacrylamide gel electrohoresis (SDS-PAGE) and transferred to
polyvinylidene difluoride membranes (PVDF). The membranes
were incubated with primary antibodies: phosphorylated AMPK
alpha (p-AMPKα), AMPKα, glyceraldehyde-3-phosphate
dehydrogenase (GAPDH), phosphorylated c-Jun (Ser63) (p-c-
Jun), c-Jun, phosphorylated Smad2 (p-Smad2), Smad2, β-Actin
(CST, Danvers, MA, USA), PPARα, and PPARγ (Abcam). After
incubation with a goat anti-rabbit horseradish peroxidase-
conjugated secondary antibody (Beyotime, Shanghai, China) at
a dilution of 1:10,000 for 1 h, the proteins were visualized using
a Luminata Forte Enhanced Chemiluminescence Kit (Millipore,
Billerica, MA, USA). The band intensities were analyzed using
Quantity One analysis software.

Quantitative Real-Time Polymerase Chain
Reaction
Total RNA was extracted using TRIzol Reagents (Ambion,
Austin, TX, USA) and subjected to reverse transcription using
a Prime Script RT-PCR kit (TaKaRa). qRT-PCR was carried
out using SYBR Premix Ex Taq (TaKaRa) on the Light-
Cycler 480 (Roche Diagnostics GmbH) and analyzed by the
software (25). The primers were synthesized by Sangon Biotech,
China (Supplementary Table 1). The fluorescence data of the
target genes were analyzed by the 2−11Ct method for relative
quantification using Actin or GAPDH as an internal control.

Measurement of Intracellular Sodium
Acetate Concentration
SCFA extraction: 108 cells were mixed with 2mL extraction
reagent (water:phosphoric acid = 1:3) and homogenized
for 20 s at 6,500 × g using a Precellys 24 homogenizer
(Bertin Technologies, Montigmyle Bretonnexux, France). The
cell extract was prepared by adding 2mL ether on ice for
10min, followed by centrifugation at 4,000 × g for 20min
(26). The remaining aqueous layer was further extracted
with ether. Subsequently, the ether layers were pooled
and diluted to 2mL. Then, samples were subjected to gas
chromatography-mass spectrometer (GC-MS) analysis using a
7890B gas chromatograph/5977 mass selective detector (Agilent
Technologies, Santa Clara, CA, USA) with an HB-5ms capillary
column (30m × 0.25mm × 0.25µm film thickness) (Agilent
Technologies), with helium as carrier gas at a constant flow
rate of 1 mL/min. Samples (0.5 µL) were injected using a
pressure pulsed split mode (10 psi) with a split ration of 10:1.
The initial column oven temperature was 100◦C for 1min, and
then increased to 120◦C at a rate of 10◦C/min and held for
5min, then increased to a final temperature of 220◦C at a rate of
30◦C/min and held for 3min. The total run time was 14.3min
and all the data was collected in full scan mode with a mass range
of 40–300 m/z (27). Pure water was used as a blank sample to

correct the background. A blank sample was processed similar to
that of cells samples. The corrected peak area of acetic acid was
calculated by the peak areas of samples minus that of the blank
sample detected under the same conditions.

Small Interfering RNA Transfection
siRNA targeting GPR43, PPARγ, or control siRNA
was synthesized by Biolino Biotech (Tianjin, China)
(Supplementary Tables 2, 3). Transfections were performed
using the Lipofectamine R© 2000 RNAiMax reagent
(Invitrogen, Karlsruhe, Germany) following the manufacturer’s
instructions. As described previously, cells were treated
with three concentrations of SCFAs and TGF-β1 for 48 h
after 24 h post-transfection (28). The downregulation of
the GPR43 or PPARγ targeted by siRNA was confirmed
by RT-PCR.

Phosphokinase Array
Relative protein phosphorylation levels were obtained
by profiling 43 specific phosphorylation sites
(Supplementary Table 4) using the Proteome Profiler Human
Phosphokinase Array Kit (ARY003B, R&D Systems), according
to the manufacturer’s instructions. Briefly, the cells were
rinsed with phosphate-buffered saline (PBS), resuspended
in lysis buffer (1 × 107 cells/mL), and agitated at 4◦C for
30min (29). The array membranes were blocked with 1.0ml
of Array Buffer one and incubated with 500 µg cell lysates
at room temperature for 1 h. Next, cocktails of biotinylated
detection antibodies were added and samples were incubated
at room temperature for 2 h. Phosphorylated proteins were
revealed using streptavidin-HRP/chemiluminescence substrate
(sc-201696, Santa Cruz Biotechnology, Santa Cruz, CA,
USA) and autoradiography films. The resulting spots were
scanned, and images were quantified using the Image Lab
software (Bio-Rad).

Measurement of Intracellular AMP:ATP
Ratio
Following exposure to acetate, LX2 cells were removed the
supernatant and washed three times with ice-cold PBS, and
then added 3mL of ice-cold aqueous acetonitrile (50%, v/v)
(VWR) to break cells to extracte intracellular nucleotides. The
resulting extract was maintained on ice for 10min, followed
by centrifugation at 14,000 × g for 1min at 0◦C. The extract
of cell contents was collected and dried using a refrigerated
SpeedVac (Savant). The dried extract was resuspended in 240
µL of deionized water and filtered using a 0.22-µm syringe
filter unit for high-performance liquid chromatography (HPLC)
analysis (30). The chromatographic separation and analysis
were performed on an Agilent system (1,200 series), equipped
with a diode-array detector and a C18 reverse-phase column
(Kromasil, 5µm, 100 Å; 4.6 × 150mm) at a flow rate
of 1 mL/min and a linear gradient of acetonitrile (0–7%)
in 10mM triethylammonium acetate buffer (Glen Research)
over 20min. AMP and ATP were identified based on their
retention times.
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Statistical Analyses
Numeric data were presented as mean ± SD. Statistical
significance was determined using the one-way ANOVA followed
by LSD post-tests with SPSS 22.0. Differences were considered
significant at a two-tailed p-value < 0.05.

RESULTS

NaA-H Ameliorates TGF-β1-induced LX2
Cell Activation
A CCK-8 assay was performed to evaluate the potential cytotoxic
effect of SCFA on HSCs. The results showed that after treatment
with the maximum concentration of SCFAs (1mM) for 48 h,
>80% of the LX2 cells survived (Figure 1A), indicating that
SCFAs did not affect cell viability. Regarding the antifibrotic
effects of the three different SCFAs on TGF-β1-induced HSCs
activation, the protein expression level of α-SMA, the marker
of fibrogenesis, was analyzed by Western blot. Compared to the
control group, TGF-β1 treatment significantly elevated α-SMA
in the MOD group, which indicated LX2 cell activation by TGF-
β1. SCFA treatment significantly inhibited the overexpression
of α-SMA in activated LX2 cells except high-dose of NaP
compared to the MOD group. Specifically, high-dose of NaA
(NaA-H) or NaB (NaB-H) reduced 72.2 or 53.7% α-SMA levels
in cells compared to the MCD group (Figures 1B,D). NaA-
H generated maximum efficacy at reducing α-SMA among
the SCFA treatment groups. Similar results were also observed
in gene expression levels of Acta2, the α-SMA-coding gene.
TGF-β1 treatment increased the levels of Acta2 compared to
the control group, while treatment with high-dose of SCFAs
inhibited Acta2 levels, which were 57.7% (NaA-H), 26.4%
(NaB-H), and 19.8% (NaP-H) lower than those in the MOD
group, respectively (Figure 1C). These results confirmed that
NaA-H had the best inhibitory effect on LX2 cell activation.
Moreover, SCFAs also suppressed the overexpression of fibrosis
marker genes Col1a1 and Fn in TGF-β1-activated LX2 cells.
For Col1a1 gene expression, a high dose of NaA or NaB
showed significant inhibition compared to the MOD group
(Figure 1D). For Fn gene, all high-dose groups of three SCFAs
represented significant inhibition to theMODgroup (Figure 1E).
The results indicated that SCFA treatment ameliorated TGF-β1-
induced LX2 cell activation. NaA-H revealed the best efficacy
at alleviating TGF-β1-induced LX2 cell activation relative to
propionate and butyrate. Therefore, NaA-H was selected for
further experiments.

NaA Treatment Inhibited TGF-β1/Smad2
Signaling in LX2 Cells
As the downstream cascade, Smad2 signaling plays a key role
in TGF-β1-induced HSC activation. Compared to the control
group, TGF-β1 markedly enhanced the phosphorylation level of
Smad2 protein, while NaA treatment significantly ameliorated
the phosphorylation of Smad2 (Figure 2). These phenomena
were consistent with previous results, indicating that NaA
inhibits the phenotype and key signaling pathways.

NaA Entered Into Cells to Inhibit LX2 Cell
Activation Independent of GPR43
Next, we examined whether GPR43, a promising receptor of
acetate, participated in the LX2 cell inhibition by acetate. GPR43
siRNA was used to silence its target mRNA, specifically in LX2
cells. Herein, we designed three siGPR43 sequences; the silencing
efficiency of the siGPR43-2 sequence was 90.6%, and hence, it was
selected for downstream experiments in LX2 cells (Figure 3A).
The results showed that GPR43 silencing did not have an impact
on the decreased expression of α-SMA protein and Col1a1
mRNA by NaA (Figures 3B,C), indicating that NaA inhibited
the activation of LX2 cells via pathways independent of GPR43.
In addition to G proteins, histone deacetylase (HDAC) enzymes
may also act as target sites of SCFA. SCFAs exert their effects by
binding to metabolite-sensing GPR41, GPR43, and GPR109A or
epigenetically via HDAC modulation. Since the GPR43 receptor
does not influence the function of acetate, the impact of acetate
on HDAC was further investigated and speculated to be involved
in the beneficial effects of SCFAs. Compared to the control
group, TGF-β1 or NaA treatment did not significantly alter
the expression of HDAC2, HDAC4, HDAC5, HDAC6, HDAC7,
HDAC8, HDAC9, and HDAC11. Although NaA treatment had
a significant effect on the expression of HDAC1, HDAC3 and
HDAC10, TGF-β1 treatment had no influence on the expression
of these genes indicating they were not involved in activation
of LX2 cells. Therefore, the results showed that HDAC did
not participated in NaA inhibiting the activation of LX2 cells
(Supplementary Figure 1). These results indicated that GPR43
or HDAC might not participate in the inhibition of NaA-
activated HSCs.

On the other hand, NaA may enter into the cells and have
some effects. To verify this hypothesis, we used aGC-MS to detect
the intracellular acetate content. Compared to the control and
model groups, treatment with NaA (1mM) caused a significant
increase in the content of acetate, while the other two groups were
lower than the detection limit (0.42µg/mL) (Figure 3D). The
present results showed that inhibiting HSC activation by acetate
might be achieved by NaA entering into the cell.

NaA Attenuated LX2 Cells Activation in an
AMPKα- and c-Jun-Dependent Manner
To analyze the potential mechanism of NaA on the activation
of LX2 cells induced by TGF-β1, a phosphokinase array
kit containing 43 kinase phosphorylation targets was used
(Supplementary Table 2). TGF-β1 induced significant changes
in the phosphorylation level of 18 proteins compared to the
control group. NaA treatment altered the phosphorylation
level of 22 proteins compared to the MOD group. Herein,
the significant changes in the phosphorylation of the protein
effectuated by both TGF-β1 and NaA treatment were investigated
(Figure 4A). We found that the phosphorylation of AMPKα

was decreased when LX2 cells were exposed to a medium
containing TGF-β1, while NaA supplementation enhanced the
phosphorylation of AMPKα significantly (Figures 4B,C). On
the other hand, phosphorylation of c-Jun was significantly
upregulated in TGF-β1-activated HSCs, and NaA treatment
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FIGURE 1 | Effects of SCFAs on TGF-β1 induced LX2 cells activation. (A) SCFAs cytotoxic effects. After serum starvation for 12 h, a CCK8 assay was performed for

LX2 cells treated with SCFAs at doses of 0–1mM for 48 h. (B) The protein expression of α-SMA was assessed by the Western blot. LX2 cells were treated with or

without 2.5 ng/ml TGF-β1 and 1mM of SCFAs for 48 h. (C–E) Real-time PCR was used to evaluate the mRNA expressions of Acta2, Col1a1, and Fn. LX2 cells were

treated with or without 2.5 ng/ml TGF-β1 and 1mM of SCFAs for 48 h. LX2 cells were treated as detailed in the section Materials and Methods. For all bar graphs,

data are the mean ± SD, #p < 0.05, ##p < 0.01, as compared with CON, and *p < 0.05, **p < 0.01, as compared with MOD. The significant difference was

assessed using the one-way ANOVA followed by LSD post-tests. Control group (CON), group model cell treated with a TGF-β1 (MOD), low dose of sodium acetate

(NaA-L), high dose of sodium acetate (NaA-H), low dose of sodium propionate (NaP-L), high dose of sodium propionate (NaP-H), low dose of sodium butyrate

(NaB-L), high dose of sodium butyrate (NaB-H), arbitrary unit (AU).
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FIGURE 2 | NaA inhibited TGF-β1 induced HSCs activation in LX2 cells. LX2 cells were treated with or without 2.5 ng/ml TGF-β1 and 1mM of NaA for 48 h. Western

blot was used to evaluate the phosphorylation of Smad2. LX2 cells were treated as detailed in the section Materials and Methods. For all bar graphs, data are the

mean ± SD, #p < 0.05, as compared with CON, and *p < 0.05, as compared with MOD. The significant difference was assessed using the one-way ANOVA

followed by LSD post-tests. Control group (CON), group model cell treated with a TGF-β1 (MOD), sodium acetate (NaA), arbitrary unit (AU).

restored the increasing trend (Figures 4B,D). These findings
indicated that AMPKα and c-Jun pathways were highly related
to the inhibition of NaA-activated LX2 cells.

Next, we employed Western blot to verify the ChIP data and

confirmed that the phosphorylation of AMPKα was significantly

decreased in LX2 cells after short-term exposure to 2.5 ng/mL
TGF-β1, which was increased after NaA addition (Figure 5A).
Also, NaA treatment significantly reduced TGF-β1-induced
phosphorylation of c-Jun (Figure 5B), which was consistent with
the ChIP results. Furthermore, we used HPLC to measure the
intracellular AMP/ATP content and found that the AMP/ATP

ratio decreased in the MOD group but was restored in the
NaA treatment group, which might contribute to the changes
in the AMPKα phosphorylation level (Figure 5C). These results
indicated that a high dose of NaA was capable of inhibiting
TGF-β1-induced cell activation via AMPKα and c-Jun pathways.

NaA-Alleviated LX2 Cell Activation Is
Related to PPARγ Pathway
We also explored whether PPARγ, the potential target of
SCFA for HF, is involved in the protective effect of SCFAs
in HSC activation. The roles of PPARγ in the inhibition of
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FIGURE 3 | GPR43 possessed limiting ability in the process of NaA inhibited TGF-β1 induced HSCs activation. (A) LX2 cells were cultured and transfected with 50 nM

Lipofectamine® 2000 RNAiMax reagent and GPR43 siRNA, selected the sequences with the best silence efficiency. (B) Western blot was used to evaluate the protein

of α-SMA. LX2 cells were treated with or without 2.5 ng/ml TGF-β1 and 0–1mM of NaA for 48 h at 24 h post-transfection. (C,D) Real-time PCR was used to evaluate

the mRNA expression of Col1a1. LX2 cells were treated with or without 2.5 ng/ml TGF-β1 and 0–1mM of NaA for 48 h at 24 h post-transfection. LX2 cells were

treated as detailed in the section Materials and Methods. For all bar graphs, data are the mean ± SD, #p < 0.05, as compared with CON, and *p < 0.05, **p < 0.01,

as compared with MOD. The significant difference was assessed using the one-way ANOVA followed by LSD post-tests. Control group (CON), group model cell

treated with a TGF-β1 (MOD), sodium acetate (NaA), arbitrary unit (AU).
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FIGURE 4 | Potential targets of NaA. LX2 cells were treated with or without 2.5 ng/ml TGF-β1 and 0–1mM of NaA for 48 h. After quantitative analysis of the results

using gray analysis software. (A) The component-target network. Phosphorylation analysis of 43 potential targets. 43 protein contains a protein called p53, protein

p53 has three phosphate sites (s15, s392, and s46), we will uniform them as p53. The red represents to compare with the CON, the model is significantly different,

(Continued)
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FIGURE 4 | the green represent to the NaA treatment group is significantly different from MOD, the yellow part means that both MOD and NaA treatment group are

significant. (B–D) Phospho-kinase array screening. Differentially expressed phosphor-proteins are labeled by frames, two types with opposite trends, namely AMPKα

and c-Jun amino-terminal kinase. LX2 cells were treated as detailed in the section Materials and Methods. For all bar graphs, data are the mean ± SD, #p < 0.05, as

compared with CON, and *p < 0.05, as compared with MOD. The significant difference was assessed using the one-way ANOVA followed by LSD post-tests. Control

group (CON), group model cell treated with a TGF-β1 (MOD), sodium acetate (NaA), arbitrary unit (AU).

FIGURE 5 | Research on the specific mechanism of NaA on the activaon of LX2 cells. LX2 cells were treated with or without 2.5 ng/ml TGF-β1 and (0–1) mM of NaA

for 48 h at 24 h post-transfection. (A) HPLC was used to evaluate Intracellular AMP: ATP. (B,C) Western blot was used to evaluate phosphorylation of AMPKα and

c-Jun. LX2 cells were treated as detailed in the section Materials and Methods. For all bar graphs, data are the mean ± SD, #p < 0.05, ##p < 0.01, as compared

with CON, and **p < 0.01, as compared with MOD. The significant difference was assessed using the one-way ANOVA followed by LSD post-tests. Control group

(CON), group model cell treated with a TGF-β1 (MOD), sodium acetate (NaA), arbitrary unit (AU).
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acetate-activated LX2 cells were verified using PPARγ silencing.
The expression of PPARγ in the silenced cells was decreased
(Figure 6A), and siPPARγ-2 represented the best silencing
efficiency. Western blot showed that the inhibition of α-SMA
(Figure 6B) and phosphorylation of Smad2 (Figure 6C) by
SCFAs were significantly disrupted by siRNA-PPARγ. Moreover,
siRNA-PPARγ abolished the inhibitory effects of SCFAs against
TGF-β1 induced increase in the gene expression of Col1a1 and
Fn (Figures 6D,E). Taken together, these data indicated that the
inhibition of HF by SCFAs was dependent on PPARγ.

DISCUSSION

This study evaluated the potential antifibrotic effects of three
dominant SCFAs, acetate, propionate, and butyrate, based on
TGF-β1-activated LX2 cells. NaA represented the best efficacy
at inhibiting fibrotic markers, indicating the ability to alleviate
HSCs activation. Furthermore, the underlying mechanisms were
elucidated. We found that NaA could enter into cells to inhibit
HSC activation rather than through GPR43 receptor or act as
an inhibitor of HDAC. Finally, we demonstrated NaA regulates
AMPKα/PPARγ and c-Jun signaling pathways, which further
block TGF-β1/Smad2 to suppress the activation of LX2 cells. To
the best of our knowledge, this is the first study to investigate the
direct effects of different SCFAs on activating HSCs and revealing
the underlying mechanisms.

As major gut microbial metabolites, SCFAs showed their
direct or indirect influence on the gut-liver communications and
played a role in liver functions (22). However, inconsistent effects
of different SCFAs on liver functions were observed previously.
Previous studies demonstrated that SCFAs contributed to
obesity and liver steatosis as they provide ∼10% of daily
caloric consumption and might enhance nutrient absorption by
promoting the expression of glucagon-like peptide 2 (GLP-2),
obesity, and liver steatosis that could trigger liver inflammation
and NAFLD, as well as HF (31). Moreover, another study
showed that acetate activated the parasympathetic nervous
system resulting in increased ghrelin secretion and glucose-
stimulated insulin secretion (GSIS), which in turn generated
ectopic lipid deposition and insulin resistance in the liver
(32). Conversely, accumulating evidence showed that SCFAs act
through GPR41 and GPR43 in L cells to promote peptide YY
(PYY) and GLP-1 and alter satiety and energy intake, which
further alleviates obesity or NAFLD indirectly (33). SCFAs
also regulate hepatic metabolism by altering hepatic AMPK
phosphorylation and expression of PPARα target genes involved
in free fatty acids (FFAs) oxidation. Thus, SCFAs might act both
directly and indirectly to alleviate hepatic metabolism disorder
via complicated processes (17). HF was closely associated with
various types of chronic inflammatory damage in the liver as a
compensatory pathophysiological process, especially for steatosis
or steatohepatitis. The activation of HSCs had been confirmed
to play a critical role in HF (6). Currently, there is no evidence
to show how exogenous SCFAs directly affect HF. To address
whether SCFAs improved HF symptoms and which SCFAs

were the most effective, we provided primary data concerning
the direct effects of acetate, propionate, and/or butyrate on
alleviating TGF-β1-induced LX2 cell activation. Among these,
high-dose sodium acetate (1mM) was considered efficacious in
alleviating LX2 cell activation. Similarly, in our previous study,
NaA displayed maximum efficacy at decreasing liver steatosis
(18), i.e., supplementation of SCFA is beneficial for managing
HSC activation. We also observed that high dose of propionate
increased level of α-SMA and related gene (Acta2), but have
no influence on Colla1 and Fn. These results suggested high
dose of propionate might induce the fibrosis. However, few
studies provided similar evidence, except Lee et al. (34) showed
propionate level in stool samples increased with worsening
fibrosis severity (level of fibrogenic genes and proteins, such as α-
SMA) of non-obese NAFLD patients. We noticed that high dose
propionate (500–1,000 µmol/L) stimulated viability of LX2 cells
(Figure 1A). Since we speculated that induced expression of α-
SMA by high dose propionate may related high cell viability by
the treatment of propionate. The clear mechanism need to be
elucidated in furture studies.

The mechanisms of acetate inhibiting HSCs activation were
further investigated in LX2 cells. The biological responses of
acetate on host cells result from the inhibition of HDAC
or the activation of GPRs, such as GPR41 and GPR43
(32). GPR43 has been identified in the colon, as well as in
adipocytes, hepatocytes, enteroendocrine cells, and immune
cells (polymorphonuclear cells and macrophages) (35). Next,
we assessed whether acetate activates GPR43, the membrane
FA receptor for which acetate had the highest affinity, during
the HSC suppression (36). In contrast to expectations, the
decrease in GPR43 by RNA silencing could not attenuate
acetate-altered expression of α-SMA protein and Col1a1 mRNA.
Then, we investigated whether acetate altered HSC activation
by inhibiting HDAC in LX2 cells, while acetate and/or TGF-
β1 treatment did not have an impact on the expression of
HDAC mRNA, indicating that NaA inhibited the activation
of HSCs via pathways independent of GPR43 or HDAC. On
the other hand, the concentration of intracellular acetate was
significantly increased in LX2 cells treated by NaA, indicating
that acetate entered the cells and affected the intracellular
signals. This phenomenon was consistent with the previous
report, wherein SCFAs attenuate intestinal inflammation by
entering Caco-2 cells (37) through monocarboxylate transporter
1 (MCT1) or sodium monocarboxylate transporter 1 (SMCT1)
transport protein and act independently of GPR43 or HDAC
(26). Similarly, another study indicated that acetate was absorbed
mainly by passive diffusion, accumulated inside m-ICcl2 cells,
and stimulated lipid consumption in enterocytes (30). The
increasing intracellular concentration of NaA demonstrated
that NaA partially inhibits LX2 cell activation by entering
the cells.

Acetate might directly interact with intracellular signaling
molecules to regulate HSCs activation. However, the molecular
mechanisms underlying this effect are yet to be elucidated.
Herein, we used antibody-based array kits to analyze the
mechanism by which acetate inhibited LX2 cell activation.
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FIGURE 6 | NaA-mediated anti-fibrosis effects were partially reversed by siRNA-PPARγ. LX2 cells were cultured and transfected with 50 nM Lipofectamine® 2000

RNAiMax reagent and PPARγ siRNA. (A) Real-time PCR was used to evaluate the mRNA expression of PPARγ, selected the sequences with the best

(Continued)

Frontiers in Nutrition | www.frontiersin.org 11 September 2021 | Volume 8 | Article 7295836755

https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/journals/nutrition#articles


Li et al. SCFA Inhibit HSC Activation

FIGURE 6 | silence efficiency. (B,C) Western blot was used to evaluate the protein of α-SMA and phosphorylation of Smad2. LX2 cells were treated with or without

2.5 ng/ml TGF-β1 and 0, 1mM of NaA for 48 h at 24 h post-transfection. (D,E) Real-time PCR was used to evaluate the mRNA expressions of Col1a1 and Fn. LX2

cells were treated with or without 2.5 ng/ml TGF-β1 and 0–1mM of NaA for 48 h at 24 h post-transfection. LX2 cells were treated as detailed in the section Materials

and Methods. For all bar graphs, data are the mean ± SD, #p < 0.05, ##p < 0.01, as compared with CON, and *p < 0.05, **p < 0.01, as compared with MOD.

The significant difference was assessed using the one-way ANOVA followed by LSD post-tests. Control group (CON), group model cell treated with a TGF-β1 (MOD),

sodium acetate (NaA), arbitrary unit (AU).

We found that acetate might inhibit HSC activation through
AMPKα and c-Jun pathways. AMPK acted as the primary
sensor of cellular energy status and was closely related to
HF (38). A previous study showed that the loss of AMPK
exaggerates the pathology of NASH caused by diet, including
increased liver damage and fibrosis (38), while AMPK activation
reduced NASH and HF by suppressing the production of fat,
promoting the mitochondrial function in the liver, and inhibiting
the proliferation of HSCs (39). AMPK is also considered the
target of SCFAs involved in the alleviation of metabolic disease.
Some studies reported that enterocytes exposed to acetate
induced a marked increase in phosphorylated AMPKα and
ameliorated lipid metabolism (30). These observations suggested
that AMPK might play a role in HSC suppression by acetate.
The antibody-based array kits and Western blot revealed that
the phosphorylation of AMPKα was reduced after TGF-β1
treatment, indicating that the low phosphorylation level of
AMPKα is closely related to HSC activation. We observed that
acetate restored the decreased phosphorylation level of AMPKα

induced by TGF-β1 and regulated the intracellular ratio of
AMP and ATP, which might be critical to induce AMPKα

phosphorylation. Reportedly, acetate was converted to acetyl
CoA with the formation of AMP by the catalytic action of
cytosolic acetyl CoA synthetase (AceCS1), and it might lead
to increased AMP/ATP ratio in the cytosol. An increase in
AMP/ATP ratio in the cytosol activated AMPK (40), which was
considered as the primary mechanism related to activation of
AMPK by acetate. Based on the results of the phosphokinase
array and Western blot, we observed that c-Jun was involved
in acetate-alleviated LX2 cell activation. Also, acetate reduced
the phosphorylation of c-Jun and thus reduced the expression
of the protein. Moreover, the reduced expression of c-Jun
could inhibit its binding with Smad2, which in turn affects the
TGF-β1-induced transcription of α-SMA (41). Fu et al. (42)
demonstrated that acetate reduces the phosphorylation of c-Jun
in adipocytes. Although c-Jun signaling was found to participate
in the process of acetate-inhibited HSCs activation, future studies
should explore the detailed mechanisms underlying the roles of
c-Jun in HF, especially in HSC activation.

PPARγ is a nuclear receptor expressed in vascular smooth
muscle cells and HSCs. It plays a role in the transcriptional
control of cell growth, differentiation, and liver fibrosis. Cross-
regulation by PPARγ of key fibrogenic factor TGF-β1 signaling
have been identified as a main mechanisms by which PPARγ

inhibits liver fibrosis (43, 44). PPARγ has been shown to
disrupt TGF-β1-activated stress-activated protein kinase/c-Jun
N-terminal kinase signaling, leading to decreased Smad2/3

activity and myofibroblast activation (34, 43). Similarly, Choi
et al. showed that Capsaicin can ameliorate hepatic fibrosis by
inhibiting the TGF-β1/Smad pathway via PPARγ activation (45).
Our study indicated that NaA can activate PPARγ by increasing
the phosphorylation of AMPK or reducing the phosphorylation
of c-Jun. Considering the credible relation between PPARγ and
TGF-β1/Smad2 pathway, we concluded that NaA inhibited TGF-
β1/Smad2 pathway via PPARγ activation. PPARγ was highly
expressed in quiescent HSCs of the normal liver but stimulated
the inhibited HSC proliferation during hepatic fibrogenesis
by reducing the expression of α-SMA protein and Col1a1
mRNA (46). Intriguingly, PPARγ agonists/ligands inhibit both
HSCs activation and HF (47). Therefore, PPARγ status is a
pivotal marker for the success of antifibrotic therapy. AMPK
is a known upstream agonist of PPARγ, and the activation
of AMPK upregulates PPARγ expression (48). Some studies
showed that the activation of AMPK/PPARγ pathway was
related to the alleviation of NAFLD in mice (49). Na et al.
(50) reported that acetate activated AMPK by increasing the
AMP/ATP ratio, thereby increasing the PPARγ expression for
blood pressure control. In this study, we found that NaA
inhibited TGF-β1-induced increase in α-SMA expression and
Smad2 phosphorylation, and silenced PPARγ disrupted the
effects of NaA. These results at least partially confirmed the
involvement of PPARγ in the inhibition of LX2 cells activated
by NaA. We also observed that the phosphorylation level of
AMPKα was related to HSC activation and thus, speculated that
NaA inhibited HSC activation via AMPK/PPARγ pathway. The
detailed interactions between AMPK and PPARγ and the role of
acetate in this process need to be elucidated further.

