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Editorial on the Research Topic

Probiotic bacteria-derived e�ector molecules and their impact on the

host in health and disease

Bacteria are one of the main modulators of the physiology and the immune

system of the host organism (Tlaskalova-Hogenova et al., 2011). Changes in the

composition and abundance of bacterial communities, especially, but not exclusively,

in the gastrointestinal tract are believed to be a key factor in the host’s susceptibility to

various diseases (e.g., allergy, inflammatory bowel disease, irritable bowel syndrome, or

necrotizing enterocolitis). It is not surprising that prophylactic/therapeutic approaches

to modulate the microbiota composition, for example by probiotic bacteria, are being

pursued. Along these lines, the history and diversity of probiotics, as well as outlines

of conventional in vitro assays and in vivo models, have been in-depth reviewed by

Milner et al. Despite the interest in probiotics as food or supplement use in the clinic,

there are huge discrepancies observed in the outcomes of such studies. Duboux et al.

suggest that these differences, besides being attributed to variations in the bacterial

species and clinical trial protocols, target population, probiotic dosage, or outcome

parameters measured, may stem from the methods used to produce the live bioactive

ingredients. In their review, the authors suggest that the implementation of molecular

level quality controls based on validated probiotic niche factors and effector molecules

could improve the functional reliability of probiotic products.

Experimental and clinical data indicate that the efficacy of probiotics differs from

strain to strain and therefore, in the screening for new probiotic bacterial products, it

is necessary to compare and analyze the characteristics and safety at the strain level.

The members of Enterococcus, the symbiotic bacteria in the intestine, exhibit dual
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characteristics of probiotic function and potential pathogenicity.

Zhou et al. characterized Enterococcus durans A8-1 isolated

from a fecal sample of a healthy Chinese infant. Strain A8-1 was

able to tolerate and survive the simulated gastric and intestinal

juices and showed the potential to colonize the intestinal

epithelial cells and competitively exclude enteropathogens

with the ability to downregulate the levels of inflammatory

cytokines. Zebrafish model was used by Huang et al. to

screen forty probiotic bacterial strains for the prevention of

inflammatory bowel disease. One candidate, Bacillus smithii

XY1, restored the intestinal epithelial cell integrity after dextran

sodium sulfate (DSS)-induced damage, as well as regulated

the expression of inflammation-related genes. Subclinical

enteritis poses a significant threat to the chicken industry,

severely hampering the growth performance of broilers. Wang

et al. showed that treatment of broiler chicks with Bacillus

subtilis DSM29784 improved the composition and metabolism

of the intestinal microbiota, and the intestinal structure,

and reduced inflammation and apoptosis in Clostridium

perfringens-induced intestinal inflammation resulting in

improved growth performance.

Probiotics can act at different levels of the host immune

system e.g., physical barrier, innate immunity, and adaptive

immunity. Kim et al. demonstrated that Bifidobacterium

animalis ssp. lactic HY8002 enhanced the intestinal epithelial

cells’ barrier integrity by restoring the expression of tight

junction proteins, kanamycin-induced reduction in Peyer’s

patch cell number, and serum and fecal IgA levels in the

mouse small intestine. Next, Won et al. studied the effect

of oral administration of Latilactobacillus sakei ADM14

on obesity and fatty liver in a high-fat diet mouse model.

Authors have demonstrated the regulatory activity of strain

ADM14 on host lipid metabolism and composition of fecal

microbiota that led to decreased body weight gain, fat tissue

mass, and liver weight in treated mice. Lee et al. showed that

administration of Lactobacillus rhamnosus TWK10 enhanced

muscle strength in young mice and prevented loss of muscle

strength or bone mass in aged mice. Furthermore, learning

and memory abilities were improved. Administration of

TWK10 had also an influence on gut microbial composition

decreasing the aging-associated accumulation of pathogenic

bacterial taxa and increasing bacteria-producing short-

chain fatty acids (SCFA). Lin et al. compared the effect

of dietary fiber supplementation vs. butyrate/probiotic

supplementation on semen quality and intestinal microbiome

in a boar model. The findings of this study indicate that

dietary fiber supplementation improves gut microbiota and

promotes SCFA production, which is linked to enhanced

spermatogenesis and semen quality. Moreover, the effects of

dietary fiber were superior to those of derived metabolites

and probiotic supplementation. Finally, Kang and Cai

commented on the ability of Lactobacillus plantarum GUANKE

to boost severe acute respiratory syndrome coronavirus 2

(SARS-CoV-2)-vaccine-induced effective memory immune

response by enhancing interferon signaling and suppressing

apoptotic and inflammatory pathways. They suggest that using

probiotics to boost vaccine efficacy is an inspiration for future

research directions.

Recent research indicates that live and proliferating bacteria

are not the prerequisite for obtaining health-promoting effects.

In experimental studies, the beneficial effects are also achieved

by inactivated bacteria or bacteria-secreted extracellular vesicles

or certain effector molecules located on the bacterial surface

(e.g., peptidoglycan and polysaccharides), secreted by bacteria

(e.g., antibacterial peptides) or released after bacterial lysis

(e.g., proteins, exopolysaccharides, and DNA) (Lebeer et al.,

2018; Pyclik et al., 2020). In this regard, some studies

have demonstrated the potential of inactivated microbes.

Jhong et al. evaluated the antiosteoporotic effects of heat-

killed Lacticaseibacillus paracasei GMNL-653 in ovariectomized

(OVX) mice. The GMNL-653 exerts anti-inflammatory activity

which restored gut microbiota dysbiosis and maintained

intestinal barrier integrity in the OVX mice. However, Pyclik

et al. showed that both live and heat-killed Bifidobacterium

longum ssp. longum CCM 7952 are able to alleviate the

allergy symptomes in mouse OVA-induced allergy model,

albeit in a different manner. Studies performed by Pyclik

et al. indicated that research on bacterial effector molecules

is warranted to elucidate the mechanism of beneficial effects

of probiotics.

The effector molecules presented on the bacterial surface,

including cell components or metabolic products secreted into

the environment, may impart an array of health-promoting

properties. One of them are exopolysaccharides (EPS). The

EPS have received a lot of attention due to their industrial

and therapeutic applications. Brdarić et al. investigated the

capacity of eight EPS-producing lactobacilli to adsorb Cd, one

of the most significant toxic elements. The most promising

EPS turned out to be produced by strain BGAN8 which

exhibited a high Cd-binding capacity and prevented Cd-

mediated toxicity in intestinal epithelial Caco-2 cells. Khalil

et al. isolated and characterized EPS from different Lactic

Acid Bacteria and Bifidobacterium strains in terms of their

antioxidant, antitumor, and periodontal regeneration properties.

The antioxidant capacity of EPS varied significantly among

tested strains indicating that certain chemical structures provide

a beneficial effect. The EPS5, composed mainly of galactose,

showed the highest cytotoxicity against human cancer lines.

Moreover, EPS5 treatment selectively regulated the expression

of some apoptotic genes expression. Recently, other probiotic

molecules i.e., extracellular vesicles have fascinated many

scientific groups. Rubio et al. reviewed the EVs derived

from Gram-positive and Gram-negative probiotic bacteria

in interaction with the host. Novel EV-based technologies

are promising for the design of therapies and/or vaccines

against infections.
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With this topic, we have assembled a set of 15 research

articles that bring new insights into active probiotic and post-

biotic research areas. These studies highlighted the need for

rigorous probiotic selection and the exciting possibility of using

inactivated probiotics or bacteria-derived molecules to confer

health benefits to the host.

Author contributions

All authors listed have made a substantial, direct,

and intellectual contribution to the work and approved it

for publication.

Funding

This work was supported by grant 19-02261S of the

Czech Science Foundation and 8J20AT011 of the Ministry

of Education, Youth and Sports of the Czech Republic. This

work was supported by grant co-founded by the National

Science Centre of Poland under grant decision number

UMO-2017/26/E/NZ7/01202 and by the Polish National

Agency for Academic Exchange under grant decision number

PPN/BIL/2018/1/00005. IS: OEAD PL 03/2022 and CZ 06/2020

and Danube Allergy Research Cluster.

Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed

or endorsed by the publisher.

References

Lebeer, S., Bron, P. A., Marco, M. L., Van Pijkeren, J. P.,
O’Connell Motherway, M., Hiil, C., et al. (2018). Identification of
probiotic effector molecules: present state and future perspectives.
Curr. Opin. Biotechnol. 49, 217–223. doi: 10.1016/j.copbio.2017.
10.007

Pyclik, M., Srutkova, D., Schwarzer, M., and Gorska, S. (2020). Bifidobacteria
cell wall-derived exo-polysaccharides, lipoteichoic acids, peptidoglycans,
polar lipids, and proteins - their chemical structure and biological

attributes. Int. J. Biol. Macromol. 147, 333–349. doi: 10.1016/j.ijbiomac.2019.
12.227
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1 Laboratory of Microbiome Immunobiology, Hirszfeld Institute of Immunology and Experimental Therapy, Polish Academy of Sciences,
Wroclaw, Poland, 2 Laboratory of Gnotobiology, Institute of Microbiology, Czech Academy of Sciences, Novy Hradek, Czechia

The classical definition of probiotics states that bacteria must be alive to be beneficial for
human organism. However, recent reports show that inactivated bacteria or their effector
molecules can also possess such properties. In this study, we investigated the physical
and immunomodulatory properties of four Bifidobacterium strains in the heat-treated (HT)
and untreated (UN) forms. We showed that temperature treatment of bacteria changes
their size and charge, which affects their interaction with epithelial and immune cells.
Based on the in vitro assays, we observed that all tested strains reduced the level of OVA-
induced IL-4, IL-5, and IL-13 in the spleen culture of OVA-sensitized mice. We selected
Bifidobacterium longum ssp. longum CCM 7952 (Bl 7952) for further analysis. In vivo
experiments confirmed that untreated Bl 7952 exhibited allergy-reducing properties when
administered intranasally to OVA-sensitized mice, which manifested in significant
suppression of airway inflammation. Untreated Bl 7952 decreased local and systemic
levels of Th2 related cytokines, OVA-specific IgE antibodies and simultaneously inhibited
airway eosinophilia. In contrast, heat-treated Bl 7952 was only able to reduce IL-4 levels in
the lungs and eosinophils in bronchoalveolar lavage, but increased neutrophil and
macrophage numbers. We demonstrated that the viability status of Bl 7952 is a
prerequisite for the beneficial effects of bacteria, and that heat treatment reduces but
does not completely abolish these properties. Further research on bacterial effector
molecules to elucidate the beneficial effects of probiotics in the prevention of allergic
diseases is warranted.
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INTRODUCTION

Food and respiratory allergies have become a significant health burden in both developed and
developing countries. Recent data indicate that the percentage of people demonstrating symptoms
of allergy reaches up to 40% of the world population (1, 2). Allergies are characterized by an
abnormal reaction of the body to a commonly harmless substance. Hypersensitivity type I reaction
org July 2021 | Volume 12 | Article 70772818
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is associated with Th2 polarized lymphocyte response and
involves production of IL-4, IL-5, and IL-13 cytokines and
allergen-specific IgE antibodies. In particular, IL-4 and IL-13
regulate many aspects of allergic response, i.e., in B cells prompt
the immunoglobulin switch to IgG1 and IgE, activate and recruit
eosinophils and induce mucus hypersecretion in lung tissue (3).
In respiratory allergies, nasal and lung epithelial cells are the first
cells encountering allergen, such as house-dust mite faeces,
fungal spores or plant pollen. Besides being a physical barrier
separating the internal milieu from the external environment,
epithelial cells also play an important role in initial recognition of
antigens and regulation of the immune responses to them (4).
Moreover, epithelial cells are able to secrete a large number of
cytokines and chemokines that regulate the activation of T and/
or B lymphocytes, eosinophils, mast cells, and ILC2 cells (5, 6).

Growing evidence suggests that probiotics could be a promising
strategy in the prevention/treatment of allergy diseases (7). Recently,
several studies have shown that prophylactic administration of
probiotics attenuates the production of pro-inflammatory
responses in house dust mite-induced asthma model (8, 9). Along
with these results, it has been shown that intranasal administration
could bemore effective compared to standard intragastric route (10).
It hasbeenalsonoticed, thatprobiotics interactionwithmucosaof the
respiratory tract leads to the activation of both local and systemic
immune responses (11, 12).

While probiotics are generally regarded as safe, the
administration of live bacteria to certain groups of patients could
cause bacteremia (13). This especially concerns people with
weakened immune system e.g., new-borns or elderly people (14,
15). Until recently, it was considered that probiotics should be
administered alive in order to exert their beneficial properties (16,
17). However, there is an accumulating evidence showing that even
administration of inactivated bacterial strains and bacteria-derived
molecules is able to ameliorate the development of airway allergy
(18–21). For example, it has been shown that administration of
thermally inactivated Enterococcus feacalis reduced nasal mucosa
swelling and decreased eosinophil level in amousemodel of allergic
rhinitis (22). Similarly, thermally inactivated Lactobacillus (L.) casei
Shirota inhibits the production of IgE in mouse model of allergy,
which may indicate a protective role in allergy modulation (23).
Even so, depending on the bacterial species or bacterial strain,
desired probiotic properties may be retained only partially or lost
completely during heat inactivation (24).

In this study we characterized the viability status-dependent
physical and immunomodulatory properties of four strains
belonging to different Bifidobacterium species. On the basis of the
potential to downregulate the allergic and inflammatory cytokine
response, we selected Bifidobacterium longum ssp. longum CCM
7952 (Bl 7952) strain to further investigate the impact of thermal
inactivation on prevention and modulation of allergic immune
response to ovalbumin (OVA) in a mouse model of allergy. We
found that intranasal administration of untreated Bl 7952 strain
prevented the development of allergic lung inflammation and
modulated both local and systemic OVA-specific immune
responses. These immunomodulatory properties were partially
lost when heat-treated Bl 7952 was used.
Frontiers in Immunology | www.frontiersin.org 29
MATERIALS AND METHODS

Cultivation and Inactivation of
Bacterial Strains
Four Bifidobacterium strains: B. longum ssp. longum CCM 7952 (Bl
7952), B. longum ssp. infantis CCDM 369 (Bin 369), B. animalis
CCDM218(Ban218), andB.adolescentisCCDM373 (Bad373)were
obtained from the Collection of Dairy Microorganisms (Laktoflora,
Milcom, Tábor, Czech Republic). They were isolated from fecal
samples of healthy adults or breast-fed infants. Stocks of strains
were kept at −80°C in MRS (De Man, Rogosa and Sharpe medium,
Sigma Aldrich, USA) with 0.05% L-cysteine (Sigma Aldrich, USA)
and 20% glycerol. The isolates were cultivated for 48 or 72 h inMRS
broth (SigmaAldrich,USA)with 0.05%L-cysteine (MerckMillipore,
Massachusetts, USA) at 37°C in anaerobic conditions (80% N2, 10%
CO2, 10% H2). They were centrifuged (4,500 × g, 15 min, 4°C) and
washed with sterile phosphate-buffered saline (PBS). The number of
cells was determined by CFU counting on MRS agar plates with
0.05% L-cysteine after 48 h of anaerobic incubation or by
QuantomTx Microbial Cell Counter (Logos Biosystems, South
Korea) and associated with the values obtained during the
measurement of OD600. Bacterial survival in PBS (HIIET PAS,
Poland) after 72 h at 4°C was checked by plate culture and CFU
counting. Heat inactivation was performed at 65°C for 1 h, and
sampleswere storedat4°Cuntiluse.Lossofviabilitywasexaminedby
culture on MRS agar plates supplemented with L-cysteine in
anaerobic conditions.