CONCLUSION

The TGF-β1-activated LX2 cells were alleviated by the effects
of three dominant SCFAs, acetate, propionate, and butyrate.
Acetate showed the best efficacy in suppressing fibrogenic
markers and key signaling pathways in LX2 cells. We also
found that NaA enters the cells and inhibits LX2 cell activation
independent of GPR43, the canonical receptor of acetate. NaA
also restores the phosphorylation levels of AMPK that are
reduced in activated HSCs, while c-Jun and PPARγ are involved
in the progress of inhibiting the activation of HSCs. Next, we
suggested that the AMPK/PPARγ/Smad2 pathway is a novel
mechanism associated with NaA-mediated anti-fibrosis against
the activation of HSCs. This study provides evidence with respect
to the correlation between gut microbial metabolites and the
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occurrence and development of HF and the connection of gut-
liver axis and proposed sodium acetate as a putative candidate
for the regulation of HF.
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Chronic kidney disease (CKD) is characterized with the influx of uremic toxins,

which impairs the gut microbiome by decreasing beneficial bacteria that produce

short-chain fatty acids (SCFAs) and increasing harmful bacteria that produce gut-derived

protein-bound uremic toxins (PBUTs). This study aimed to assess the proapoptotic

effects of three major gut-derived PBUTs in hepatocytes, and the effects of SCFAs

on apoptosis phenotype in vitro. HepG2 (human liver carcinoma cells) and THLE-2

(immortalized human normal liver cells) cell line were incubated with 0, 2, 20, 200,

2000µM p-cresol sulfate (PCS), indoxyl sulfate (IS), and hippuric acid (HA), respectively,

for 24 h. Flow cytometry analysis indicated that three uremic toxins induced varying

degrees of apoptosis in hepatocytes and HA represented the highest efficacy. These

phenotypes were further confirmed by western blot of apoptosis protein expression

[Caspase-3, Caspase-9, B-cell lymphoma 2 (Bcl-2), and Bcl-2-associated X protein

(Bax)]. Human normal hepatocytes (THLE-2) are more sensitive to PBUTs-induced

apoptosis compared with human hepatoma cells (HepG2). Mechanistically, extracellular

HA could enter hepatocytes, increase reactive oxygen species (ROS) generation, and

decrease mitochondrial membrane potential dose-dependently in THLE-2 cells. Notably,

coculture with SCFAs (acetate, propionate, butyrate) for 24 h significantly improved

HA-induced apoptosis in THLE-2 cells, and propionate (500µM) represented the highest

efficacy. Propionate reduction of apoptosis was associated with improving mitochondria

dysfunction and oxidative stress in a manner involving reducing Caspase-3 expression,

ROS production, and increasing the Bcl-2/Bax level. As such, our studies validated

PBUTs accumulation might be an important cause of liver dysfunction in patients with

CKD, and supplementation of SCFAsmight be a viable way to protect the liver for patients

with CKD.

Keywords: uremic toxins, hepatocytes, apoptosis, hippuric acid, short chain fatty acid
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INTRODUCTION

Chronic kidney disease (CKD) has become a serious health issue
affecting 10–15% of the global population (1). The pathogenesis
of CKD is characterized by kidney filtration dysfunction, leading
to blood retention of uremic toxins (2). More than 130 uremic
toxins have now been identified and categorized as small water-
soluble molecules, middle-sized molecules, and protein-bound
uremic toxins (PBUTs) (2, 3). Several of the most harmful
PBUTs, including indoxyl sulfate (IS), p-cresol sulfate (PCS),
and hippuric acid (HA), are produced by gut bacteria and are
hard to be removed by current conventional dialysis (2, 4).
Intestinal flora metabolizes tryptophan and tyrosine, leading to
the production of indole and p-cresol, which are subsequently
metabolized as PBUTs by hepatic cytosolic enzymes and finally
secreted to the blood circulation (5–7). The accumulation
of PBUTs could exert harmful biological activity on other
tissues or organs, mainly on the kidney and the cardiovascular
system (8, 9). Notably, patients with primary renal disease
often have coexisting liver disease, which presents diagnostic
and treatment challenges (10). Zhu et al. found that PCS
induced oxidative stress, glutathione depletion, and cellular
necrosis in human hepatocytes (11). IS and PCS could affect
hepatic bile acid transport and mitochondrial functions (6, 8).
In this respect, Weigand et al. revealed that HA mediated
liver injury primarily via mitochondrial toxicity (12). These
studies evidenced that PBUTs also induced liver injury, although
the mechanism is still unclear. Apoptosis is critically involved
in PBUTs-induced harmful biological activities. PCS induced
adipocyte and cardiomyocyte apoptosis viamitochondria-related
pathways (13, 14). Lin et al. found IS caused apoptosis via
oxidative stress and mitogen-activated protein kinase (MAPK)
signaling inhibition in human astrocytes (15). IS also triggered
apoptosis in the myoblast resulting in uremic sarcopenia (16).
However, scarce research has been conducted to explore the
proapoptotic effects of PBUTS on the liver, an extremely
important organ to the metabolism, which attracted our
scientific interest.

Biochemical disorders in CKD have been confirmed to
some degree as a consequence of insufficient short-chain
fatty acids (SCFAs) production due to gut dysbiosis (17).
SCFAs are the main intestinal bacterial metabolites of dietary
fiber (18). The most abundant SCFAs in the human gut
are acetate, propionate, and butyrate, which constitute over
95% of the total SCFAs content (18, 19). Previous evidence
showed that SCFAs regulated metabolic processes as substrates
and signaling molecules by entering the systematic circulation
(20). Additionally, Hu et al. found that acetate and butyrate
improved β-cell apoptosis-involved mitochondrial-dependent
pathways (21). Furthermore, propionate was established to
inhibit the apoptosis of human islet and hippocampus cells
via mitochondrial dysfunction attenuation (22–24). Dietary
supplementation with sodium butyrate alleviated dairy goat
hepatocyte apoptosis (25). These findings implied the potential
of SCFAs apoptosis pathway regulation. However, insufficient
investigations have been performed so far to assess the effects of
SCFAs on human hepatocyte apoptosis.

In this study, we explored the proapoptotic effect of three
important gut-derived uremic toxins (HA, IS, and PCS) and
their potential mechanisms of action on human hepatoma and
hepatocyte cells. Furthermore, we also evaluated the impact
of three major SCFAs (acetate, propionate, and butyrate) on
hepatocyte apoptosis-related phenotypes.

MATERIALS AND METHODS

Cell Culture
HepG2 cells, a human hepatoma cell line, were purchased
from the Stem Cell Bank, Chinese Academy of Sciences
(Shanghai, China), and cultured in Dulbecco’s Modified Eagles
Medium (DMEM, Gibco, USA) containing 10% fetal bovine
serum (Gibco, USA) and 100 U/ml penicillin and streptomycin
(Beyotime, China) in a 5% CO2 incubator at 37

◦C. THLE-2 cells,
a human hepatocyte cell line, were purchased from the Stem
Cell Bank, Chinese Academy of Sciences (Shanghai, China), and
cultured in RPMI 1640 medium (Gibco, USA) containing 10%
fetal bovine serum (Gibco, USA) and 100 U/ml penicillin and
streptomycin (Beyotime, China) in a 5% CO2 incubator at 37

◦C.

Cell Cytotoxicity Assays
An enhanced Cell Counting Kit-8 assay (Beyotime, China) was
used to determine cell viability. HepG2 and THLE-2 cells were
seeded at a density of 5 × 103 per well onto flat-bottom 96-
well culture plates (Corning, USA) and treated for 24 h with
0–5mM PCS, IS, HA, potassium chloride (KCL) (Sigma, USA),
or uremic toxin mixtures, respectively. The doses applied were
set based on clinical uremic concentration data in patients with
CKD. The following mean concentrations were used: 1,000µM
HA, 200µM IS, and 100µM PCS. The highest concentrations
utilized were as follows: 2,000µM HA, 1,000µM IS, and
200µM PCS (26, 27). KCL was used as a control treatment to
exclude osmotic pressure interference since IS and PCS exist
in the form of potassium salt in the circulation (4). Uremic
toxins mixtures were admixed with the mean (Mixtoxins-L)
and highest dose (Mixtoxins-H) of the three uremic toxins,
respectively. The absorbance values of viable cells were finally
determined at 450 nm using a microplate spectrophotometer
(BioTek Winooski, VT, USA). The cell inhibitory rates were
measured according to the product protocol.

Hepatocyte Apoptosis Assessment
Annexin V-Fluorescein isothiocyanate/propidium iodide
(FITC/PI) detection kit (Beyotime, China) was used for
apoptosis assessment. To explore the proapoptotic effects of
gut-derived PBUTs on hepatocytes, HepG2 and THLE-2 cells
were seeded into six-well plates at a density of 1 x 106 cells.
The cells were treated for 24 h with 2, 20, 200, and 2,000µM
IS, PCS, and HA, correspondingly. To explore the effects of
SCFAs on HA-induced apoptosis in hepatocytes, THLE-2 cells
grown in a six-well plate were treated with 2,000µM HA in the
presence/absence of SCFAs (500 or 5,000µM sodium acetate,
50 or 500µM sodium propionate, and 50 or 500µM sodium
butyrate) (28) when the confluency reached 70–80%. After
the treatment, the cells were washed with PBS, trypsinized,
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and resuspended in 1× binding buffer. Then, the cells were
stained with 5 ul of annexin V-FITC and 10 uL of PI in the dark
for 20min at room temperature. The samples were analyzed
by flow cytometry (Beckman Coulter Inc., Brea, CA, USA)
after staining. Annexin V–/PI– indicated viable cells, Annexin
V+/PI– early-stage apoptotic cells, Annexin V+/PI+ end-stage
apoptotic cells, and Annexin V–/PI+ cell debris.

Mitochondrial Membrane Potential
Measurement
A mitochondrial membrane potential (MMP) assay kit with
5,5′,6,6′-tetrachloro-1,1′,3,3′-tetraethylbenzimidazolylcarbocyan
ine iodide (JC-1) (Beyotime, China) was used according to the
product instruction. THLE-2 cells were seeded into a six-well
plate and treated with various concentrations of HA for 24 h. The
cells were next washed with PBS and incubated in JC-1 working
solution for 20min at 37◦C in the dark. After the incubation, we
discarded the supernatant and washed the cells with JC-1 dying
buffer. A volume of 2ml of complete DMEM medium further
was added in each well of the six-well plate. JC-1 monomer
(green fluorescence distribution with an excitation wavelength
of 490 nm and emission wavelength of 530 nm) and j-aggregates
(red fluorescence distribution with an excitation wavelength of
525 nm and emission wavelength of 590 nm) were measured by a
fluorescent microscope (Olympus, Tokyo, Japan). Mitochondrial
depolarization was indicated by the decrease in the red/green
fluorescence intensity ratio.

Intracellular Reactive Oxygen Species
Production Measurement
A reactive oxygen species (ROS) assay kit (Beyotime, China)
was used for intracellular ROS detection following the product
guidelines. THLE-2 cells were seeded into a six-well plate and
treated for 24 h with various concentrations of HA, PCS, and IS in
the presence/absence of 500µM sodium propionate. Cells were
incubated with 2

′

, 7
′

-dichlorofluorescein diacetate (DCFH-DA)
dissolved in serum-free DMEM (1:1,000) in the dark for 20min.
Fluorescence intensity was measured by flow cytometry and/or
fluorescent microscope (Olympus, Japan) quantified by Image
J software.

Intracellular and Extracellular HA
Determination
Ultra-high-performance liquid chromatography (HPLC,
Waters, USA) coupled with a TripleTOF R© 5600 plus (Applied
Biosystems, Foster City, CA, USA) mass spectrometer was used
to measure the intracellular and extracellular HA content in
THLE-2 cells as previously described (29) with a modification
in the sample preparation, which is detailed below. Cells were
seeded into six-well plates at a density of 1 x 106 cells. The
cells were then treated with various doses of HA for 24 h or
15min after confluency had reached 80%. After the treatment,
the medium was collected and centrifuged at 350 g for 5min.
The pellet was discarded, and the supernatant was collected
for extracellular HA measurement. The cells in the plates after
the treatment were washed with PBS two times, scraped, and

homogenized, and then centrifuged for 10min at 4,000 g and
4◦C. Finally, the supernatant was collected for intracellular
HA determination.

Western Blot Analysis
HepG2 and THLE-2 cells were cultured in a six-well plate and
treated as described above. Cultured cells were prepared
for Western blot analysis as reported previously (28).
The membranes were incubated with primary antibodies:
glyceraldehyde-3-phosphate dehydrogenase (GAPDH), B-
cell lymphoma 2 (Bcl-2), Bcl-2-associated X protein (Bax),
cleaved caspase-3, and cleaved caspase-9 (CST, USA). After
the incubation with a goat anti-rabbit horseradish peroxidase-
conjugated secondary antibody (Beyotime, China) at a dilution
of 1:10,000 for 1 h, the proteins were visualized using a Luminata
Forte Enhanced Chemiluminescence Kit (Millipore, Bedford,
MA, USA), and the band intensities were analyzed using the
QuantityOne analysis software (Bio-Rad, Hercules, CA, USA).

Statistical Analysis
Numeric data were expressed as mean ± SD. Statistical
significance was determined using the one-way ANOVA followed
by least significant difference (LSD) posttests with statistical
package for the social sciences (SPSS) 25.0. Differences were
considered statistically significant at a two-tailed p-value < 0.05.

RESULTS

Gut-Derived PBUTs Induced Apoptosis in
HepG2 Cells
Uremic syndrome coupled with kidney dysfunction is
characterized by retention of uremic toxins, and several of
the most harmful uremic toxins are produced by gut bacteria,
including HA, IS, and PCS (5). These toxins are protein-bound
and are, therefore, hard to remove, which leads to their abnormal
blood circulating concentrations, exert harmful biological
activity on other organs (27). Although PCS was found to induce
oxidative stress, glutathione depletion, and cellular necrosis
in a human liver cell line, more evidence is needed to clarify
the effects of gut-derived PBUTs on hepatocytes (11). In this
study, we determined the effects of 0–5mM HA, IS, PCS, and
KCL on HepG2 cell viability (Figure 1A). Cell viability was
not significantly reduced by the incubation with 0–5mM PCS
or HA for 24 h. The KCL treatment failed to influence HepG2
cell viability, which excluded the potential interference of the
potassium salt form of IS and PCS on the osmotic pressure.
The treatment with 0–1mM IS for 24 h did not alter HepG2
cell viability, whereas doses beyond 1mM caused a significant
reduction in cell viability (Figure 1A).

Next, we sought to examine the proapoptotic effects of three
PBUTs in HepG2 cells. Notably, the treatment with 200µM
IS for 24 h markedly elevated the end-stage apoptosis with
no significant alterations achieved in the other treatments
(Figure 1B; Supplementary Figure S1A). As for PCS, various
doses incubation for 24 h failed to induce apoptosis in
HepG2 cells (Figure 1C; Supplementary Figure S1B). Notably,
we found that the HA treatment with 200 and 2,000µM in of
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FIGURE 1 | Gut-derived protein-bound uremic toxins (PBUTs) induced apoptosis in HepG2 cells. (A) PBUTs cytotoxic effects. CCK8 assay was performed for HepG2

cells treated with p-cresol sulfate (PCS), indoxyl sulfate (IS), hippuric acid (HA), and KCL at doses of 0-5mM for 24 h (n = 3). (B) Effect of IS on HepG2 apoptosis (n =

3). After 24 h treatment, flow cytometry was performed on cells stained with annexin V-FITC and PI. CON, control. IS-2, 2µM IS treatment. IS-20, 20µM IS treatment.

IS-200, 200µM IS treatment. IS-2000, 2000µM IS treatment. Group settings are the same with PCS (C) and HA (D). (C) Effect of PCS on HepG2 apoptosis (n = 3).

(D) Effect of HA on HepG2 apoptosis (n = 3). For all bar graphs, the data are the mean ± SD. #, P < 0. 05 vs. CON group. The significant difference was assessed

using the one-way ANOVA followed by LSD posttests.

the HepG2 cells led to a significantly higher total apoptosis cell
percentage than that of the control group, by 10.86% and 5.26%
(Figure 1D; Supplementary Figure S1C).

Gut-Derived PBUTs Induced Apoptosis in
the THLE-2 Cells
We also examined the metabolic effects of IS, PCS, and HA
on the human hepatocyte cell line THLE-2. The treatment and
concentrations were set as detailed in section Materials and
Methods. Similarly, to the results we obtained in the HepG2
cells, the THLE-2 cell viability was not significantly reduced
by incubation with 0–5mM PCS, HA and 0–1mM IS for
24 h, whereas IS beyond 1mM markedly decreased THLE-2 cell
viability (Figure 2A). PBUTs are always present together in the
system circulation of patients with CKD (30), which raised our
research interest in the effects of PBUTs mixture on hepatocytes.
We found that neither the low (HA: 1,000µM, IS: 200µM, PCS:
100µM), nor the high doses (HA: 2,000µM, IS: 1,000µM, PCS:
200µM) of PBUTs mixture altered the THLE-2 cell viability as
compared with that of the control group (Figure 2B).

The treatments with 2, 20, and 200µM IS for 24 h failed
to induce apoptosis in THLE-2 cells, whereas the treatment
with 2,000µM IS induced 0.36-, 1.02-, and 0.55-fold increases
in the early, late, and total apoptosis percentages as compared

with the control group (Figure 2C; Supplementary Figure S2A).
The incubation of 2,000µM PCS with THLE-2 cells for 24 h
induced significantly higher apoptosis, 0.96, 1.57, and 1.13-
fold in the early, late, and total apoptosis, as compared with
the control group (Figure 2D; Supplementary Figure S2B). The
treatments with 200 and 2,000µM HA induced significantly
higher THLE-2 cell apoptosis in a dose-dependent manner. The
incubation with 2,000µM HA for 24 h resulted in increased
early, late, and total apoptosis levels to 33.89, 12.17, and 46.07%,
correspondingly, which was 1.92-, 0.69-, and 1.45-fold higher
than the respective values in the control group (Figure 2E;
Supplementary Figure S2C). The high doses of the three PBUT
mixtures significantly increased the apoptosis level in the THLE-
2 cells. The total apoptosis percentage was 17.69% higher
followed by that of the late apoptosis (13.23%) and the early
apoptosis (4.45%), as compared with the control group respective
values (Figure 2F; Supplementary Figure S2D).

Effects of PBUTs on the Apoptotic Protein
Expression in Hepatocytes
We sought to examine the effects of the three PBUTs studied
on the apoptosis signaling in hepatocytes by Western blot
analysis, and determination of the levels of crucial apoptotic
proteins, including cleaved caspase-3, cleaved caspase-9, Bcl-2,
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FIGURE 2 | Gut-derived PBUTs induced apoptosis in THLE-2 cells. (A) PBUTs cytotoxic effects. CCK8 assay was performed for THLE-2 cells treated with PCS, IS,

HA, and KCL at doses of 0-5mM for 24 h (n = 3). (B) Effects of three PBUTs mixture on THLE-2 cell viability (n = 5). (C) Effect of IS on THLE-2 apoptosis (n = 2-3).

After 24 h treatment, flow cytometry was performed on cells stained with annexin V-FITC and PI. CON, control. IS-2, 2µM IS treatment. IS-20, 20µM IS treatment.

IS-200, 200µM IS treatment. IS-2000, 2000µM IS treatment. Group settings are the same with PCS (D) and HA (E). (D) Effect of PCS on THLE-2 apoptosis (n =

2-3). (E) Effect of HA on THLE-2 apoptosis (n = 3). (F) Effects of three gut-derived PBUTs mixture on THLE-2 apoptosis (n = 3). For all bar graphs, the data are the

mean ± SD. #, P < 0. 05 vs. CON group. The significant difference was assessed using the one-way ANOVA followed by LSD posttests.

and Bax. The treatment of cultured HepG2 cells with 2, 200µM
IS for 24 h did not cause significant changes in the apoptotic
protein expression (Figure 3A). In the THLE-2 cells, various
doses of IS significantly decreased the Bcl-2/Bax expression
level, which functions as an important apoptosis regulator (31)
(Figure 3B). The treatments with 2 and 200µM PCS did not
alter significantly the apoptotic protein expression in HepG2
cells (Figure 3C). However, the treatment with 200µM PCS
increased the cleaved caspase-3 expression, but 2,000µM PCS

significantly decreased the Bcl-2/Bax expression level in the
THLE-2 cells (Figure 3D). The treatment with 200µM HA
significantly elevated the cleaved caspase-9 expression in the
HepG2 cells (Figure 3E); the incubation with both 2 and
200µM HA for 24 h significantly decreased the Bcl-2/Bax
expression level in the THLE-2 cells (Figure 3F). These results,
together with the findings displayed in Figures 1, 2, strongly
indicate that the three PBUTs induced partial apoptosis in
the hepatocytes.
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FIGURE 3 | Effects of PBUTs on the apoptotic apoptosis protein expression in hepatocytes. HepG2 and THLE-2 cells were treated as detailed in section “Materials

and Methods.” (A,B) Effects of IS on apoptosis protein expression. (C,D) Effects of PCS on apoptosis protein expression. (E,F) Effects of HA on apoptosis protein

expression. HepG2 and THLE-2 cells were examined for apoptosis protein using Western blot. Bar graphs display quantification of blots. For all bar graphs, the data

are the mean ± SD (n = 2-3). #, P < 0. 05 vs. CON group. The significant difference was assessed using the one-way ANOVA followed by LSD posttests.
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PBUTs Induced ROS Generation and
Mitochondrial Damage in the Hepatocytes
Reactive oxygen species have been tightly linked to the
activation of the mitochondria-related apoptosis pathway (32).
We measured the effects of gradient doses of PBUTs on the
ROS production in THLE-2 cells. The IS or HA treatments
with 200 and 2,000µM for 24 h induced significantly higher
ROS generation in the THLE-2 cells, whereas the PCS treatment
exerted no significant alteration (Figures 4A–C). We chose HA
for further investigation since HA had the highest proapoptotic
efficacy among the three PBUTs based on our aforementioned
results. Previously, HA had been proven to induce mitochondrial
dysfunction in human endothelial cells (33), but the underlying
mechanism is yet unknown. We aimed to elucidate whether HA
could enter into the cells and act directly on their biological
activity. Our results showed that 24 h of incubation with 200
or 2,000µM HA dose-dependently increased the intracellular
HA concentration in the THLE-2 cells (Figure 4D). Notably,
we established that the incubation with 2,000µM HA for 24 h
or 15min caused no significant difference in the intracellular
HA concentration, which indicated that extracellular HA entered
the hepatocytes and reached a dynamic balance within 15min
(Figure 4D). The incubation with 200 or 2000µM HA for
24 h considerably increased the ROS production in a dose-
dependent manner (Supplementary Figure S3). MMP decline is
an important marker during cell apoptosis (34), and thus we also
measured the alteration in MMP level induced in THLE-2 cells
by the HA treatment. The diverse doses of HA induced obvious
dose-dependent increases in the green fluorescence intensity and
decreases in the red fluorescence as compared with the control
(Figure 4E), which indicated that HA reduced the MMP level.
These results revealed that HA might induce apoptosis involving
ROS generation increase and mitochondrial damage.

Propionate Alleviated HA-Induced
Apoptosis in THLE-2 Cells
Short-chain fatty acids are the main microbial metabolites of
dietary fibers in the gut that participate in metabolic processes as
substrates or signaling molecules (19, 28). Recent studies showed
that SCFAs improved β-cell apoptosis involved mitochondrial-
related ROS suppression (21). In this study, we explored the
effects of three major SCFAs (acetate, propionate, and butyrate)
on HA-induced apoptosis in a human liver cell line (THLE-
2). Surprisingly, we found that the coculture with various
doses of acetate, propionate, and butyrate, respectively, for
24 h improved the apoptosis induced by the treatment with
2,000µM HA (Figure 5A). Of the three SCFAs investigated,
sodium propionate had the highest efficacy. The treatment
with 500µM (NaP-H) and 50µM (NaP-L) propionate markedly
reduced the apoptosis, which was 1.48-fold and 1.00-fold lower
than that in the HA-2000 group. Then, we examined the effects
of propionate on the apoptotic protein expression in the THLE-
2 cells. Notably, 500µM propionate cocultured with THLE-2
cell for 24 h reversed the increase in the cleaved caspase-3 and
the decrease in the Bcl-2/Bax expression levels induced by the
HA treatment (Figure 5B). Besides, the treatment with 500µM

propionate significantly reduced the ROS production induced by
HA as well (Figure 5C). These results revealed that propionate
improved the HA-induced hepatocyte apoptosis by decreasing
ROS generation and caspase-3 protein expression, but increasing
the Bcl-2/Bax protein expression level.

DISCUSSIONS

The accumulation of uremic toxins is the most prominent
feature of CKD and end-stage renal disease. Uremic toxins
are conventionally classified based on the physicochemical
characteristics affecting their clearance during dialysis, of which
PBUT is an important category. Several PBUTs originate from
the gut and are metabolized in the liver (6), which have
been confirmed to impair insulin resistance, kidney fibrosis,
granulocyte function, and cardiovascular health (9, 35). Several
recent studies evidenced that PBUTs induced oxidative stress,
glutathione depletion, cellular necrosis, and bile acid transport
disorders in the liver (6, 8, 11, 12). However, more evidence
is needed to clarify the impact of PBUTs on the liver. The
present study provides the primary data concerning the direct
effects of three gut-derived PBUTs (HA, PCS, and IS) on human
hepatocytes (THLE-2) and hepatoma cells (HepG2), focusing on
the involvement of apoptotic pathways in which mitochondria
are tightly involved.

Gut-derived PBUTs are bioactive microbiota metabolites
originating exclusively from protein fermentation realized by the
gut flora; they enter the blood circulation, where they are sulfated
in the liver (36). Current clinical data indicated that the plasma
level of PBUTs is rather low in the healthy population (HA:
16µM, IS: 2µM, PCS: 10µM), but their average concentrations
increase sharply in patients with CKD (HA: 398µM, IS: 108µM,
PCS: 111µM), as well as their highest concentrations (HA:
2,631µM, IS: 940µM, PCS: 219µM) (27, 37). Existing evidence
indicated that PBUTs induced cellular apoptosis in the kidneys,
brain, muscles, bones, and the heart (14–16, 38, 39), whereas no
such evidence for the liver. In the present study, IS and PCS
exerted limited proapoptotic effects on HepG2 cells, whereas
2,000µM IS and PCS induced marked apoptosis in the THLE-2
cells. HA (200 and 2,000µM) induced apoptosis in both THLE-
2 and HepG2 with the highest efficacy among the three PBUTs.
The different apoptotic effects of the three PBUTs might be partly
due to their involvement in diverse metabolic pathways in the
liver. PCS and IS are sulfated in the hepatic Golgi apparatus
and the endoplasmic reticulum (2, 40). HA is synthesized by the
combination of benzyl-CoA and glycine in the mitochondrial
matrix, which is more likely to induce apoptosis by damaging the
mitochondria in toxic concentrations (26, 41). However, further
investigation is needed to confirm this hypothesis. Our results
also indicated that the THLE-2 cells were more sensitive to
PBUTs-induced apoptosis than the HepG2 cells; all three PBUTs
induced apoptosis in the THLE-2 cells, whereas only the high
dose of HA exerted this effect in the HepG2 cells. This might be
explained by the programmed cell death escape of the cancer cells
by disordering apoptosis pathways (42, 43). The apoptotic effects
of the three PBUTs mixtures on THLE-2 cells were also measured
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FIGURE 4 | PBUTs induced reactive oxygen species (ROS) generation and mitochondria mitochondrial damage in the hepatocytes. (A) Effects of IS on ROS

production in THLE-2 cells. (B) Effects of PCS on ROS production in THLE-2 cells. (C) Effects of HA on ROS production in THLE-2 cells. After treatment, cells were

stained with DCFH-DA and measured by flow cytometry (n = 3). (D) Intracellular and extracellular HA concentration in THLE-2 cells cultured with different doses of HA

after 24 h or 15min (n = 3). (E) Effects of HA on mitochondrial membrane potential (MMP) in THLE-2 cells. After 24 h HA treatment, cells were stained with JC-1

solution to measure MMP level. For all bar graphs, data are the mean ± SD. *, P < 0. 05 vs. CON group. The significant difference was assessed using the one-way

ANOVA followed by LSD posttests.

by the dose simulation of the average and highest plasma level
in patients with CKD, whereas markedly induced apoptosis
was observed only in the high-dose groups (HA: 2,000µM,
IS: 1,000µM, and PCS: 200µM). This finding provides further
evidence for the positive feedback between PBUTs accumulation
and liver injury in patients with CKD (44, 45).

Moreover, PBUTs treatment markedly increased ROS
production, caspase-3 protein expression, but decreased the

Bcl-2/Bax protein level in the THLE-2 cells. These proteins are
considered to be mitochondria-mediated apoptosis regulators
(46). Oxidative stress plays a crucial role in the potential
apoptotic mechanism of PBUTs action. Supporting evidence exist
that 500µM PCS induced cardiac apoptosis partly via triggering
NADPH oxidase activity and ROS production (14). Additionally,
10µM IS induced apoptosis in human astrocytes through
oxidative stress induction and MAPK pathway inhibition (15).
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FIGURE 5 | SCFA improved PBUT-induced apoptosis in THLE-2 cells. (A) Effects of SCFAs on HA-induced apoptosis in THLE-2 cells (n =3). CON, control group.

HA-2000, 2000µM. NaA-L, 500µM sodium acetate. NaA-H, 5000µM sodium acetate. NaP-L, 50µM sodium propionate. NaP-H, 500µM sodium propionate.

NaB-L, 50µM sodium butyrate. NaB-H, 500µM sodium butyrate. (B) Propionate improved HA-induced apoptosis protein expression in THLE-2 cells (n = 2-3). (C)

Propionate improved HA-induced ROS production in THLE-2 cells (n =3). For all bar graphs, the data are the mean ± SD. #, P < 0. 05 vs. CON group. *, P < 0. 05

vs. HA-2000 group. The significant difference was assessed using the one-way ANOVA followed by LSD posttests.
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Moreover, 40mMHA triggered apoptosis mediated partly by p53
and endoplasmic reticulum stress in pig renal tubular cells (47).
Notably, we found that extracellular HA entered hepatocytes
reaching dynamic balance within 15min, increasing the ROS
production and reducing the MMP level, which provided
the potential for HA to directly damage the mitochondria by
entering the hepatocytes (12). HA is not eliminated by the liver,
and avid influx and efflux occur across the basolateral membrane,
mediated by the hepatic monocarboxylate transporter 2 (48, 49).
Mitochondria could be the target of uremic toxins, and thus
consequent mitochondrial damage might directly affect the
production of uremic toxins; hence, a positive feedback circle
emerges leading to the accumulation of uremic solutes, exerting
harmful influence on the liver (3). Our present findings indicate
that a toxic concentration of HA may enter the hepatocytes,
causing mitochondrial damage and ROS production, and thus
inducing hepatocyte apoptosis.

Short-chain fatty acids, predominantly acetate, propionate,
and butyrate, are the main microbial metabolites of dietary fibers
in the gut. Our previous studies confirmed that SCFAs improved
hepatic dysfunction by modulating lipid metabolism and
inflammation (28). The present study revealed that three major
SCFAs improved HA-induced apoptosis in human hepatocytes,
of which propionate had the highest antiapoptotic efficacy
and was selected for research to obtain mechanistic insights.
The mechanisms of the antiapoptotic effects of each SCFA
might be different and network-like. Supporting evidence exist
that at concentrations lower than 1mM, acetate and butyrate
inhibit apoptosis via improving mitochondrial dysfunction and
ROS production, whereas higher concentrations have adverse
effects on human islet cells (50). A concentration of 4mM
butyrate and propionate induced apoptosis not only in cancer
cells but also in normal neutrophils by histone deacetylase
(HDAC) inhibitor activity without the involvement of the
G-protein-coupled receptor (GPR)-41/GPR-43 pathway (50).
Acetate and propionate are confirmed to protect the islets
from apoptosis in a GPR43-dependent manner through reduced
caspase-3/7 activities (21, 22). Butyrate attenuated neuronal
apoptosis viaGPR41/Gβγ/PI3K/Akt pathway in rats (51). Recent
studies showed that the mitochondrial function, GPRs, caspase-
3 pathways, and HDAC activity might play a role in the
antiapoptosis effects of SCFA. Furthermore, SCFA might exert
positive impacts by enhancing the apoptosis of tumor cells and
alleviating that of normal cells in various organs or tissues.
Recently, reduced oxidative stress was found to account, at
least partially, for propionate actions, because its effects, such
as reduced caspase-3 expression, ROS production, but increased
Bcl-2/Bax level, are tightly associated with mitochondrial-
dependent apoptosis pathways (46). Although propionate was
confirmed to inhibit apoptosis via increasing mitochondrial
antioxidant enzyme levels and inducing autophagy to initiate
mitochondria biogenesis (24, 52), further research is needed
to elucidate the mechanism of action of propionate on
the mitochondria.

In conclusion, the present study is the first to reveal
that PBUTs (HA, PCS, and IS) induce apoptosis in human
hepatocytes, of which HA has the highest efficacy. Normal
liver cells (THLE-2) are more sensitive to PBUTs-induced

apoptosis than liver cancer cells (HepG2). SCFAs (acetate,
propionate, and butyrate) alleviate HA-induced apoptosis in
THLE-2 cells, of which the treatment with propionate has the
highest efficacy. Mechanistically, HA may induce liver apoptosis
by entering hepatocytes, causing mitochondrial damage and ROS
production. Propionate reduction of apoptosis is associated with
mitochondrial dysfunction and oxidative stress improvement
by reducing caspase-3 expression, ROS production, but by
increasing the Bcl-2/Bax level. Therefore, our study confirms
that PBUTs accumulation might be an important cause of liver
dysfunction in patients with CKD. Notably, the supplementation
of SCFAsmight be a viable strategy for liver protection in patients
with CKD.
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Irritable bowel syndrome with diarrhea and functional diarrhea are both functional bowel
disorders that cause chronic diarrhea. Chronic diarrhea is closely related to daily life and
the psychological condition of diarrhea in patients, and probiotics can play a significant
role in alleviating chronic diarrhea in some research. Lactobaccilus plantarum CCFM1143
can relieve diarrhea in mice caused by enterotoxigenic Escherichia coli (ETEC); however,
its clinical effects remain unclear. This study aimed to assess the effects of CCFM1143 as
a therapy for chronic diarrhea patients. Fifty-five patients with chronic diarrhea were
randomly assigned into the probiotic group (n = 28) and the placebo group (n = 27),
receiving the routine regimen with or without probiotics for 4 weeks, respectively.
CCFM1143 can mitigate the apparent clinical symptoms and improve the health status
and quality of life of patients. In addition, it could inhibit the increase in interleukin 6 (IL-6)
and the decrease in motilin; modulate the short-chain fatty acids, especially acetic and
propionic acids; and regulate the gut microbiota, particularly reducing the abundance of
Bacteroides and Eggerthella and enriching the abundance of Akkermansia, Anaerostipes,
and Terrisporobacter. In addition, treatment with probiotics showed clinical effectiveness
in managing chronic diarrhea when compared with the placebo group. The findings could
help to develop and further the application of probiotics for chronic diarrhea.
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INTRODUCTION

Chronic diarrhea is a complex and common problem faced by
primary care clinicians. Its prevalence worldwide is estimated to
be 3%–20% (1). It also has a significant negative impact on the
health-related quality of life, causes high healthcare utilization,
and increases the economic burden (2). Generally, chronic
diarrhea lasts longer than 28 days, and in addition to the
duration of symptoms, it tends to occur without a clear onset
(1). Stool frequency (more than two bowel movements per day)
and/or stool consistency (loose or watery stools) are the common
criteria to define diarrhea (3). Recent literature has
recommended using abnormal stool consistency rather than
stool frequency, as it correlates best with the objective
measures of whole gut transit time (4).

Irritable bowel syndrome with diarrhea (IBS-D) and
functional diarrhea (FD) are the most common causes of
chronic diarrhea in western populations (5) and are attributed
to functional bowel disorder. Previous studies have combined the
incidences of IBS-D and functional diarrhea to report the
prevalence of chronic diarrhea in the general population (6),
but the underlying pathophysiology remains poorly understood.
According to Roman standards, the main difference in the
symptoms between FD and IBS-D is the presence of
abdominal pain (4). It is particularly challenging when
diarrhea becomes chronic and therefore less likely to
resolve spontaneously.

IBS-D and FD are common diseases accompanied by
disturbances in the intestinal function. Some studies have
reported that probiotics could improve IBS symptoms in IBS-
D patients, which include Lactobacillus brevis KB290 and b-
carotene (7) and a combination of Lactobacillus acidophilus
CL1285, Lactobacillus casei LBC80R, and Lactobacillus
rhamnosus CLR2 (8). In addition, Bifidobacterium infantis Y1
and Bifidobacterium breve Y8 ameliorated the clinical symptoms
and changed the diversity and composition of the gut microbiota
in chronic diarrhea patients (9). Probiotics, including
Lactobacillus and Bifidobacterium, were favored over placebo
for their effects on the overall symptoms of IBS (10, 11).
However, some studies have reported contrasting effects, which
may be related to strain-specific properties and a change in the
host itself (12). Since the prevalence and clinical picture of IBS
show great variations between race and ethnicity, differences in
the gut microbiota between individuals might also exert a role in
IBS (13). Although imbalance in the gut microbiota is a possible
mechanism driving the development of IBS, a lot of previous
research focused on the clinical outcomes. Thus, extensive
clinical studies are still required to elucidate the role the gut
microbiota play in the development of chronic diarrhea and to
design specialized therapy for patients. Previous studies have
shown that Lactobacillus plantarum CCFM1143 can relieve
diarrhea caused by enterotoxigenic Escherichia coli (ETEC)
(14). In this study, chronic diarrhea patients were assigned into
a probiotic group and a placebo group to evaluate the efficacy of
L. plantarum CCFM1143 in relieving chronic diarrhea, which
will provide not only new evidence for probiotics as an
alternative therapy to alleviate chronic diarrhea but also a
Frontiers in Immunology | www.frontiersin.org 28472
foundation of knowledge for exploring the mechanism of
probiotic treatment in alleviating chronic diarrhea.
MATERIALS AND METHODS

Subjects
Ninety patients were randomly assigned to the probiotic and
placebo groups (Figure 1). The inclusion criteria for patients
with diarrhea were as follows: 1) males and females 18–65 years
old; 2) Rome IV standard was used as the diagnostic criterion.
The frequency of defecation is greater than or equal to three
times/day. According to the Bristol Stool Scale, normal stool of
types 3 and 4 are used as a reference. Types 5, 6, and 7 can be
regarded as diarrhea, as shown in Table 1. 3) Not using any
drugs that can affect gastrointestinal motility in the past weeks; 4)
the subjects or their guardians have signed an informed consent
and have good compliance; and 5) routine blood, urine, and stool
tests before treatment and liver and kidney function tests are all
within the normal range. The exclusion criteria were pregnancy,
drug abuse, alcohol addiction, and any immunodeficiency or
organic disease. Participants who had taken medications within 4
weeks prior to this trial were excluded.

Clinical Trial Design
During the study period, volunteers need to record the
consumption of probiotic preparations and emergency
medicines, as well as information related to defecation, and
record the frequency of diarrhea, stool consistency (Bristol
Stool Form Scale, BSFS), pain, and abdominal distension.
Patients with diarrhea were divided into two large groups,
namely, the L. plantarum CCFM1143 intervention group
[3.52 × 109 colony forming units (CFU)/day] and the placebo
(maltodextrin) group. Probiotics can be taken directly, mixed
with warm water (not exceeding 37°C) or mixed with fresh milk
(yogurt or lactic acid bacteria products are not recommended),
and taken 30 min after meals, once a day, for a period of 30 days.
Stool collection was carried out in the fifth week and related
indicators were tested. The experimental preparation period was
1 week and the experimental process was 4 weeks, with a total
duration of 5 weeks. The patients were recruited through the
Yancheng Tinghu District People’s Hospital (Yancheng, Jiangsu
Province, China). The trial was approved by the Ethnic
Committee of the hospital (no. ET2020088).

Assessment of Clinical Outcomes
Patients with diarrhea underwent routine physical examinations
at the first visit and in the fourth week of follow-up visits. The
characteristics examined included height, weight, blood pressure,
blood glucose, blood lipids, four blood routines, urine routine,
stool routine, and liver function. The defecation frequency and
stool status were also recorded to evaluate the relieving effect. At
the same time, abdominal symptoms [we refer to the Irritable
Bowel Syndrome Severity Scoring System (IBS-SSS) for the
evaluation of IBS severity] and daily life points [we refer to the
diarrhea section of the Irritable Bowel Syndrome Quality of Life
October 2021 | Volume 12 | Article 746585
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(IBS-QOL) table) were scored (15, 16). Stool satisfaction, the 36-
Item Short Form Health Survey (SF-36) diarrhea mood score,
and the SF-36 overall health score were calculated (17). A lower
score means an improvement in the quality of life of patients
with diarrhea.
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Neurobiological Factors, Cytokines, and
MTL Evaluation
Serumwas provided byThe Tinghu People’sHospital, Yancheng, and
the commercialized kits purchased from Wuhan Elabscience
Biotechnology Co., Ltd (Wuhan, China) were used to determine
FIGURE 1 | Clinical course of Lactobacillus plantarum CCFM1143 relieving chronic diarrhea.
TABLE 1 | Bristol stool scale.

Bristol typing Form Description

1. Nut-like stool Hard, small pieces, like rabbit dung

2. Dry hard stool The texture is hard, with multiple small pieces stuck together, in the shape of a sausage.

3. Wrinkled stool The surface is covered with cracks and is sausage-like.

4. Banana-shaped stool Soft texture, smooth surface, sausage-like

5. Soft stool Soft semi-solid with uneven edges

6. Slightly shaped stool Soft flakes, porridge with rough edges or no fixed shape

7. Watery stool Watery, completely liquid without solids
October 2021 | Volume 12 | Article 746585
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tumornecrosis factor-a (TNF-a), interleukin-6 (IL-6),motilin (MTL),
and vasoactive intestine peptide (VIP) and 5-hydroxytryptamine (5-
HT) following the manufacturer’s instructions.

Determination of SCFAs
Briefly, short-chain fatty acids (SCFAs) were extracted using a
previous method, with some modifications (18). A known mass
of feces (50–100 mg) was weighed directly into sterile tubes,
followed by soaking in 500 ml of saturated NaCl solution for 30
min. The soaked matter was homogenized and acidified with 40 ml
of 10% sulfuric acid. One milliliter of ether was added to the
acidified homogenates and vortexed before centrifugation at 18,000
× g at 4°C for 15 min. Of the supernatants, 500 ml was carefully
filtered through a 0.22-mm pore filter and transferred into a gas
phase vial for gas chromatography–mass spectrometry analysis.

High-Throughput Sequencing of the
Gut Microbiota
Metagenomic DNA from the fecal samples was obtained using a
FastDNA Spin Kit for Feces (cat. no. 6570200, MP Biomedicals,
Irvine, CA, USA) according to the manufacturer’s instructions. The
V3–V4 region of the 16S rRNA gene was PCR amplified from
microbial genomic DNA (forward primer, 5′-AYTGGGYDTAAA
GNG-3′; reverse primer, 5′-TACNVGGGT ATC TAA TCC-3′) as
described previously (19). The sequencing data obtained from the
Illumina MiSeq PE300 platform was processed using QIIME 2 (20).
Then, Marker Data Profiling (https://www.microbiomeanalyst.ca/)
was used for alpha diversity (Chao1 and Shannon indexes) and beta
diversity analyses, in which analysis of the beta diversity was based
on non-metric multidimensional scaling (NMDS) analysis. Linear
discriminant analysis effect size (LEfSe) was performed online
(http://huttenhower.sph.harvard.edu/galaxy).

Statistical Analysis
Data were processed with GraphPad Prism and SPSS and
displayed as the mean ± SEM of each group. The Mann–
Whitney U test was used to analyze statistical significance. A
p < 0.05 indicates a statistically significant difference.
RESULTS

L. plantarum CCFM1143 Improved the
Apparent Symptoms in Chronic Diarrhea
Patients
The basic characteristics of patients with chronic diarrhea are
shown in Table 2. The body mass index (BMI) values of the two
Frontiers in Immunology | www.frontiersin.org 48674
groups were mostly concentrated in the range of normal (18.5–
22.9 kg/m2) and overweight (23.0–27.9 kg/m2), which were
roughly the same.

There was no significant difference in the blood pressure,
blood routine, serum biochemistry, and urine routine (baseline)
of the enrolled diarrhea patients in the placebo and L.
plantarum CCFM1143 groups (before intervention, Placebo-
B, CCFM1143-B; after intervention, placebo-A, CCFM1143-A).
The routine occult blood test of stool was negative and the
microscopic examination was normal, indicating that there was
no serious inflammatory disease. After the 4-week intervention,
there was no significant difference between the placebo and L.
plantarum CCFM1143 groups in those indicators. L. plantarum
CCFM1143 showed no effects on the blood pressure, blood
routine, serum biochemistry, and urine routine of patients with
diarrhea (Table 3).

Analysis of the visual indicators in patients with diarrhea
showed that there was no significant difference between the
placebo group and the L. plantarum CCFM1143 group at
baseline (0 week) in bowel frequency and stool consistency
(Bristol score) (Table 4). After the 4-week intervention, the
placebo group had no improvement in defecation frequency
and stool consistency, while the defecation frequency and
Bristol score of patients in the L. plantarum CCFM1143
group have been significantly reduced, indicating that the
chronic diarrhea symptoms had been partially relieved. The
abdominal symptom score, daily life score, SF-36 diarrhea
mood score, and SF-36 diarrhea overall health score of the
placebo group and the CCFM1143-treated group showed no
significant difference before and after intervention. Moreover,
reductions of the abdominal symptom score, daily life score,
and SF-36 diarrhea overall health score were higher in the L.
plantarum CCFM1143 group than those of the placebo group,
but were not significant.

Effect of L. plantarum CCFM1143 on
Neurobiological Factors, Cytokines, and
MTL in Chronic Diarrhea Patients
To further explore the effect of L. plantarum CCFM1143 on the
immune response, intestinal motility, and nerve-related
indicators of patients with diarrhea, human serum TNF-a, IL-
6, MTL, 5-HT, and VIP were measured. The results showed that,
at baseline (before intervention), there was no significant
difference in TNF-a, IL-6, MTL, 5-HT, and VIP between the
placebo and L. plantarum CCFM1143 groups (Figure 2). After 4
weeks of intervention, in the placebo group, IL-6 was
significantly increased (p < 0.05), the MTL level was
TABLE 2 | Basic characteristics of patients with diarrhea.

Group Male-to-female ratio Age (years) Height (cm) Weight (kg) BMI (kg/m2)

Normal Overweight Obese

Placebo 10:17 47.37 ± 12.77 165.15 ± 6.53 64.48 ± 9.86 12 14 1
L. plantarum CCFM1143 8:20 52.68 ± 9.1 163.58 ± 6.74 64.23 ± 10.8 14 12 2
O
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significantly decreased, VIP had a rising trend but was not
significant, and TNF-a and 5-HT were not modified. However,
after the intervention with L. plantarum CCFM1143, TNF-a, IL-
6, MTL, and 5-HT all showed a tendency to decrease and had a
certain inhibitory effect, although there was no significant
difference, and VIP was affected at a certain extent before and
after the intervention (Figure 2). Although L. plantarum
CCFM1143 had no significant effect on MTL regulation,
placebo treatment significantly reduced the MTL level, which
also reflected the effectiveness of L. plantarum CCFM1143 on
MTL regulation (Figure 2).
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Effect of L. plantarum CCFM1143 on Fecal
SCFAs in Chronic Diarrhea Patients
In order to explore the effect of L. plantarum CCFM11143 on
SCFAs in chronic diarrhea patients, GC-MS analysis was
performed on human stool samples. After 4 weeks of
intervention, there were no significant changes in acetic acid,
propionic acid, isobutyric acid, and butyric acid in the placebo
group. It is worth noting that L. plantarum CCFM1143 had a
significant increase in the contents of acetic acid and propionic
acid, but had no significant effect on isobutyric acid and butyric
acid (Figure 3).
TABLE 4 | Relief scores of L. plantarum CCFM1143.

Index Placebo L. plantarum CCFM1143

0 week 4 weeks Effect p 0 week 4 weeks Effect p

Bowel frequency 3.48 ± 0.51 3.22 ± 0.51 −0.26 0.073 3.25 ± 0.57 2.93 ± 0.53 −0.32 0.044
Stool consistency 5.60 ± 0.89 5.26 ± 1.19 −0.34 0.758 5.68 ± 0.66 5.28 ± 0.84 −0.40 0.041
Abdominal symptom score 4.15 ± 1.66 4.29 ± 1.59 0.14 0.953 5.18 ± 2.22 4.54 ± 2.15 −0.64 0.350
Daily life score 31.93 ± 10.76 33.00 ± 12.73 1.07 0.946 37.14 ± 14.97 32.93 ± 15.18 −4.21 0.266
Stool satisfaction 2.41 ± 0.79 2.29 ± 0.67 −0.12 0.664 2.96 ± 0.94 2.50 ± 1.02 −0.46 0.113
SF-36 diarrhea mood score 13.70 ± 2.83 16.23 ± 4.92 2.53 0.384 14.64 ± 2.78 14.04 ± 2.92 −0.60 0.764
SF-36 diarrhea overall health score 10.33 ± 2.86 10.70 ± 2.45 0.37 0.927 12.14 ± 1.73 11.29 ± 2.52 −0.85 0.601
Octo
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TABLE 3 | Information on the routine physical examination for patients with diarrhea.

Item Placebo-B Placebo-A CCFM1143-B CCFM1143-A

Blood pressure Systolic 118.75 ± 12.03 115.46 ± 10.57 120.46 ± 11.89 120.2 ± 8.82
Diastolic 75.74 ± 9.69 75.35 ± 9.17 76.75 ± 8.71 76.2 ± 7.89

Blood routine Red blood cell 4.68 ± 0.5 4.52 ± 0.47 4.51 ± 0.35 4.52 ± 0.29
Mean corpuscular hemoglobin concentration 136.93 ± 23.89 135.31 ± 15.79 137.96 ± 11.88 139.54 ± 12.17
Platelet 190.48 ± 47.32 202.04 ± 40.89 236.29 ± 51.48 224.46 ± 59.28
White blood cell 5.88 ± 1.35 5.71 ± 1.16 5.84 ± 1.34 5.39 ± 1.12

Serum biochemistry Alkaline phosphate (Alp) 67.38 ± 19.88 68.42 ± 21.55 62.54 ± 13.48 71.82 ± 14.95
Alanine aminotransferase (Alt) 32.62 ± 20.62 23.54 ± 12.9 22.64 ± 9.73 29.88 ± 17.86
Aspartate aminotransferase (Ast) 24.52 ± 6.42 22.38 ± 6.12 25.15 ± 14.29 25.79 ± 13.14
Total bilirubin (Tbil) 17.31 ± 6.68 14.47 ± 4.52 15.84 ± 5.32 15.83 ± 5.83
Urea (Bun) 5.05 ± 1.37 4.86 ± 1.01 5.75 ± 1.18 5.38 ± 1.23
Creatinine (Cr) 68.59 ± 12.72 68.79 ± 16.38 60.05 ± 11.64 59.28 ± 12.4
Uric acid (Ua) 352.78 ± 108.91 321.04 ± 79.59 299.42 ± 60.55 291.57 ± 65.11
Glucose (Glu) 5.82 ± 1.55 5.84 ± 1.59 5.28 ± 1 5.54 ± 1.62
Total cholesterol (Cho) 4.43 ± 0.73 4.54 ± 1.09 5.2 ± 0.99 5.2 ± 1.09
Triglyceride (Tg) 1.7 ± 0.89 1.89 ± 1.19 1.33 ± 0.45 1.63 ± 0.73
High-density lipoprotein cholesterol (hdl) 1.16 ± 0.24 1.13 ± 0.19 1.44 ± 0.19 1.42 ± 0.29
Low-density lipoprotein (ldl) 2.59 ± 0.71 2.72 ± 0.79 3.15 ± 0.85 3.03 ± 0.71
High-sensitivity C-reactive protein 3.47 ± 2.93 3.91 ± 2.71 2.8 ± 1.87 3.33 ± 3.69

Urine routine Urine sugar Negative Negative Negative Negative
Urine bilirubin (bil) Negative Negative Negative Negative
Ketones (ket) Negative Negative Negative Negative
Proportion (sg) 1.02 ± 0.003 1.02 ± 0.002 1.02 ± 0.01 1.02 ± 0.01
pH value (pH) 6.08 ± 0.41 6.1 ± 0.57 5.76 ± 0.69 6.08 ± 0.91
Urine protein (pro) Negative Negative Negative Negative
Urobilinogen (ubg) Negative Negative Negative Negative
Nitrite (nit) Negative Negative Negative Negative
Leukocyte esterase (leu) Negative Negative Negative Negative
Urine color Yellow Yellow Light yellow Yellow
Clarity Transparent Transparent Transparent Transparent

Stool routine Occult blood Negative Negative Negative Negative
Microscopic examination of white blood cells No abnormality No abnormality No abnormality No abnormality
Microscopic examination of red blood cells No abnormality No abnormality No abnormality No abnormality
46585
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Modulation of L. plantarum CCFM1143
on Gut Microbiota in Chronic Diarrhea
Patients
In order to evaluate the influence of L. plantarum CCFM1143 on
the diversity of the gut microbiota in chronic diarrhea patients,
the Chao1 and Shannon indexes were used to evaluate the alpha
diversity and NMDS analysis was used to analyze the beta
diversity of the gut microbiota. Chronic diarrhea patients in
the placebo and L. plantarum CCFM1143 groups did not show a
significant change in the diversity of the gut microbiota before
and after the intervention (Figure 4A). There was no significant
change in the beta diversity of the gut microbiota in the placebo
group before and after the intervention, while the beta diversity
of the gut microbiota in the L. plantarum CCFM1143-treated
patients before and after the intervention was changed
significantly, indicating that after 4 weeks of continuous
intervention, L. plantarum CCFM1143 changed the diversity of
gut microbiota in chronic diarrhea patients (Figures 4B, C).
Frontiers in Immunology | www.frontiersin.org 68876
In order to further analyze the influence of L. plantarum
CCFM1143 on the profiles of the gut microbiota in patients with
chronic diarrhea, we examined the phylum abundance. The
results showed that the four main phyla in the gut microbiota
of patients with chronic diarrhea were Firmicutes, Bacteroidetes,
Proteobacteria, and Actinomycota, among which Firmicutes had
the highest proportion, while Proteobacteria had a higher relative
abundance in chronic diarrhea patients than in healthy subjects
(Figure 5A). The placebo group had no significant effect on these
four phyla after the intervention, which was consistent with the
placebo group having no change in the gut microbiota diversity
after the intervention. Moreover, L. plantarum CCFM1143
treatment significantly reduced the abundance of Bacteroidetes.
In addition, L. plantarum CCFM1143 had no significant effect on
Proteobacteria and Actinomycetes. Moreover, the Firmicutes
and Bacteroidetes (F/B) ratio in the CCFM1143 treatment
showed an upward trend, while that in the placebo group
showed no significant difference (Figure 5B).
A B

C

E

D

FIGURE 2 | Effect of Lactobacillus plantarum CCFM1143 on serum neurobiological factors, cytokines, and motilin (MTL) in patients with diarrhea. (A–E) Concentrations of
tumor necrosis factor alpha (TNF-a) (A), interleukin-6 (IL-6) (B), 5-hydroxytryptamine (5-HT) (C), vasoactive intestine peptide (VIP) (D), and MTL (E). *p < 0.05, **p < 0.01.
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In order to further explore the influence of L. plantarum
CCFM1143 on the changes of the intestinal genera in patients
with chronic diarrhea, LEfSe was used to analyze the abundance
of genera in order to determine the statistically significant
biomarkers. The results showed that the different genera in the
placebo group before intervention were Fusicatenibacter and
Lactococcus, while those of the L. plantarum CCFM1143 group
were the Ruminococcus torques group, Bacteroides, Anaerostipes,
Lachnoclostridium, Lachnospira, Lachnospiraceae UCG-004, and
Intestinibacter. After intervention, the different genera of
the placebo group were Coprobacillus , Eisenbergiella ,
and Escherichia–Shigella, while the different genera in the
L. plantarum CCFM1143-treated group were Eggerthella,
Odoribacter, Terrisporobacter, Akkermansia, and Escherichia–
Shigella (Figures 6A, B). Further analysis of the relative
abundance of the different genera between the placebo and
L. plantarum CCFM1143 groups showed that placebo
treatment insignificantly decreased Escherichia–Shigella, and
the adjustment changes to the other genera were small.
However, L. plantarum CCFM1143 administration caused
relatively rich variations of the different microbes, in which it
significantly reduced the relative abundance of Bacteroides,
Eggerthella, Lachnoclostridium, and Lachnospira and increased
the relative abundance of Akkermansia , Anaerostipes,
Terrisporobacter, and Escherichia–Shigella. Before and after the
intervention, the relative abundance of Escherichia–Shigella in
the placebo group increased by 7.24%, while that in the
Frontiers in Immunology | www.frontiersin.org 78977
L. plantarum CCFM1143-treated group increased by 1.47%,
which was a significant reduction compared with that in
placebo treatment (Figures 6C, D).
DISCUSSION

IBS-D and FD are common chronic diarrhea diseases, and
variations in the gut microbiota among individuals have been
considered a possible cause (21). Probiotics have shown the
potential to alleviate the clinical symptoms of chronic diarrhea
(22, 23). The purpose of this study was to explore the relieving
effect of L. plantarum CCFM1143 on the symptoms of chronic
diarrhea. Thus, a randomized, placebo-controlled clinical trial
was designed and performed, which showed effects of
improvement in the quality of life and mental state, regulation
of the immune responses, modulation of SCFAs, and alleviation
of gut microbiota dysbiosis.