Scanning Electron Microscopy
at Low Voltage
The untreated bacteria (107 CFU/ml) were plated onto an MRS
Agar plate and after 48 h of incubation were pressed against a
silicon chip (7 × 7 mm), while the heat-treated bacteria were
prepared in a volume of 1 ml in an Eppendorf in which a silicon
chip was placed. In both cases, a 2 min incubation was
performed, and then the chip was removed for further
preparation steps for imaging. The bacteria-containing chip
was rinsed with PBS (HIIET PAS, Poland) at room
temperature and immersed in 2.5% glutaraldehyde (Sigma
Aldrich) in 0.1 M cacodylate buffer. Fixation was continued for
30 min, followed by washing (5 × 30 min, 4°C) with 0.1 M
cacodylate buffer and dehydration in serial concentrations of
ice-cold methanol (25, 40, 60, 80, and 100%). All samples
designed for imaging at room temperature underwent critical
point drying with 100% methanol exchanged for liquid CO2 in
an automated manner (CPD300 AUTO, Leica Microsystems,
Germany) and were imaged under a cross-beam scanning
electron microscope equipped with a Schottky field-emission
cathode (Auriga 60, Carl Zeiss) at 1.2 kV accelerating voltage.

Physical Measurements of Untreated and
Heat-Treated Bifidobacteria
Two samples of each Bifidobacterium strain at a density of 107

CFU/ml were prepared in 300 ml of PBS. Inactivation was
performed by heat treatment at 65°C for 1 h. After cooling to
room temperature (25°C), both untreated (UN) and heat-treated
July 2021 | Volume 12 | Article 707728
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(HT) were transferred to the measuring cuvette and analyzed in
terms of their size (Dynamic Light Scattering, DLS) and zeta
potential (Electrophoretic Light Scattering, ELS) using Zetasizer
Nano ZS (Malvern Panalytical, UK). Measurements were made
in milli-Q water in a Folded Capillary Cell (DTS1070, Malvern
Panalytical). Each probe was measured five times at 25°C (at least
15 runs, voltage adjusted automatically by the software). To
perform calculation dispersant RI 1.333 and viscosity (Cp) as
0.87 were used.

Cell Lines and Culture Conditions
A cancerous epithelial line TC-1 (ATCC CRL-2785) isolated
from murine lungs immortalized with human papillomavirus 16
(HPV-16) E6/E7 and c-Ha-Ras cotransformed was maintained
in Dulbecco’s Modified Eagle Medium (DMEM, Gibco, Thermo
Fisher Scientific, USA) with 10% fetal bovine serum (FBS, Gibco,
Thermo Fisher Scientific), 100 U/ml penicillin, 100 µg/ml
streptomycin and 2 mM L-glutamine (Gibco).

JAWSII cell line (ATCCCRL-11904)was established frombone
marrow-derived dendritic cells of C57BL/6 mouse and was
maintained in Alpha Minimum Essential Medium Eagle (Alpha
MEM, Gibco) with 10% FBS, 100 U/ml penicillin, 100 µg/ml
streptomycin, 2 mM L-glutamine, 1 mM sodium pyruvate (Sigma
Aldrich), and 5 ng/ml granulocyte-macrophage colony-stimulating
factor (GM-CSF, Invitrogen, Thermo Fisher Scientific).

Both cell lines were cultivated in an incubator at 37°C, 5%
CO2. Culture media were changed every two to three days, and
the cell lines were trypsinized with 0.25% trypsin-EDTA pH 7.2
solution when 80% confluency was reached.

Bifidobacterium Engulfment by
Epithelial Cells
TC-1 cells were seeded at density of 0.4 × 106 cells/ml on 24-well
plate in medium without antibiotics (DMEM, 10% FBS) and left
for 5 h to adhere at 37°C, 5% CO2. Next, UN and HT
bifidobacteria were stained as in the manufacturer protocol
with SYTO™ 9 (Thermo Fisher Scientific) and were added to
the epithelial cells in the ratio of 1:10 (TC-1:bacteria) in
antibiotic-free medium. Bacteria were counted with
QuantomTx Microbial Cell Counter (Labos Biosystem).
Samples were incubated overnight and the next day, TC-1 cells
were washed twice with pre-warmed PBS. Cells were detached
from the plate with trypsin and analyzed by the BD FACSCalibur
Flow Cytometry System (BD Biosciences, USA) in terms of green
fluorescence. TC-1 cells mixed with PBS were used as negative
control. Each experiment was repeated three times.

Bifidobacterium Transfer Between
Epithelial and Dendritic Cells
TC-1 cells were grown and loaded with stained bacteria as
described above. Simultaneously, JAWS II cells were cultivated
and stained with red fluorescent dye PKH26 (Sigma Aldrich).
Next, they were added to the TC-1 cells in an approximate ratio
of 1:1 in JAWS II complete medium. Cells were co-cultured for
4 h in the incubator (37°C, 5% CO2). Cells were detached from
the plate with trypsin and analyzed by the BD FACSCalibur Flow
Frontiers in Immunology | www.frontiersin.org 310
Cytometry System in terms of green and red fluorescence. Each
experiment was repeated three times.

TC-1 Cell Stimulation With Bifidobacteria
TC-1 cells were seeded at density of 2 × 106 cells/ml on 96-well
plate in medium without antibiotics (DMEM, 10% FBS) and
stimulated with UN or HT bifidobacteria strains in the ratio of
1:10 (TC-1:bacteria). TC-1 cells stimulated with PBS were used
as controls. The supernatants were collected after 20 h of
incubation at 37°C, 5% CO2. The levels of IL-6 and MCP-1
were quantified using enzyme-linked immunosorbent assay
(ELISA) detection kits (Invitrogen or BD OptEIA Pharmingen,
USA) according to the instructions of the manufacturer. Each
experiment was repeated three times.

Bone Marrow-Derived Dendritic Cell
Isolation and Stimulation
Themouse bonemarrowprecursors were isolated from femurs and
tibias of BALB/c mice (8-weeks old). Cells were cultured at density
of 4×106 cells/mlonPetri dishes in10mlofRoswellParkMemorial
Institute (RPMI 1640, Sigma Aldrich) culture medium containing
10% FBS, 150 mg/ml gentamycin (Sigma Aldrich) and 20 ng/ml
GM-CSF (Invitrogen). Fresh medium was added at days 3 and 6,
andBMDCswere used for experiments onday 7 of culture. BMDCs
(0.5 × 106 cells/ml)were stimulatedwithUNorHTbacteria in ratio
of1:10 (BMDCs:bacteria) for20h.ControlBMDCswere stimulated
withPBS. Levels of IL-10and IL-12p70 inculture supernatantswere
determined by ELISA Ready-Set-Go! kits (eBioscience, Germany,
San Diego, CA, USA) according to the instructions of the
manufacturer. Each experiment was repeated twice.

Stimulation of TLR2, TLR4, NOD2, and
NOD1 Receptors
The human embryonic kidney cell line HEK293 stably transfected
withaplasmid carrying thehuman(h)TLR2/CD14genewaskindly
provided by M. Yazdanbakhsh (Leiden, The Netherlands), and
hTLR4/MD2/CD14byB.Bohle (Vienna,Austria). Cells transfected
with hNOD2 and hNOD1 were purchased from InvivoGen
(InvivoGen, USA). The cells were stimulated for 20 h with UN
and HT bifidobacteria at concentrations of approximately 1 × 107

CFU/ml in 96-well plates. TLR2 ligand Pam3CSK4 (1 µg/ml,
InvivoGen), NOD2 ligand muramyl dipeptide (MDP; 100 ng/ml;
InvivoGen), TLR4 ligand ultrapure LPS-EB (1 µg/ml, Sigma
Aldrich), and NOD1 ligand acylated derivative of the iE-DAP
dipeptide (C12-iE-DAP; 100 ng/ml; InvivoGen) were used as
positive controls. Culture supernatants were harvested and
human IL-8 concentrations, as level of respective receptor
activation, were analyzed by ELISA (Invitrogen, Thermo Fisher
Scientific) according to the instructions of the manufacturer. Each
experiment was repeated three times.

Stimulation of Splenocytes From
OVA-Sensitized Mice With UN and
HT Bifidobacterium Strains
Immunomodulatory potential of Bifidobacterium strains was
tested ex vivo on splenocytes derived from ovalbumin (OVA)-
July 2021 | Volume 12 | Article 707728
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sensitized BALB/c mice (8–12 weeks of age; n = 3) in four
independent experiments. Female mice were sensitized by two
intraperitoneal (i.p.) injections of 10 µg of OVA (Sigma Aldrich,
grade V) mixed with 0.65 mg/100 ml of Alum (Serva, Germany)
in final volume of 200 ml in a two-week interval. Seven days after
the second immunization, mice were anesthetized by 3%
isoflurane and euthanized by cervical dislocation. Spleens were
aseptically removed and prepared by disruption of the tissues
through a 70 µm cell strainer into culture medium RPMI 1640
with 10% FBS, 100 U/ml of penicillin, 100 µg/ml streptomycin,
and 10 mM HEPES. Splenocytes (5 × 106 cells/ml) were re-
stimulated in 96-well flat-bottom plates with OVA (500 mg/ml,
Worthington, USA) together with UN/HT bifidobacteria in a
ratio of 1:10 (cells:bacteria) for 72 h. Splenocytes stimulated only
with OVA were used as baseline of cytokine response to OVA re-
stimulation. Unstimulated splenocytes were used as a negative
control. Concentration of cytokines was measured in
supernatants by the Milliplex Map Mouse Cytokine/
Chemokine Panel (IL-4, IL-5, IL-13, and IFN-g) according to
the instructions of the manufacturer and analyzed with Luminex
2000 System (Bio-Rad Laboratories, CA, USA).

In Vivo Effect of UN and HT B. longum ssp.
longum CCM 7952 (Bl 7952) in Mouse
Model of OVA-Induced Allergy
Animals
Pathogen-free female BALB/c mice (6–8 weeks of age) were
maintained in individually ventilated cages (IVC, Tecniplast,
Italy) with a 12:12-h light–dark cycle and free access to water and
sterile irradiated diet (Altromin Spezialfutter GmbH & Co. KG,
Lage, Germany). The animal experiments were approved by the
committee for the protection and use of experimental animals of
the Institute of Microbiology, The Czech Academy of Sciences
(no. 91/2019).

Experimental Design
Mice (n = 6–8 per group) were divided into three experimental
groups: PBS/OVA, untreated (UN) Bl 7952/OVA or heat-treated
(HT) Bl 7952/OVA. Mice were sensitized by i.p. injections of 10 µg
ofOVA (SigmaAldrich, gradeV)mixedwith PBS and adsorbed on
0.65 mg of Alum (Serva) in a final volume of 200 ml, on days 1 and
14. Third boosting immunization (i.p.) was performed one week
after the second injectionby15µgOVA(SigmaAldrich, gradeV) in
PBSmixed with Alum (0.65 mg per dose) (200 µl). Seven days after
the third immunization, mice were anesthetized by 3% isoflurane
and challenged by intranasal administration of 100 µg of OVA in
PBS in a dose of 30 µl. The procedure was repeated each day for 4
consecutive days. Four hours before each sensitization and OVA-
challenge application,mice were anesthetized by 3% isoflurane and
PBS; untreated or heat-treated Bl 7952 (1 × 107 CFU/30 µl) were
applied intranasally (i.n.). Mice were anesthetized by 3% isoflurane
and euthanized on the day following the fourth challenge and
samples [serum, spleen, bronchoalveolar lavage (BAL), lung lobes]
were collected (Figure 1). The experiment was repeated twice
yielding similar results; data from a representative experiment
are shown.
Frontiers in Immunology | www.frontiersin.org 411
Quantification of Cytokine Production
by Splenocytes
Spleen cell suspensions (5 × 106 cells/ml) were cultured on 96‐
well flat‐bottom plates in 200 µl of complete RPMI 1640. Cells
were re-stimulated with OVA (500 µg/ml; Worthington, USA) or
left unstimulated and cultured at 37°C, 5% CO2 for 72 h.
Supernatants were collected and stored at −40°C until further
analysis. The levels of IL‐4, IL‐5, IL‐10, and IL‐13 were
determined using a Mouse Cytokine/Chemokine Multiplex
Immunoassay (Millipore) and analyzed with a Luminex 200
System (Bio‐Rad Laboratories). IFN-g was assessed by ELISA
kit (R&D Duo set System, USA) according to the instructions of
the manufacturer.

Histopathological Evaluation of Lung Inflammation
Small lung lobes were fixed in 4% paraformaldehyde for 24 h and
stored in 80% ethanol. After embedding in paraffin, 5 µm-thick
sections were treated with periodic acid-Schiff (PAS) staining.
Histological pathology scoring was evaluated using light
microscopy (×100 magnification) according to Drinić et al.
(25) and expressed as: (i) perivascular and peribronchiolar
inflammation (grade: 0 = no changes; 1 = few perivascular and
peribronchiolar inflammatory cells; 2 = moderate numbers of
cell infiltrations on several perivascular and peribronchiolar
sites; 3 = large number of diffuse infiltrated cell cuffs), (ii) the
presence of leukocytes in alveolar spaces (grade: 0 = no cells;
1 = 2–4 cells; 3 = 4–10 cells; 3 = more than 10 cells), and
(ii i) number of PAS posit ive cel ls per 50 counted
bronchoalveolar epithelial cells (0 = no cells; 1 = <12; 2 =12–25;
3 = >25). The histopathological score is expressed as a sum of
single scores divided by 3.

Analysis of Bronchoalveolar Lavage
BAL fluid (BALF) was collected from each animal via
cannulation of the exposed trachea and gentle flushing of the
lungs with 2 × 0.5 ml of sterile Dulbecco’s Phosphate Buffered
Saline (D-PBS, Gibco). BALF was centrifuged (400 × g, 7 min, 4°C),
and the supernatant was collected and stored at −40°C. Cell pellet
was recovered for cellular analysis by 200 µl of RPMImedium. After
cell counting, cells were spun down onto microscope slide, fixed
with methanol and stained by Dip-Quick-stain kit according to
instruction of the manufacturer (Medical products, Czech
Republic). Cytospin preparations were differentiated according to
standard morphologic criteria by counting 200 cells via light
microscopy (26). The levels of IL-4, IL-5, IL-10, and IFN-g were
determined using a Mouse Cytokine/Chemokine Multiplex
Immunoassay (Millipore) or ELISA kit (R&D Duoset System,
Minneapolis, MN, USA) according to the instructions of
the manufacturer.

Humoral Immune Response in Serum and BALF
Levels of OVA-specific IgG1, IgG2a, and IgA in serum or BALF
were determined by ELISA as previously described (27). Briefly,
the 96-well microtiter plates (Nunc MaxiSorp, Thermo Fisher
Scientific) were coated with OVA (5 mg/ml), and mouse serum
samples were diluted 1:10,000 for IgG1, 1:100 for IgG2a, and 1:10
July 2021 | Volume 12 | Article 707728

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


Pyclik et al. Bl 7952 Prevents Allergic Inflammation
for IgA quantification. Rat anti-mouse IgG1, IgG2a and IgA
antibodies (1:500; Pharmingen, BD Biosciences, USA) were
applied, followed by peroxidase-conjugated mouse anti-rat IgG
antibodies (1:2,000; Jackson Immuno Labs, USA). Antibody
levels were reported as optical density (OD) at wavelength l =
405 nm.

The activity of OVA-specific IgE in serum (diluted 1:810) and
BALF (undiluted) was measured by rat basophil leukemia (RBL-
2H3) cells degranulation assay as described previously (28). The
level of total IgA was measured in BALF (diluted 1:20) by ELISA
quantification kit (Bethyl, USA) according to the instructions of
the manufacturer.

The whole-bacterial cell enzyme-linked immunosorbent
assay was used to determine the level of untreated and heat-
treated Bl 7952-specific IgA (29). The 96-well microtiter plates
were coated by 25 µg of dry mass of bacteria UN or HT in PBS
per well and fixed by 0.1% glutaraldehyde for 30 min. Plate was
incubated in 0.1% bovine serum albumin (BSA, Sigma Aldrich)
with 0.1 M glycine for 2 h. Wells were aspirated, and plate was
incubated overnight at 4°C with 0.25% BSA and magnesium
chloride (Sigma Aldrich). Samples of BALF (diluted 1:1) were
added and after 3-h incubation, the bacteria-specific IgA was
detected using horse-radish peroxidase-conjugated IgA antibody
(1:10,000; Bethyl, USA) according to the instructions of
the manufacturer.

Statistical Analysis
Data are expressed as mean ± standard deviation (SD). For in
vitro experiments, the significance of data obtained for UN/HT
bacteria treatment was analyzed by unpaired Student’s t-test.
Comparison between OVA group and bacteria groups in OVA-
sensitized splenocytes was analyzed by one-way ANOVA with
Frontiers in Immunology | www.frontiersin.org 512
Dunnett’s multiple comparison test. In in vivo experiment for
comparisons between PBS/OVA and bacteria-treated
experimental groups, one-way ANOVA with Dunnett’s
multiple comparison test was used. A significant difference was
considered to exist when the p-value was <0.05. Statistical
analysis was performed using GraphPad Prism 8.1 Software
(San Diego, CA, USA). ∗∗∗∗p < 0.0001, ∗∗∗p < 0.001, ∗∗p <
0.01, ∗p < 0.05; ns, no significance.
RESULTS

Heat Treatment Alters Bacterial Surface,
Size and Zeta Potential
In order to evaluate the morphological differences in
Bifidobacterium strains resulting from heat treatment, scanning
electron microscopy at low voltage, DLS, and ELS analysis were
performed. Heat inactivation of bacteria for 1 h at 65°C induced
slight morphological cellular changes (Supplementary Figure S1).
UN bacteria were characterized by smooth surface in all examined
strains, whereas surface of HT bacteria was more porous and
irregular. Images of HT bacteria cells revealed no lysis or
decomposition of bacterial cells (Supplementary Figure S1).
DLS analysis showed that the size of UN bifidobacterial strains
varies between 2.417 µm (SD ± 0.277) for Bl 7952 strain and 2.979
µm (SD ± 0.234) for Bad 373 strain (Figure 2A). After the heat
treatment, the bacterial cell size of Bl 7952 and Ban 218 decreased.
Contrarily, the cell size of Bad 373 increased and that of Bin 369
remained unchanged. Changes in size did not correspond with
changes in bacteria zeta potential (Figure 2B) since only two
strains, Bin 369 and Bad 373, have significantly lower zeta
potential after heat inactivation.
FIGURE 1 | Experimental design—bacterial administration and systemic sensitization and challenge of BALB/c mice to OVA. Female BALB/c mice 6–8-week-old
(n = 6 to 8) were i.p. sensitized with 10 µg of OVA + Alum on days 1 and 14 of experiment, boosting dose of 15 µg of OVA + Alum was administrated on day 21.
Seven days after third immunization, the challenge with 100 µg of OVA was performed for 4 consecutive days. Untreated (UN Bl 7952) or heat-treated (HT Bl 7952)
bifidobacteria in dose 1 × 107 CFU/30 µl or PBS were administered intranasally 4 h before each sensitization and challenge. Mice were euthanized on day 32, and
samples were collected (Created with BioRender.com).
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Heat Treatment Affects Bifidobacteria
Engulfment and Cytokine Induction in
Epithelial Cells Along With Transfer
Capacity Between Epithelial and
Dendritic Cells
We assessed whether the observed heat treatment induced
changes on bacterial surface properties have an effect on
further bacteria processing by epithelial TC-1 cells. We
observed a trend towards decreased engulfment of HT
bacteria compared to UN bacteria, with a statistically
significant decrease for Bin 369 and Bad 373 strains
(Figure 3A). Next, we focused on bacterial transfer between
TC-1 epithelial and antigen presenting cells (JAWS II). In
agreement with lower engulfment of HT bacteria, the transfer
of these bacteria to the dendritic cells was also lower
(Figure 3B). In particular, significant decrease was observed
for Bin 369 and Bad 373 strains, which are in line with the
results of the engulfment experiments (Figure 3A). Epithelial
and antigen presenting cells were able to produce cytokines and
chemokines following the antigen exposure. Upon exposure to
UN bifidobacteria, TC-1 cells produced the chemokine MCP-1
and cytokine IL-6 (Figures 3C, D); however cytokines such as
IL-10, IL-12p70, IFN-g, TGF-b, and TNF-a were undetectable
(data not shown). Stimulation with HT bacteria was associated
with a decrease in both MCP-1 and IL-6 levels compared to UN
bifidobacteria. Both UN and HT bacteria triggered cytokine
production and maturation of bone-marrow dendritic cells in a
species dependent manner (Figures 3E, F). The untreated and
heat-treated Bl 7952 and Ban 218 strains induced higher levels
of IL-10 compared to Bad 373 and Bin 369. On the other hand,
stimulation of BMDCs with Bin 369 strain led to the induction
of higher levels of IL-12p70 compared to Ban 218. Surprisingly,
all bacteria induced the same levels of IL-10 (Figure 3E) and IL-
12p70 (Figure 3F) independently of their viability status. Only
in the case of strain Ban 218 that the temperature treatment
caused a significant increase of IL-12p70 with no changes in IL-
10 levels.

In order to investigate the role of TLR and NOD receptors in
bifidobacteria recognition, we examined HEK293 cells stably
Frontiers in Immunology | www.frontiersin.org 613
transfected with hTLR2, hTLR4, hNOD2, and hNOD1
stimulated with both UN and HT bacteria. Bifidobacteria
strains were recognized mostly via hTLR2 (Figure 3G) and
only slightly by hNOD2 receptors (Figure 3H). No signaling
was observed in the case of hTLR4 and hNOD1 (data not
shown). The temperature treatment did not change the general
recognition of bacteria. In the HEK293-hTLR2 cell line, we
observed that in the majority of tested strains, inactivated
bacteria showed a stronger receptor activation (Figure 3G). In
turn, in the HEK293-hNOD2 cell line, no significant differences
between UN and HT strains were observed (Figure 3H).

Impact of Bifidobacteria on OVA-Induced
Cytokine Production in Splenocyte
Cultures From OVA-Sensitized Mice
We assessed the immunomodulatory potential of UN and HT
bifidobacteria on recall OVA-induced cytokines from OVA-
sensitized mouse splenocytes. As expected, OVA stimulation
induced production of pro-allergic Th2-related cytokines IL-5
(Figure 4A), IL-4 (Figure 4B), and IL-13 (Figure 4C) and no
Th1 related IFN-g (Figure 4D). Regardless of bacteria viability
status, all bifidobacterial strains were able to significantly
downregulate the OVA-induced Th2 cytokines. However, in the
case of Bl 7952, we observed that HT bacteria caused a weaker IL-4
suppression compared to UN bacteria (Figure 4B). Interestingly,
the induction of IFN-gwas strain dependent (Figure 4D). Ban 218
and Bin 369, independently of the viability status, were the most
robust inducers of this pro-inflammatory cytokine. On the other
hand, Bl 7952 induced negligible level of IFN-g suggesting
regulatory, rather than Th1 inducing properties for these bacteria
as compared to other tested species.

Intranasal Administration of Untreated and
Heat-Treated Bl 7952 at the Time of
Sensitization and Challenge Differently
Attenuates the OVA-Induced Cellular and
Humoral Immune Responses
In our previous study, Bl 7952 has been shown to prevent allergic
sensitization in mono-colonized associated gnotobiotic mice
A B

FIGURE 2 | Physicochemical differences between untreated and heat-treated bifidobacteria. (A) Size (µm) and (B) zeta potential measurements (mV) of untreated
(UN, blue bars) and heat-treated (HT, orange bars) bifidobacteria strains were performed using Zetasizer Nano ZS. Data are shown as mean ± SD of five
measurements; statistical differences were analyzed by multiple t-tests between UN and HT, *p < 0.05 statistically significant difference.
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(30). Here we have shown the ability of Bl 7952 to supress OVA-
induced Th2 cytokine in conventional mice without inducing
Th1 cytokine production in splenocyte cultures from OVA-
sensitized mice. It has been suggested that regulatory immune
response rather than strongly inducing Th1 response could be
Frontiers in Immunology | www.frontiersin.org 714
more effective in prevention of allergies (31, 32). Therefore, we
selected Bl 7952 for further in vivo experiments. Bl 7952, either as
UN or HT was applied intranasally and impact on the systemic
as well as local immune responses was evaluated in mouse model
of OVA-induced airway allergy.
A B
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FIGURE 3 | Untreated and heat-treated bifidobacteria strains differently interact with epithelial and immune cells in vitro. (A) Engulfment by airway epithelial cells and
(B) transfer between airway epithelial cells and dendritic cells of untreated (UN, blue bars) and heat-treated (HT, orange bars) bifidobacteria. Epithelial cells (TC-1

cells) were incubated overnight with SYTO™ 9-stained bacteria cells. After washing of bacteria, epithelial cells were co-cultured with PKH26-stained JAWS II cells for
4 h. Fluorescence of double stained dendritic cells was analyzed by FACS and expressed as mean fluorescence units (MFI). The level of (C) MCP-1 and (D) IL-6
cytokine production from TC-1 cells was measured by ELISA in culture supernatants after 24-h stimulation with bifidobacteria (UN or HT) or PBS. The level of (E)
IL-10 and (F) IL-12p70 cytokine production was determined in supernatants of BMDCs after 20-h stimulation with UN or HT bifidobacteria or PBS. Activation of (G)
TLR2 and (H) NOD2 receptors was determined using human embryonic kidney cells (HEK293) stably transfected with human TLR2 or NOD2 expressing vectors and
expressed as production of IL-8 cytokine after 20-h stimulation by UN or HT bifidobacteria strains. TLR2 ligand Pam3CSK4 (1 µg/ml) and NOD2 ligand muramyl
dipeptide (MDP; 100 ng/ml) were used as positive controls. Cells treated with PBS were used as negative control. Data are collected from three independent
experiments. Data are shown as mean ± SD and analyzed with unpaired Student’s t-test between untreated and heat-treated bacteria. *p < 0.05, **p < 0.01
statistically significant difference. Comparison between bifidobacterial strains was calculated by one-way ANOVA Dunett’s multiple comparison test. #p < 0.05.
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To assess the effect of the Bl 7952 (untreated and heat-treated)
treatment on the systemic allergic response of mice we measured
the cytokine production from OVA stimulated splenocytes.
Administration of untreated Bl 7952 downregulated the Th2-
related cytokines IL-4 and IL-5, whereas heat-treated Bl 7952
significantly reduced only the production of IL-5 compared to
PBS/OVA group (Figures 5A, B). There was no significant
difference among the bacteria-treated and PBS/OVA groups in
the levels of OVA-induced IL-10 and INF-g cytokines
(Figures 5C, D). The application of untreated Bl 7952
significantly reduced the serum levels of Th2-related OVA-
specific IgE and Th1-related IgG2a antibodies compared to the
PBS/OVA group (Figures 5E, G). We did not observe this effect
after administration of heat-treated Bl 7952. Furthermore, Th2-
related OVA-specific IgG1 antibodies (Figure 5F) were
significantly reduced by both groups of Bl 7952 when
compared to PBS/OVA group. There were no differences
among the groups in the levels of OVA-specific and total IgA
antibody (Figures 5H, I).

Intranasal Administration of Untreated
and Heat-Treated Bl 7952 at the Time of
Sensitization and Challenge Differently
Reduces Allergic Inflammation in Lungs
of OVA-Sensitized Mice
Lung histological analysis showed a reduction of cell infiltration,
a lower percentage of mucus-producing cells, decreased
perivascular and peribronchiolar inflammation together with
lower presence of leukocytes in alveolar spaces in both Bl
7952/OVA groups as compared to control PBS/OVA group
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(Figures 6A, B). The reduced lung allergic inflammation was
further confirmed by cellular differential count showing
significant decrease in the number of eosinophils in the
bronchoalveolar lavage (BAL) of both Bl 7952/OVA groups
when compared to the PBS/OVA group. However, the
intranasal administration of heat-treated Bl 7952 led to
increased amount of neutrophils and macrophages, and no
decrease in counts of total cell number in BAL compared to
PBS/OVA group (Figure 6C). The results of BAL cytokine
analysis showed that administration of untreated Bl 7952
significantly decreased the level of IL-4 and IL-5 and increased
the level of regulatory cytokine IL-10 compared to the PBS/OVA
group (Figures 6D–F). The heat-treated Bl 7952 also significantly
decreased IL-4, but the levels of IL-5 and IL-10 remained
unchanged compared to the PBS/OVA group. We did not
observe any changes in the levels of IFN-g among tested
groups (Figure 6G).