A BMI between 18.5 and 22.9 kg/m2 is considered normal,
between 23.0 and 27.9 kg/m2 is the overweight range, and a BMI
≥28 kg/m2 denotes obesity (6). Before and after the intervention,
the routine physical examination indicators were not changed
significantly in chronic diarrhea patients. However, L. plantarum
CCFM1143 treatment significantly decreased the defecation
frequency and Bristol stool score. It was shown that the
abdominal distension, defecation frequency, and stool
abnormality rate of IBS-D patients treated with a multi-strain
A B

C D

FIGURE 3 | Effect of Lactobacillus plantarum CCFM1143 on short-chain fatty acids (SCFAs) in patients with diarrhea. (A–D) Concentrations of acetic acid (A),
propionic acid (B), isobutyric acid (C), and butyric acid (D) in feces. *p < 0.05.
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probiotic formulation were significantly lower than those before
treatment (8), which was consistent with our current results. The
mixture of Lactobacillus and Bifidobacterium could improve the
quality of life of IBS-D patients (24). Lactobacillus gasseri
significantly improved the diarrhea symptoms in patients with
IBS-D, such as abdominal pain, bloating, daily routine, and
average bowel frequency (25). Meanwhile, B. infantis M-63
effectively improved the symptoms, quality of life, and the SF-
36 score in patients with IBS after 3 months of intervention.
However, L. plantarum CCFM1143 treatment showed no
significant effect on the quality of life and stool satisfaction. L.
plantarum CCFM1143 played a certain role in improving the
symptoms of diarrhea, and no adverse events occurred during
the trial period and after the follow-up; hence, the use of
L. plantarum CCFM1143 as a dietary intervention may be a
safe and effective alternative strategy to relieve chronic diarrhea.

It is well known that inflammation in patients with diarrhea is
high. Intervention with Bifidobacterium and Lactobacillus for 4
weeks in patients with atopic dermatitis did not significantly
relieve the level of pro-inflammatory cytokines in the serum (26),
and the results were similar to those of the current study, which
may be related to the short probiotic intervention time and to
Frontiers in Immunology | www.frontiersin.org 89078
uncontrollable factors such as patients. The significant increase
in the level of IL-6 in the current placebo group indicated that
L. plantarum CCFM1143 intervention had a better regulation on
IL-6. A previous report showed that the serum IL-6 and TNF-a
levels in patients with IBS-D were significantly lower after taking
Bifidobacterium longum ES1 compared with those before
treatment (27), but it should be noted that these patients took
B. longum ES1 for 8 or 12 weeks. Therefore, the reduction of IL-6
in patients with chronic diarrhea by L. plantarum CCFM1143
treatment was not significant, which may be related to the
number of viable Lactobacillus taken and the duration of
treatment. MTL is an excitatory gastrointestinal hormone with
a main physiological function of affecting gastrointestinal
motility (28). In the study, administration of L. plantarum
CCFM1143 inhibited the decrease of MTL compared with the
placebo group. Bifidobacterium trifecta viable capsules could
significantly improve the gastrointestinal hormones in patients
with IBS-constipation (IBS-C) and alleviate their clinical
symptoms (29). 5-HT is an important neurotransmitter in the
brain–gut axis and is one of the key mediators of intestinal
motility, secretion, and sensation and can also induce high
sensitivity of the visceral afferent nerve and the intestinal
A

B C

FIGURE 4 | Effect of Lactobacillus plantarum CCFM1143 on the diversity of the gut microbiota in patients with diarrhea. (A) Alpha diversity indicated by the
Shannon index. (B) Beta diversity of the placebo group indicated by non-metric multidimensional scaling (NMDS). (C) Beta diversity of the L. plantarum CCFM1143
group indicated by NMDS.
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nervous system, resulting in abdominal pain, abdominal
distension, and other symptoms. 5-HT has always been the
subject of interest in the evaluation of the pathophysiological
mechanism of IBS (30). The level of 5-HT in patients with IBS-C
was significantly lower than that before probiotics intervention
(29). However, L. plantarum CCFM1143-treated patients
showed insignificant decreases in the levels of 5-HT. VIP is
distributed in the nervous system and the gastrointestinal tract
and is involved in the regulation process of neurosecretion and
relaxation of the gastrointestinal smooth muscle. In addition,
VIP is an inhibitory gastrointestinal hormone that can directly
cause lower esophageal sphincter (LES) relaxation, which is the
main cause of gastroesophageal reflux disease (31). It has been
reported that VIP is associated with watery diarrhea syndrome
(32). Although L. plantarum CCFM1143 treatment showed no
significant effect on MTL regulation, the MTL level in the
placebo group was significantly reduced, which also reflected
the effectiveness of L. plantarum CCFM1143 on MTL regulation.
In general, L. plantarum CCFM1143 can help regulate the
immune response and inhibit the increase of IL-6 and the
decrease of MTL in patients with diarrhea, which has a certain
correlation with the decrease of the diarrhea-related scores.

An earlier report showed that L. casei increased the contents
of SCFAs when alleviating antibiotic-related diarrhea, and the
intake of probiotics and dietary fiber would affect the
composition of the gut microbiota, thereby promoting
the utilization of SCFAs (33). L. plantarum CCFM1143
intervention significantly increased the contents of acetic acid
and propionic acid. The increase of SCFAs such as propionic
acid can contribute to the host immune response (34). SCFAs
(particularly acetate, propionate, and butyrate) could alleviate
Frontiers in Immunology | www.frontiersin.org 99179
TNF-a- or lipopolysaccharide-induced endothelial activation by
inhibiting the production of pro-inflammatory cytokines (e.g.,
IL-6) (35). In summary, L. plantarum CCFM1143 can alleviate
diarrhea symptoms and modulate inflammation mainly related
to the production of SCFAs. This was similar to a previous result
showing that L. plantarum CCFM1143 increased the contents of
acetic acid and propionic acid in ETEC-infected diarrhea
mice (14).

Probiotics could change the composition of the gut
microbiota in patients with IBS-D or FD clinically. It has been
found that changes of the gut microbiota may be related to the
improvement of the clinical characteristics (9), which is
somewhat similar to the current results. In general, the gut
microbiota of healthy people is composed of four main
bacter ia l phyla , namely , Firmicutes , Bacteroidetes ,
Actinomycetes, and Proteobacteria, of which Proteobacteria are
usually less than 1%. In addition, it has been proven that
Bacteroidetes is closely related to the occurrence of human
diarrhea (36); the F/B ratio was often related to the occurrence
of diseases. With a lower F/B ratio, the risk of disease occurrence
was greater (37). In general, L. plantarum CCFM1143 treatment
can significantly reduce the abundance of Bacteroidetes and
increase the abundance of Firmicutes to restore the gut
microbiota. A previous study that performed phylogenetic
analysis showed that 16 butyric acid producers isolated from
the cecum of chickens were associated with four different
lineages in Firmicutes (38). It is known that exogenous
harmful substances activated the NLRP3 inflammasomes
through Escherichia–Shigella, thereby inducing lung tissue
damage in broilers (39). Among them, Escherichia was known
to increase the risk of pathogenic invasion and has the potential
A B

FIGURE 5 | Effect of Lactobacillus plantarum CCFM1143 on the phylum level of the gut microbiota in patients with diarrhea. (A) Microbial distribution at the phylum
level. (B) The Firmicutes and Bacteroidetes (F/B) ratio.
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to result in severe invasive infections (40). Bacteroides has been
proven to be the cause of diarrheal diseases (41); however,
Akkermansia can reduce inflammation (42). For instance,
L. plantarum CCFM8610 could increase the relative abundance
of Anaerostipes when alleviating IBS-D, which has a strong
butyric acid production capacity (43). Terrisporobacter played
a probiotic role as a beneficial intestinal bacterium (44). These
results suggested that the relief of diarrhea by L. plantarum
CCFM1143 may be related to its regulation of the gut microbiota
composition. The mixed bacterial powder of L. casei Zhang,
Bifidobacterium animalis spp. lactis V9, and L. plantarum P-8
was reported to reduce the relative abundance of Bacteroides, E.
coli, and Citrobacter in the intestine of patients with IBS and to
increase the relative abundance of Bifidobacterium and
Butyricicoccus. These gut microbiota changes had a relation
with the improvement of the clinical symptoms of IBS (45).
Patients with IBS-D consuming IgA-coated bacteria had a more
significant increase in the relative abundance of Escherichia–
Frontiers in Immunology | www.frontiersin.org 109280
Shigella (46). Therefore, it is worth noting that, similar to
previous reports, L. plantarum CCFM1143 treatment increased
the abundance of Escherichia–Shigella, which had a close relation
with the complicated diet of patients.
CONCLUDING REMARKS

Generally, the use of probiotics showed clinical effectiveness
compared to placebo in managing chronic diarrhea.
L. plantarum CCFM1143 can significantly alleviate the bowel
frequency and Bristol stool score, inhibit the increase in IL-6 and
the decrease in MTL, regulate the gut microbiota by reducing the
abundance of harmful bacteria and increasing the abundance of
beneficial bacteria, and modulate SCFAs. The current results
could help further the development and application of functional
probiotic products for chronic diarrhea.
A B

C D

FIGURE 6 | Effect of Lactobacillus plantarum CCFM1143 on the different genera of the gut microbiota in patients with diarrhea. (A) Distribution histogram of the
placebo group based on linear discriminant analysis (LDA), with a log LDA score above 2.0. Significant taxa were labeled and annotated with tags in the right panel.
(B) Distribution histogram of the L. plantarum CCFM1143 group based on LDA, with a log LDA score above 2.0. Significant taxa were labeled and annotated with
tags in the right panel. (C) Relative abundance of the different microorganisms in the placebo group. (D) Relative abundance of the different microorganisms in the
L. plantarum CCFM1143 group.
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Infection in the Skin Barrier of Grass
Carp (Ctenopharyngodon idella)
Zhiyuan Lu1†, Lin Feng1,2,3†, Wei-Dan Jiang1,2,3, Pei Wu1,2,3, Yang Liu1,2,3, Jun Jiang1,2,3,
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and Xiao-Qiu Zhou1,2,3*

1 Animal Nutrition Institute, Sichuan Agricultural University, Chengdu, China, 2 Fish Nutrition and Safety Production University
Key Laboratory of Sichuan Province, Sichuan Agricultural University, Chengdu, China, 3 Key Laboratory for Animal Disease-
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Science Academy, Sichuan Animtech Feed Co. Ltd, Chengdu, China, 5 Animal Breeding and Genetics Key Laboratory of
Sichuan Province, Animal Nutrition Institute, Sichuan Academy of Animal Science, Chengdu, China

The objective of this study was to evaluate the efficacy of dietary Mannan oligosaccharides
(MOS) supplementation on skin barrier function and the mechanism of on-growing grass
carp (Ctenopharyngodon idella). Five hundred forty grass carp were fed for 60 days from
the growing stage with six different levels of MOS diets (0, 200, 400, 600, 800, and 1,000
mg kg-1). At the end of the growth trial, the 14-day Aeromonas hydrophila challenge
experiment has proceeded. The obtained data indicate that MOS could (1) decline skin
lesion morbidity after being challenged by the pathogenic bacteria; (2) maintain physical
barrier function via improving antioxidant ability, inhibiting excessive apoptosis, and
strengthening the tight junction between the epithelial cell and the related signaling
pathway (Nrf2/Keap1, p38MAPK, and MLCK); and (3) regulate immune barrier function
by modulating the production of antimicrobial compound and expression of involved
cytokines and the related signaling pathway (TOR and NFkB). Finally, we concluded that
MOS supplementation reinforced the disease resistance and protected the fish skin
barrier function from Aeromonas hydrophila infection.

Keywords: mannan oligosaccharides, antioxidant, apoptosis, tight junction, skin immune, grass carp
(Ctenopharyngodon idella)
INTRODUCTION

Due to large-scale intensive production facilities, fish are exposed to potential various pathogens
that often result in massive economic losses (1). The disease resistance offish mainly depends on the
main defense organs’ immune function (2). Skin, an important mucosal defense organ in fish, has
developed a better barrier system (including physical barriers and immune barriers) to protect the
whole body from natural pathogen invasion (3). A previous report has confirmed that mechanical
org October 2021 | Volume 12 | Article 74210719583

https://www.frontiersin.org/articles/10.3389/fimmu.2021.742107/full
https://www.frontiersin.org/articles/10.3389/fimmu.2021.742107/full
https://www.frontiersin.org/articles/10.3389/fimmu.2021.742107/full
https://www.frontiersin.org/articles/10.3389/fimmu.2021.742107/full
https://www.frontiersin.org/articles/10.3389/fimmu.2021.742107/full
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles
http://creativecommons.org/licenses/by/4.0/
mailto:xqzhouqq@tom.com
mailto:zhouxq@sicau.edu.cn
https://doi.org/10.3389/fimmu.2021.742107
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://doi.org/10.3389/fimmu.2021.742107
https://www.frontiersin.org/journals/immunology
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2021.742107&domain=pdf&date_stamp=2021-10-18


Lu et al. Mannan-oligosaccharides Regulates Fish Skin Barrier
skin barrier injury could further lead to high morbidity and
mortality of fish (4). Therefore, a protected fish skin barrier
function must be necessary for fish health. An effective strategy is
to supplement the dietary with prebiotics. The current definition
of prebiotics is, “Prebiotics are food constituents that well
thought-out to be non-digestible selectively fermented, confers
benefits of growth and activity of beneficial microbes present in
gastrointestinal tract and improve the health of host” (5). In
general, the prebiotics used in animal production are some
functional oligosaccharides (6). Studies on fish reported that
skin physical and immune barrier function could be improved by
functional oligosaccharides such as xylooligosaccharides (XOS),
galactooligosaccharides (GOS), fructooligosaccharides (FOS),
and so on (7–9). Mannan oligosaccharide (MOS), a kind of
functional oligosaccharide, is widely used in the feed formulation
of aquatic (10). However, no systematic research has been
conducted, and no in-depth exploration has been performed
about the relationship between MOS and skin barrier function.
Limited research on skin has shown that MOS supplementation
promoted mucus production in rainbow trout (Oncorhynchus
mykiss) and European sea bass (Dicentrarchus labrax), and
upregulated IFNg and IL-10 expression in greater amberjack
(Seriola dumerili Risso 1810) (11–13). Thus, a comprehensive
understanding of the effect of MOS on fish skin barrier function
and the in-depth possible mechanisms is necessary.

Previous studies have reported that cellular structure and
intercellular junctions comprise skin physical barrier, which is
mainly related to the antioxidant capacity, apoptosis levels, and
tight junctions (1, 14). As far as we know, the NF-E2-related
factor 2 (Nrf2) could eliminate excess free radicals by regulating
the levels of antioxidant enzymes, while p38 mitogen-activated
protein kinase (MAPK) could dynamically regulate apoptosis by
regulating apoptosis promoter and effector, thus corporately
protecting the cellular structure integrity (15, 16). Myosin light
chain kinase (MLCK) is an important signaling molecule that
could maintain intercellular junctions by regulating the
expression of downstream tight junction protein molecules (17,
18). However, the research to date about the effects of MOS on
fish skin cellular structure and intercellular junctions and their
possible mechanism has not been investigated. It is worth noting
that available evidence suggests a probable correlation between
MOS and skin physical barrier. A study on chicken macrophages
demonstrated that MOS could increase the production of nitric
oxide (NO) (19), which could activate Nrf2 in PC12 cells (20).
Furthermore, MOS supplementation could improve calcium
(Ca2+) absorption and retention in layer hens (21). Other
reports revealed that Ca2+ induced apoptosis via activating
p38MAPK signaling pathways in murine macrophage cells
(22). Besides, IL-1b gene expression was upregulated by MOS
in European sea bass (23). And occludin expression could be
decreased by IL-1b in Caco-2 cells (24). These intriguing
observations implicate a probably delicate link between MOS
and fish skin physical barrier, and the underlying mechanism
warrants further exploration.

Fish physical barrier function of the skin is also associated
with the immune barrier function, which is closely related to
Frontiers in Immunology | www.frontiersin.org 29684
antimicrobial compounds [such as lysozyme (LZ), complement 3
(C3), and immunoglobulins (Ig)] and inflammatory cytokines
(25–27). However, available literature describing the skin
barrier’s function affected by MOS supplementation after
pathogen infections is particularly scarce. A study in human
macrophages showed that cytokines were mediated by nuclear
factor kappa B (NFkB) (28) and the target of rapamycin (TOR)
signaling pathways (29). It has been reported that MOS increased
the digestibility of protein in the ileum of piglets (30). Our lab’s
previous work in grass carp confirmed that protein increased the
activity of LZ and the concentration of C3 (31). A study on
weaned piglets demonstrated that fed MOS diet could enhance
the digestibility of phosphorus in ileum (30). Another study from
our lab in grass carp described that phosphorus could upregulate
interleukin 15 (IL-15) expression, which is regulated by the TOR
signaling pathway (32). Furthermore, Pinheiro et al. (33)
demonstrated that MOS increased butyrate concentration in
growing rabbit cecum. It was of note that butyrate could
inhibit the activation of the NFkB signaling pathway in grass
carp (34). All of these studies imply that MOS might regulate
skin immune barrier function via acting on multiple pathways,
the mechanism of which is worth in-depth exploration.

Based on the lab’s previous MOS study of growth and
intestinal health (35), the objectives of the present study were
to elaborate on the protective effects of dietary MOS
supplementation on the skin barrier function of on-growing
grass carp under the condition of pathogen infection. For this
purpose, this work explores the influence of MOS on antioxidant
parameters, apoptosis parameters, tight junction (TJ) proteins,
antibacterial compounds, and cytokines, as well as the possible
signal molecule Nrf2, p38MAPK, MLCK, NFkB, and TOR in the
skin of grass carp after being challenged with Aeromonas
hydrophila for the first time. Furthermore, as we all know, the
grass carp is a broadly distributed species over the world (36).
These results will shed new light on the understanding of
freshwater fish defense mechanisms to bacterial pathogens,
and also provide a more effective alternative reference
for antibiotics.
MATERIALS AND METHODS

Study Design
The method of MOS (Sciphar Hi-Tech Industry, Xi’an, purity:
99.12%) diet preparation and storage was based on our published
work (35, 37). The experimental diet formulation and proximate
composition analyses are displayed in Supplementary Table 1.
The different levels ofMOS (0, 200, 400, 600, 800, and 1,000mg kg-1)
were added to the control diet in place of cornstarch. All
completed diets were stored at 4°C until feeding.

Determination of Antioxidant Properties
MOS antioxidant properties were determined mainly by the kit list
in Supplementary Table 2. In short, DPPH, ·O2 (ASA), and ·OH
(AHR) radical scavenging activities of MOS at different levels were
determined to reflect the antioxidant properties of MOS in vitro.
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The method used is spectrophotometry as previously described
(38, 39).

Animals and Experimental Management
The guidelines for the Laboratory Animals Care and Use of Animal
Nutrition Institute (LACUANI), Sichuan Agricultural University
were strictly followed (permit no. LZY-2018114005) during the
whole feeding trial. All healthy on-growing grass carp were obtained
from Tong Wei fisheries (Sichuan, China) and acclimated to the
fishpond culture condition for a month before the experiment. A
total of 540 individuals (215.85 ± 0.30 g) were randomized to 18
nylon cages (n=30), and the feeding frequency and experimental
period had the same description as our previous study (35). Routine
test control parameters were as follows: dissolved oxygen > 6.0 mg
L-1, water temperature at 28.5 ± 2.0°C, pH value 7.5 ± 0.3, and
experiment condition with a natural light cycle during the whole
experimental period.

Challenge Test
After the growth trial, a 14-day challenge test (CT) was
conducted to study the effect of dietary MOS on the fish skin
barrier function according to our published work (35). Briefly,
randomly selected five fish per replicates from each MOS group
were intraperitoneally injected with 1.0 ml A. hydrophila
(FDL20120711), and the concentration of bacteria is 2.5 × 108

colony-forming units (CFU) ml-1. Concurrently, the saline group
was injected with the same amount of normal saline. The
situation and management were in line with the feeding trial.
In a previous study, we successfully establish the A. hydrophila
challenge model.

Sampling and Biochemical
Parameter Analysis
At the end of the CT, all grass carp were anesthetized in a
benzocaine bath according to LACUANI requirements. Then
fish skin was rapidly collected and temporarily stored in liquid
nitrogen. Finally, the sample was stored at -80°C for later
analysis. The methods of the skin lesion morbidity scoring
system were from a previous study (40). For the determination
of physical and immune barrier-related parameters, 10% (w/v) of
skin tissue homogenates were prepared with saline (4°C) and
centrifuged (6,000 g, 20 min). Then the supernatant was
collected. The biomarkers and related enzyme activity analysis
methods are shown in Supplementary Table 2.

DNA Fragment Analysis
The fragmented DNA of the skin tissue was isolated as previously
described (41). And then, DNA was extracted following the
instructions and analyzed on a 2% agarose gel to verify DNA
fragmentation. Electrophoresis duration and related parameters
were 90 min and 80 V, respectively. Finally, Gene Genius
(Syngene, Frederick, MD, USA) is used to analyze the results
of visualizations.

Real-Time PCR
qRT-PCR was conducted to refer to the method from our
previous work (35). In short, the total RNA of skin samples
Frontiers in Immunology | www.frontiersin.org 39785
was isolated by using an RNAiso Plus Kit (Takara, Dalian,
China). RNA quality was assessed by 1% agarose gel
electrophoresis and quantified by spectrophotometry at 260/
280 nm using Nanodrop 2000 (Thermo Scientific, USA).
Afterward, RNA was reverse-transcribed into cDNA by using a
PrimeScript™ RT reagent kit (Takara, Dalian, China). For qRT-
PCR, specific primers were designed according to the sequences
we cloned (Supplementary Table 3). Our preliminary
experiment screened four internal reference genes and finally
selected b-Actin and GAPDH as previously described (35, 42).
Preparation of melting curves and calculation of amplification
efficiency of target genes were according to the manufacturer’s
instruction. The gene transcription level was calculated as
described by the method (2−DDCT) from Livak and
Schmittgen (43).

Western Blot Analysis
Preparation method-related parameters of skin homogenates,
primary and second antibodies, and blotting analysis were
performed as our lab previously described (35, 44, 45).
Extraction and determination of tissue protein were performed
by using the RIPA and BCA assay kit (Beyotime). The prepared
sample (40 mg lane-1) was separated by SDS-PAGE (10%) and
transferred to a PVDF membrane. Membranes were incubated
overnight with primary antibody (14 h, 4°C). Afterward,
membranes were washed and secondary antibody was incubated
(90 min, room temperature). Then, protein signals were visualized
and quantified (NIH Image J, 1.42q) as previously described (35,
37). All antibodies’ detailed information in the current study is
listed in Supplementary Table 4.

Statistical Analysis Method
Before statistical analysis, the Shapiro–Wilk test of normality, as
well as Levene’s test of variance homogeneity, was conducted. All
data underwent one-way analysis of variance (ANOVA)
followed by Duncan’s multiple comparisons at P < 0.05 with
SPSS 25.0 (SPSS Inc., Chicago, IL, USA). Data visualization was
done using the GraphPad 8.0 software (GraphPad Software,
Inc.), R (v4.0.2), and Hiplot platform (https://hiplot.com.com).
RESULTS

Skin Morbidity and Phenotype
To investigate the effect of MOS on fish skin morbidity and
phenotype with A. hydrophila challenge, we performed
intraperitoneal injection of bacteria solution. We obtained the
results of skin morbidity and phenotype as showed in Figure 1;
compared to the control (14.40%), the morbidity of skin
hemorrhages and lesions after being challenged was
significantly decreased with MOS at 400 mg kg-1 diet. At this
optimal MOS supplementation, the skin morbidity was reduced
to a minimum 8.27% (P < 0.05). Then, it showed an upward
trend (from 9.87% to 13.33%, P < 0.05) with the increase in MOS
(600-1000 mg kg-1). These results suggest that the optimal level
of MOS could effectively reduce skin morbidity.
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Antioxidant Properties of MOS
To investigate whether MOS have antioxidant properties in vitro,
we designed MOS with different concentrations to test their
antioxidant properties (Supplementary Figure 1). Our results
showed that the free radical scavenging rate (DPPH, ASA, and
AHR) increased gradually (from 0 to 60%) with the increase in
the dosage of MOS (from 0 to 5 mg ml-1) in a dose-dependent
manner. These data suggest that MOS has excellent
antioxidant properties.
Biochemical Analysis Parameters
To uncover the MOS effect on fish skin antioxidant capacity with
A. hydrophila challenge, we determined the content of oxidative
damage biomarkers and the activity of key antioxidant enzymes
(Figures 2A–L). Oxidative damage biomarkers are indicators
that reflect the state of oxidative damage. In Figures 2A–E,
compared with the control diet (ROS: 100% DCF florescence;
MDA: 9.88 nmol g-1 tissue; ASA: 64.71 U g-1 protein), the ROS
and MDA contents were decreased, the ASA were increased with
the MOS supplementation, and ROS and MDA reached their
minimum value (ROS: 53.20% DCF florescence; MDA: 6.88
nmol g-1 tissue, P < 0.05), whereas ASA reached its maximum
value (ASA: 71.46 U g-1 protein, P < 0.05) with 400 mg kg-1 MOS
supplementation. Then ROS and MDA showed an upward trend
(ROS: from 56.08 to 75.50% DCF florescence, P < 0.05; MDA:
from 7.07 to 9.60 nmol g-1 tissue), and ASA showed a downward
trend (ASA: from 70.28 to 64.94 U g-1 protein) with the increase
in MOS (600–1,000 mg kg-1). The PC contents were significantly
decreased, and the AHR were increased with MOS
supplementation with MOS at 600 mg kg-1 diet; at this optimal
MOS supplementation, the PC content was obviously reduced to
a minimum 2.47 nmol mg-1 protein, and AHR was increased to a
maximum 117.4 U mg-1 protein (P < 0.05) compared with the
control group (PC: 4.10 nmol mg-1 protein; AHR: 97.12 U mg-1

protein). Then PC showed an upward trend (from 3.76 to 3.98
nmol mg-1 protein), and AHR showed a downward trend (from
66.52 to 64.94 U mg-1 protein) with the increase in MOS (800–
1,000 mg kg-1). These data suggest that the MOS could effectively
alleviate oxidative damage caused by A. hydrophila.
Frontiers in Immunology | www.frontiersin.org 49886
Antioxidant enzymes are key proteins that scavenge free
radicals, and their activities reflect antioxidant capacity.
Figures 2F–L presents the results obtained from the
biochemical analysis of the antioxidant enzymes and non-
enzymatic antioxidants (GSH). Compared with the control diet
(CuZnSOD: 5.85 U mg-1 protein; MnSOD: 5.70 U mg-1 protein;
GPx: 78.00 U g-1 protein; GST: 120.54 U mg-1 protein, GSH: 5.28
mg g-1 protein), the activity of CuZnSOD, MnSOD, GPx, and
GST and the content of GSH were increased with the MOS
supplementation, and all of them reached their maximum value
(CuZnSOD: 7.18 U mg-1 protein; MnSOD: 6.28 U mg-1 protein;
GPx: 87.11 U g-1 protein; GST: 142.34 U mg-1 protein, GSH: 8.49
mg g-1 protein, P<0.05) with 400 mg kg-1 MOS supplementation.
Then all of them showed a downward trend (CuZnSOD: from
6.84 to 5.94 U mg-1 protein; MnSOD: from 5.71 to 5.26 U mg-1

protein; GPx: from 84.77 to 76.73 U mg-1 protein; GST: from
136.80 to 101.19 U mg-1 protein; GSH: from 7.55 to 5.88 mg g-1

protein) with the increase in MOS (600–1,000 mg kg-1). The
act iv i ty of CAT and GR increased with the MOS
supplementation, and both of them reached their maximum
value (CAT: 4.85 U mg-1 protein; GR: 33.23 U mg-1 protein, P <
0.05) with 600 mg kg-1 MOS supplementation compared with
the control group (CAT: 4.01 U mg-1 protein; GR: 17.79 U mg-1

protein). Then both of them showed a downward trend (CAT:
from 4.09 to 3.98 Umg-1 protein; GR: from 25.90 to 26.12 Umg-1

protein) with the increase in MOS (800–1,000 mg kg-1).
The antimicrobial compound-related parameters are

displayed in Figures 2M–Q. Compared with the control (LZ:
248.64 U mg-1 protein; ACP: 209.33 U mg-1 protein; C3: 35.01
mg g-1 protein; C4: 5.97 mg g-1 protein), the activity of LZ and
ACP and the contents of C3 and C4 were increased with the
MOS supplementation. And all of them reached their maximum
value (LZ: 277.72 U mg-1 protein; ACP: 412.41 U mg-1 protein;
C3: 49.19 mg g-1 protein; C4: 7.17 mg g-1 protein, P < 0.05) with
600 mg kg-1 MOS supplementation. Then all of them showed a
downward trend (LZ: from 269.13 to 265.80 U mg-1 protein;
ACP: from 373.30 to 335.22 U mg-1 protein; C3: from 36.29 to
30.57 mg g-1 protein; C4: from 6.65 to 6.28 mg g-1 protein) with
the increase in MOS (800–1,000 mg kg-1). The IgM content was
significantly increased with MOS supplementation with MOS at
A B

FIGURE 1 | MOS alleviates skin damage of on-growing grass carp after infection of Aeromonas hydrophila. (A) The red-skin morbidity of fish. Data were
represented as the mean ± SD. N = 15 for each MOS level; different letters above bars indicate significant differences (P < 0.05). (B) The apparent symptoms (red
arrow, hemorrhages, and lesions) of fish skin.
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400 mg kg-1 diet; at this optimal MOS supplementation, the IgM
content was obviously increased to a maximum 114.49 mg g-1

protein (P < 0.05) compared with the control group (IgM: 94.90
mg g-1 protein). Then it showed a downward trend (IgM: from
103.00 to 91.59 mg g-1 protein) with the increase in MOS (600–
1,000 mg kg-1).

Skin Physic Barrier Function
Gene Expression
To further determine the MOS effect on fish skin physic barrier
function with A. hydrophila challenge, the mRNA expression of
the antioxidant, apoptosis, and tight junction-related gene was
examined by real-time RT-PCR (Figures 3A-C). The enzymatic
antioxidant pathway is an important part of the antioxidant
system in fish (46). Figure 3A provides the heat map of the
antioxidant-related gene expression. In comparison with the
control group, almost all antioxidant enzyme-related isoforms,
Frontiers in Immunology | www.frontiersin.org 59987
CuZnSOD (1.84-fold change), MnSOD (1.70-fold change), CAT
(1.98-fold change), GR (1.79-fold change), GPx1a (1.69-fold
change), GPx1b (1.63-fold change), GPx4a (1.69-fold change),
GSTp1 (1.49-fold change), GSTp2 (1.61-fold change), and GSTo1
(1.65-fold change), were significantly upregulated with optimal
MOS supplementation up to 400 mg kg-1 (P < 0.05), and GPx4b
(1.87-fold change), GSTo2 (1.81-fold change), and GSTR (1.53-
fold change) were significantly upregulated with optimal MOS
supplementation up to 600 mg kg-1 (P < 0.05); then all of them
followed a gradual downward trend with the increase in MOS
(600–1,000 mg kg-1 or 800–1,000 mg kg-1). Furthermore, the key
transcriptional factor Nrf2 mRNA levels (1.88-fold change) were
significantly upregulated with optimal MOS supplementation up
to 400 mg kg-1 (P > 0.05), followed by a gradual downward trend
with the increase in MOS (600–1,000 mg kg-1). Conversely, the
keap1a (0.56-fold change) mRNA level had a significant downward
trend with 400 mg kg-1 MOS supplementation (P > 0.05)
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FIGURE 2 | Effect of dietary MOS supplementation on barrier function in the skin of on-growing grass carp after infection of Aeromonas hydrophila. (A–C) Biomarkers
of oxidative damage; ROS, reactive oxygen species (% DCF florescence); MDA, malondialdehyde (nmol g-1 tissue); PC, protein carbonyl (nmol mg-1 protein).
(D–L) Antioxidant-related parameters; ASA, anti-superoxide anion (U g-1 protein); AHR, anti-hydroxy radical (U mg-1 protein); CuZnSOD, copper/zinc superoxide
dismutase (U mg-1 protein); MnSOD, manganese superoxide dismutase (U mg-1 protein); CAT, catalase (U mg-1 protein); GPx, glutathione peroxidase (U mg-1 protein);
GST, glutathione reductase (U mg-1 protein); GR, glutathione reductase (U mg-1 protein); GSH, glutathione (mg g-1 protein). (M–Q) Immune-related parameters; LZ,
Lysozyme activity (U mg -1 protein); ACP, acid phosphatase (U mg-1 protein); C3, complement 3 (mg g-1 protein); C4, complement 4 (mg g-1 protein); IgM,
immunoglobulin M (mg g-1 protein). N = 6 for each MOS level; different letters above bars indicate significant differences (P < 0.05).
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and then plateaued. However, one of the interesting results we
found was that the MOS supplementation did not affect keap1b
mRNA levels. As expected, our antioxidant gene expression data
were consistent with enzyme activities results, suggesting that
the optimal level of MOS could enhance the antioxidant capacity
of fish skin under A. hydrophila challenge.

We investigated the effect of MOS on the apoptosis level by
DNA fragmentation and determination of apoptotic pathway
gene expression (Supplementary Figure 2 and Figure 3B).
Supplementary Figure 2 provides the visualization results that
revealed that skin DNA showed an obvious fragmentation after
being challenged (control group). Interestingly, MOS
supplementation (600 and 800 mg kg-1) performed the obvious
reduction of DNA fragmentation. In Figure 3B, our results
showed that compared with the control, the pro-apoptotic
factors, Caspase-3 (0.67-fold change), Caspase-7 (0.31-fold
change), FasL (0.44-fold change), BAX (0.51-fold change), and
p38MAPK (0.61-fold change), were significantly downregulated
with optimal MOS supplementation up to 400 mg kg-1 (P < 0.05),
and Caspase-2 (0.62-fold change), Caspase-8 (0.61-fold change),
Caspase-9 (0.68-fold change), and Apaf-1 (0.75-fold change)
were significantly downregulated with optimal MOS
supplementation up to 600 mg kg-1 (P < 0.05); then all of
them followed a gradual upward trend with the increase in
MOS (600–1,000 mg kg-1 or 800–1,000 mg kg-1). The anti-
apoptotic factors, Bcl-2 (1.73-fold change), IAP (1.83-fold
change), and Mcl-1 (1.62-fold change), were significantly
Frontiers in Immunology | www.frontiersin.org 610088
upregulated with optimal MOS supplementation up to 400 mg
kg-1 (P < 0.05), and then all of them followed a gradual downward
trend with the increase inMOS (600–1,000 mg kg-1) compared with
the control group. However, we found that the MOS
supplementation did not affect JNK mRNA levels. These data
suggest that the MOS could effectively inhibit fish skin excessive
apoptosis caused by A. hydrophila.

The tight junction proteins contribute to the skin barrier
function (47). In Figure 3C, our results showed that compared
with the control, most TJ protein genes, ZO-1 (1.95-fold change),
ZO-2 (1.80-fold change), Occludin (1.87-fold change), Claudin-
3c (1.56-fold change), Claudin-7b (1.73-fold change), Claudin-11
(1.74-fold change), Claudin-12 (1.61-fold change), Claudin-15a
(1.77-fold change), and Claudin-15b (1.39-fold change), were
significantly upregulated with optimal MOS supplementation up
to 400 mg kg-1 (P < 0.05), and Claudin-c (1.83-fold change),
Claudin-f (1.93-fold change), and Claudin-7a (1.46-fold change)
were s ignificant ly upregula ted with opt imal MOS
supplementation up to 600 mg kg-1 (P < 0.05); then all of
them followed a gradual downward trend with the increase in
MOS (600–1,000 mg kg-1 or 800–1,000 mg kg-1). Furthermore,
the key regulation molecules MLCK mRNA levels (0.58-fold
change) were significantly downregulated with optimal MOS
supplementation up to 400 mg kg-1 (P > 0.05) and plateaued with
the increase in MOS (600–1,000 mg kg-1) compared with the
control group. We also found that the MOS supplementation did
not affect Claudin-b mRNA levels. These data suggest that MOS
A B

DC

FIGURE 3 | Heat map of MOS (mg kg−1 diet) changed expression of antioxidant (A), apoptosis (B), TJs (C), and immune (D) related parameters in the skin of on-
growing grass carp after infection of Aeromonas hydrophila. The signal values of upregulation (red) and downregulation (blue) were expressed and ranged from 0.5
to 2.5 folds.
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could enhance tight junctions of fish skin under A.
hydrophila challenge.

Skin Immune Barrier Function
Gene Expression
To investigate the effect of MOS on fish skin immune barrier
function with A. hydrophila challenge, the mRNA expression of
the pro-inflammatory cytokines and anti-inflammatory
cytokines and key signaling molecule gene was examined by
real-time RT-PCR (Figure 3D). As is well known, inflammatory
cytokines are crucial for fighting off infections and are involved
in immune responses (48). In Figure 3D, compared with the
control, the expression of pro-inflammatory cytokines, IL-1b
(0.48-fold change), TNF-a (0.50-fold change), IL-6 (0.57-fold
change), IL-12p40 (0.48-fold change), IL-15 (0.43-fold change),
and IL-17D (0.47-fold change), was significantly downregulated
with MOS supplementation up to 400 mg kg-1 (P < 0.05), that of
IFNg2 (0.65-fold change) and IL-12p35 (0.47-fold change) was
significantly downregulated with MOS supplementation up to
600 mg kg-1 (P < 0.05), and IL-8 (0.58-fold change) was
significantly downregulated with MOS supplementation up to
800 mg kg-1 (P < 0.05), followed by a gradual upward trend or
plateau with the increase in MOS (600–1,000 mg kg-1). Besides,
the anti-inflammatory cytokine factors IL-4/13A (1.64-fold
change) and IL-11 (1.66-fold change) were significantly
upregulated with MOS supplementation up to 400 mg kg-1

(P > 0.05), and TGFb1 (1.76-fold change), TGF-b2 (1.42-fold
change), and IL-10 (1.79-fold change) were significantly
upregulated with MOS supplementation up to 600 mg kg-1

(P > 0.05), followed by a gradual downward trend with the
increase in MOS (600–1,000 mg kg-1 or 800–1,000 mg kg-1),
compared with the control group. Our results showed
that the MOS supplementation did not affect IL-4/13B
mRNA levels.

Many inflammatory cytokines could be mediated by NFkB and
the TOR signaling pathway (29, 49). The present study displayed
that compared with the control, the expression of inflammatory
signal molecular-related genes, NFkBp65 (0.57-fold change) and
4E-BP2 (0.59-fold change), was significantly downregulated with
MOS supplementation up to 400 mg kg-1, that of NFkBp52 (0.55-
fold change), c-Rel (0.61-fold change), and 4E-BP1 (0.58-fold
change) was significantly downregulated with MOS
supplementation up to 600 mg kg-1, and that of IKKb (0.75-fold
change) and IKKg (0.64-fold change) was significantly
downregulated with MOS supplementation up to 800 mg kg-1,
followed by a gradual upward trend with the increase in MOS
(600–1,000 mg kg-1). Besides, IkBa (1.98-fold change) and TOR
(2.11-fold change) were significantly upregulated with MOS
supplementation up to 400 mg kg-1, and S6K1 (1.92-fold change)
was significantly upregulated withMOS supplementation up to 600
mg kg-1, followed by a gradual downward trend with the increase
in MOS (600–1,000 mg kg-1), compared with the control group.
Our results showed that the MOS supplementation did not
affect IKKa mRNA levels. These results suggest that MOS is
involved in the regulation of inflammatory cytokines under
A. hydrophila challenge.
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Correlation Analysis
To investigate the correlation between the expression of genes
related to the skin barrier function and the signal molecules
involved in regulation, correlation analysis was performed.
Figures 4A-D provides the diagram of the correlation analysis.
These data showed the gene expression correlation analyses of
physic barrier-related parameters and immune barrier-related
parameters. Gene expression of studied antioxidant enzymes
revealed a positive correlation with Nrf2 mRNA levels, whereas
Keap1a and Keap1b revealed a negative correlation. Gene
expression of the studied pro-apoptotic factor showed a
positive correlation with p38MAPK, whereas the anti-apoptotic
factor showed a negative correlation. Gene expression of studied
TJ proteins (except Claudin-b) showed a negative correlation
with MLCK. Besides, gene expression of studied pro-
inflammatory cytokine factors presented a positive correlation
with NFkB, and the anti-inflammatory cytokine presented a
positive correlation with TOR.
Key Role Protein Levels of Skin
Barrier Function
To verify the results of skin barrier gene expression, we further
performed Western blot analysis to test several key regulatory
signaling molecules. The protein expression of Nrf2, TOR, and
NFkB p65 in the skin of fish is exhibited in Figures 5A–
C, respectively.

Compared with the control group, the nuclear Nrf2 (1.42-fold
change) in the skin of fish was elevated with MOS
supplementation up to 400 mg kg-1 (P > 0.05) and then
plateaued with MOS supplementation up to 1,000 mg kg-1.
Besides, fish fed with 600 and 400 mg kg-1 MOS presented the
maximum p-TOR Ser2448 (1.80-fold change) and total TOR (T-
TOR) (1.33-fold change) expression (P < 0.05), respectively, and
then gradually decreased with MOS supplementation up to 1,000
mg kg-1 compared with the control group. With dietary MOS
supplementation up to 600 mg kg-1, NFkB p65 expression (0.70-
fold change) weakened obviously (P < 0.05) and then gradually
increased with MOS supplementation up to 1,000 mg kg-1. As
expected, these results of protein expression were consistent with
those of gene expression.
DISCUSSION

This research used the same growth trial from our previous
work in grass carp (35), which is a part of a larger study
conducted to investigate the protective effect of fish skin
barrier function by MOS supplementation. Our previous works
have demonstrated that optimal MOS supplementation could
promote fish growth and improve multiple functional organs
(such as intestine, head-kidney, and spleen) health (35, 37). As is
well known, fish growth and development are closely related to
skin health (1). Therefore, to investigate the effects of prebiotics
on fish skin health, we conducted relevant experiments based on
previous studies.
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MOS Supplementation Enhanced Skin
Disease Resistance
As is well known, skin health is mainly reflected by disease
resistance (50). Aeromonas hydrophila is one of the most
common pathogenic microorganisms associated with the
aquatic environment, which could cause skin lesions in fish
(51). In this study, our results displayed that optimal MOS
(400 mg kg-1) could decrease skin lesion morbidity (8.27%)
after being challenged while the control group caused skin
l e s ion morb id i t y (14 .40%) , ind i ca t ing tha t MOS
supplementation enhanced fish resistance against skin lesions.
Our data also showed that MOS supplementation attenuated
skin hemorrhages and lesions, which suggested that MOS
supplementation enhanced the ability to resist A. hydrophila
invasion. Based on the quadratic regression analysis, the
recommend suitable MOS supplementation against skin lesions
morbidity was estimated to be 508.2 mg kg-1. Generally, skin
health is closely related to physical barriers and immune barriers
in fish (1). Therefore, at first, we investigated the effects of MOS
supplementation on physical barrier function in the skin of on-
growing grass carp.
Frontiers in Immunology | www.frontiersin.org 810290
MOS Supplementation Enhanced Skin
Physical Barrier Function
As mention above, the physical barrier function of the skin is
related to cellular integrity and intercellular integrity, which were
related to antioxidant capacity, apoptosis, and tight junction.
Generally, MDA and PC were usually recognized to reflect the
level of cell damage resulting from reactive oxygen (ROS)
metabolites, which could be reduced by the antioxidant system
(52, 53). We found that optimal MOS dosage decreased the
biomarker content of oxidative damage of lipid and protein,
whereas it enhanced the antioxidant enzyme activities. These
data implied that MOS supplementation enhanced the
antioxidant capacity to inhibit oxidative damage in fish skin.
In general, antioxidant enzyme activities were strongly associated
with their corresponding mRNA gene expression (54). We found
that antioxidant enzymes and related isoform gene expression
were upregulated by optimal MOS supplementation in the skin,
indicating that MOS-enhanced activity of the antioxidant
enzyme might be partly related to the upregulation of their
mRNA levels. To our knowledge, Nrf2 is a major factor
accounting for promoting the expression of various antioxidant
A B

DC

FIGURE 4 | Correlation analysis of parameters in the skin of on-growing grass carp after infection of Aeromonas hydrophila. Antioxidant (A), apoptosis (B), TJs (C),
and immune (D) of on-growing grass carp after infection of Aeromonas hydrophila.
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enzyme genes to defend against oxidative stress, which is
degenerated by Keap1 in the nucleus (55, 56). A study on mice
liver showed that the Nrf2 protein level in the nucleus could
evaluate the nuclear translocation of Nrf2 (57). Our result
showed that MOS supplementation upregulated Nrf2 and
downregulated Keap1a (rather than Keap1b) and increased the
protein levels of nucleus Nrf2, suggesting that MOS
supplementation activated the Nrf2 signaling pathway by the
activation of Nrf2 nuclear translocation in the skin. Notably, we
found that MOS only downregulated the Keap1a expression in
the skin, which might be partly relevant to threonine. A study on
piglets revealed that threonine absorbed from the intestine could
be enhanced by MOS supplementation (58). Our lab previously
has confirmed that threonine has no influence on Keap1b gene
expression in the grass carp gill (59). Thus, these data might
partially support our hypothesis. However, the specific
mechanism needs further investigation. In addition, a study
reported that excessive oxidative damage could induce cell
apoptosis in MN9D cells (60). Therefore, we further examined
the effects of MOS supplementation on fish skin apoptosis.

Apoptosis, a tightly controlled physiological process, and
internal environment homeostasis, plays important roles not
only in the normal development and homeostasis of organisms
Frontiers in Immunology | www.frontiersin.org 910391
but also in the pathogenesis of bacterial infections (61).However,
excessive apoptosis could destroy the physical barrier of the skin
in fish (62). In mammals, there are two major apoptosis
pathways, the death receptor pathway (FasL/caspase-8) and
the mitochondria pathway [(Bcl-2, Mcl-1, and Bax)/Apaf-1/
caspase-9], which were modulated by signal molecule
p38MAPK and JNK (63–65). These two apoptosis pathways
converge on caspase-3 activation, which is the key apoptotic
protein. As is well known, the apoptosis-related protein includes
the apoptotic promoter (caspase-8 and caspase-9) and effector
(caspase-3 and caspase-7). In addition, DNA fragmentation is a
hallmark of apoptosis (66). The visualization of apparent index
results clearly showed that the level of apoptosis was significantly
reduced with MOS supplementation. Our gene expression
results also displayed that the optimal MOS supplementation
could suppress the excess apoptosis process under-challenged,
which was partly associated with p38MAPK (not JNK), leading
to the inhibition of both apoptosis pathways in fish skin. As
mentioned above, intercellular structure integrity also played a
crucial role in the physical barrier, which is associated with TJ
proteins (67). Thus, we next examined the influences of MOS
supplementation on TJs as well as the related signaling pathway
in fish skin.
A
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FIGURE 5 | Western blot analysis of nuclear Nrf2 (A), p-TOR Ser2448 (B) and NFkBp65 (C) protein levels in the skin of on-growing grass carp after infection of
Aeromonas hydrophila. Data represent means of three fish in each group, error bars indicate S.D. Values having different letters are significantly different (P < 0.05).
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The intercellular junction complex function has maintained
the integrity of the skin barrier, which mainly consists of TJ
proteins (68, 69). It has been reported that inhibition of MLCK
expression could improve epithelial TJ barrier function in Caco-
2 cells (70). Our result displayed that optimal MOS upregulated
the expression of most of the tight junction proteins (except
claudin-b) and downregulated MLCK, suggesting that MOS
improved tight junction partly by inhibiting the MLCK
signaling pathway. We surprisingly found that MOS did not
affect claudin-b gene expression, which could involve both IL-6
and cortisol. Our result exhibited that MOS supplementation
could downregulate IL-6 gene expression. Steensberg et al. (71)
confirmed that IL-6 could increase the content of cortisol in
humans. Studies showed that cortisol did not affect claudin-b
mRNA levels in the gill epithelial cell of pufferfish and goldfish
(72, 73), which supports our hypothesis. However, determining
the underlying mechanism warrants further investigation.

MOS Supplementation Enhanced Skin
Immune Barrier Function
To our knowledge, the existence and function of the secretory cell
in teleost skin (such as mucous goblet cells, squamous cells,
pigment cells, and so on) have been confirmed and provided the
first line of defense against pathogen invasion (1, 74). The mucus
secreted by these cells contains a large number of antimicrobial
substances (75, 76). Previous studies have demonstrated that MOS
can increase the LZ activity and bactericidal activity in the skin of
greater amberjack (13). The present study focuses on antibacterial
compounds, and the results revealed that MOS could promote LZ
production in the skin of grass carp, agreeing with previous
findings in the skin of greater amberjack. Coincidentally, we also
found a study that showed that other prebiotics also has
antimicrobial properties, which reported the antimicrobial ability
to be enhanced in the skin of Caspian white fish (Rutilus frisii
kutum) with xylooligosaccharide (77). These interesting results
partly reflect the commonality of prebiotic to improve skin
antimicrobial capacity. In addition, the skin immune function is
closely related to the inflammatory response mediated by
cytokines (14). Thus, we next examined the effects of MOS
supplementation on fish skin immune barrier function.

In the immune system, there is a dynamic balance between
pro-inflammatory cytokines and ant-inflammatory cytokines.
The imbalance of inflammatory cytokines caused by external
stimuli (pathogenic bacteria) is one of the causes of the excessive
inflammatory response (78). A study on channel catfish,
Ictalurus punctatus, revealed that Actigen® (a commercial
MOS product from Alltech) could improve inflammatory
cytokine balance in multiple mucosal immune organs by using
RNA-seq, indicating that MOS additives may provide protection
extending beyond the intestine to surface mucosa (79). As we
expected, our result displayed that optimal MOS dosage
downregulated pro-inflammatory cytokine expression; in
contrast to the former, the anti-inflammatory cytokine (except
IL-4/13B) expression was upregulated, indicating that MOS
supplementation attenuated the inflammation in fish skin.
Notably, part of these data differed with other similar studies
Frontiers in Immunology | www.frontiersin.org 1010492
(parasite challenged) in the skin of greater amberjack, which
found that TNFa, IL-1b, IFNg, and IL-8 were upregulated by
MOS supplementation (2 g kg-1) (13). Differences in species,
MOS purity, and challenged type might account for this
disparity. Notably, another interesting result showed that
dietary MOS only upregulated IL-4/13A expression in the skin.
This phenomenon might be associated with the content of
phosphorus. A study on weaned piglets confirmed that MOS
increased the digestibility of phosphorus (30). Past work in our
lab has confirmed that phosphorus has no effect on the IL-4/13B
expression, and our results also showed that dietary MOS did the
same effect on IL-4/13B expression (32). Thus, we speculated that
MOS supplementation upregulates the IL-4/13A (rather than IL-
4/13B), which might relate to improving the digestibility of
phosphorus, thus leading to a disposition of only upregulated
IL-4/13A in fish.

As we all know, the pro-inflammatory cytokines could be
activated by the NFkB family of transcription factors (such as
NFkB p65, p52, and c-Rel), which required a sequestering
protein named IkBa that could be catalyzed by the IKK
complex (IKKa, IKKb, and IKKg) (80, 81). We found that
optimal MOS supplementation downregulated NFkB-related
signal molecule (rather than IKKa) gene expression and
decreased the protein levels of NFkB p65, suggesting that MOS
supplementation activated the NFkB signaling pathway by
decreasing the nuclear NFkB p65 protein expression in the
skin. Interestingly, what is noteworthy of this study is that
MOS supplementation did not have influence on IKKa in the
skin; the possible reasons for this difference might be due to
TNF-a and PKCz. Our result revealed that MOS could
downregulate TNF-a expression. A study on rat showed that
downregulated TNF-a expression could decrease the activity of
PKCz (82), which could downregulate IKKb and IKKg (rather
than IKKa) expression in Kupffer cells, and did not have an effect
on IKKa expression (83), supporting our hypothesis. However,
the underlying molecular mechanism is still unknown and
warrants further investigation. In addition, it has been reported
that anti-inflammatory cytokines could be modulated by the
mTOR/(S6K1, 4EBP-1) signaling cascades in humans (84). One
study on rainbow trout reported that the phosphorylation of
TOR on residue Ser2448 can be used to monitor the activation of
TOR signaling (85). We found that MOS supplementation
downregulated 4EBP-1 and 4EBP-2 gene expression and
upregulated TOR and S6K1 expression, and increased the
protein levels of TOR and p-TOR Ser2448, suggesting that
MOS supplementation upregulated the anti-inflammatory
cytokine mRNA levels partly due to the activation of the TOR
signaling pathway cascades in fish skin.

In summary, the current work presented a clear outline of
dietary MOS enhanced fish skin immune barrier and physical
barrier function after infection with A. hydrophila. Our study
confirmed that dietary MOS supplementation could improve the
status of skin health, as demonstrated by the following findings
(1): MOS supplementation enhanced the immune barrier function
via increasing the skin disease resistance, producing antibacterial
compounds and immunoglobulins, upregulating anti-
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inflammatory cytokines (except IL-4/13B), and downregulating
pro-inflammatory cytokines gene expression (2). MOS
supplementation protected the physical barrier function via
increasing the antioxidant capacity, inhibited excessive
apoptosis, and enhanced the tight junction barriers (except
claudin-b). Moreover, MOS supplementation improved fish
physical and immune barrier function by modulating multiple
signaling pathways (such as Nrf2, TOR, NFkB, and so on).
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Supplementary Figure 1 | Antioxidative activities of MOS with different levels.
(A) 2,2-diphenyl-1-picrylhydrazyl (DPPH) radical scavenging activity. (B) ·O2 radical
scavenging activity. (C) ·OH scavenging activity.

Supplementary Figure 2 | DNA fragmentation analysis in the skin of on-growing
grass carp after infection of Aeromonas hydrophila. Lane 1: maker. Lane 2- Lane 6:
levels of dietary MOS were 0, 200, 400, 600, 800 and 1000 mg kg-1, respectively.
This experiment was repeated three times with similar results achieved.
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82. Estève PO, Chicoine É, Robledo O, Aoudjit F, Descoteaux A,
Potworowski EF, et al. Protein Kinase C-z Regulates Transcription of the
Matrix Metalloproteinase-9 Gene Induced by IL-1 and TNF-a in Glioma
Cells via NF-kb. J Biol Chem (2002) 277:35150–5. doi: 10.1074/
jbc.M108600200

83. Peng Y, Sigua CA, Gallagher SF, Murr MM. Protein Kinase C-Zeta is Critical
in Pancreatitis-Induced Apoptosis of Kupffer Cells. J Gastrointest Surg (2007)
11:1253–61. doi: 10.1007/s11605-007-0193-0

84. Zhao J, Benakanakere MR, Hosur KB, Galicia JC, Martin M, Kinane DF.
Mammalian Target of Rapamycin (mTOR) Regulates TLR3 Induced
Cytokines in Human Oral Keratinocytes. Mol Immunol (2010) 48:294–304.
doi: 10.1016/j.molimm.2010.07.014

85. Seiliez I, Gabillard JC, Skibacassy S, Garciaserrana D, Gutiérrez J, Kaushik S,
et al. An In Vivo and In Vitro Assessment of TOR Signaling Cascade in
October 2021 | Volume 12 | Article 742107

https://doi.org/10.3390/microorganisms7120613
https://doi.org/10.3390/microorganisms7120613
https://doi.org/10.4102/jsava.v76i1.393
https://doi.org/10.1016/s0027-5107(99)00010-x
https://doi.org/10.1016/s0027-5107(99)00010-x
https://doi.org/10.1097/WOX.0b013e3182439613
https://doi.org/10.1097/WOX.0b013e3182439613
https://doi.org/10.1016/j.mad.2005.12.008
https://doi.org/10.1016/j.mad.2005.12.008
https://doi.org/10.1128/MCB.24.16.7130-7139.2004
https://doi.org/10.1016/j.freeradbiomed.2009.07.035
https://doi.org/10.1016/j.freeradbiomed.2009.07.035
https://doi.org/10.1016/j.archger.2011.06.006
https://doi.org/10.1016/j.archger.2011.06.006
https://doi.org/10.1016/S0739-7240(99)00071-5
https://doi.org/10.1016/j.fsi.2017.10.048
https://doi.org/10.1074/jbc.M311164200
https://doi.org/10.1074/jbc.M311164200
https://doi.org/10.1016/s1097-2765(02)00482-3
https://doi.org/10.1017/S0007114507381397
https://doi.org/10.1101/gad.949001
https://doi.org/10.1182/blood-2002-07-2132
https://doi.org/10.1182/blood-2002-07-2132
https://doi.org/10.1016/j.cbi.2006.10.011
https://doi.org/10.1021/ic901791f
https://doi.org/10.1083/jcb.123.6.1777
https://doi.org/10.1083/jcb.141.7.1539
https://doi.org/10.1083/jcb.141.7.1539
https://doi.org/10.1242/jcs.02915
https://doi.org/10.1186/s12970-020-00375-4
https://doi.org/10.1016/j.mce.2009.12.002
https://doi.org/10.1016/j.mce.2009.12.002
https://doi.org/10.1016/j.fsi.2004.09.006
https://doi.org/10.1016/j.fsi.2019.05.010
https://doi.org/10.1007/s10695-020-00797-6
https://doi.org/10.1016/j.fsi.2014.05.009
https://doi.org/10.1016/j.fsi.2014.05.009
https://doi.org/10.1016/j.tmaid.2007.07.002
https://doi.org/10.1016/j.fsi.2015.07.005
https://doi.org/10.1016/j.fsi.2016.11.009
https://doi.org/10.1016/j.fsi.2016.11.009
https://doi.org/10.1016/j.fsi.2017.07.041
https://doi.org/10.1074/jbc.M108600200
https://doi.org/10.1074/jbc.M108600200
https://doi.org/10.1007/s11605-007-0193-0
https://doi.org/10.1016/j.molimm.2010.07.014
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Lu et al. Mannan-oligosaccharides Regulates Fish Skin Barrier
Rainbow Trout (Oncorhynchus Mykiss). Am J Physiol (2008) 295:329–35.
doi: 10.1152/ajpregu.00146.2008

Conflict of Interest: S-YK, LT, S-WL, X-AL and C-BZ were employed by Sichuan
Animtech Feed Co. Ltd.