Next, we measured the humoral immune response in the
BAL. Results showed that only untreated Bl 7952 was able to
reduce the levels of OVA-specific IgE antibodies as shown by
IgE-dependant basophil degranulation assay (Figure 6H).
Moreover, only untreated Bl 7952 significantly increased the
levels of total IgA in BAL compared to PBS/OVA (Figure 6I).
Surprisingly, OVA-specific IgA levels were not significantly
different among the groups (Figure 6J). This prompted us to
assess the bacteria specific IgA levels. When the plate was coated
with bacterial mass of untreated Bl 7952, we observed
significantly higher levels of specific IgA in BAL of untreated
Bl 7952/OVA group compared to PBS/OVA. Heat-treated Bl
7952/OVA group showed higher levels of specific IgA in BAL
A B

DC

FIGURE 4 | Untreated and heat-treated bifidobacteria strains influence the OVA-induced cytokine production in splenocyte cultures from OVA-sensitized mice.
Effect of untreated (UN, blue bars) and heat-treated (HT, orange bars) bifidobacteria strains on cytokine production: (A) IL-5, (B) IL-4, (C) IL-13, and (D) IFN-g was
measured in supernatants after 72 h cultivation of splenocytes isolated from OVA-sensitized mice and re-stimulated by OVA with or without bifidobacteria strains.
Cells stimulated by PBS only served as negative control. Values are pooled from two independent experiments. Significant difference between UN and HT bacteria
was estimated by unpaired Student’s t-test (*p <.0.05). Comparison between OVA-stimulated and bifidobacteria + OVA-stimulated groups was calculated by one-
way ANOVA Dunett’s multiple comparison test. OVA group was used as control, #p < 0.05, ##p < 0.01, ###p < 0.001, ####p < 0.0001.
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when compared to OVA/PBS group (Figure 6K). Contrary,
when the plate was coated with dry mass of heat-treated Bl
7952, level of specific IgA antibodies in BAL did not differ
between studied groups and remained low.
DISCUSSION

In the current study we compared four Bifidobacterium strains in
order to evaluate the impact of heat inactivation (treatment) on
their physical and immunomodulatory properties. We selected
the strain Bifidobacterium longum ssp. longum CCM 7952 (Bl
7952) to investigate in vivo the influence of its viability status on
the prevention and modulation of the allergic immune response
to OVA in a mouse model of allergy.

The classical definition of probiotics states that bacteria must
be alive in order to be beneficial for human organism, but recent
research suggests that inactivated bacteria are able to maintain
the desired beneficial properties (33, 34). The use of inactivated
microorganisms expands the possibility of using probiotics in the
elderly, neonates, or people with compromised immune system
(35, 36). Here, we have shown that mild heat treatment
inactivates the bacteria without disruption of the cells, which
Taddese et al. considered to be the most important factor in
choosing the optimal inactivation method (37). Other
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inactivation methods such as chemical treatment (38),
ultraviolet rays (39), and sonication (40) may be associated
with bacterial cell wall damage. Nevertheless, heat treatment
induced changes in the structure of the cell wall of all
bifidobacterial species tested, resulting in a more irregular and
porous appearance compared to untreated bacteria as
documented by electron microscopy.

Our subsequent studies of cell size and zeta potential
of Bifidobacterium show significant physical differences after
heat treatment. Similar changes were reported by Baatout at al.
who observed that increased temperature leads to an increase in
cell size of E. coli and, on the contrary, to a decrease in cell size of
Shewanella oneidensis (41). Such changes may lead to alteration
of surface structure and membrane permeability of bacteria.
Some proteins might undergo structural changes, denaturation
or aggregation, and thus lose their active structure (42).
Consequently, important epitopes recognized by the immune
system may be hidden or revealed. Finally, the use of high
temperatures can lead to the loss of D-alanine in teichoic acids
(43), resulting in chelation of magnesium ions in the cell wall,
thus altering the surface charge of bacteria.

Interestingly, we have shown that the changes in size of the
bacterial strains upon thermal treatment have no significant
effect on the degree of their engulfment and transfer into
immune cells, in contrast to the changes in zeta potential. The
A B D
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C

FIGURE 5 | Intranasal administration of untreated and heat-treated Bl 7952 differently attenuates the OVA-induced cellular and humoral immune responses. Effect of
PBS (PBS/OVA, black box), untreated Bl 7952 (UN Bl 7952/OVA, blue box) and heat-treated Bl 7952 (HT Bl 7952/OVA, orange box) strain on cytokine production
was determined in supernatants of OVA-stimulated splenocytes isolated from bacteria or PBS pre-treated and OVA-sensitized and challenged mice. (A) IL-4,
(B) IL-5, (C) IL-10 and (D) IFN-g cytokines are expressed as pg/ml. Levels of OVA-specific (E) IgE as % of b-hexosaminidase release by RBL assay, (F) IgG1,
(G) IgG2a, (H) IgA and (I) total IgA antibodies were measured in sera of experimental mice. Values are expressed as boxplot with mean and min to max value bars;
each dot represents a single mouse. Significant difference between PBS/OVA and bifidobacteria-treated/OVA experimental groups was calculated by one-way
ANOVA with Dunnett’s multiple comparison test *p <.0.05. **p < 0.01.
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FIGURE 6 | Intranasal administration of untreated and heat-treated Bl 7952 differently reduces allergic inflammation in lungs of OVA-sensitized mice (A)
Representative tissue section Periodic Acid-Schiff staining of the lungs from OVA-sensitized and challenged mice pre-treated with PBS (PBS/OVA, black box),
untreated Bl 7952 (UN Bl 7952/OVA, blue box) and heat-treated Bl 7952 (HT Bl 7952/OVA, orange box) strain. Scale (200 mm) applies to all presented images,
magnification ×100. (B) Inflammatory score of the lungs was determined by histopathological analysis. (C) Total and differential cell counts were determined in
bronchoalveolar lavage (BAL). Levels of spontaneous cytokine production from BAL fluid (D) IL-4, (E) IL-5, (F) IL-10 and (G) IFN-g were expressed as pg/ml.
(H) OVA-specific IgE was determined in BAL fluid as % of b-hexosaminidase release assay. (I) Total IgA in BAL fluid was measured by ELISA and expressed as ng/
ml. (J) OVA-specific IgA and (K) untreated or heat-treated Bl 7952-specific IgA were determined in BAL fluid as optical density (l = 405 nm). Results are shown as
boxplot means and min to max value bars; each dot represents a single mouse. Significant difference between PBS/OVA and bifidobacteria-treated/OVA
experimental groups was calculated by one-way ANOVA with Dunnett’s multiple comparison test *p <.0.05. **p < 0.01, ****p < 0.0001.
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surface electric charge of the two out of the four tested strains
dropped significantly after thermal inactivation compared to
untreated bacteria. At the same time, we observed marked
decrease in their engulfment by epithelial cell line and, as a
possible consequence, a decrease in bacterial engulfment by
immune cells. Our results are consistent with a study by
Galdeano et al. who conducted similar research with live and
heat-treated Lactobacillus strains. After feeding the bacteria to
mice they showed that live bacteria have higher impact on
immune cells and live and inactivated bacteria may have
different affinity to bind to immune cells (44).

Usually, the probiotic bacteria are administered via the oral
route. However, recent studies indicate the niche-specific
effect of nasal administration of probiotics (10, 11) and the
interaction with the immune system and the epithelium of
the upper and lower airways. Therefore, we investigated
the immunomodulatory properties of tested bacteria on the
mouse lung epithelial cell line (TC-1). Interestingly, UN and
HT bacteria elicit different levels of IL-6 and MCP-1. These
cytokines are involved in macrophage recruitment and
activation, which are associated with regulation of the airway
inflammation (45). In contrast, bacteria-stimulated dendritic
cells showed no changes in maturation and cytokine induction
between UN and HT bacteria. It is well established that high IL-
12 production by DC, matured by microbial stimuli, leads to Th1
polarization (46) and conversely, high IL-10 production leads to
Treg or Tr1 polarization (47). In agreement with Weiss et al., our
data showed that analyzed bifidobacteria strains induce low
levels of IL-12p70 cytokine and high levels of IL-10 when
added to BMDCs. The ability to induce cytokines appears to
be specific to each bifidobacterial strain, but is not dependent on
viability status, with the exception of strain Ban 218.
These results prompted us to ask about differences in the
activation of pattern recognition receptors by UN and HT
bifidobacterial strains.

We showed that all tested bifidobacterial strains strongly
activate the TLR2 receptor. Activation of this receptor is
desirable when evaluating bacteria with probiotic properties,
as TLR2 activation has been associated with the induction of
immunomodulatory and anti-inflammatory effects (48). In
addition, it is well documented that TLR2 ligands present on
live or killed bacteria in bacterial extracts or surface
components, are able to inhibit the allergic response (49, 50).
Interestingly, we observed a significant increase in the
activation of TLR2 after heat treatment of most tested
Bifidobacterium strains. This could be due to changes in the
structure of the cell wall that facilitate the access of the binding
molecule to the receptor (51).

We further focused on the effect of thermal inactivation on
the ability of tested Bifidobacterium strains to downregulate the
cellular recall immune response to allergen in splenocytes from
mice sensitized with OVA. Our data show that all strains
suppressed the production of the pro-allergic cytokines IL-4,
IL-5, and IL-13, but only strain Bl 7952 did not upregulate the
pro-inflammatory IFN-g. Next, we observed that although the
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general profile of immunomodulation was similar between both
UN and HT bacteria, significant differences emerged for some
strains depending on viability status. In this context, Lopez et al.
found that both live and UV-inactivated Lactobacillus
rhamnosus GG induced the same reduction in the pro-
inflammatory cytokine IL-8 upon flagellin induction in Caco-2
cells, but through activation of different signaling pathways (20).
Interestingly, inactivation with subsequent loss of viability and
ce l l lys i s may induce fur ther and more complex
immunomodulation than expected (52).

In our previous studies, we have shown that neonatal mono-
colonization with Bl 7952 reduces allergic sensitization, likely
through activation of regulatory responses via TLR2, MyD88,
and MAPK signaling pathways (30). In addition, Bl 7952
administration also protects epithelial barrier integrity during
intestinal inflammation (53). Based on these studies and results
from in vitro experiments we selected Bl 7952 to test its ability
to prevent the development of allergic inflammation in a mouse
model of airway allergy. Intranasal administration of strain Bl
7952 prior to allergen sensitization and challenge significantly
suppressed the allergic immune response in viability status-
dependent manner. We showed that intranasal administration
of UN bacteria was able to significantly decrease the level of
allergen-specific IgE, IgG1, and IgG2a antibodies in sera. On
the other hand, heat-treated Bl 7952 markedly reduced only the
level of OVA-specific IgG1. Decrease in allergic sensitization
should be associated with significant decrease of allergen-
specific antibody; however studies have shown that the
beneficial effect of probiotic treatment may also occur in the
absence of specific antibodies reduction (54).

At the local level, we observed that Bl 7952, depending on
viability, significantly decreased the number of pulmonary
eosinophils, with or without an increase in neutrophil and
macrophage numbers. These results are consistent with the
properties of B. breve MRx0004, whose therapeutic and
prophylactic administration reduced the level of eosinophils and
increased the number of macrophages in the mouse asthma model
(8). At the same time, we observed a significant reduction in IL-4
and IL-5 in BAL of both Bl 7952 treated groups. IL-5 reduction in
BAL fluids was previously shown to correspond with reduced lung
inflammation in a mouse model of allergic polysensitization (32).
Surprisingly, we observed that UN bacteria have a different ability to
induce IL-10 compared to HT bacteria in BAL. IL-10 has a potent
immunosuppressive capacity and essentially contributes to allergen
tolerance (55).

Along with decreased Th-2 cytokine levels, we observed also
a decrease in OVA-specific IgE in BAL both UN and HT Bl
7952-treated groups. This was accompanied by an increase in
total IgA in the UN Bl 7952-treated group. Surprisingly, there
was little difference in OVA-specific IgA in BAL among the
groups. This prompted us to test the UN and HT bacteria-
specific IgA antibodies. Interestingly, we observed a significant
increase in the level of bacteria-specific IgA antibodies in BAL
of mice treated with UN Bl 7952, while we did not see any
bacteria-specific IgA production in HT Bl 7952 treated group.
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These data suggest that the heat-sensitive conformational
epitopes of cell wall antigens specific for induction of IgA
response were altered. Secretory IgA plays a critical role in
tolerance induction and maintenance of mucosal homeostasis
in the host by opsonizing and neutralizing pathogens and
toxins, resulting in immune exclusion and reducing the
antigenic burden on the mucosal immune system. Its
protective role has also been widely documented in the
management of allergic immune response (9, 56–58).
Concomitantly, the decrease in IgA level has been associated
with a higher likelihood of developing allergies or asthma (59–
61). Nevertheless, not all bacterial strains have the ability to
stimulate IgA production. Li et al. showed that only three out
of five tested probiotic strains of L. casei induced IgA
production in mice with house dust mite-induced asthma,
indicating that the activity to stimulate IgA production is
strain-dependent (9).

Collectively, we have shown that heat treatment of strain Bl
7952 did result in a decreased ability of this bacterium to prevent
and modulate the allergic immune response to ovalbumin in a
mouse model of allergy (Figure 7). These results were surprising
given the observed moderate effect of heat treatment on the
immunomodulatory properties of the bacterium in in vitro
assays. Our results caution against the extrapolating in vitro
results obtained with inactivated bacteria to the general biological
effect of bacteria, and advocated testing the activity of both live and
inactivated bacteria in in vivo experimental animalmodels. Further
research is warranted to elucidate the immunomodulatory
Frontiers in Immunology | www.frontiersin.org 1219
molecules isolated from bacterial strains and their potential use in
the prevention of airway allergy diseases.
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Probiotics are heavily advertised to promote a healthy gastrointestinal tract and
boost the immune system. This review article summarizes the history and diversity
of probiotics, outlines conventional in vitro assays and in vivo models, assesses the
pharmacologic effects of probiotic and pharmaceutical co-administration, and the broad
impact of clinical probiotic utilization for gastrointestinal disease indications.

Keywords: probiotics, probiotic cultures, probiotic microbiology, food microbiology, probiotic pharmacology,
probiotic treatment of gastrointestinal disease

INTRODUCTION

Probiotic supplement utilization has been steadily increasing based upon the perceived health
benefits associated with replenishing the gut microbiome (Saxelin, 2008; Vanderhoof and Young,
2008). A variety of probiotic strains are undergoing clinical trials to treat complex gastrointestinal
and inflammatory diseases, but the traditional drug development paradigm associated with
preclinical and clinical studies is lacking. In addition, the myriad of probiotic strains and
formulations, coupled with a lack of regulatory and quality control associated with commercially
available products, has confounded their utilization in patients. Considering these issues, this
manuscript focuses on highlighting the history and taxonomy of select probiotics, outlining the
data associated with preclinical in vitro assays and in vivo animal models, and evidence for clinical
efficacy and safety for several gastrointestinal disease indications.