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

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
Frontiers in Immunology | www.frontiersin.org 1410896
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 Lu, Feng, Jiang, Wu, Liu, Jiang, Kuang, Tang, Li, Liu, Zhong and
Zhou. This is an open-access article distributed under the terms of the Creative
Commons Attribution License (CC BY). The use, distribution or reproduction in other
forums is permitted, provided the original author(s) and the copyright owner(s) are
credited and that the original publication in this journal is cited, in accordance with
accepted academic practice. No use, distribution or reproduction is permitted which
does not comply with these terms.
October 2021 | Volume 12 | Article 742107

https://doi.org/10.1152/ajpregu.00146.2008
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Frontiers in Immunology | www.frontiersin.

Edited by:
Huaxi Yi,

Ocean University of China, China

Reviewed by:
Huizi Tan,

Nanchang University, China
Jufang Wang,

South China University of Technology,
China

*Correspondence:
Minqi Wang

wangmq@zju.edu.cn

Specialty section:
This article was submitted to

Nutritional Immunology,
a section of the journal

Frontiers in Immunology

Received: 13 August 2021
Accepted: 08 November 2021
Published: 30 November 2021

Citation:
Xiao Z, Liu L, Pei X, Sun W, Jin Y,
Yang S-T and Wang M (2021) A
Potential Probiotic for Diarrhea:

Clostridium tyrobutyricum Protects
Against LPS-Induced Epithelial
Dysfunction via IL-22 Produced

By Th17 Cells in the Ileum.
Front. Immunol. 12:758227.

doi: 10.3389/fimmu.2021.758227

ORIGINAL RESEARCH
published: 30 November 2021

doi: 10.3389/fimmu.2021.758227
A Potential Probiotic for Diarrhea:
Clostridium tyrobutyricum Protects
Against LPS-Induced Epithelial
Dysfunction via IL-22 Produced
By Th17 Cells in the Ileum
Zhiping Xiao1, Lujie Liu1, Xun Pei1, Wanjing Sun1, Yuyue Jin1, Shang-Tian Yang2

and Minqi Wang1*

1 The key Laboratory of Molecular Animal Nutrition, Ministry of Education, College of Animal Sciences, Zhejiang University,
Hangzhou, China, 2 Department of Chemical and Biomolecular Engineering, The Ohio State University, Columbus,
OH, United States

Probiotics are clinically used for diarrhea and inflammatory bowel diseases in both humans
and animals. Previous studies have shown that Clostridium tyrobutyricum (Ct) protects
against intestinal dysfunction, while its regulatory function in the gut needs further
investigation and the related mechanisms are still not fully elucidated. This study aims
to further verify the protective function of Ct and reveal its underlying mechanisms in
alleviating diarrhea and intestinal inflammation. Ct inhibited LPS-induced diarrhea and
intestinal inflammation in the ileum. IL-22 was identified and the protective role of Ct in the
ileum presented an IL-22-dependent manner according to the transcriptomic analysis and
in vivo interference mice experiments. The flow cytometric analysis of immune cells in the
ileum showed that Ct enhanced the proportions of Th17 cells in response to LPS. The
results of in situ hybridization further verified that Ct triggered Th17 cells to produce IL-22,
which combined with IL-22RA1 expressed in the epithelial cells. Moreover, Ct was unable
to enhance the levels of short-chain fatty acids (SCFAs) in the ileum, suggesting that the
protective role of Ct in the ileum was independent of SCFAs. This study uncovered the role
of Ct in alleviating diarrhea and inflammation with the mechanism of stimulating Th17 cells
in the lamina propria to produce IL-22, highlighting its potential application as a probiotic
for diarrhea and inflammation in the ileum.

Keywords: Clostridium tyrobutyricum1, diarrhea2, intestinal barrier function3, IL-224, Th17 cells5
INTRODUCTION

Diarrhea is a gastrointestinal condition with high morbidity and mortality. Generally, diarrhea
results from the decreased absorption of Cl- and Na+ and movement of water, leading to the
imbalance of ions and solute across the gut epithelium (1). When diarrhea occurs, the enteric
pathogens easily disseminate into the intestinal microenvironment, disturbing homeostasis of the
org November 2021 | Volume 12 | Article 758227110997
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epithelial barrier, host flora, and immune cells, inducing
intestinal inflammation, causing intestinal inflammation, and
gastrointestinal diseases like inflammatory bowel disease (IBD).

Alleviation of diarrhea and intestinal inflammation requires
an ingenious intestinal barrier system concerting the crosstalk
between the microbiota and immune cells to avoid excessive
immune responses to commensal microbes or pathogens. This
process involves a series of mechanisms, including the secretion
of cytokines, chemokines, and immunomodulatory molecules,
such as thymic stromal lymphopoietin, TGF-b, retinoic acid, IL-
10, and IL-5 produced by intestinal epithelial cells (IECs) (2).
The mechanisms involved in microbiota-IECs-immune cell
interactions are still being elucidated because of the cell culture
systems imitating the physiological cues of the complex
gastrointestinal mucosa microenvironment. However,
equilibrium of the gut microbiota, IECs, and immune cells is
crucial for intestinal homeostasis.

Clostridium tyrobutyricum (C. tyrobutyricum/Ct) is one of the
anaerobic Clostridium strains. Compared with other gram-positive
bacteria, the cell well of C. tyrobutyricum is mainly made up of
higher protein (35-40% dry weight), lower insoluble peptidoglycan
(10-12% dry weight), and neutral sugar, and absent teichuronic
acids (3, 4). Numerous studies have revealed that Clostridium
tyrobutyricum could be used to produce higher butyric acid via
bacterial fermentation (5–7). Recently, C. tyrobutyricum has
been revealed to protect barrier function in different tissues,
including the gut (8), testis (9), and endometrium (10). A new
study about the genomic analysis of C. tyrobutyricum pointed
out that C. tyrobutyricum is a potential bacteria in regulating
health in human beings (11). Our earlier study has shown that
C. tyrobutyricum protects against lipopolysaccharide (LPS)-
induced epithelial dysfunction in IPEC-J2 cells (12).
Moreover, C. tyrobutyricum has been revealed in alleviating
LPS-induced inflammation via regulating immune cells in the
intestinal sections (13, 14). However, the regulatory function of
C. tyrobutyricum in the gut needs further elucidation and its
underlying mechanism in maintaining intestinal homeostasis is
still not fully understood.

In this study, we aimed to investigate the role and possible
mechanisms of C. tyrobutyricum in the ileum based on our
previous study (14). We further proved that C. tyrobutyricum
prevented diarrhea and protected against LPS-induced ileal barrier
dysfunction in vivo. IL-22 was identified according to the
transcriptomic analysis of the ileum. C. tyrobutyricum alleviated
LPS-induced epithelial destruction depending on IL-22 produced
according to the in vivo interference experiments. We also revealed
that C. tyrobutyricum enhanced the MHC-II process, thereby
stimulating Th17 cells to produce IL-22 which combined with
IL-22RA1 expressed in the epithelial cells. Strikingly, C.
tyrobutyricum decreased the levels of short-chain fatty acids
(SCFAs) in response to LPS, suggesting that the regulatory
function of C. tyrobutyricum in the gut was independent of
SCFAs. Our studies revealed the role of C. tyrobutyricum in the
crosstalk between epithelial cells and immune cells mediated by
IL-22 and identifies the potential application of C. tyrobutyricum
as a probiotic for diarrhea and inflammation in the ileum.
Frontiers in Immunology | www.frontiersin.org 211098
MATERIALS AND METHODS

Antibodies and Reagents
LPS (derived from Escherichia coli strain O55:B5) and Collagenase
VIII from Clostridium histolyticum (C2139) were from Sigma-
Aldrich (USA). The antibodies in the flow cytometry were
described as our previous studies (13, 14). All antibodies used
in the flow cytometric analysis, immunoblotting, and
immunohistochemistry were shown in Supplemental Table 1.
Transcription Factor Staining Buffer Set (562574) and Stain Buffer
FBS (554656) were from BD (USA). HEPES was fromGibco (USA).
EDTA and BacLight™ Green Bacterial Stain (B-35000) were from
Invitrogen (USA). Fetal Bovine Serum was purchased from Gemini
(USA). RMPI 1640 was from BI (Israel). TRIzol reagent, The
PrimeScript RT reagent kit with gDNA Erase, and SYBR Green
qPCR reagent were from Takara (Japan). DNase (D8070), 5% BSA
(SW3015), Triton X-100 (P1080) and DAPI (C0065) were from
Solarbio (China). The Opal 7-color Manual IHC kit
(NEL811001KT) was purchased from PerkinElmer (USA).
Polybrene was provided by HanBio (China). The whole cell lysis
assay (KGP2100) was from KeyGEN (China).

Mice
Four-week-old C57BL/6 male mice were purchased from
Shanghai SLAC Laboratory Animal Co., Ltd and bred at the
Zhejiang University Laboratory Animal Center (25°C, 12/12-h
light/dark cycle) allowing unrestricted access to standard mice diet
and water. The mice experiments were performed following the
protocol approved by the Institutional Animal Care and Use
Committee of Zhejiang University. For the mice feeding trial,
four-week C57BL/6 male mice were treated with PBS (Control,
mice were treated with PBS by gavage for 20 days followed by
intraperitoneal injection with PBS, n=10), Ct (mice were treated
with 108 CFU/mL Ct for 20 days followed by intraperitoneal
injection with PBS, n=10), LPS (mice were treated with PBS for 20
days followed by intraperitoneal injection with 10 mg/kg BW LPS,
n=12), and Ct + LPS (mice were treated with 108 CFU/mL Ct for
20 days followed by intraperitoneal injection with 10 mg/kg BW
LPS, n=12). For the in vivo interference feeding experiment,
adeno-associated virus 2/2-m-shIL22 labeled with GFP (AAV-
shIL22) and AAV-shNC were generated by Hanbio (Shanghai,
China). The sequences of AAV-shNC and AAV-shIL22 were
designed as the previous study, namely 5’-TTCTCCGAAC
GTGTCACGTAA-3’ and 5’-GCTAAGGATCAGTGCTACCTG
ATGA-3’ (13). Four-week C56BL/6 male mice were first
intraperitoneally injected with 200 mL AAV-shIL22/AAV-
shILNC at a concentration of at least 2.4 × 1011 vg/mL. After 14
days, mice were treated with PBS (AAV-shNC-Control, n=19;
AAV-shIL22-Control, n=17), Ct (AAV-shNC-Ct, n=14, AAV-
shIL22-Ct, n=12), LPS (AAV-shNC-LPS, n=20; AAV-shIL22-
LPS, n=18), and Ct + LPS (AAV-shNC-Ct + LPS, n=17;
AAV-shIL22-Ct + LPS, n=12), respectively as described above.

Bacterial Culturing
C. tyrobutyricum was provided by Prof. Shang-Tian Yang, from
The Ohio State University and was cultured as our previous
November 2021 | Volume 12 | Article 758227
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study (5). Simply, C. tyrobutyricum was cultured anaerobically at
37°C in a clostridial growth medium (CGM), collected after
centrifugation at 12,000 rpm for 5 min, and suspended in PBS.

Bacterial Colonization
For the colonization of C. tyrobutyricum in the intestine, 108

CFU/mL C. tyrobutyricum was first mixed with 100 mM working
solution of the BacLight bacterial stain, incubated for 15 min at
room temperature, and washed with PBS. C57BL/6 mice were
then treated with C. tyrobutyricum by gavage and the intestinal
samples were collected, frozen with liquid nitrogen, embedded
with OCT, and sectioned. The fluorescence was visualized using
a confocal microscope LSM 880 and captured using ZEN 2.3
software (Carl Zeiss, Germany).

RNA-Sequencing
Total RNA of ileal samples from the Control, LPS, Ct, and Ct +
LPS groups (n=6) were isolated for RNA-Sequencing. RNA
sequencing was performed by Novogene using an Illumina
sequencer. Clean reads obtained by removing reads containing
adapter, poly-N and low-quality reads were aligned to the
reference genome using Tophat2 RNA-Seq alignment software.
HTSeq was used to count the read numbers mapped to each
gene. Differential expression analysis was conducted using the
DESeq R package. The P values were adjusted using the
Benjamini & Hochberg method (FDR). Corrected P-value of
0.05 and fold-change of at 1 was set as the threshold for
significantly differential expression.

Immune Cells Isolation and Flow
Cytometric Analysis
The isolation of immune cells from the ileal lamina propria was
performed as previously described (15, 16). The steps of cell
isolation and antibodies staining were conducted according to
our previous studies (13, 14). Simply, the ileal sections were
isolated from the mice, washed with PBS, cut into 5-cm pieces
after removing the fat tissue, mesenteric, and Peyer’s patches, and
shaken in PBS containing 2% FBS, 10 mM HEPES, and 2 mM
EDTA at 37°C for 30 min for two to three cycles. The intestinal
pieces were then shaken in RPMI 1640 medium containing 10%
FBS, 2 mM L-glutamine, 100 U/mL penicillin, 100 mg/mL
streptomycin, 0.6 mg/mL collagenase VIII, and 150 mg/mL
DNase at 37°C for 30 min for two cycles, passed through 100
mm and 40 mm cell strainers, and centrifuged at 400 × g for 10min.
Cells were then stained with Live/Dead (FVS780) for 20 min
followed by CD16/32 antibody for 15 min, washed with PBS,
stained with surface antibodies for 20 min, and washed with PBS.
For the intracellular antibodies, cells were fixed and permeabilized
for 2 h followed by staining the intracellular antibodies for 2 h,
washed with PBS, and suspended in PBS before processing. The
data were analyzed with FlowJo software (BD, USA).

Transmission Electron Microscopy and
Scanning Electron Microscopy
Ileal sections were washed in PBS and fixed in 2.5% GA
overnight. All samples were washed in PBS and postfixed in
1% osmic acid for 1-2 h. Then the samples were washed in PBS
Frontiers in Immunology | www.frontiersin.org 311199
and dehydrated in a series of gradient ethanol solutions (50%,
75%, 85%, 95%, and 100% ethanol), each for 15 min. For SEM,
the samples were dehydrated in a Hitachi Model HCP-2 critical
point dryer with liquid CO2 and visualized using a Philips Model
SU8010 FASEM (Hitachi, Japan). For TEM, samples were
embedded in Epon resin and cut into 60 nm ultrathin sections.
Sections were counterstained with uranyl acetate and lead citrate.
All the samples were observed using a Hitachi HT7650 electron
microscope (Hitachi, Japan).

Histology and Immunohistochemistry
Ileal samples were fixed overnight in 4% PFA, and then
dehydrated in 30% sucrose in PBS solution for 48 h until sunk
to the bottom. Ileal sectioning, H&E, and ZO-1 staining were
performed by Zhejiang Chinese Medical University. The
scanning was conducted on Nikon Eclipse 80i (Nikon, Japan).
The intestinal morphology was evaluated with NDP. View2
(Hamamatsu, China). The average of density (AOD) of ZO-1
was obtained with ImageJ software.

In situ Hybridization
For tissue fluorescence in situ hybridization, the Opal 7-color
Manual IHC kit was used according to the manual provided. The
sections were dewaxed with xylene, rehydrated through a graded
series of ethanol solutions, and fixed in 10% neutral buffered
formalin. After microwave treatment and blocking, the ileal
sections were sequentially stained with primary antibodies and
HRP-conjugated secondary antibodies. One of four Opal
reagents was used for staining followed by microwave
treatments and another round of staining. Slides were finally
stained with DAPI for 5 min and mounted before image
acquisition. CD45, EpCAM, CD3e, RORgt, IL-22, and IL-
22RA1 were used as primary antibodies. The dyes Opal 520,
Opal540, Opal570, and Opal 590 were used for staining. Images
were visualized using confocal microscope LSM 880 and
captured using ZEN 2.3 software (Carl Zeiss, Germany).
Considering the autofluorescence of tissues, the contrast/
brightness with consistent parameters was regulated in all
images using ZEN 2.3 software. All images were analyzed with
ImageJ software.

RT-qPCR
Total RNA was extracted using TRIzol reagent. cDNA was
synthesized with PrimeScript RT reagent kit with gDNA Eraser
according to the manufacturer’s instructions. RT-qPCR was
performed on the CFX96TM Real-Time System (Bio-Rad) in
duplicate or triplicate. Data were analyzed according to the 2-
△△Ct method and normalized to the expression of GAPDH.
PCR primers are shown in Supplemental Table 2.

Immunoblotting
Whole-cell lysates of ileum was prepared using Whole Cell Lysis
Assay. After electrophoresis with 10% SDS-PAGE, proteins were
transferred to PVDF membranes. The membranes were blocked
with 5% non-fat milk for 1h at room temperature, incubated with
specific primary antibodies followed by HRP-conjugated
secondary antibodies, and detected by the ECL reagent.
November 2021 | Volume 12 | Article 758227
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Gas Chromatographic Analysis
The concentrations of SCFAs were analysed via gas
chromatography (17, 18) The ileal contents were mixed with 5
mL double distilled water for 1 h. The supernatant was collected
after centrifugation at 10,000 g for 15 min and mixed with 85%
orthophosphoric acid for 1 h. The supernatant was then
collected, passed by 0.22 mm strainers, and transferred into the
gas chromatography vial. The concentrations of SCFAs in the
ileal contents of mice were measured by GC-8A gas
chromatography (Shimadzu, Kyoto, Japan).

Statistical Analysis
All statistical tests were performed with Prism 8.0 software and
analyzed using two-tail unpaired t-test. All data are expressed as
mean ± SEM and P < 0.05 was considered significant and the
level of significance was indicated as *P < 0.05, **P < 0.01.
RESULTS

Ct Alleviates LPS-Induced Ileal
Barrier Dysfunction
Our previous studies have investigated the most efficient
concentration of Ct in alleviating intestinal dysfunction and
suggested that 108 CFU/mL Ct effectively alleviated LPS-
induced inflammation in different sections of the intestine
including the duodenum, ileum, and colon (13, 14). To further
understand the role of Ct in alleviating diarrhea and intestinal
inflammation in vivo, we first evaluated the colonization of Ct
in vivo via staining Ct with BacLight™ green. Mice were treated
with 108 CFU/mL Ct by gavage. After 4 h, faint fluorescence was
observed on the lumen and the villus surface of the small
intestines (Supplemental Figure 1), indicating that Ct could
colonize in the small intestines, while its colonization capacity in
the intestine was weak.

Mice were then treated with 108 CFU/mL Ct by gavage
followed by LPS injection. Compared with LPS group, Ct
maintained the body weight gain (Figure 1A) and inhibited
diarrhea (Figure 1B) in response to LPS. In response to LPS, Ct
improved the ileal morphology, enhanced the villus height, and
villus height/crypt depth ratio (Figure 1C), which were
consistent with our previous study (14). Compared with LPS
group, Ct significantly increased the expression of ZO-1 (a
typical tight junction protein) in the ileum in response to LPS
(Figure 1D). Under electron microscopy, we observed that LPS
induced the destruction of villi, microvilli, and tight junction
structures, while Ct improved these phenomena in response to
LPS (Figures 1E, F). These results further verified that Ct
effectively inhibited diarrhea and alleviated ileal barrier
dysfunction induced by LPS.

Ct Enhances the Expression of IL-22
in the Ileum
The ileal samples were collected after the feeding experiment and
transcriptomic analysis was conducted to elucidate the molecular
mechanism of Ct in the ileum. A total of 19 differentially expressed
Frontiers in Immunology | www.frontiersin.org 4112100
genes were identified between the Ct and Control groups
according to padj < 0.05 and |log2(FoldChange)| > 1 (Figure 2A
and Supplemental Table 3). Ct up-regulated genes like Ahsg and
Alb, which have been revealed in inhibiting intestinal diseases such
as ulcerative colitis (19, 20). In addition, Ct down-regulated genes
including Tacr2, Cav1, Adrb3, Csf3, and Cxcl2, which enriched in
‘Neuroactive ligand-receptor interaction’, ‘Calcium signaling
pathway’, ‘Endocytosis’, and ‘Cytokine-cytokine receptor’
processes (Supplemental Figure 2A and Supplemental
Table 4). These results indicated that Ct inhibited intestinal
inflammation and regulated intestinal nervous response. A total
of 145 differentially expressed genes were identified between the
LPS and Ct + LPS groups (Figure 2B, Supplemental Table 5).
Compared with the LPS group, genes including Maf, IL-18, H2-
Ab1, H2-DMa, H2-Eb1, Gsdmd, Ahsg, Alb, and Gc enriching in
‘Intestinal bowel disease’ and bacterial infection were enhanced in
the Ct + LPS group. In addition, Ct regulated the intestinal
metabolism, especially fatty acid metabolism in response to LPS
(Supplemental Figure 2B and Supplemental Table 6).
Altogether, we suggested three possible mechanisms of Ct in
regulating intestinal immune response, namely neuro-,
metabolism-, and cytokines-immune regulation. In this study,
we focused on the mechanism of cytokines-immune regulation.

The mRNA expression of Csf3, Gsdmd, and Maf was first
determined. No differences in the mRNA expression of Csf3,
Gsdmd, and Maf were observed between the LPS and Ct + LPS
groups (Figure 2C), which were inconsistent with the
transcriptomic analysis. In the innate immune system, pathogens/
extracellular stimuli are recognized by pattern-recognition
receptors (PRRs) like Toll-like receptors (TLRs) and NOD-like
receptors (NLRs) to induce the recruitment of monocytes, thereby
producing cytokines and chemokines (21, 22). According to the
transcriptomic analysis, we also noticed that Ct decreased the
expression of TLRs such as TLR4, a well-known receptor of LPS
(Supplemental Figure 3A, Supplemental Table 7). Clostridium
butyricum, another Clostridium strain, which has been clinically
used in regulating intestinal health with the mechanism via
activating TLR2/MyD88 signaling pathway in colitis (23). Unlike
Clostridium butyricum, Ct decreased the expression of TLR2 in
response to LPS, indicating that Ct regulated intestinal health in a
TLR2-independentmanner.NLRP9b ishighly expressed in the ileal
epithelial cells and restricts rotavirus infection (24). In this study,Ct
decreased the mRNA expression of NLRP6 and NLRP9b in
response to LPS (Supplemental Figure 3B).

To address whether Ct regulated intestinal immune response
via cytokines. Herein, some differentially expressed cytokines
and chemokines were identified among the Control, Ct, LPS, and
Ct + LPS groups (Figure 2D and Supplemental Tables 8, 9). We
then analyzed the mRNA expression of these cytokines and
chemokines in the ileum using RT-qPCR. Ct decreased the
mRNA expression of IL-1b, IL-6, TNF-a, Ccl2, Ccl9, and
Ccl11 in response to LPS (Figure 2E and Supplemental
Figure 3D). Besides, in response to LPS, Ct decreased the
levels of IL-6, IL-1b, TNF-a, and IFN-g in the ileum according
to ELISA analysis (Figure 2F). The above results showed that Ct
inhibited LPS-induced inflammation in the ileum. We also
November 2021 | Volume 12 | Article 758227
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noticed that Ct enhanced the mRNA expression of IL-18, IL-
17rc, and IL-22 in response to LPS (Figure 2E). Some earlier
studies have shown that these three cytokines (IL-18, IL-17, and
IL-22) induce intestinal inflammation (25–27), while recent
studies show the protective roles of these cytokines in the gut
(28–30). These guided us to hypothesize that Ct might regulate
intestinal inflammation via enhancing IL-18, IL-17, and IL-22 in
the ileum.

According to the results of RNA-seq and RT-qPCR
verification, in response to LPS, Ct enhanced the mRNA
expression of H2-Eb1 and H2-DMa in the ileum (Figure 2G),
which have been defined as major histocompatibility complex
class II-related transcripts (MHC-II) (31). Generally, MHC-II is
constitutively expressed on antigen-presenting cells and
epithelial cells, recognizing the antigen derived from nutrients,
commensal bacteria, or pathogens, and is sensitized by CD4+ T
Frontiers in Immunology | www.frontiersin.org 5113101
cells, thereby promoting immune response (32–35). MHC-II
deficiency accounts for higher susceptibility to enteric infections,
leading to intestinal inflammation and gastrointestinal disease
like IBD (36). We then analyzed the proportions of MHC-II+

cells in the ileum. Compared with LPS group, Ct significantly
enhanced the proportion of MHC-II+ cells in response to LPS
(Figure 2H). It has been reported that MHC-II, IL-22, and type 3
innate lymphoid cells (ILC3s) partially overlap in the intestine
according to the sing-cell RNA-sequencing (37), which guided us
to assume that Ct might regulate intestinal immune response via
IL-22. We then measured the protein expression of IL-22 in the
ileum and found that Ct enhanced the IL-22 expression in
response to LPS (Figure 2I). The level of IL-22 in the ileum
was also measured using ELISA. In response to LPS, Ct enhanced
the level of IL-22 in the ileum (Figure 2J). Altogether, Ct might
alleviate LPS-induced inflammation via IL-22 in the ileum.
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FIGURE 1 | Ct alleviates LPS-induced diarrhea and ileal barrier function in vivo. C57BL/6 were randomly divided into 4 groups, including the Control (n=10), Ct
(n=10), LPS (n=12), Ct + LPS (n=12). All samples were collected after 24 h. (A) Body weight gain. (B) Diarrhea. (C, D) H&E staining (C) and ZO-1 expression
(D). The presented figures of H&E and ZO-1 staining in each group were from the same sample. Scale bar: 500 mm. (E) Visualization of villus morphology under
SEM. Scale bar: 1 mm. (F) Visualization of microvillus and structure of tight junctions under TEM. Scale bar: 2 mm. Data were presented as mean ± SEM. The
significant difference was analyzed by two-way unpaired t-tests. *P < 0.05, **P < 0.01.
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Ct Protects LPS-Induced Inflammation
Depending on IL-22 in the Ileum
To investigate whether Ct protected intestinal barrier function
and alleviated LPS-induced intestinal inflammation depending
on IL-22. An RNA interference experiment in vivo with adeno-
associated virus-shIL22 labeled with GFP (AAV-shIL22) by
intraperitoneal injection was conducted to knock down IL-22
in the intestine. The fluorescence was observed on the surface of
both ileum and colon, offering the possibility for AAV-shIL22 to
target the intestine (Supplemental Figure 4A). The mRNA
Frontiers in Immunology | www.frontiersin.org 6114102
expression of IL-22 in the ileum was reduced in mice treated
with AAV-shIL22 and the efficiency of in vivo interference
reached 64.19% (Supplemental Figure 4B).

After knocking down IL-22, Ct was unable to maintain the
body weight gain (Figure 3A), while Ct decreased the diarrhea
incidence in response to LPS (Figure 3B). In mice treated with
AAV-shNC, Ct maintained the whole length of the intestine in
response to LPS, while no differences were observed between LPS
and Ct + LPS groups after knocking down IL-22 (Figure 3C). We
also observed the above phenomenon in the colon and
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FIGURE 2 | Ct enhances the expression of IL-22 in response to LPS. (A) Volcano plots of differentially expressed genes between the Control and Ct group (Ct vs
Control, n=6). (B) Volcano plots of differentially expressed genes between the LPS and Ct + LPS group (LPS vs Ct + LPS, n=6). (C) RT-qPCR analysis of Csf3,
Gsdmd, and Maf in the ileum (n=6). (D) Heat-map of differentially expressed genes enriched in cytokines and cytokine receptors/binding proteins. (E) RT-qPCR
analysis of cytokines including IL-18, IL-17rc, IL-22, IL-1b, IL-6, TNF-a, IL-10, and IFN-g in the ileum (IL-18 and IL-17rc, n=10, others, n=6). (F) The levels of
inflammatory cytokines including IL-6, IL-1b, IL-10, TNF-a, and IFN-g in the ileum (n=6). (G) RT-qPCR analysis of MHC-II transcripts in the ileum (n=6).
(H) Proportions of MHC-II+ cell in the ileum (n=6). (I) Immunoblotting analysis of IL-22 in the ileum. (J) ELISA analysis of IL-22 levels in the ileum (n=6). Data were
presented as mean ± SEM. The significant difference was analyzed by two-way unpaired t-tests. *P < 0.05, **P < 0.01.
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demonstrated that Ct alleviated colonic dysfunction in an IL-22-
dependent manner (13). After knocking down IL-22, compared
with LPS group, Ct still enhanced the mRNA expression of IL-22
in the ileum in response to LPS (Figure 3D). Fragmentary villi
were observed after knocking down IL-22 in the ileum, and in
response to LPS, Ct dramatically decreased the villus height and
villus height/crypt depth ratio after knocking down IL-22
Frontiers in Immunology | www.frontiersin.org 7115103
compared with that in AAV-shNC-Ct + LPS group. After
knocking down IL-22, Compared with LPS group, Ct was
unable to enhance the villus height and villus height/crypt
depth ratio in response to LPS (Figure 3E).

Compared with mice treated with AAV-shNC, the expression
of ZO-1 in the Control, Ct, and Ct + LPS groups was decreased
after knocking down IL-22, and Ct was unable to maintain ZO-1
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FIGURE 3 | Ct alleviates intestinal barrier dysfunction in an IL-22-dependent manner. C57BL/6 mice were first intraperitoneally injected with AAV-shNC (n=70) and
AAV-shIL22 (n=59), after 14 days, mice were randomly divided into 8 groups, namely AAV-shNC-Control (n=19), AAV-shNC-Ct (n=14), AAV-shNC-LPS (n=20), AAV-
shNC-Ct + LPS (n=17), AAV-shIL22-Control (n=17), AAV-shIL22-Ct (n=12), AAV-shIL22-LPS (n=18), AAV-shIL22-Ct + LPS (n=12). All samples were collected after
24 h. (A) Body weight gain. (B) Diarrhea incidence. (C) Intestinal length. (D) RT-qPCR analysis of IL-22 in the ileum (n=6). (E) H&E staining. Scale bar: 500 mm.
(F) ZO-1 expression. Scale bar: 500 mm. (G) Visualization of microvilli and structure of tight junctions under TEM. Scale bar: 0.5 mm. (H) RT-qPCR analysis of
inflammatory cytokines including IL-6, IL-1b, and IL-10 in the ileum (n=6). (I) RT-qPCR analysis of IL-22 and IL-22BP in the ileum (n=6). Data were presented as
mean ± SEM. The significant difference was analyzed by two-way unpaired t-tests. *P < 0.05, **P < 0.01.
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expression in mice treated AAV-shIL22 in response to LPS
(Figure 3F). Although the structure of TJs was observed, the
microvilli was damaged in the AAV-shIL22-Ct + LPS group
(Figure 3G). Besides, after knocking down IL-22, Ct enhanced
the mRNA expression of IL-6 and had no effects on IL-1b and
IL-10 in response to LPS (Figure 3H). Collectively, these findings
indicated that Ct protected against LPS-induced dysfunction
depending on IL-22 in the ileum.

The IL-22 receptor (IL-22R), composed of two heterodimeric
subunits including IL-22RA1 and IL-10R2, is one of the IL-10
family of receptors (38). According to binding studies, IL-22
initially binds to IL-22RA1 since IL-22 has a high affinity for IL-
22RA1, and as such, the formation of the IL-22-IL-22RA1
complex enables secondary binding of the IL-10R2 subunit to
activate downstream signaling (39). In this study, after knocking
Frontiers in Immunology | www.frontiersin.org 8116104
down IL-22, although Ct enhanced the mRNA expression of IL-
22 in response to LPS, no differences in the mRNA expression of
IL-22RA1 in the ileum were observed between the LPS and Ct +
LPS groups. IL-22BP, a soluble form of the IL-22RA1 subunit
with a higher affinity to IL-22 than the membrane-bound IL-
22RA1 form, binds to IL-22 at an overlapping site to IL-22RA1
(40, 41). Compared with LPS group, Ct had no effects on mRNA
expression of IL-22BP in response to LPS (Figure 3I).

Ct Stimulates Th17 Cells to Produce IL-22
in the Lamina Propria
IL-22, identified as one of the IL-10 members, is generally
produced by a series of immune cells such as Th17 cells, ILC
cells, and dendritic cells (DCs) (42, 43). According to the
transcriptomic analyses, we identified some differentially
A

B

C

FIGURE 4 | Effects of Ct on the proportions of macrophages, mast cells, and DCs in the ileum. Flow cytometric analyses were conducted on 8-colour FACS Verse
and three panels were used to analyzing the intestinal immune cells. The single cells were first gated on SSC-A vs FSC-A and FSC-A vs FSC-H, and then
CD45+FVS780- cells (CD45+Live+ cells) were gated out. CD11b+F4-80+ cells, CD117+FceRI+ cells, and CD11c+CD11b- cells were gated out from CD45+Live+ cells.
(A) Proportions of macrophages (CD11b+F4-80+ cells). (B) Proportions of mast cells (CD117+FceRI+ cells). (C) Proportions of DCs (CD11c+CD11b- cells). Each point
presented a mouse. Data were presented as mean ± SEM. The significant difference was analyzed by two-way unpaired t-tests. *P < 0.05, **P < 0.01.
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expressed genes enriched in the cluster of differentiation
(Supplemental Figure 3E), some of which have been defined
as the surface biomarkers of immune cells, indicating that Ct
might specifically regulate the function of intestinal immune
cells. Our previous study also points out that Ct mainly targets
Th17 cells in the ileum and supposes that Ct may stimulate Th17
cells to produce IL-22 in the ileum (14).

To investigate whether Ct regulates ileal immune cells in the
in vivo interference feeding experiment, we isolated ileal lamina
propria cells from AAV-shNC- and AAV-shIL22-treated mice to
analyze the proportions of immune cells including macrophages,
mast cells, DCs, ILC3s, CD4+ T cells, and T cell subsets in the
ileum. As shown in Figure 4 and Supplemental Table 10, in the
innate immune system, In mice treated with AAV-shNC,
compared with LPS group, Ct decreased the proportions of
macrophages, mast cells, and DCs in response to LPS in the
ileum, which were consistent with our previous study (14). After
knocking down IL-22, Ct enhanced the frequencies of mast cells
and DCs in response to LPS. Numerous studies have revealed
that IL-22 is induced by immune cells such as Th17 cells and
ILC3s, thereby repairing epithelial damage (38, 44–48). Herein,
as shown in Figure 5A, Supplemental Tables 11, 12 and
Supplemental Figure 5, in mice treated with AAV-shNC, in
response to LPS, Ct increased the proportions of Th1 cells, Tregs,
and Th17 cells, while after knocking down IL-22, Ct decreased
Frontiers in Immunology | www.frontiersin.org 9117105
the numbers of Th1 cells and Tregs and had no effects on Th17
cells number. Besides, compared with LPS, Ct had no effects on
the proportions of ILC3s in response to LPS (Figure 5B),
indicating that Ct triggered Th17 cells rather than ILC3s in
the ileum.

To better understand the origin and position of IL-22
production in the intestine, the ileal slices were stained with
EpCAM, CD45, IL-22, and IL-22RA1 (Figure 6A). We first
analyzed the colocalization of EpCAM, CD45, and IL-22 in the
ileum (Figures 6B, C). IL-22+EpCAM+CD45+ cells were
observed in the intraepithelial lymphocyte and crypt, especially
the crypt where IL-22 is highly expressed to promote the
proliferation of intestinal stem cells (29, 49). According to the
colocalization analysis of EpCAM and IL-22 using Pearson’s R
value. In response to LPS, Ct enhanced the colocalization of
EpCAM and IL-22, suggesting that the IL-22 colocalized with
EpCAM might be from the intraepithelial lymphocytes.
Moreover, IL-22+CD45+ cells were observed in the lamina
propria after Ct treatment and Ct enhanced the whole number
of CD45+IL-22+ cells in response to LPS. Ligation of the IL-22-
IL-22RA1-IL-10R2 complex is an essential step to mediate the
biological effects of IL-22, thereby activating the downstream
signaling pathways like the JAK-STAT pathway in epithelial cells
and inducing renewal of epithelial cells (38, 50, 51). In the above
process, the IL-22RA1 determines the cellular sensitivity to IL-22
A

B

FIGURE 5 | Ct stimulates Th17 cells rather than ILC3s in the ileum. Flow cytometric analyses were conducted on 8-colour FACS Verse and three panels were used
to analyzing the intestinal immune cells. The single cells were first gated on SSC-A vs FSC-A and FSC-A vs FSC-H, and then CD45+FVS780- cells (CD45+Live+ cells)
were gated out. CD3e+RORgt+ cells were gated out from CD45+CD3e- cells. CD45+CD3e- cells were gated out from CD45+FVS780- cells and CD127+RORgt+ cells
were gated out from CD45+CD3e- cells. (A) Proportions of Th17 cells (CD45+CD3e+RORgt+ cells). (B) Proportions of ILC3s (CD45+CD3e-CD127+RORgt+). Each
point presented a mouse. Data were presented as mean ± SEM. The significant difference was analyzed by two-way unpaired t-tests. *P < 0.05, **P < 0.01.
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and is mainly expressed in outer body barriers of respiratory like
lungs, the gastrointestinal like stomach and intestine, the liver,
the kidney, but not expressed in the bone marrow, spleen, or
thymus containing high proportions of immune cells (52, 53).
Herein, we observed that Ct induced higher colocalization of IL-
22 and IL-22RA1 in the epithelial cells (Figure 6D). Altogether,
Ct stimulated the intestinal immune cells to produce IL-22 and
Frontiers in Immunology | www.frontiersin.org 10118106
triggered the combination of IL-22 with IL-22RA1. The ileal
slices were then stained with RORgt, EpCAM, CD3e, and IL-22
to determine whether IL-22 was produced by Th17 cells
(Figure 7). In response to LPS, Ct enhanced the number of
RORgt+CD3e+IL-22+ cells. These results further suggested that
Ct enhanced the level of IL-22 induced by Th17 cells in the
lamina propria.
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FIGURE 6 | Ct triggers immune cells to enhance the production of IL-22 in the ileal lamina propria. Ileal slices were stained with IL-22 (red), IL-22RA1 (green),
EpCAM (violet), CD45 (yellow), and DAPI (blue). (A) In situ hybridization of IL-22, IL-22RA1, EpCAM, and CD45. (B) Colocalization of EpCAM, CD45, and IL-22
in the epithelial position, crypt, and lamina propria, respectively. White triangle: localization, yellow arrow: epithelial cells, white arrow: crypt, red arrow: lamina propria.
(C) Analysis of IL-22+EpCAM+ and CD45+IL-22+ cells. (D) Colocalization of IL-22 and IL-22RA1. Scale bar: 100 mm. Data were presented as mean ± SEM. The
significant difference was analyzed by two-way unpaired t-tests. *P < 0.05, **P < 0.01.
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The Role of Ct in Regulating Intestinal
Health Was Independent of SCFAs
Most probiotics regulate intestinal health via their metabolites
like short-chain fatty acids (SCFAs) in the gut. Bacterial
metabolites including short-chain acids (SCFAs), bile acids
(BAs), and tryptophan metabolites, bacterial components, and
bacteria themselves have been shown to play vital roles in
maintaining epithelial integrity and modulating immune
responses (54–56). Butyrate acid-producing Clostridia like
Clostridium butyrium has been well studied in regulating
intestinal health and inhibiting intestinal tumor development
in both patients with IBD and animals with the mechanism of
inhibiting histone deacetylase (HDAC) via SCFAs (23, 57).
Frontiers in Immunology | www.frontiersin.org 11119107
Herein, we found that Ct dramatically decreased the levels of
SCFAs in the intestine in response to LPS and the decreasing of
SCFAs by Ct was independent on IL-22 (Figure 8), indicating
that Ct protected against intestinal injury in a butyrate acid-
independent manner.
DISCUSSION

Probiotics have been widely used in both humans and production
animals. However, some inevitable problems must be considered
for probiotics, mainly including the safety, the efficiency in
treating intestinal diseases, the colonization in the gut, the
FIGURE 7 | Ct stimulates intestinal Th17 cells to enhance the production of IL-22 in the ileum. Ileal slices were stained with EpCAM (violet), RORgt (green), CD3e
(yellow), IL-22 (red), and DAPI (blue). The samples were from the continuous slices in Fig. 6. White triangle: localization. Scale bar: 100 mm. Data were presented as
mean ± SEM. The significant difference was analyzed by two-way unpaired t-tests. *P < 0.05, **P < 0.01.
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viability after passing through the gastrointestinal tract, and the
effects on commensal microbiota (58). As for C. tyrobutyricum,
our previous study has shown that 108 CFU/mL C. tyrobutyricum
could effectively alleviate LPS-induced inflammation in both
the ileum and colon (13, 14). Moreover, the viability of
C. tyrobutyricum reaches 90.03% after treatment in the
simulated gastric fluid in vitro (pH 1.2) for 2 h and its viability
reaches 62.12% after continuous treatment in the simulated
intestinal fluid (pH 7.4) for 4 h (59), suggesting that C.
tyrobutyricum has considerable high gastrointestinal tolerance.
Colonization is an essential characteristic of probiotics. Two
decades-long debate views on colonization are existed, namely
the colonization of the mucosa during supplementation and the
post-supplementation persistence in the gut, which are limited by
the abundance of probiotics in the assessment methods directly
reflecting their colonization in the gut (58). Herein, we noticed
Frontiers in Immunology | www.frontiersin.org 12120108
that C. tyrobutyricum had the colonization capacity in the small
intestine, while the accurate quantitative of viability was not fully
revealed because of its weak colonization in the gut. Considering
that C. tyrobutyricum effectively alleviated intestinal inflammation
and prevented LPS-induced diarrhea, how to enhance the
colonization or adhesion of C. tyrobutyricum on the gut mucosa
is an imperative problem in the IBD therapy and the application
in preventing diarrhea. A recent study revealed that the
bacteria-derived biofilm contributes to the defense of bacteria
under extreme conditions, such as physical forces and
environmental attacks. The biofilm-coated probiotics present
improved gastrointestinal tract tolerance and mucosal adhesion
in animals and exhibit higher oral bioavailability and colonization
than uncoated bacteria in the intestine (60), providing a
feasible method to enhance the colonization or adhesion of
C. tyrobutyricum in vivo.
FIGURE 8 | Ct decreases the ileal levels of SCFAs in response to LPS. Data were presented as mean ± SEM (n=6). The significant difference was analyzed by two-
way unpaired t-tests. *P < 0.05, **P < 0.01.
FIGURE 9 | Model for the function and mechanism of Ct in regulating intestinal health. Ct inhibited LPS-induced intestinal inflammation in the ileum. The protective
role of Ct in the ileum presented an IL-22-dependent manner in vivo. In response to LPS, Ct enhanced the proportions of Th17 cells to produce IL-22, which
combined with IL-22RA1 expressed in the epithelial cells, thereby maintaining the barrier function and alleviating inflammation in the ileum.
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According to the transcriptomic analysis, compared with the
Control, C. tyrobutyricum treatment alone decreased the
expression of Cav1, Tacr2, and Adrb3, which were enriched in
the process of neuro regulation and calcium signaling pathway
according to the KEGG analysis. Moreover, we noticed that mice
presented slowly in action during the gavage of C. tyrobutyricum.
Whether C. tyrobutyricum alleviating intestinal dysfunction via
the brain-gut axis or intestinal nervous regulation needs further
study. Considering that LPS induced the metabolic disorder and
C. tyrobutyricum reversed the metabolic processes like fatty acids
synthesis and degradation in response to LPS, whether C.
tyrobutyricum orchestrating the immune response and
metabolism needs to be revealed in the future study.

IL-22, discovered by Gurney’s group and Renauld’s group in
2000 (61, 62), is highly expressed in some gastrointestinal
diseases like IBD (27, 63–65). However, IL-22 repairs tissue
damage and prevents pathogens via promoting the regeneration
of epithelial cells and the production of antimicrobial molecules
when it is under proper control (38, 45, 46). The fuzzy boundary
of IL-22 between inhibitor and inducer for colitis may present a
dose-/time-dependent manner in the intestine. In this study, we
found that C. tyrobutyricum alleviated intestinal inflammation
depending on IL-22 produced by Th17 cells. Strangely, LPS
stimulation decreased the mRNA expression of IL-6 and
proportions of immune cells like macrophages and DCs in the
ileum after knocking down IL-22. Some similar results were also
observed in the colon (13). Unlike the earlier study in which IL-
22 level in the intestine is enhanced in response to LPS (64),
herein, the expression of IL-22 in the ileum was decreased in
response to LPS. Thus, whether LPS-induced intestinal
inflammation depending on IL-22 needs further investigation.
More importantly, to fully understand the role of C.
tyrobutyricum in the intestine, chemical methods like DSS
should be considered to induce IBD in our future research.

IECs receive signals from nutrients, commensal microbes, or
pathogens, orchestrating the communication between the
commensal microorganisms and immune cells under
physiological and inflammatory conditions. These signals are
classified into three types, namely the microbiota, the microbial
components, and the microbial metabolites (2). For most studies,
probiotics regulate intestinal health via their metabolites like
SCFAs, bile acids, and tryptophan metabolites, which have been
revealed to maintain the interactions among microbiota, epithelial
cells, and immune cells in the gut. The SCFAs activate the G
protein-coupled receptors (GPRs) expressed in the epithelial cells
to inhibit inflammation via producing cytokines like IL-18 (66),
concerting the communication between microbiota and IECs. The
SCFAs can also regulate the interactions between microbiota and
immune cells with the mechanism of stimulating the IL-10
producing Foxp3+ Tregs via inhibiting HDAC, thereby
alleviating colitis (56, 66). As one of Clostridium strains
producing high levels of butyrate acid in vitro, C. tyrobutyricum
was unable to enhance the levels of SCFAs in the ileum in response
to LPS. In this study, we suggested that C. tyrobutyricum might
play a protective role in the intestine via stimulating the
metabolites except for SCFAs. Further investigation in whether
Frontiers in Immunology | www.frontiersin.org 13121109
C. tyrobutyricum could trigger the production of metabolites
contributing to the stimulation of Th17 cells to produce IL-22 in
the gut based on metabolome should be considered.

The present study revealed thatC. tyrobutyricum alleviated LPS-
induced intestinal inflammation and prevented diarrhea in mice
with themechanismof triggeringTh17cells in the laminapropria to
induce IL-22 production, which combined with IL-22RA1
expressed in the epithelial cells (Figure 9). The results indicated
that C. tyrobutyricum could be a potential probiotic in regulating
intestinal health and provided a scientific basis for its application in
preventing diarrhea and inflammation in the ileum.
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Population aging is a prominent global problem in today’s society. However, there are
currently no good methods to treat or prevent aging, so anti-aging research has crucial
implications. In this research, we screened bacteria from centenarians, and finally selected
four probiotics (Lactobacillus fermentum SX-0718, L. casei SX-1107, Bifidobacterium
longum SX-1326, and B. animalis SX-0582) to form a probiotic combination. By using the
senescence accelerated mouse prone 8 (SAMP8) model, the anti-aging effects of the
probiotic combination were evaluated by using behavioural testing, neuroinflammation,
intestinal inflammation, and intestinal microbiota. The results showed that probiotic
combination improved the impaired spatial memory, motor dysfunction, and decreased
exploratory behavior in aging mice. The probiotic combination inhibited Toll-like receptor 4
(TLR4)/nuclear factor kappa B (NFkB)-induced neuroinflammation and up-regulated the
expression of Sirt 1 to protect hippocampal neurons. At the same time, the probiotic
combination regulated the intestinal microbiota, reduced the relative abundance of
Alistipes and Prevotella in SAMP8 mice, inhibited TLR4/NFkB-induced intestinal
inflammation, and increased the expression of intestinal permeability related proteins
zonula occludens-1 (ZO-1) and Occuldin. The anti-aging effects of the probiotic
combination may be through the regulating intestinal microbiota and inhibiting TLR4/
NFkB-induced inflammation. This research provides the basis and technical support for
the future production and application of the probiotic combination.

Keywords: aging, SAMP8 mice, TLR4/NFkB, neuroinflammation, probiotic combination
INTRODUCTION

Aging is a process that almost all living organisms go through, characterised by the gradual decline
of in the body’s cell, tissue, and organ functions over time, as well as reduced cognitive and memory
functions (1). Globally, the population over the age of 65 is 617 million (8.5%), and this number may
reach 1.6 billion by 2050 (2). With the aging of China’s population, the incidence of aging-related
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diseases - Parkinson’s disease (PD), Alzheimer’s disease (AD),
malignant tumours, and others – continues to rise, causing a
heavy financial burden on the country and the families of
patients (3, 4). Although many drugs such as metformin,
resveratrol, and rapamycin have been proven to have anti-
aging effects, they have not been promoted widely due to high
cost, difficulty in extraction, and serious side effects (5).
Therefore, finding or developing anti-aging active substances
and exploring their mechanisms of action has become a current
research hotspot in response to the reality of population aging.

In recent years, inflammatory aging has become a new topic in
aging research (6). These studies have shown that inflammatory
aging is closely related to the occurrence and development ofmany
senile diseases such asAD, atherosclerosis, PDandosteoporosis (7).
Inflammatory aging refers to the chronicandprogressive increase in
the pro-inflammatory state of the body during the natural aging
process. The main reason is the imbalance between pro-
inflammatory and anti-inflammatory cytokines in the body,
which ultimately leads to an increase in the pro-inflammatory
response (8). Pro-inflammatory cytokines can induce stem cell
senescence, which is the cellular basis for the aging of tissues and
organs. Senescent cells secrete cytokines, growth factors, proteases,
and other substances that cause inflammation and destroy the
cellular microenvironment, leading to reduced cell survival. It
affects the proliferation and differentiation of cells and induces
stem cell senescence and aging-related diseases (9). Research has
shown that in the elderly, increased levels of serum inflammatory
factors such as tumour necrosis factor-a (TNF-a), interleukin-6
(IL-6) andC-reactiveprotein (CRP) are considered tobe risk factors
of cardiovascular and degenerative diseases (10). Bruunsgaard et al.
(11) found that the increased of TNF-a is correlated positively with
the all-cause mortality of elderly men in a follow-up study of 333
relatively healthy elderly people over 80 years of age, indicating that
TNF-a has a certain predictive effect on death.

According to recent research reports that there is an
important relationship the between intestinal microbiota and
inflammatory aging, Inflammation may be caused by decreased
in the autoimmune tolerance and the composition of the
intestinal microbiota caused by aging, leading to its abnormal
immune activation (12). Increased release of gram-negative
bacteria and lipopolysaccharide in the intestine leads to
chronic inflammation throughout the body, which in turn
induces the occurrence of various neurological diseases such as
AD, PD, and amyotrophic lateral sclerosis (ALS) (12). The
intestinal microbiota can also regulate host behaviour through
the brain-gut axis, affect the host’s blood-brain barrier function
and basic neurodevelopmental processes such as the maturation
of microglia, and participate in the regulation of brain functions
(13). The intestinal microbiota participates in the process of
aging mainly through regulating oxidative stress, the immune
response, and metabolism (13, 14). Aging people have disorders
of the intestinal microbiota. Studies have compared the fecal
microbes of patients with progeria with their respective healthy
siblings. There is a marked decline in the relative abundance of
the family Ruminococcaceae in patients with progeria, while the
families Erysipelotrichaceaceae and Lachnospiraceae are
Frontiers in Immunology | www.frontiersin.org 25113
enriched; these findings are consistent with the mouse model
of progeria (15). When the researchers transplanted the
intestinal microbiota of normal mice into progeria mice, the
average lifespan increased (15). These results indicate that
regulating and maintaining the balance of the intestinal
microbiota of the elderly may be a means of preventing and
treating aging-related diseases and delaying aging. Hence, this
topic deserves further discussion and research.

As active microorganisms that are beneficial to human body,
probiotics play a great part in maintaining the balance of
microorganisms in the intestinal tract. Supplementing probiotics
can facilitate the production of immunologically active factors and
different types of immunoglobulins by regulating cellular and
humoral immunity, participating in inflammation, improving
the immune response, and promoting the proliferation of spleen
cells (16). Therefore, our group screened probiotics from the
faeces of seven centenarians of the Centenarian Village in
Ganzhou, Jiangxi province, China. Based on this screening, we
chose Lactobacillus fermentum SX-0718, L. casei SX-1107,
Bifidobacterium longum SX-1326, and B. animalis SX-0582 to
prepare a probiotic combination. Then we evaluated the anti-
aging effects of this probiotic combination by using the senescence
accelerated mouse prone 8 (SAMP8) mice model. Our findings
provide a basis for the development of an anti-aging probiotic
dietary supplement for elderly people.
MATERIALS AND METHODS

In Vitro Experiments
Bacterial Strains
The research team screened the faeces of seven centenarians of
the Centenarian Village in Ganzhou, Jiangxi province, China;
their ages were 103, 107, 102, 105, 100, 101, and 100, respectively.
First, the faecal microorganisms were extracted and subjected to
serial dilutions. The various dilutions were spread aseptically on
the selected culture medium and cultivated in aerobic and
anaerobic environments for 24–48 h. According to the colony
shape, size, colour, edge, gloss, and texture, 20–40 single colonies
were picked and then activated and cultured on the
corresponding liquid medium for 24–48 h. The genomic DNA
of the activated bacteria was extracted and then sequenced to
identify the types of bacteria by using the NCBI database. A total
of more than 1,500 strains were screened, and four probiotics
were selected to form a probiotic combination (all from Jiangxi
Shanxing Biotechnology Co., Ltd, Nanchang, Jiangxi, PR China):
L. fermentum SX-0718, L. casei SX-1107, B. longum SX-1326, and
B. animalis SX-0582. The bacteria were cultivated in De Man-
Rogosa-Sharpe (MRS) medium at 37°C under anaerobic
conditions with a bacterial density of 1 × 109 colony-forming
units (CFU)/mL.

Probiotic Evaluation of Isolates
For the acid resistance test, after activation, bacteria were
centrifuged at 4500 g for 10 min at 4°C, and the cell pellet was
resuspended in phosphate buffered saline (PBS). The cell
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suspension was diluted in PBS with different pH (3, 5, 7 and 9)
and incubated at 37°C, for 4 h. For the bile salt tolerance test,
bacteria were inoculated in MRS medium containing different
bile salts concentrations (0.0%-0.5% wt/wt) at 37°C for 4 h. After
incubation, all bacteria were counted by the plate number
method (17).

For antimicrobial testing, pathogenic microorganisms were
selected, including Salmonella typhimurium ATCC 13311,
Shigella flexneri ATCC 12022, Propionibacterium acnes ATCC
11827, Sh. dysenteriae 301, Enterohemorrhagic coli O157, S.
enteritidis ATCC 13076, Listeria monocytogenes ATCC 19111,
Staphylococcus aureus Cowan1 and Candida albicans SC531.
They were cultured overnight and spread on the lysosomal
broth (LB) (Hopbio, Hb0384-1, Qingdao) agar plate surface.
Then, an Oxford cup was placed on the surface of the agar, and
the bacterial supernatant (200 mL) was added. The size of the
inhibition zone around the Oxford Cup was measured (18).

Experimental Design and Processing
The mice used in this experiment – SAMP8, a rapidly aging
mouse model, and SAMR1, the corresponding normal aging
model – were purchased from the Peking University Health
Science Center. The 3-month-old male mice were maintained in
a standard environment for 2 weeks before beginning the
experiments. The standard environment for mouse breeding
comprised a 12-h photoperiod, a temperature of 22 ± 3°C,
relative humidity of 50% ± 15%, and free access to food and
water. Then, the mice were divided into four groups: (i) the
control (C) group (n = 10), SAMR1 mice, daily gavage of normal
saline (the same volume as used for the probiotic combination);
(ii) the model (M) group (n = 9), daily gavage of normal saline
daily (the same volume as used for the probiotic combination);
(iii) the low-dose probiotic (L) group (n = 10), daily gavage of 1 ×
107 CFU/mL L. fermentum SX-0718 + 1 × 107 CFU/mL L. casei
SX-1107 + 1 × 107 CFU/mL B. longum SX-1326 + 1 × 107 CFU/
mL B. animalis SX-0582 for 18 weeks; (iv) the high-dose
probiotic (H) group (n = 10), daily gavage of 1 × 109 CFU/mL
L. fermentum SX-0718 + 1 × 109 CFU/mL L. casei SX-1107 + 1 ×
109 CFU/mL B. longum SX-1326 + 1 × 109 CFU/mL B. animalis
SX-0582, for 18 weeks. After the probiotic treatment, all
mice underwent behavioural testing. They were then
anaesthetised and the brain and colon were collected
(Supplementary Figure 1A).

Aging Score
Animals in each group were scored objectively for 11 indicators
including fur gloss, fur roughness, the degree of hair loss, skin
ulcers, eye damage, corneal turbidity, corneal ulcers, cataracts,
kyphosis, reactivity, and the passive escape response. Each index
is divided into 4-5 grades, and the score is calibrated. The higher
the score an animal gets, the higher its degree of aging (19).

Behavioural Experiments
The pole test was used to detect motor dysfunction in mice. The
apparatus is a metal rod with a diameter of 1 cm and a length of
50 cm. To prevent the mice from slipping, the metal rod was
wrapped with bandage gauze, and the bottom of the metal rod
Frontiers in Immunology | www.frontiersin.org 36114
was placed in a cage. The mouse was placed face down on the top
of the pole, and the latency for the moue to fall freely to the cage
(hind limbs touch the bottom of the cage) was recorded. Each
mouse was tested three times, 15 min apart, and the average
value was calculated.

The open field test was used to evaluate the changes in
exploratory behaviour and anxiety of each mouse when
exposed to a new environment. The apparatus is a square
divided into 25 squares of equal area; the edge area and the
central area are defined. The free movement of mice was
recorded for 10 min. After each experiment, the experimental
area was cleaned to remove any odour left by the previous
mouse so that it would not affect the behaviour of the
subsequent mouse.