HISTORY AND TAXONOMY OF SELECT PROBIOTICS

Defining Probiotics
Understanding the complex relationship of microbes within the host gastrointestinal (GI) system
has long been an elusive and evolving narrative. While Hippocrates ruminated that “death sits in the
bowels,” Nobel Laureate Elie Metchnikoff, who studied immune response, indicated “lactobacilli as
probiotics (‘probios,’ conducive to life of the host as opposed to antibiotics)” and advocated for
the consumption of lactic acid-producing bacteria (Gasbarrini et al., 2016). The World Health
Organization (WHO) and the Food and Agriculture Organization (FAO) of the United States
adopted a broader definition of probiotic as “live microorganisms which when administered in
adequate amounts confer a health benefit on the host organism” (Joint Food and Agriculture
Organization World Health Organization Working Group, 2002).
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History of Probiotics
Historical references that date back to 7000 BCE in the Neolithic
villages of China and 5000 BCE in Mesopotamia often mention
the use of food fermentation techniques (Gasbarrini et al., 2016).
Fermentation remained a primary beneficial use of microbes
until the late 1800s with the modern concept of the microbiome,
which continued to be developed into the early 1900s (Farré-
Maduell and Casals-Pascual, 2019). Conducting research at the
Pasteur Institute, Metchnikoff studied the benefits of microbes
on human health and proposed a theory that, “the dependence
of the intestinal microbes on the food makes it possible to
adopt measures to modify the flora in our bodies and to
replace the harmful microbes by useful microbes” (Metchnikoff,
1907; Gasbarrini et al., 2016). Recognizing health benefits
from Bulgarian yogurt and fermented foods, his approach to
microbial-treated nutrition revolutionized the dairy industry
and promoted a new food industry (Gasbarrini et al., 2016;
Farré-Maduell and Casals-Pascual, 2019). A contemporary of
Metchnikoff, Dr. Alfred Nissle is credited with identifying
Escherichia coli strain Nissle 1917 from a soldier who had
shown resistance to diarrheal diseases afflicting other soldiers. Dr.
Nissle patented the discovery with the trade name “Mutaflor,” a
probiotic product that remains currently available (Sonnenborn,
2016; Farré-Maduell and Casals-Pascual, 2019). The probiotic
industry continues to flourish due to high consumer demand and
the United States market may encompass $77.9 billion by 2025
(Grandview Research, 2019). Probiotics are heavily marketed as
part of a preventative healthcare diet, which may appeal to health-
oriented consumers. Currently the industry is developing new
probiotic supplements such as drops, tablets, and capsules for
the rapidly expanding market (Probiotics Market Size Share and
Trends Analysis Report By Product, 2019).

Diversity of Probiotic Strains
The evolving history of human interactions with beneficial
microbes has generated a diverse panel of probiotic organisms
currently marketed for public consumption. Available probiotics
encompass a range of microorganisms as outlined in Table 1,
including yeast such as Saccharomyces species, as well as bacteria
from notably different genera (National Institutes of Health,
2019). A study of over 170 species of Lactobacillus concluded that
there are significant differences among genomes, phenotypes,
and biological effects in experimental models, which leads to
variability and inconsistencies when comparing study outcomes
(Azaïs-Braesco et al., 2010). Different phenotypic traits (Table 1)
exhibited by the diverse organisms may contribute to their
utility as probiotic supplements. For example, acid tolerance
is likely correlated to probiotic survival as they encounter
acidic environments during digestion. Bifidobacterium animalis
subsp. lactis BB-12 is considered to have a high tolerance for
acidic conditions and produces bile salt hydrolase enzymes,
limiting harm from bile salt exposure in the intestines (Jungersen
et al., 2014). Similarly, oxygen tolerance is an important
feature of probiotic organisms. Although many gastrointestinal
microbes are anaerobic, traditional probiotic bacteria survive in
aerobic environments prior to ingestion (Talwalkar et al., 2001).
Talwalkar et al. (2001) have reported high oxygen tolerance for

several strains of Lactobacillus acidophilus, a species commonly
used for probiotics. Spore formation may afford an additional
benefit for probiotic organisms, supporting their ability to endure
sometimes harsh preparation and storage conditions (Cutting,
2011). Saccharomyces cerevisiae is a commonly used yeast for
fermentation and biofuels (Belda et al., 2019) and Bacillus subtilis
is a widely studied probiotic species with dormant spores that
survive in extreme conditions and a variety of environments
(Kovács, 2019).

PRECLINICAL IN VITRO ASSAYS AND
IN VIVO ANIMAL MODELS

In vitro Antimicrobial Activity
In vitro assays have demonstrated several bacterial and yeast
species inhibit the growth of pathogenic species (Fijan et al.,
2018) or reduce pathogen adhesion to gut epithelial cells
(Collado, 2006). In particular, B. animalis subsp. lactis BB-12
and Lactobacillus reuteri DSM 17938 inhibited the growth of
E. coli (Fijan et al., 2018). The concept of employing probiotic
species in conjunction with phage treatment to reduce the
cytotoxicity of pathogenic E. coli was found to be effective at
controlling hemorrhagic E. coli and ameliorating its cytotoxic
effects (Mohsin et al., 2015; Dini et al., 2016). Lactobacillus
paracasei FJ861111.1 has demonstrated significant inhibition
against several common intestinal pathogens including Shigella
dysenteriae, E. coli, and Candida albicans via agar diffusion
assay models (Deng et al., 2015). A significant decrease in
adherence of food-borne pathogens to HT-29 cells (human colon
adenocarcinoma cell line) in the presence of L. paracasei was also
demonstrated (Deng et al., 2015).

Clostridioides difficile growth was inhibited in a pH-dependent
manner when co-cultured with commercial Bifidobacterium
and Lactobacillus strains (Fredua-Agyeman et al., 2017). The
same study also demonstrated inhibition by neutralized cell
free supernatant by both strains, although the Bifidobacterium
strain showed greater inhibition than the Lactobacillus strain.
In addition, probiotic mixtures have demonstrated effectiveness
against C. difficile (Deng et al., 2015).

Listeria monocytogenes, a common foodborne pathogen,
was inhibited by strains of Lactobacillus plantarum B7 and
Lactobacillus rhamnosus D1, demonstrated using spot-on-lawn
antagonism (Valente et al., 2019). Probiotic formulations of
L. rhamnosus, B. lactis, and Bifidobacterium longum have been
shown to reduce proinflammatory cytokines in vitro (Sichetti
et al., 2018). A Caco-2 cell monolayer in vitro assay has been
developed to probe the expression of genes involved in the tight
junction signaling as a possible mechanism probiotic species
utilize to improve intestinal barrier function (Anderson, 2010).
Researchers are beginning to elucidate the anti-inflammatory
mechanisms associated with Saccharomyces boulardii relating
to the modulation of protein kinase activity, expression
of peroxisome proliferator-activated receptor-gamma, and
inhibition of proinflammatory cytokine production (Pothoulakis,
2009). S. boulardii has also demonstrated growth inhibition of
intestinal pathogens such as C. albicans, Yersinia enterocolitica,
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TABLE 1 | Selected probiotic products used in the commercial market.

Probiotic (Genus, Species,
strain)

Eukaryotic vs
Prokaryotic

Gram stain
(−/+)

Spore-
Forming

Oxygen Tolerance Formulation References

Bacillus coagulans Nr Prokaryotic + Yes Aerobica Capsules Holt et al., 2000; Sniffen et al., 2018

Bifidobacterium lactis (Animalis)
Dn-173010 (Cncm I-2494)

Prokaryotic + No 0.88 (Tolerant via RBGR
study)

Yogurt Holt et al., 2000; Sniffen et al., 2018;
Talwalkar et al., 2001

Bifidobacterium animalis Lactis
Bb-12 (Cncm I-3446)

Prokaryotic + No 0.02 Capsules, Powder,
Fermented Milk

Holt et al., 2000; Jungersen et al.,
2014; Sniffen et al., 2018; Talwalkar
et al., 2001

Escherichia coli Nissle 1917 Prokaryotic − No Facultative anaerobea Capsules,
Suspension

Holt et al., 2000; Madigan, 2018;
Sniffen et al., 2018

Lactobacillus acidophilus
(multiple strains)

Prokaryotic + No RBGR values ranged from
0.43 to 0.70 among strains
tested.

Satchet, Capsules Holt et al., 2000; Sniffen et al., 2018;
Talwalkar et al., 2001

Lactobacillus casei Dn-114001
(Cncm I-1518)

Prokaryotic + No 0.84 (Tolerant via RBGR
study)

Fermented Drink,
Yogurt

Holt et al., 2000; Talwalkar et al., 2001

Lactobacillus rhamnosus GG
(ATCC 53013)

Prokaryotic + No Facultative anaerobea Yogurt, Capsules Holt et al., 2000; Sniffen et al., 2018

Saccharomyces boulardii
Cncm I-745 (ATCC 74012)

Eukaryotic N/A No Facultative anaerobea Capsules, Sachets Koutsokali and Valahas, 2020;
McCullough et al., 1998; Sniffen et al.,
2018; McFarland, 1998; McCullough
et al., 1998; McFarland, 1996;
Sniffen et al., 2018

Relative Bacterial Growth Ratio (RBGR) is a quantitative method for assessing oxygen tolerance (Talwalkar et al., 2001). RBGR values are provided in the table for bacteria
that were included in the study (Talwalkar et al., 2001). aNot included in the Talwalkar et al. RBGR study.

Aeromonas hemolysin, Salmonella Typhimurium (Ducluzeau and
Bensaada, 1982; Altwegg et al., 1995; Zbinden, 1999).

In vivo Animal Models
Several animal models are commonly used for the preliminary
assessment of efficacy and safety of probiotics, including mice,
zebrafish, and Drosophila (fruit fly), which have grown in
popularity as cost-effective and simplified models to investigate
host-microbiota interactions (Trinder, 2017). While there are
limitations associated with preclinical models to study probiotics
and host-specific microbiota interactions, these species provide
an avenue for investigating the diverse microbiota ecosystem
and unraveling the complex interactions prior to costly and
logistically burdensome clinical trials.

The differences in gastrointestinal anatomy, physiology, and
microbiotas are evident, yet the reduced expense and ease of
maintaining zebrafish and Drosophila colonies under germ-free
(GF) conditions has led to their utilization albeit with limitations
(Kamareddine et al., 2020). While human microbiota consists
of Actinobacteria, Bacteroidetes, Firmicutes, Proteobacteria, and
Verrucomicrobia, Drosophila are conventionally populated with
Proteobacteria and Firmicutes and zebrafish with Bacteroidetes,
Firmicutes, Fusobacteria, and Proteobacteria (Blum, 2013; Xiao,
2015; Kamareddine et al., 2020). In addition to bacterial species,
Drosophila provide the opportunity to study several yeasts (e.g.,
Candida and Pichia) (Chandler, 2012; Stamps, 2012). Drosophila
and Zebrafish models can be employed with conventional
microbiota or GF with subsequent selective colonization
(Kamareddine et al., 2020). As with all GF models, limitations
exist regarding food sources that may contain autoclave-resistant
microbial products (Hyun, 1983). While zebrafish are maintained
at 28◦C in an aquatic environment, which limits the colonization

of microbes and confounds the correlation of results to land-
based species, they may be colonized by several probiotic bacterial
species of interest to humans (to include Bifidobacterium and
Lactobacilli). The simplicity of the zebrafish model allowed
researchers to develop an intestinal motility model to assess
three strains of peristalsis-promoting probiotics (Lactobacillus
acidophilium, L. rhamnosus, and B. animalis lactis) at varying
concentrations utilizing a fluorescent dye and image analysis
(Lu, 2019) (Wang, 2020). Drosophila have been employed as
a model to study host-microbiota interactions as a simplified
and affordable alternative to mammalian animal models for
high-throughput screening of probiotics and to further elucidate
host defensive mechanisms against GI pathogens. Zebrafish
and Drosophila models mimicking gastrointestinal inflammatory
conditions have been developed to study host and microbiota
interactions and quantify inflammatory biomarker response
(Jiang, 2009; Oehlers, 2011; He, 2013).

Murine models have been utilized to study gut microbiota
due to their mammalian physiology, but cost is a consideration,
especially GF varieties requiring maintenance in special facilities,
routine monitoring, and trained personnel. GF mice function as
a sterile control or host for selective colonization, but limitations
exist based upon their immature intestinal immune system
(Laukens et al., 2016). A subset of GF humanized mice has
allowed for the replication of a humanized biome with mixed
results indicating host-specific interactions that are challenging to
replicate (Laukens et al., 2016). Strain, genotype, phenotype, and
gender differences further confound the extrapolation of results
and have led to the development of guidelines to control murine
microbiota model variability (Laukens et al., 2016).

Germ-free mice were utilized to study the involvement of
microbiota in gastrointestinal diseases such as inflammatory
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bowel disease and colitis, and subsequent prophylactic and
treatment modalities of probiotics. For example, Lactic
acid bacteria (LAB) were investigated to prevent chronic
inflammation. L. plantarum persisted in the digestive tracts
of mice with TNBS-induced colitis for up to ten days after
treatment without harmful effects exhibited. Overall, intestinal
inflammation decreased and there was no incidence of bacterial
dissemination (Pavan et al., 2003; Hu et al., 2019). L. reuteri has
been shown to reduce C. difficile infection in mice. Based on
a recent study, a single dose of L. reuteri biofilm is efficacious
in the prevention of C. difficile colitis. When administered
either therapeutically or prophylactically, it can reduce the
frequency and prevalence of the infection (Shelby et al., 2020).
Researchers have also combined conventional and GF mice and
zebrafish models to investigate how host-specific interactions
modify microbiota communities (Rawls, 2006). Zebrafish were
colonized with mouse gut microbiota and mice were colonized
with zebrafish microbiota, which allowed for comparison of the
host and transplanted communities at the phylogenetic level.
Their results indicated the host gut altered the microbiome after
transplantation between these species, which further indicates
the limitations of extrapolating data across species.

REGULATION, CLINICAL EFFICACY, AND
SAFETY

Probiotics in the United States could be regulated by the
Food and Drug Administration (FDA) as drugs, biologics, or
dietary supplements based on the intended use (U.S. Food
and Drug Administration National Institute of Health National
Institute of Allergy and Infectious Diseases, 2018; National
Institutes of Health National Center for Complementary and
Integrative Health, 2021). These products are under the purview
of different centers within the FDA, often covered by different
laws. As such, it may not always be clear to end-users how a
commercially available probiotic is marketed. When considered
dietary supplements, probiotics are regulated according to the
Dietary Supplement Health and Education Act of 1994 (DSHEA)
and the requirements tend to be more in line with food safety
expectations rather than drug or biologics (U.S. Food and Drug
Administration National Institute of Health National Institute of
Allergy and Infectious Diseases, 2018; Venugopalan et al., 2010;
U.S. Food and Drug Administration, 2019). A key difference
between dietary supplement and drug/biologic regulation lies
in the requirements that manufacturers must meet before
marketing their products. The FDA typically requires thorough
review of in vitro, in vivo, and clinical studies before drug
approval or biologic licensing, which may be submitted in
the form of detailed applications designed to evaluate safety
and effectiveness (U.S. Food and Drug Administration, 2014,
2017). As dietary supplements, probiotics are primarily subjected
to FDA premarket review only when they are comprised
of a “new dietary ingredient,” which DSHEA describes as
“dietary ingredient that was not marketed in the United States
before October 15, 1994” (National Institutes of Health Office
of Dietary Supplements, 1994). For dietary supplements, it
is left to the manufacturers discretion to establish whether

their ingredient is new (U.S. Food and Drug Administration,
2020), which could potentially cause inconsistencies in which
probiotics are reviewed by the FDA. Manufacturers of dietary
supplements with new dietary ingredients are expected to
submit a premarket notification to the FDA, which differs
from drug approval or biologics licensing in the degree of
safety/efficacy evaluation and resulting regulatory decision (U.S.
Food and Drug Administration National Institute of Health
National Institute of Allergy and Infectious Diseases, 2018). If
the manufacturer does not deem their dietary ingredient to be
“new,” the FDA generally relies on the companies to ensure
that their products meet marketing and labeling requirements.
Consequently, the same probiotic product could have very
different testing requirements and regulatory processes according
to how it will be labeled for use.