The Barnes maze was used to test the spatial memory ability.
The animals were placed individually in the target box of the
target hole and allowed to adapt to the apparatus for 2 min the
day before the start of the test. On day 1 of testing, a transfer
device was used to place the animal in the centre of the maze.
Then, each mouse was guided to the target hole, and the animals
were permitted to stay in the box for 2 min. Each animal was
observed for a maximum of 3 min at a time. During this period, if
the animal could not find the target box, it was guided to the
target box and allowed to stay there for 2 min. The animals were
trained each day for 9 days. On the last day of probe test, count
the incubation period of each group of mice, the stay time in the
target area, the stay time in the reverse target area, and the
correct number of holes.

Western Blot
One gram of tissue was homogenised in radioimmunoprecipitation
assay (RIPA) buffer containing protease inhibitor cocktail and
phenylmethylsulphonyl fluoride (PMSF) with electric
homogeniser. The sample was centrifuged at 12000 g for 10 min
a 4°C. The supernatant was removed and the protein concentration
was determined with a BCA protein assay kit. The samples were
then subjected to sodium dodecyl sulphate–polyacrylamide gel
electrophoresis (SDS-PAGE) to separate protein. The wet transfer
method was used to transfer the separated protein to a
polyvinylidene fluoride membrane (PVDF). After the transfer, the
membrane was blocked and then incubated with the appropriate
primary and secondary antibodies according to the manufacturer’s
instructions. Finally, the membrane was incubated with a
chemiluminescent substrate and the protein bands were visualised
with an automatic gel imaging analyser. The primary antibodies
used included: rabbit anti-b-actin (b-actin; 1:1000; Cell Signaling
Technology; Cat# 4970S), rabbit anti-Bcl-2 associated X Protein
(Bax, 1:1000; Cell Signaling Technology, Cat# 14796S), rabbit anti-
B-cell lymphoma-2 (Bcl-2, 1:1000; Cell Signaling Technology, Cat#
3498S), rabbit anti- phosphorylated-AKT (p-AKT; 1:1000; Sangon
Biotech, Cat# D151499), rabbit anti- AKT (1:1000; Sangon Biotech,
Cat# D151621), rabbit anti- silent information regulator 1 (Sirt 1;
1:1000; Cell Signaling Technology, Cat#9475), mouse anti-Toll-like
receptor 4 (TLR4; 1:1000; Santa Cruz Biotechnology, Cat# sc-
293072), rabbit anti-myeloid differentiation primary response gene
88 (MyD88; 1:1000; Proteintech; Cat# 23230-1-AP), rabbit anti-
phosphorylated-p65 (p-p65; 1:1000; Abcam; Cat# ab86299), rabbit
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anti-p65 (p65 1:1000; Cell Signaling Technology; Cat# 8242S),
rabbit anti-tight junction protein 1 (zona occludens 1, ZO-1;
1:5000; Proteintech; Cat# 21773-1-AP), and rabbit anti-Occludin
(Occludin 1:1000; Proteintech; Cat# 13409-1-AP).

Immunofluorescence and Inflammatory
Factor Detection
Brains were fixed in paraformaldehyde and then subjected to
dehydration, clearing, wax immersion, and embedding. The
embedded tissue was sliced continuously at a thickness of 5
mm. The sections were deparaffinised and equilibrated to water,
subjected to antigen retrieval, and incubated in 5% bovine serum
albumin (BSA) for 30 min. The sections were then incubated
with the appropriate primary and secondary antibodies. The
nuclei were then stained with DAPI. After mounting the sections,
they were viewed under an upright fluorescence microscope and
images were captured. The number of NeuN-positive cells was
counted by using the ImageJ software (National Institutes of
Health). The average cell number/field of view was used for
statistical analysis.

To detect inflammatory factors, protein was extracted from
the brainss following the same method described for western
blot. The following kits were used to evaluate the levels of
inflammatory factors in the hippocampus of mice, following
the manufacturer’s instructions: IL-1b (Proteintech, Cat#
KE10003), TNF-a (Proteintech, Cat# KE10002) and IL-6
(Proteintech, Cat# KE10007).

Bacterial DNA Extraction
For microbiota analysis, the faeces of each group of mice (n=8)
were collected. A genomic DNA kit (Qiagen, Cat#51804) was
used to extract fecal genomic DNA, following the product
instructions. Then the NanoDrop spectrophotometer was used
to determine the concentration and quality of the extracted
DNA. Genomic DNA was re-extracted for samples that did
not meet the quality requirements. The 16S ribosomal DNA
(rDNA) V4 region was amplified by using the following primers:
515F, 5’-GTG CCA GCMGCC GCG GTAA-3’; 806R, 5’-GGA
CTA CVSGGG TAT CTAAT-3’. The IlluminaHiSeq2000
platform was used for sequencing. The sequencing results have
been deposited in GenBank (accession number PRJNA768326).

High-Throughput Sequencing
The data were subjected to sequence denoising or operational
taxonomic unit (OTU) clustering by using the analysis process of
the Vsearch software or QIIME2 DADA2 analysis. The Vsearch
method (20) mainly includes de-priming, splicing, quality
filtering, de-duplication, de-chimerism, clustering and other
steps to obtain OTU. The DADA2 method mainly carries out
the steps of depriming, quality filtering, de-noising, splicing and
de-chimerism. Each deduplicated sequence generated after
DADA2 quality control is called an amplicon sequence variant
(ASV), or feature sequence (corresponding to a representative
sequences of OTU). ASV and OTU were then used to analyse the
species composition, alpha diversity, beta diversity, species
difference analysis and symbol species, etc.
Frontiers in Immunology | www.frontiersin.org 47115
Statistical Analysis
GraphPad Prism 7 was used for statistical analysis. The data were
expressed as the mean ± standard deviation (SD). One-way
analysis of variance (ANOVA) was used to determine a
statistically significant difference (p < 0.05)
RESULTS

Probiotic Properties
First, we conducted acid tolerance, bile salt tolerance and
antibacterial experiments to evaluate the probiotic
characteristics of the selected strains. The four selected
probiotics were tolerant to medium strong acid (Figure 1A)
and survived in different bile salt concentrations (Figure 1B). As
shown in Figure 1A, after 4 h in pH 3 PBS, the survival rates of L.
fermentum SX-0718, L. casei SX-1107, B. longum SX-1326, and
B. animalis SX-0582 were 80.2%, 92.4%, 99.0%, and 99.5%,
respectively. As shown in Figure 1B, L. fermentum SX-0718
had low tolerance to bile salt. B. longum SX-1326 showed
excellent bile salt tolerance: at a concentration of 0.5%, the
survival rate was still 85.4%. In addition, the selected probiotics
significantly inhibited the growth of the pathogens S.
typhimurium ATCC 13311, Sh. flexneri ATCC 12022, P. acnes
ATCC 11827, Sh. dysenteriae 301, E. coli O157, S. enteritidis
ATCC 13076, L. monocytogenes ATCC 19111, Staph. aureus
Cowan1 and C. albicans SC531, with a suppression area from
15.25 mm to 22.5 mm (Figure 1C).

The Probiotic Combination Improved
Behaviour in SAMP8 Mice
The Barnes maze test was used to evaluate the effect of the
probiotic combination on the spatial learning and memory
abilities. Compared with C group, in daily training, mice in
group M took significantly longer time to find the platform,
while probiotic combination (group L and H) greatly reduced the
escape latency, the latency period of searching for right foramen.
On the probe test, the latency of the probiotic combination
treatment was significantly shorter than that of the M group (L
vs. M = 27.4 s vs. 48.19 s; p < 0.001; H vs. M = 20.34 s vs. 48.19 s;
p < 0.001), and there was no significant difference between low-
dose and high-dose probiotics (Figure 2A).

The pole test was conducted to observe the effect of the probiotic
combination on the motor dysfunction of SAMP8mice. As shown
in Figure 2, compared with the C group, the M group showed
significant motor retardation (M vs. C = 19.46 s vs. 8.877 s; p <
0.001), and treatment with either low or high concentrations of the
probiotic combination significantly alleviated the motor
dysfunction of SAMP8 mice (L vs. M = 13.78 s vs. 19.46 s; p <
0.001; H vs. M = 10.73 s vs. 19.46 s; p < 0.001).

The open field test was used to detect the behavioral and
mental changes of mice to the new environment, such as
exploratory behavior and anxiety. Experimental parameters
showed that compared with mice in group M (distance =
4384 cm, number = 109, distance = 574.6), mice in groups C,
L, and H had a longer total movement distance (distance =
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5505 cm, distance = 5474 cm, distance = 5313 cm; C vs M, P <
0.05; L vs M, p < 0.05; H vs M, p < 0.05), more times to enter the
central area (number = 59.33, number = 91.56, number = 104.8;
C vs M, p < 0.05; L vs M, p < 0.05; H vs M, p < 0.05) and longer
central movement distance (distance = 1379 cm, distance =
1187 cm, distance = 1416 cm; C vs M, p < 0.05; L vs M, p <
0.05; H vs M, p < 0.05). In addition, there was no dose-dependent
in probiotics treatment.

The Probiotic Combination Reduced
Neuronal Death and Prevented the
Decrease of Sirt 1 Expression in the
Hippocampus of SAMP8 Mice
The reduction in the number of hippocampal neurons in SAMP8
mice is closely related to the learning and memory declines.
Therefore, we detected the number of neurons in the
hippocampus of SAMP8 mice through NeuN immunostaining.
Compared with C group, the M group had fewer hippocampal
neurons; the probiotic combination protected hippocampal
neurons compared with the M group (Figure 3A). Neuronal
loss due to apoptosis – regulated by Bax and Bcl-2 – plays an
important part in the occurrence and development of aging. The
p-AKT can modulate apoptosis by regulating Bcl-2/Bax. We
Frontiers in Immunology | www.frontiersin.org 58116
evaluated the expression of Bax, Bcl-2, and p-AKT in the
hippocampus of mice by using western blot. The results
showed that the expression of pro-apoptotic protein Bax in
group M mice was significantly higher than that in C mice,
and the expression of anti-apoptotic protein Bcl-2 and p-AKT
was significantly lower than that of the M group, while the pro-
apoptotic protein expression in the L and H groups was
significantly lower than that in M group, and the expression of
apoptotic protein was notably higher than that of the M group.
In addition, the expression of Sirt 1 in the C, L and H groups was
prominently higher than that in the M group, indicated that
probiotic combination could inhibit the decrease of Sirt 1
expression in aging mice.

The Probiotic Combination Inhibited TLR4/
NF-kB Signaling Pathway and
Hippocampal Inflammation in SAMP8 Mice
Inflammation plays an important role in maintaining and
promoting aging, and the TLR4/NFkB pathway is closely
related to inflammation. Hence, we evaluated the expression of
proteins involved in the TLR4/NFkB signalling pathway in the
hippocampus by using western blot. Compared with the M
group, the probiotic combination significantly reduced TLR4,
A B

C

FIGURE 1 | Evaluation of the probiotic characteristics of L. fermentum SX-0718, L. casei SX-1107, Bifidobacterium SX-1326, and B animalis SX-0582. (A) The acid
tolerance of L. fermentum SX-0718, L. casei SX-1107, B longum SX-1326 and B animalis SX-0582. (B) The cholate tolerance of L. fermentum SX-0718, L. casei
SX-1107, B longum SX-1326 and B animalis SX-0582. (C) Antibacterial activities of L. fermentum SX-0718, L. casei SX-1107, B longum SX-1326 and B animalis
SX-0582 on Salmonella typhimurium ATCC 13311, Shigella flexneri ATCC 12022, P ropionibacterium acnes ATCC 11827, Sh. dysenteriae 301, Escherichia coli
O157, S. enteritidis ATCC 13076, Listeria monocytogenes ATCC 19111, Staphylococcus aureus Cowan1 and Candida albicans SC531.
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MyD88 and p-p65/p65 expression (Figure 4A, p < 0.01). In
addition, the detection of inflammatory factor protein levels
showed that probiotic combination significantly reduced the
relative expression of the pro-inflammatory cytokine IL-1b, IL-
6 and TNF-a compared with the M group, (Figure 4B; p<0.01).
These results suggest that the probiotic combination modulates
the upregulation of TLR4/NFkB signalling pathway components
to reduce inflammation in SAMP8 mice.

The Probiotic Combination Altered the Gut
Microbiota Composition of SAMP8 Mice
The intestinal microbiota is closely related to the occurrence and
development of senescence. We collected the faeces of mice and
analysed their intestinal microbiota changes by using high-
throughput sequencing. A total of 1,138,968 valid tags and
10,202 OTUs were obtained, with an average of 2550.25 per
group (data not shown). To analyse the influence of the probiotic
combination on the intestinal microbiota of SAMP8 mice, we
carried out a diversity analysis of the microbiota. The
Observed_species index represented the actual observed
number of OTU, and the Chao1 index indicates the diversity
of the microbiota. As shown in the Figure 5 , the
Observed_species index and Chao1 indexes of the M group of
mice were reduced, while the probiotic combination increased
the abundance and diversity of intestinal microbiota, although
the changes were not significant (Figures 5A, B). The Venn
diagram shows 441 common OTU among all the groups, with
47, 42, 69, and 57 unique OUT for the C, M, L, and H groups,
respectively (Figure 5C). In addition, the principal co-ordinates
analysis (PCoA) used to study the similarity of microbial
communities showed that the points of the C group are
Frontiers in Immunology | www.frontiersin.org 69117
clustered together, the points of the M group are relatively
scattered, and the samples of the C, L, and H groups have high
similarity. These findings indicate that the probiotic combination
alters the intestinal microbiota of aging mice to a pattern like that
of normal mice (Figure 5D). We analysed the relative abundance
of the top 20 bacterial genera among the different groups. There
was notably increased the relative abundance of Alisipes,
Prevotella, Odoribacter, Lactobacillus and Oscillibacter, and
decreased the relative abundance of Alloprevotella, Barnesiella
and Akkermansia. Compared with the M group, the probiotic
combination reduced the relative abundance of Alistipes and
Prevotella, and increased the relative abundance of Alloprevotella,
Acetatifactor, and Clostridium XIVa (Figure 5E).

The Probiotic Combination Alleviated
Colonic Inflammation and Decreased
Tight Junction Protein Expression in
SAMP8 Mice
Intestinal microbiota imbalance and intestinal inflammation can
be causally related to each other. Therefore, haematoxylin and
eosin (H&E) staining was used to detect the pathological changes
in the mice colon, and the western blot were applied to detect the
expression of key proteins in the TLR4/NFkB inflammatory
pathway and intestinal permeability-related proteins in mouse
colon tissue. As shown in Figure 6, mucosal epithelial cells were
shed and a small amount of the intestinal gland structure was
destroyed in the colon of mice in the M group, while no mucosal
epithelial cells were shed and the intestinal gland structure was
maintained in the intestinal tissues of the C, L and H groups. In
addition, we used western blot to examine the expression of key
proteins in the TLR4/NFkB inflammatory pathway as well as
A B

D E F

C

FIGURE 2 | The probiotic combination improved spatial memory, motor dysfunction, and exploratory behaviour in SAMP8 mice. (A) The time to reach the target exit
during the training test (the Barnes maze). (B) The probiotic combination reduced time it took SAMP8 mice to reach the target exit during the probe test of the
Barnes maze. (C) The probiotic combination improved the motor dysfunction in SAMP8 mice (the pole test). (D) The probiotic combination increased the total
distance in SAMP8 mice moved in the open-field test. (E) The probiotic combination increased the number of entries SAMP8 mice made in central area of the open-
field test. (F) The probiotic combination increased the distance SAMP8 mice moved in the central area of the open-field test. C: control group (n = 10), M: model
group (n = 9), L: low-dose probiotic group (n = 8), H: high-dose probiotic group (n = 9). Data are presented as the means ± SD. *p < 0.05 **p < 0.01.
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proteins related to intestinal permeability. Compared with the C
group, ZO-1 and Occuldin expression decreased and TLR4,
MyD88, and p-p65 expression increased in the M group. The
probiotic combination significantly increased the expression of
ZO-1 and Occuldin – indicating increased integrity of the
intestinal barrier – and reduced the expression of TLR4,
MyD88, and p-p65 – indicating a modulation of intestinal
inflammation (Figures 6B, C).
DISCUSSION

The aging of the population is a prominent global problem in
today’s society. Aging can lead to a series of physical changes and
abnormal behaviours, such as hair loss, sagging skin, reduced
mental ability, decreased memory and even dementia (21). The
health problems caused by the aging are major challenges in the
field of health care (12). There is currently no good way to
prevent or treat aging. Therefore, research related to anti-aging
treatments and aging-related diseases is needed urgently.
The SAMP8 mouse exhibits rapid aging that is consistent
with what happens in humans. It is mainly characterised
Frontiers in Immunology | www.frontiersin.org 710118
by reduced learning and memory, cognitive impairment and
neurodegenerative changes. It is a common natural pathogenesis
model to study dementia and aging (22).

In this research, the SAMP8 mice were used to evaluate the
effects of a probiotic combination. First, we identified four
probiotics (L. fermentum SX-0718, L. casei SX-1107, B. longum
SX-1326, and B. animalis SX-0582; Jiangxi Shanxing
Biotechnology Co., Ltd, Nanchang, Jiangxi, PR China) from
the faeces of centenarians. In vitro experiments verified that
they had good acid resistance, bile salt resistance and
antibacterial properties (Figure 1). In addition, the probiotic
combination could alleviate weight loss and reduce the aging
score of SAMP8 mice (Supplementary Figures 1B, C). In
behavioural tests, aging mice showed impaired spatial memory,
motor dysfunction and decreased exploratory behaviour
(Figure 2). The probiotic combination was able to ameliorate
these changes, indicating that it may exert anti-aging effects.

Given the promising behavioural data, we studied the possible
anti-aging mechanism of the probiotic combination. The
hippocampus is involved in learning and memory and damage
to this brain region can cause learning and memory impairment
and spatial positioning disorders (23). Compared with the C
A

B

C

FIGURE 3 | The probiotic combination reduced neuronal death and prevented the decrease in Sirt 1 expression in the hippocampus of SAMP8 mice. (A)
Photomicrographs and quantitative analysis of the number of neurons in the hippocampus, analysed by NeuN immunostaining. (B) The effect of the probiotic
combination on the expression levels of Bax, Bcl-2, p-AKT and AKT in the hippocampus. (C) The effect of the probiotic combination on the expression level of Sirt 1
in the hippocampus. C: control group (n = 4), M: model group (n = 4), L: low-dose probiotics group (n = 4), H: high-dose probiotics group (n = 4). Data are
presented as the means ± SD. *p < 0.05.
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group, there were fewer neurons in the hippocampus of the M
group. The probiotic combination could alleviate the loss of
neurons in SAMP8 mice (Figure 3A). Many studies have shown
that the AKT signalling pathway plays a significant role in the
apoptosis and metabolism of neurons. The AKT signalling
Frontiers in Immunology | www.frontiersin.org 811119
pathway improves cell survival by regulating forkhead
transcription factor (FKHR), as well as mammalian target of
rapamycin (mTOR) to increase protein synthesis and affect
nerves. The growth of synapses and the development of
synaptic plasticity ultimately affect learning and memory
A

B

FIGURE 4 | The probiotic combination modulated the TLR4/NFkB signalling pathway and hippocampal inflammation in SAMP8 mice. (A) The effect of the probiotic
combination on the expression levels of TLR4, MyD88, p-p65 and p65 in the hippocampus. (B) The probiotic combination reduced the levels of the pro-inflammatory
cytokines IL-1b, IL-6 and TNF-a. C: control group (n = 4), M: model group (n = 4), L: low-dose probiotics group (n = 4), H: high-dose probiotics group (n = 4). Data
are presented as the means ± SD. *p < 0.05.
A B

D E

C

FIGURE 5 | The probiotic combination altered the gut microbiota composition of SAMP8 mice. (A) The Chao1 index. (B) The Observed_species index. (C) The
Venn diagram. (D) The PCoA analysis. (E) Species abundance analysis at the genus level. C, control group (n = 8); M, model group (n = 8); L, low-dose probiotics
group (n = 8); H, high-dose probiotics group (n = 8). Data are presented as the means ± SD.
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functions (24, 25). The p-AKT can directly regulate formation of
the Bcl-2/Bax heterodimer through phosphoinositide 3-kinase
(PI3K)-1 (26). Sirt 1 plays a significant role in the development of
the brain and neurons as well as the pathogenesis of AD.
Neurodegeneration and cognitive function are significantly
improved after injection of a virus encoding Sirt 1 into the
hippocampus (27). Research by Zhou et al. (28) also showed that
blocking Sirt 1 with small interfering RNA (siRNA) can
accelerate AD pathology and cognitive impairment. Moreover,
there is an interaction between Sirt 1 and AKT. Histone
acetyltransferase (HAT) can inhibit AKT phosphorylation,
while Sirt 1 is a histone deacetylase (HDAC) that uses NAD to
deacetylate AKT on lysine residues targeted by HAT (29). Sirt 6
is another NAD+ dependent deacetylase, Kawahara et al. (30)
found that Sirt 6 can be recruited to the promoters of NFkB
downstream genes, reducing the level of promoter acetylation
and inhibiting the expression of downstream genes related to
apoptosis and cellular senescence. Studies have shown that
overexpression of Sirt 6 can increase the healthy lifespan of
mice by an average of 30% (31), so Sirt 6 may be another
mechanism by which probiotics exert anti-aging effects,
although this eventuality requires further study. The detection
of NeuN-positive cells, apoptosis, proliferation-related proteins,
and Sirt 1 in the hippocampus demonstrated that the probiotic
combination can prevent hippocampal neuronal loss (Figure 3).
The neuroprotective effect of the probiotic combination on
hippocampal neurons may be through the regulation of the
AKT signalling pathway and Sirt 1.
Frontiers in Immunology | www.frontiersin.org 912120
Neuroinflammation plays an important part in aging-related
neurological diseases such as AD and PD (32). In these diseases,
various inflammatory factors (food antigens, lipopolysaccharides,
free fatty acids, reactive oxygen species, etc.) bind to TLR and
activate NFkB, an important factor in the immune system and
the inflammatory process, after signal transduction. This
phenomenon leads to the release of many pro-inflammatory
factors (IL-1b, IL-6, TNF-a, etc.), causing neuroinflammation,
damage to the brain, and neuronal death (32, 33). Some drugs can
alleviate the progression of neurodegenerative diseases such as AD
and PD by modulating neuroinflammation (34, 35). In this study,
compared with the M group, the levels of TLR4, MyD88, p-p65/
p65, IL-1b, TNF-a and IL-6 were significantly reduced in the L
and H groups (Figure 4), indicating that the probiotic
combination can inhibit neuroinflammation in aging mice and
protect neurons.

The intestinal microbiota is closely related to human health.
Under normal physiological conditions, the host and the
intestinal microbiota maintain an ecological balance through
synergistic antagonism. Local and continuous abnormal
activities of intestinal microbes can cause inflammation of the
intestinal mucosa. However, local inflammatory reactions often
lead to the occurrence of chronic low-grade inflammation
throughout the body. Chronic low-grade inflammation in the
intestinal mucosa will result in the destruction of the intestinal
barrier, and many harmful factors (lipopolysaccharides,
pathogenic bacteria, etc.) will enter the body to induce
neuroinflammation (14, 16, 32). We detected changes in the
A

B

C

FIGURE 6 | The probiotic combination alleviated colonic inflammation and decreased tight junction protein expression in SAMP8 mice. (A) HE staining of the colon.
(B) The effect of the probiotic combination on the expression levels of TLR4, MyD88, p-p65 and p65 in the colon. (C) The effect of the probiotic combination on the
expression levels of ZO-1 and Occuldin in the colon. C, control group (n = 4); M, model group (n = 4); L, low-dose probiotics group (n = 4); H, high-dose probiotics
group (n = 4). Data are presented as the means ± SD. *p < 0.05.
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intestinal microbes of mice by using high-throughput
sequencing. Compared with the C group, the diversity and
richness of the intestinal microbiota in the M group was
decreased. The probiotic combination counteracted these
changes in the intestinal microbiota and promoted the
restoration of intestinal homeostasis (Figures 5A, B). Based on
PCoA, we found that after treatment with the probiotic
combination, the intestinal microbiota of the aging mice
aggregated with the intestinal microbiota of the C group
(Figure 5D), which indicates that the probiotic combination
restores the intestinal microbiota of the aging mice to the
composition of normal mice. Consistently with the findings of
others, the abundance of Akkermansia muciniphila was
decreased and the abundance of Prevotella was increased in
aging mice (15). Moreover, the probiotic combination reduced
the relative abundance of Alistipes and Prevotella (Figure 5E).
Akkermansia can improve metabolism, exerts anti-inflammatory
activity, and augments the efficacy of immunotherapy; it is also
closely related to the intestinal barrier function. The decline in
Akkermansiamay cause damage to the intestinal barrier and lead
to inflammation in the body (36). Alistipes is a gram-negative
anaerobe and a facultative pathogen. The abundance of Alistipes
increases in patients with depression (37). In the gut microbes of
patients with intestinal irritability syndrome, Alistipes tends to
increase, and this change may be one of the underlying causes of
depression in such patients (38). Researchers have found that
Alistipes can affect the use of tryptophan, impairing the balance of
the serotonergic system in the intestine, and then inhibiting brain
electrical activity, which may lead to cognitive dysfunction (37).
Prevotella is a genus of essential bacteria in a healthy intestinal biota.
However, studies have shown that Prevotellaceae bacteria increase
in the intestinalmicrobiota of patientswith schizophrenia (39). The
abundance ofPrevotella in the intestinalmicrobiota of patientswith
cerebral palsy and children with cerebral palsy and epilepsy
increases significantly (40). The increased abundance of Prevotella
may be related to diseases such as periodontitis, bacterial vaginosis,
rheumatoid arthritis, metabolic disorders and low-grade
systemic inflammation (41–43). This may be due to the intestinal
colonisation of Prevotella leading to changes in the metabolism of
the microbiota, reducing the production of IL-18, which intensifies
intes t ina l inflammat ion and may lead to sys temic
autoimmunity (44).

Studies have shown that intestinal barrier dysfunction, and
thus chronic inflammation from the intestine, plays an
important role in aging (45). Therefore, we examined the
pathological changes of colon in mice and detected the
expression of components of the TLR4/NFkB inflammatory
pathway (TLR4, MyD88 and p-p65) and tight junction
proteins (ZO-1 and Occuldin) in the colon. The mucosal
epithelial cells in the colon of aging mice were shed and a
small amount of intestinal gland structure was destroyed. The
probiotic combination counteracted these changes (Figure 6A).
Compared with the C group, the TLR4/NFkB signalling pathway
was activated in the M group, with increased the expression of
the inflammation-related proteins TLR4 and MyD88, which in
turn increased the level of p-p65 (Figure 6B). At the same time,
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the expression of ZO-1 and Occuldin decreased significantly
(Figure 6C). Treatment with the probiotic combination relieved
the intestinal inflammation and increased the integrity of the
intestinal barrier.

In summary, we have shown that the probiotic combination,
developed by screening the faeces of centenarians, increases the
expression of intestinal permeability-related proteins ZO-1 and
Occuldin by regulating the intestinal microbiota. It also inhibits
TLR4/NFkB-induced intestinal inflammation and consequently,
neuroinflammation through the gut-brain axis and upregulates
the expression of Sirt 1 to protect hippocampal neurons
(Figure 7). These changes underlie improved spatial memory,
motor function and exploratory behaviour of aging mice. Our
research provides the basis for the probiotic combination to
become a dietary supplement for anti-aging.
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exploratory behaviour of aging mice.
December 2021 | Volume 12 | Article 792746

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Fang et al. Anti-Aging Effects of a Probiotic Combination
AUTHOR CONTRIBUTIONS

XF and TC contributed to conception and design of the study.
XZ, MY, and JW performed the experiments. YW, DH, and BW
carried out data analysis. All authors participated in drafting of
the manuscript and critical revision of the draft and contributed
to the article and approved the submitted version.
FUNDING

This work was supported by grants from the National Natural
Science Foundation of China (Nos. 82060638, 82060222),
Science and Technology Plan of Jiangxi Health Planning
Committee (Nos. 20195092), the Science and Technology
Project of Jiangxi (Nos. 20194BCJ22032, 20192BBG70031),
Frontiers in Immunology | www.frontiersin.org 1114122
Nanchang Hongcheng Project to TC, and dou-ble 10-thousand
plan of Jiangxi Province (innovation and technology
professionals as the high-end talent).
SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fimmu.2021.792746/
full#supplementary-material

Supplementary Figure 1 | The probiotic combination delayed the decrease in
body weight and the increase in the aging score of SAMP8 mice. (A) The
experimental design of this study. (B)Weekly body weight changes of SAMP8 mice
during gavage of the probiotic combination. (C) The aging degree scores of SAMP8
mice after gavage of the probiotic combination. C: control group (n = 10), M: model
group (n = 9), L: how-dose probiotics group (n = 8), H: high-dose probiotics group
(n = 9). Data are presented as the means ± SD. *p < 0.05 **p < 0.0.
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