Once marketed, labeling and health claims are also a
potential complicating factor in probiotic usage. According
to DSHEA, dietary supplement labeling “may not claim to
diagnose, mitigate, treat, cure, or prevent a specific disease or
class of diseases (National Institutes of Health Office of Dietary
Supplements, 1994).” It is relevant to note that per DSHEA,
labeling statements are allowable if “the statement claims a
benefit related to a classical nutrient deficiency disease and
discloses the prevalence of such disease in the United States,
describes the role of a nutrient or dietary ingredient intended
to affect the structure or function in humans, characterizes
the documented mechanism by which a nutrient or dietary
ingredient acts to maintain such structure or function, or
describes general well-being from consumption of a nutrient
or dietary ingredient. . .” (National Institutes of Health Office
of Dietary Supplements, 1994). This distinction in acceptable
labeling could result in ambiguous claims concerning probiotic
health benefits, which may not be easily interpreted by the
public. Dietary supplement advertising falls under the regulatory
purview of the Federal Trade Commission rather than the FDA
(U.S. Food and Drug Administration, 2019) and shared federal
jurisdiction increases the complexity of monitoring product
claims marketed to consumers. Further, the National Institutes
of Health has noted reports of probiotics with potentially
dangerous contents that did not match the labeling (National
Institutes of Health National Center for Complementary and
Integrative Health, 2021). The Council for Responsible Nutrition
and International Probiotics Association offers labeling guidance
to probiotic manufacturers that includes specifying detailed
information at the strain level concerning the type, quantity, and
storage conditions of the organisms; however, these parameters
are presented as recommendations rather than requirements
(International Probiotics Association, 2017). Historically, many
studies have noted that laboratory testing does not always
corroborate the presence of microorganisms claimed in probiotic
labeling (Yeung, 2012). More recently, Metras et al. (2021)
conducted a study to compare labeling information with
the actual microbial content of five commercially available
fermented kefir products regulated as dietary supplements.
Their results demonstrated inconsistencies between the
information claimed on the labeling and the actual species and
quantified colonies that were present under the conditions tested
(Metras, 2020).
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Due to lack of probiotic prescribing information, healthcare
providers do not have succinct resources outlining the
indications, dosage and administration, contraindications,
warnings and precautions, adverse reactions, drug interactions,
and use in specific populations (Reid et al., 2019). Consequently,
much of the knowledge concerning safety and efficacy is
derived from a patchwork of literature, which must be reviewed
and interpreted by people interested in clinical applications
for probiotics. A more standardized approach to probiotic
regulation, testing, and labeling processes would be beneficial
to reduce the variability and inconsistency that currently
exists in the literature. For example, consistent in vivo testing
requirements could generate a more robust body of literature
concerning whether a given strain is effective against a specific
condition and how formulation may affect delivery and disease
outcome, information that is generally lacking at present
(Sniffen et al., 2018).

Microbiota and Gastrointestinal
Pathology and Pathophysiology
The dynamic mix of host cells and microorganisms have
evolved (Bäckhed et al., 2005; Ley, 2006) and integrated
into critical physiological functions such as shaping the
intestinal epithelium (Natividad and Verdu, 2013), digestion
(Chang and Martinez-Guryn, 2019), regulating host immunity
(Gensollen et al., 2016), and protecting against pathogens
(Bäumler and Sperandio, 2016). The microbiota contributes to
carbohydrate, lipid, protein metabolism and digestion (simple
sugars, fatty acids, and amino acids) via the principal absorption
sites of the major nutrients. The small intestine has two
primary functions, digestion and absorption, that are affected
by the GI microbiota. Segmental movements of the small
intestine mix ingested materials with pancreatic, hepatobiliary,
and intestinal secretions along with microbiota enzymes.
Metabolomic advances are beginning to elucidate the interwoven
relationship between healthy and diseased mucosa-associated

microbiota, which are strongly correlated to dietary sources
(Eetemadi et al., 2020).

As shown in Figure 1, the villus consists of a central
lymph channel (lacteal) surrounded by a network of blood
capillaries within lymph tissue bordered by epithelial cells (Noah
et al., 2011). Surrounding each villus are small pits called
the crypts of Lieberkuhn, which contain undifferentiated cells
that proliferate rapidly and migrate toward the tip of the
villus and are shed into the intestinal lumen (Noah et al.,
2011). Maturation and migration from the crypts to the tip of
the villus requires 5–7 days and approximately 20–50 million
epithelial cells are extruded into the intestinal lumen each
minute (Gehart and Clevers, 2019). The cellular composition
within the gastrointestinal tracks was recently estimated at
3 × 1013 host cells along with 4 × 1013 microbiota cells
(Sender et al., 2016), whereby colonization and microbial
diversity occurs in parallel with the development of the mucosal
absorption and immune system response (Aidy et al., 2013).
Both metabolic processes and signal transduction pathways
between the host and microbiota are intimately linked and
alterations within the gastrointestinal environment can lead to
pathophysiological consequences (Bermudez-Brito et al., 2012;
Zhang, 2019).

Although not fully elucidated, the enhanced mucosal barrier
function, inhibition of pathogen adhesion, and competitive
exclusion of pathogenic microorganisms are also mediated by
gut microbiota and probiotic administration (Bermudez-Brito
et al., 2012; Cornick et al., 2015). The villous epithelium consists
of mucus producing goblet cells and absorptive cells, which are
responsible for the absorption of nutrients and medications.
Pathogenic microbes and microbial toxins can disrupt goblet
cell function and disrupt the integrity of the mucus barrier,
leading to chronic inflammatory diseases (Cornick et al., 2015).
Probiotics, such as L. rhamnosis and L. plantarum, have been
shown to enhance the mucus barrier (Wang et al., 2014), regulate
epithelial cell function (Ohland and Macnaughton, 2010),
suppress oxidative stress (Ciorba et al., 2012), and mitigate

FIGURE 1 | Structure of the villus of the small intestine and representative probiotic mechanisms of action. Artwork by Audrey Milner.
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immune response thereby decreasing chronic inflammation
(Mann et al., 2013).

Effect of Antibiotics on the Gut Microbiota
It is important to acknowledge the complicated relationship
between gastrointestinal disease, gut microbiota, probiotics,
and antibiotics. Maintaining the appropriate gut microbiota
ecosystem in the age of antibiotic treatments (Gibson et al.,
2015) and resistance (Schaik, 2015) is of particular importance.
Common pathogenic strains that contribute to GI diseases are
Campylobacter, C. difficile, E. coli, Helicobacter pylori, Salmonella
species, Shigella, Staphylococcus aureus, Clostridium perfringens,
Listeria monocytogenes, Bacillus cereus, and Y. enterocolitica
(Alby and Nachamkin, 2016; Harmon, 2017; Sandra and
Tallent, 2020). Symptoms include diarrhea, vomiting, abdominal
pain, and heartburn (Alby and Nachamkin, 2016). However,
elders and immunocompromised individuals can have serious
complications from GI diseases due to potentially weakened
immune systems. Oftentimes GI infections are treated with
antibiotics, however, the rise of antibiotic resistant bacterial
strains is yielding mixed results. Thus, researchers are looking for
new alternatives to combat GI infections, for example, the use of
probiotics and fecal transplant.

The introduction of antibiotics alters the microbial ecosystem,
which can lead to a limited gut microbial diversity (Fjalstad et al.,
2018) and the reestablishment of pathogenic infections (Yoon
and Yoon, 2018). The necessity to limit antibiotic treatment
in neonates is prominent due to potentially disease-promoting
microbiota alterations. Antibiotic exposure in infants and
young children may have significant impacts on the microbiota
during critical periods of development (Silverman et al., 2017).
Antibiotic treatments can cause reduced colonization rates and
increased risk of multi-drug resistant (MDR) strains (Fjalstad
et al., 2018). Conversely, the natural microbiome recovery
post antibiotic administration has been explored in murine
models (Ng, 2019) and documented in human studies with
varied microbiome population effects given the heterogeneity
associated with antibiotic treatment regimens (MacPherson,
2018; Elvers, 2020).

Antibiotic-Associated Diarrhea
Antibiotic-associated diarrhea (AAD) is a common side
effect of antibiotic usage, which affects up to 30% of patients
administered antibiotics (McFarland, 2007). There are believed
to be several ways by which antibiotics cause diarrhea, including
killing beneficial microbes and influencing metabolic processes
(McFarland, 1998; Silverman et al., 2017). Some antibiotics,
such as amoxicillin-clavulanate, ampicillin, cephalosporin
and clindamycin may cause AAD with increased incidence
(McFarland, 1998; Silverman et al., 2017). In addition to the type
of antibiotics used, individual patient susceptibility may also
influence the development of AAD (Barbut and Meynard, 2002).

Probiotics are a common choice for patients suffering from
AAD and have been widely advocated as a safe and effective way
to reduce adverse side effects of antibiotics on gastrointestinal
function (Mills, 2018). C. difficile infection can occur following
the antibiotic-associated loss of intestinal flora, potentially

increasing serious diarrheal disease (Silverman et al., 2017), and
is one of the principal causes of AAD (Young et al., 2018).
C. difficile infection has an incidence of approximately 500,000
infections per year in the United States and approximately 30,000
cases resulting in fatality within 30 days (Mada and Alam, 2020).
A meta-analysis of 25 randomized controlled trials indicated
probiotics reduced the relative risk of ADD (RR = 0.43, 95% CI
0.31, 0.58, p < 0.001) and the analysis of six randomized trials
led to statistically significant reduction in C. difficile (RR = 0.59,
95% CI 0.41, 0.85, p < 0.005) (McFarland, 2006). In particular,
L. rhamnosus GG and S. boulardii, were identified as effective
for treating AAD and S. boulardii was particularly effective for
reducing C. difficile infection.

Lactobacillus rhamnosus GG and S. boulardii, have been
proposed to maintain the gut microbiota and production of
energy via fermentation as well as competition with pathogen
binding sites (Hickson, 2011; Vecchio et al., 2015). However,
the mechanisms of action are still unknown (Hickson, 2011).
When investigating the efficacy in reducing AAD, S. boulardii
resulted in a relative risk of 0.47 [95% confidence interval
(CI) = 0.35, 0.63; p < 0.001] and 0.31 (95% CI = 0.13, 0.72;
p = 0.006) for L. rhamnosus (Hickson, 2011). A recent study
demonstrated that S. boulardii acts to reduce toxin A-receptor
binding by releasing a protease that cleaves toxin A, an exotoxin
released by C. difficile (Castagliuolo et al., 1996; Pothoulakis,
2009). A controlled clinical trial focusing on the prevention of
C. difficile infection with S. boulardii indicated a reduction of
C. difficile relapse in the recurrent treatment group of patients
receiving high-dose vancomycin (p = 0.05), furthering support
for usage (Surawicz et al., 2000). However, two studies examining
S. boulardii found that the probiotic had no significant effect in
treating C. difficile associated diarrhea (AD; Surawicz et al., 1989;
Kotowska et al., 2005). L. rhamnosus is reported to increase the
production of gut mucin, which functions as a barrier defense
for the epithelium thereby reducing the effects of C. difficile AD
(Mack et al., 1999).

A study investigating 29 probiotics found that Bio-K+ (a
probiotic cocktail comprised of L. acidophilus, Lactobacillus casei,
and L. rhamnosus) survived the GI environment inhibiting
growth and toxin neutralization (Auclair et al., 2015). BIO-K+
also decreased the production of methicillin-resistant S. aureus by
99%, providing evidence for growth inhibition (Karska-Wysocki
et al., 2010). Furthermore, in terms of toxin neutralization, Bio-
K+ demonstrated anticytotoxic effects in a toxin neutralization
assay that tested 13 strains (Auclair et al., 2015). B. bifidum and
Streptococcus thermophilus were supplemented into an infant’s
diet and showed decreased occurrence of diarrheal symptoms
(Saavedra et al., 1994). Regarding safety concerns, a report
investigated the production of putrescine via B. bifidum, but
determined the concentrations were consistent with safe food
sources (Kim et al., 2018).

Helicobacter pylori Infection
Helicobacter pylori infection (HPI) occurs in roughly 60% of the
world’s population and can cause various gastroenterological
disorders including conditions associated with dyspepsia,
peptic ulcer, and stomach cancers (Chey et al., 2017; Hooi,
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2017). Available treatment methods for HPI usually involve
combinations of two or three antibiotics with a proton pump
inhibitor, referred to as “triple therapy” or “quadruple therapy,”
respectively (Ables et al., 2007; Chey et al., 2017). Total
eradication is rare, as the efficacy of these treatments tend to vary
and are impacted by antibiotic resistant strains (Higuchi et al.,
2006; Sun et al., 2010). Studies have shown that using probiotics
in conjunction with other treatments may aid in eradication of
H. pylori. When combined with a triple therapy of omeprazol,
clarithromycin, and amoxicillin, pre-treatment of patients with
L. acidophilus, S. faecalis, and B. subtilis for two-weeks improved
the eradication rate by 18.7% compared to the control (Du et al.,
2012). A 24-month clinical trial involving nearly 500 subjects
found similar results with a combination of probiotic treatment
and triple therapy increasing eradication rate by 7% (Rieko et al.,
2020). It is proposed that this colonization reduction may be due
to a decrease in the biotic load despite H. pylori antimicrobial
resistance (Du et al., 2012). In the afore mentioned studies,
research was performed with pretreatment of probiotics, but not
with concurrent treatment alongside the triple therapy. Although
some studies have shown successful H. pylori eradication with
additional probiotic treatment, a meta-analysis performed by Lu
et al. (2016) suggests that probiotic use provided little benefit
over a placebo. Additionally, Cindoruk et al. (2007) reported that
using S. boulardii along with an antibiotic triple therapy did not
result in a statistically significant eradication increase but did
reduce symptoms associated with treatment when compared to
a placebo (Cindoruk et al., 2007). Overall, additional studies are
required to elucidate the effectiveness of probiotics with HPI
(Chey et al., 2017) and the effect of antibiotic treatments on the
survival of probiotics (Rieko et al., 2020).

Blastocystis
Blastocystis species are anaerobic intestinal protozoans, typically
considered to be pathogenic although there is increasing evidence
that they should be considered a commensal (Sinclair, 2016;
Deng, 2021). Infections may be present in both asymptomatic and
symptomatic individuals, potentially demonstrating generalized
gastrointestinal symptoms (Coyle et al., 2012; Wawrzyniak
et al., 2013). There are medications available for Blastocystis
infections, including the commonly used metronidazole or
trimethoprimsulfamethoxazole; however, clinical indications for
when to treat remain somewhat ambiguous (Coyle et al.,
2012; Sekar and Shanthi, 2013; Wawrzyniak et al., 2013).
Further, there have been case reports of treatment that did
not eradicate Blastocystis (Roberts et al., 2014), and emerging
resistance to metronidazole has been reported (Sekar and
Shanthi, 2013). Despite the apparent need for clarity regarding
effective treatment of Blastocystis infections, limited clinical data
is available investigating probiotics to support treatment of
Blastocystis. One trial examined the use of S. boulardii in lieu of
metronidazole in symptomatic children with Blastocystis hominis
positive stools. After one month, those treated with doses of
S. boulardii had a 94.4% clinical cure rate and 73.3% clinical
cure rate was reported for those who received the standard
metronidazole treatment; whereas the parasitological cure rate

was similar between each group (Dinleyici et al., 2010). While
S. boulardii efficacy against B. hominis has not been thoroughly
characterized, it has been suggested that probiotics may displace
protozoan pathogens in the gastrointestinal tract and potentially
alter the patient’s immune response, thus improving the clinical
outcome (Vitetta et al., 2016). An in vitro study evaluated the use
of some probiotic bacteria and demonstrated that L. rhamnosus,
L. lactis, and Enterococcus faecium reduced Blastocystis under
the culture conditions tested (Lepczyńska and Dzika, 2019).
In addition, a similar study which examined the interactions
between Blastocystis subtype 7 (ST7) and various gut bacteria,
found that Blastocystis ST7 reduced beneficial Bifidobacterium
and Lactobacillus species in mice (Yason, 2019).

Acute Gastroenteritis
Acute gastroenteritis (AG) refers to inflammation within
the gastrointestinal track, most often accompanied by an
infection and characterized by sudden emergence of symptoms
including nausea, vomiting, watery stool, and abdominal
discomfort (Graves, 2013; Hartman et al., 2019). Symptomatic
treatment, anti-infective therapy, and addressing dehydration
are the primary clinical focus (Zollner-Schwetz and Krause,
2015; Hartman et al., 2019). An estimated 1.5–2.5 million
children die each year from infectious gastroenteritis. Molecular,
immunoassay and culture methods are utilized to diagnose the
diverse bacterial and viral pathogens leading to the etiology
(Humphries, 2015; Tarr, 2019). Probiotic products may also
be useful for AG, in part by modifying the gastrointestinal
microbiome, as well as exerting effects on physiology, such
as anti-inflammatory responses and fortification of epithelial
cell tight junctions (Kluijfhout et al., 2020). The probiotics
lactobacilli and S. boulardii are the most researched in treating
this disease (Kluijfhout et al., 2020). S. boulardii produced
a significant decrease in diarrhea (14.0% day 1; 13.1% day
2) when administered to treat AG (Kluijfhout et al., 2020).
In terms of the mechanism of action, S. boulardii has been
shown to disrupt the production of proinflammatory cytokines
and interfere with inflammation nuclear factors (Sougioultzis
et al., 2006). Conversely, another study found that L. rhamnosus
and Lactobacillus helveticus did not demonstrate a decrease in
presence or symptoms associated with viral infection (Freedman
et al., 2020).

Necrotizing Enterocolitis
Necrotizing enterocolitis (NEC) is the leading cause of neonatal
morbidity and mortality (Neu and Walker, 2011). Although
the etiology of NEC is not clear, immature immune function
and alteration of the intestinal microbiome post antibiotic
treatment may be contributing factors (Xiong et al., 2020).
Common symptoms include feeding intolerance, lethargy,
bloating, and bloody stools. Treatment focuses upon fluid
replacement, nutrition, anti-infective therapy, and surgery. There
have been several meta-analyses indicating probiotics prevent
NEC. A meta-analysis of 24 randomized controlled trials
demonstrated clinical efficacy (RR 0.65, 95% CI 0.52–0.81;
17 studies, 5,112 infants) in reducing the incidence of NEC
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utilizing Lactobacillus monotherapy or co-administration with
Bifidobacterium (AlFaleh and Anabrees, 2014), which are present
in the microbiomes of healthy infants (Eugenia Bezirtzoglou,
2011). Another meta-analysis (RR 0.36, 95% CI, 0.24–0.53,
n = 7345 infants) showed prophylactic efficacy of developing
NEC in probiotic-treated infants (Chang, 2017). Although, a 2015
study involving 1,315 infants indicated no evidence of the benefit
of using Bifidobacterium breve BBG-001 for the prevention of
NEC in preterm infants, underscoring the species variability
relative to clinical outcomes (Costeloe et al., 2016).

Irritable Bowel Syndrome and Functional Bowel
Disorders
Irritable Bowel Syndrome (IBS) occurs on a spectrum from
mild to severe and includes recurrent abdominal discomfort and
pain, bloating, and stool alterations varying between constipation
and diarrhea (Defrees, 2017). The etiology of IBS remains
unclear and the symptoms are often associated with differential
diagnoses (Aziz and Simrén, 2021). Studies involving probiotics
have shown clinical benefits in treating IBS patients such as
fecal consistency, flatulence, bloating, the number of symptoms
present, appetite, bowel frequency, and nourishment (Harris
and Baffy, 2017). Recent clinical data has supported utilizing
probiotics to modify the microflora within the gut to reduce
inflammation (Boirivant and Strober, 2007).

In the case of a clinical study conducted to determine
the ability for L. acidophilus and B. animalis subsp. lactis
to treat bowel disorders, the difference between the test and
placebo groups were not statistically significant for the primary
endpoints of GI relief and satisfaction. However, several of the
symptoms studied significantly improved when compared to the
control group. Abdominal bloat showed statistically significant
improvement when compared to the control group with a
p-value of 0.009 after 4 weeks and a value of 0.06 after 8 weeks
(Ringel-Kulka et al., 2015). Additionally, there were no significant
changes in standard blood test ranges and fecal samples as safety
indicators (Ringel-Kulka et al., 2015).

Lactobacillus acidophilus CL1285, L. casei LBC80R and
L. rhamnosus CLR2 have been identified as potential treatments
to relieve the symptoms associated with IBS (Preston et al.,
2018). This combination of probiotics demonstrated endpoint
improvement including abdominal pain, days in pain, buildup
of gas within the stomach, and stool habits. Primarily mild
to moderate safety concerns were reported in some treatment
and placebo participants; however, the authors concluded the
concerns could not be definitively linked to the intervention
(Preston et al., 2018). Additionally, a small study was conducted
to evaluate the safety of L. casei shirota when treating diarrhea
occurring in critically ill children, in which no safety signals were
observed (Srinivasan et al., 2006).

HIV/AIDS-Associated Diarrhea
Gastrointestinal diseases are a common disorder in patients
suffering from human immunodeficiency virus (HIV) and/or
acquired immunodeficiency disorder (AIDS), with roughly 40%
of HIV/AIDS patients suffering from GI related hyponatremia
in certain areas of the world (Shu et al., 2018). Diarrhea in

HIV/AIDS affected individuals can be caused by a variety
of opportunistic infections or noninfectious causes linked to
treatment regimens (Dikman et al., 2015). Current treatment for
patients suffering from AIDS-AD involve antisecretory agents
and/or fecal microbiota transplantation therapy (Dikman et al.,
2015; Ouyang, 2020). Several promising studies have provided
insight into utilizing probiotics as an affordable and accessible
option to combat diarrhea in patients with HIV/AIDS induced
diarrhea. Probiotic yogurts have been historically utilized in
Africa to ease HIV/AIDS AD (Reid, 2010; Whaling, 2012).
In a 2008 study conducted in Nigeria, yogurt with probiotics
Lactobacillus delbruekii subsp. bulgaricus and S. thermophilus,
or L. rhamnosus GR-1 and L. reuteri RC-14 resolved diarrheal
symptoms in 12/12 patients after 15 days of consumption
compared to 2/12 in the control group (Anukam et al., 2008).
However, Salminen et al. (2004) study demonstrated little
to no difference between experimental and control groups
(Salminen et al., 2004). A double-blinded, randomized, placebo-
controlled trial involving 44 patients over 12 weeks utilizing
molecular sequencing techniques to analyze changes in the gut
microbiome following S. boulardii administration demonstrated
a significant reduction in pathogenic bacterial species of
the Clostridiaceae family and a reduction in inflammatory
biomarkers (Villar-García, 2017).

Drug Interactions
The co-administration of probiotics with orally administered
drugs warrants further investigation. Although oral
administration of drugs is the most convenient, economical,
and common route of administration, subsequent interactions
with food, co-administered drugs, or microbiota may influence
absorption and bioavailability. Gut microbiota are known to
produce a diverse array of enzymes capable of metabolizing
nutrients and drugs (Claus et al., 2011), which could alter the
structure of the parent compound and subsequent membrane
diffusion, active transport into the bloodstream, and/or efficacy.
The therapeutic activity of lactulose depends on the metabolism
by intestinal bacteria such as Lactobacillus (Sahota et al.,
1982), which are also employed as probiotics. Interestingly,
Lactobacillus metabolites have also been shown to compete for
hepatic uptake of drugs such as simvastain, thereby altering
the pharmacodynamics (Kaddurah-Daouk et al., 2011). While
significant data outlining the relationship between gut microbiota
and drug pharmacokinetics and pharmacodynamics (PK/PD)
has been reported (Yoo et al., 2014; Swansan, 2015; Zhang et al.,
2018), insufficient studies have been conducted to determine
the drug interactions associated with the co-administration of
probiotics. One animal study determined the administration of
E. coli Nissle 1917 (ATCC 25922) altered the PK of amidarone
absorption in rats and led to a 43% increase in exposure
(Matuskova et al., 2014).

CONCLUSION

Natural microbial colonization occurs after birth and may vary
significantly based upon environmental factors and antibiotic
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administration (Conlon and Bird, 2014). The gut microbiota
has gained interest in recent years with respect to
probiotic dietary interventions and the regulation of
intestinal homeostasis. The metabolic importance of the
gut microbiota to nutrient and drug pharmacokinetics
underscores the potential of probiotic use for preventive or
therapeutic applications in various gastrointestinal disorders.
From a mechanistic perspective, probiotics have been
shown to strengthen the gut epithelial barrier and reduce
inflammation.

Although promising results have been demonstrated for a
variety of probiotics undergoing clinical trials to treat complex
gastrointestinal and inflammatory diseases, the traditional drug
development paradigm associated with preclinical and clinical
studies is lacking. Since probiotics are not typically under
premarket evaluation by the FDA, the formulation, dosing
regimen, mechanism(s) of action, and clinical pharmacology are
not readily available in a package insert for healthcare providers.
Despite the variability, safety considerations will generally
favor a commercially available probiotic approach over the
administration of fecal transplantation. An increasing number of
clinical trials have indicated improved patient outcomes relative
to probiotic use to treat IBS, NEC, antibiotic and HIV AD, and
AG. To date, well-controlled clinical studies to clearly document
the prophylactic and therapeutic effects of probiotics are limited,
which illustrates the numerous gaps relative to the systematic
evaluation of species, formulations, and dosing relative to disease
indication.

Despite the drawbacks, clinicians recognize the importance of
gut microbiota in disruption of several diseases and have been
exploring the use of probiotics to restore a ‘healthy’ microbiome.
Often patients either self-administer or a healthcare provider
indicates probiotic use to restore gut microbiota, but the clinical

outcomes are challenging to extrapolate given the heterogeneity
of probiotics relative to species, strain(s), purity, formulation, and
manufacturer. The concomitant use of probiotics, antibiotics,
and other drug classes further alters the pharmacokinetic
and pharmacodynamic profile of treatment regimens, while
introducing the potential for drug-drug interactions and should
be considered relative to patient polypharmacy (Zhang et al.,
2018). The myriad of descriptive and observational studies
reviewed underscore the need for randomized controlled trials
with clearly defined formulations, species, strain(s), dosing
regimens, pharmacodynamic endpoints, clinical outcomes and
biostatistical analyses.
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Bacillus subtilis DSM29784 Alleviates 
Negative Effects on Growth 
Performance in Broilers by Improving 
the Intestinal Health Under Necrotic 
Enteritis Challenge
Yuanyuan Wang 1, Yibin Xu 1, Shengliang Xu 2, Jinyong Yang 3*, Kaiying Wang 1* and 
Xiuan Zhan 1*

1 Institute of Feed Science, College of Animal Sciences, Zhejiang University, Hangzhou, China, 2 Haiyan Animal Husbandry 
and Veterinary Bureau, Haiyan, China, 3 Zhejiang Animal Husbandry Technology Extension and Livestock and Poultry 
Monitoring Station, Hangzhou, China

Along with banning antibiotics, necrotic enteritis (NE), especially subclinical enteritis (SNE), 
poses a significant threat to the chicken industry; however, probiotics are a potentially 
promising intervention. We aimed to investigate the beneficial effects of Bacillus subtilis 
DSM29784 (BS) on the treatment of Clostridium perfringens (CP)-induced SNE in broilers. 
A total of 360 1-day-old broiler chicks were divided into three treatment groups, namely 
control (Ctr), SNE, and BS treatment (BST) groups, all of which were fed with a basal died 
for 21 days, and then from day 22 onward, only the BST group had a BS supplemented 
diet (1 × 109 colony-forming units BS/kg). On day 15, all chicks, except the Ctr group, 
were challenged with a 20-fold dose coccidiosis vaccine and 1 ml CP (2 × 108) on days 
18–21 for SNE induction. Beneficial effects were observed on growth performance in BST 
compared to SNE broilers. BST treatment alleviated intestinal lesions and increased the 
villus height/crypt depth ratio. Further, BST broilers showed increased maltase activity in 
the duodenum compared with SNE chicks, and a significantly decreased caspase-3 
protein expression in the jejunum mucosa. Moreover, an increased abundance of 
Ruminococcaceae and Bifidobacterium beneficial gut bacteria and an altered gut 
metabolome were observed. Taken together, we demonstrate that the manipulation of 
microbial gut composition using probiotics may be a promising prevention strategy for 
SNE by improving the composition and metabolism of the intestinal microbiota, intestinal 
structure, and reducing inflammation and apoptosis. Hence, BS potentially has active 
ingredients that may be used as antibiotic substitutes and effectively reduces the economic 
losses caused by SNE. The findings of this study provide a scientific foundation for BS 
application in broiler feed in the future.

Keywords: performance, broilers, subclinical necrotic enteritis, Bacillus subtilis DSM29784, microbiota, metabolome
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INTRODUCTION

Necrotic enteritis (NE) is an enteric disease with a significant 
economic burden, in terms of mortality and welfare, on the 
poultry industry, especially in broiler chickens in China (Wu 
et  al., 2012; Gu et  al., 2019; Khan et  al., 2021). The causative 
agent of NE is Clostridium perfringens (CP), a ubiquitous 
Gram-positive bacterium that produces spores and highly potent 
toxins (Gohari et  al., 2021). Clinical NE is characterized by 
high mortality in poultry, while subclinical NE (SNE), which 
is becoming more prevalent, is mainly characterized by intestinal 
mucosal damage without clinical signs or mortality (Rajput 
et  al., 2020). In addition, SNE causes wet litter (Williams, 
2005) and possible contamination of poultry products for human 
consumption (Villagran-de la Mora et al., 2020). Gastrointestinal 
tract infections are believed to cause annual losses of 2–6 
billion USD to the global poultry industry (Dahiya et al., 2006). 
However, microbial-based therapy improved the economic 
benefit of broilers with NE (Sallam et  al., 2021).

Antibiotics are commonly used as growth promoters and for 
prophylaxis of SNE (Prescott et  al., 2016). Residues of these 
antibiotics in poultry products have harmful effects on human 
health, such as antibiotic resistance (Bani-Asadi et  al., 2021). 
However, antibiotics have been banned as feed additives in China 
and many other regions; in the absence of antibiotics alternatives, 
chickens raised under current intensive production systems face 
a higher risk of enteric pathogen infection (Lee et  al., 2015). 
Clostridial diseases in poultry, such as NE, have once again become 
a disease of worldwide economic importance, and hence identifying 
antibiotic alternatives for disease control in poultry remains essential.

Currently, probiotics are the most extensively used alternatives 
to enhance growth and improve health in poultry production 
(Hofacre et  al., 2018; Rodrigues et  al., 2018). Probiotics are live 
microbial supplements that confer health benefits to the host 
when administered in adequate amounts (Alagawany et al., 2018). 
Studies have shown that probiotics favor intestinal health and 
the production performance of broilers by exerting beneficial 
effects on intestinal morphology, microflora, nutrient absorption, 
antioxidative capacity, and immune response (Wang et al., 2017b; 
Chen et al., 2018; Rodjan et al., 2018; Wu et al., 2019). Therefore, 
management of poultry gut health is an important strategy for 
maintaining productivity in the post-antibiotic era. The use of 
probiotics is one such strategy that has gained attention over 

recent years (Shini and Bryden, 2021) with accumulating evidence 
showing that probiotics have a significant effect in preventing 
NE (Caly et  al., 2015; Li et  al., 2017b; Khalique et  al., 2020; 
Zhao et  al., 2020). Among the various bacterial species used 
as probiotics, Bacillus spp. strains are the most promising feed 
supplements for poultry due to their spores exhibiting health-
promoting benefits, as well as having the capacity to survive 
harsh environmental conditions, such as the high temperatures 
used in the pelleting process and the low pH in the gastrointestinal 
tract (Shivaramaiah et  al., 2011). Bacillus spores improve gut 
health by competitive exclusion, production of antimicrobial 
peptides and beneficial metabolites, and stimulation of the 
intestinal immune system (Hayashi et al., 2018). B. subtilis, which 
has a broad activity against Clostridium spp., and improves 
overall performance in broilers (Jayaraman et  al., 2013).

The interface of the immune system and metabolism is an 
emerging field of research (Liu et  al., 2021). Metabolomics is 
an effective method for describing the global metabolism of 
living organisms and capturing the metabolic changes associated 
with external stimuli (Zhang et  al., 2017). Generally, host and 
their intestinal microorganisms form the host–microbial–
metabolic axis, whereas the normal microflora in the gut can 
metabolize ingested and endogenous macromolecular 
carbohydrates such as proteins and fatty acids. In addition, 
microorganisms interact with the metabolism of organisms to 
produce various metabolites such as short-chain fatty acids, 
amino acids, and peptides. These metabolites play a vital role 
in the immune homeostasis of intestinal tissues, and even the 
whole body (Li et  al., 2011; Duca et  al., 2014). Therefore, an 
integrated immuno-metabolic approach can identify potential 
therapeutic targets. Previous studies have demonstrated that 
B. subtilis DSM29784 (BS) can improve the growth performance 
and gut health in turkeys (Mohammadigheisar et  al., 2019). 
We  have previously reported that supplementary probiotic BS 
could be used as an alternative to antibiotics for broiler chickens, 
by decreasing the feed conversion rate and improving intestinal 
health (Wang et  al., 2021). However, reports on the effects of 
BS supplementation on the treatment of SNE broilers are scarce. 
Therefore, the aims of this study were to investigate the effects 
of BS supplementation as a treatment on the growth performance 
and the composition, and metabolism, of the intestinal microbiota, 
intestinal structure of broiler chickens following CP challenge, 
and determine whether BS supplementation reduces poor growth 
performance caused by CP in broiler chickens.

MATERIALS AND METHODS

All procedures herein were conducted in accordance with the 
Chinese Guidelines for Animal Welfare and approved by the 
Zhejiang University Institutional Animal Care and Use Committee 
(Permission number: ZJU2019-480-12).

Probiotic Bacterial Culture and Powder 
Preparation
The probiotic B. subtilis DSM29784 strain (BS) used in this 
study was presented by the Chinese Academy of Sciences 

Abbreviations: ABC, ATP-binding cassette; ADFI, Average daily feed intake; 
ADG, Average daily gain; BCA, Bicinchoninic  acid; BS, Bacillus subtilis DSM 
29784; BST, BS treatments groups; BW, Body weight; CAT, Catalase; cfu, Colony-
forming units; CP, Clostridium perfringens; ELISA, Enzyme-linked immunosorbent 
assay; F:G, Feed: gain ratio; GSH-Px, Glutathione peroxidase; H&E, Haematoxylin 
and eosin; HRP, Horse radish peroxidase; IFN-γ, Interferon-gamma; IgG, 
Immunoglobulin G; IL, Interleukin; KEGG, Kyoto Encyclopedia of Genes and 
Genomes; LDA, Linear discriminant analysis; MDA, Malondialdehyde; MUC2, 
Mucin 2; NE, Necrotic enteritis; PBS, Phosphate-buffered saline; PBST, Phosphate-
Buffered Saline Tween; PCA, Principal component analysis; PCR, Polymerase 
chain reaction; SEM, Scanning electron microscopy; sIgA, Secretory immunoglobulin 
A; SNE, Subclinical necrotic enteritis; SOD, Superoxide dismutase; SPSS, Statistical 
Product and Service Solutions; TEM, Transmission electron microscopy; TMB, 
Tetramethy1 benzidine; TNF-α, Tumor necrosis factor α; VIP, Variable importance 
in projection.
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(Beijing, China). Bacteria were cultured overnight in Luria–
Bertani broth (Solarbio, No. L1010, Beijing, China) at 180 rpm 
in a shaking incubator (Jiecheng, Shanghai, China) at 37°C 
and were then pelleted by centrifugation at 5,000 × g for 10 min 
at 4°C. The pellets were then washed twice with sterile phosphate 
buffer saline (PBS; pH 7.3; Aladdin, Shanghai, China), 
resuspended in skim milk powder (Devondale, Australia), and 
diluted to the final concentration of 2 × 109 cfu/g.

Experimental Design and Bird Husbandry
A total of 360 1-day-old Lingnan Yellow broiler chicks with 
similar body weight were purchased from Xingjian hatchery 
(Jiaxing, China). Chicks were weighted and divided into 3 
treatment groups. Each group consisted of 6 replicates with 
20 birds (10  males and 10 females) per replicate with a total 
of 18 floor pens (area of 2 m × 4 m) covered with fresh wood 
shavings. The temperature was maintained at 32–34°C for the 
first 3 days and then reduced by 2–3°C per week, to a final 
temperature of 26°C with a humidity of 60–65%. Birds were 
given ad libitum access to water and food throughout the 
experiment (63 days) and were kept under full light for the 
first 3 days, and then changed to light–dark (2 Light–Dark) 
cycle. Chicks were fed with diets in pellet form as follows: 
negative control group (Ctr), positive control group (SNE), 
and BS treatment group (BST) fed with a basal died for 21 days 
and then, from day 22 onward, only the BST group had a 
BS (1 × 109 colony-forming units BS/kg) supplemented diet. 
The composition and nutrient concentration of the basal diet 
are listed in Table  1.

Clostridium perfringens Culture and 
Coccidiosis Vaccine
The C. perfringens type-A strain (American Type Culture Collection 
13124) was obtained from the Guangdong Microbial Culture 
Collection Center (Guangzhou, China). The strain was aseptically 
inoculated into Reinforced Clostridial Medium (Guangdong HuanKai 
Microbial Sci. & Tech. Co., Ltd., Guangdong, China) overnight 
at 37°C in an anaerobic environment before being used for the 
challenge. The live coccidiosis quadrivalent vaccine for chickens 
(Eimeria tenella strain PTMZ, E. necatrix strain PNHZ, E. maxima 
strain PMHY, and E. acervulina strain PAHY) was provided by 
Foshan Zhengdian Biotechnology Co., Ltd. (Guangdong, China).

Subclinical Necrotic Enteritis Broiler Model
SNE was induced in broilers as previously described (Wu et al., 
2018) with minor modifications. Briefly, prior to SNE challenge 
(day 14), birds were given sufficient water, but no food was 
provided overnight. On day 15, the SNE-challenged and BST 
groups received 20 times more concentrated than usual per 
bird by oral gavage. The birds in each group were then gavaged 
with 1 ml of C. perfringens (2 × 108 cfu/ml) on days 18–21, and 
the food was cut off overnight but water was provided before 
each challenge. Meanwhile, the birds in the Ctr group received 
equivalent sterile PBS instead at day 15, and 1 ml of sterile 
Reinforced Clostridium Medium (Guangdong HuanKai Microbial 
Sci. &Tech. Co., Ltd.) was administered daily on days 18–21. 
Samples were harvested on days 28 and 35.

Measurement of Growth Performance and 
Harvesting Samples
Feed intake and body weight (BW) of broilers was measured 
per replicate as the unit on days 1, 21, 42, and 63. Mortality 
was monitored daily; dead birds were recorded and weighed 
to adjust the estimates of gain, intake, and feed conversion 
ratios as appropriate. The average daily gain, average daily 
feed intake (ADFI), and feed: gain ratio (F:G) were calculated.

On days 28 and 35, 12 birds (2 birds per replicate) from 
each group were randomly selected and weighed after 
withdrawing feed, but still providing fresh water, for 12 h. The 
chicks were electrically stunned, exsanguinated, and dissected 
by a trained team who harvested tissue samples. First, the 
small intestine from each bird was removed, opened, and scored 
for intestinal lesions, by the same trained observer, using the 
following scale: 0, no gross lesions; 1, thin, friable small intestine; 
2, focal necrosis, ulceration, or both; 3, patchy necrosis; and 
4, severe, extensive mucosal necrosis (Johnson and Reid, 1970). 
The average score was computed per pen, and the pen was 
the experimental unit for lesion scoring. Following this, 0.5 cm 
of the upper jejunum wall was fixed in 25% glutaraldehyde 
(pH 74; Aladdin, Shanghai, China) and 4% paraformaldehyde 
(Aladdin, Shanghai, China), respectively, and the mucosa of 
the remaining jejunum, and the middle segments of the 
duodenum were gently scraped. The upper portion of the 
cecum was then tied with a string and snap-frozen in liquid 
nitrogen. In addition, the contents of the cecum were gently 
scraped with a blade and stored at – 80°C until analysis.

TABLE 1 | Composition and nutrient level of the basal diet used in different 
phases of trial (% as fed basis).

Ingredients, % Starter 
(1–21 days)

Grower 
(22–42 days)

Finisher 
(43–63 days)

Corn 62.50 67.50 75.00
Soybean meal 31.00 23.50 14.50
CPMc 2.00 4.00 5.00
Soybean oil 0.50 1.00 1.50
NaCl 0.30 0.30 0.30
CaHPO4 1.20 1.00 0.80
Limestone 1.50 1.30 1.20
Zeolite - 0.40 0.70
Premixa 1.00 1.00 1.00
Total 100.00 100.00 100.00
Nutrient levelsb (%)
ME (MJ/kg) 12.22 12.59 12.97
CP 21.09 19.16 16.07
Lys 1.09 0.99 0.87
Met 0.49 0.38 0.35
Met+Cys 0.87 0.73 0.65
Calcium 0.90 0.85 0.69
Total phosphorus 0.58 0.52 0.45

aThe Premix provides per kg of diet: Fe 80 mg, Cu 8 mg, Zn 60 mg, Mn 80 mg, 
I 0.35 mg, Se 0.15 mg, VA 9,600 IU, VD3 1,500 IU, VE 20mg, Vk3 1 mg, VB1 2.2 mg, VB2 
4.2 mg, VB6 4.2 mg, VB12 0.012 mg, nicotinamide 42 mg, D-calcium pantothenate 12 mg, 
folic acid 1.0 mg, D-biotin 0.18 mg, and choline 800 mg.
bME is a calculated value; other nutrient levels are measured values.
cCPM is corn gluten meal.
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Duodenal and jejunal mucosa samples (1 g) were homogenized 
in 9 ml of 0.9% sterile saline (Aladdin, Shanghai, China) on 
ice and centrifuged at 3,000 × g for 15 min at 4°C. The total 
protein concentration of the supernatant was measured using 
a Pierce™ bicinchoninic acid (BCA, No. A045-4-2) Protein 
Assay Kit, according to the manufacturer’s protocol (Thermo 
Fisher Scientific). The prepared supernatant was stored at – 
80°C and used for test.

Jejunum Morphology
At necropsy, jejunal tissue samples were harvested and fixed 
in 4% paraformaldehyde (No. BL539A, Biosharp, Beijing, 
China), dehydrated, and processed into paraffin sections 
according to a standard procedure (Wu et  al., 2019). Paraffin 
sections were then subjected to hematoxylin and eosin staining 
(H&E; Google Bio, Wuhan, China) staining for histopathological 
analysis (Xu et  al., 2018) Transmission electron microscopy 
(Wang et  al., 2018) and scanning electron microscopy (SEM; 
Hu et al., 2018) of the jejunal tissue were conducted according 
to previous studies.

Histomorphological Measurements of the 
Jejunum
Morphometric measurements of jejunal villi were performed 
at 40× magnification using a light microscope (Precise, Beijing, 
China). The criterion for villus selection was based on the 
presence of an intact lamina propria. Villi length was measured 
from the tip of the villus to the villus-crypt junction; whereas 
crypt depth was defined as the depth of the invagination 
between adjacent villi (Awad et  al., 2009).

Total RNA Extraction and Quantitative 
Real-Time PCR
Based on a previously described methods (Wang et  al., 2019), 
RNA was extracted from the intestinal mucosa using RNAiso 
Plus reagent (No. RR047A, TaKaRa Bio, Kusatsu, Japan) according 
to the manufacturer’s instructions. Complementary DNA (cDNA) 
was synthesized from 1 μg of total RNA using M-MLV reverse 
transcriptase (No. RR420A, TaKaRa Bio) according to the 
manufacturer’s instructions. Transcriptional changes were then 
identified by quantitative PCR (qPCR), using SYBR® Green 
Premix Ex Taq™ (TaKaRa) and the ABI 7500 Fast Real-Time 
PCR system (Applied Biosystems, Carlsbad, CA, United States). 
Thermocycling was as follows: 95°C for 30 s, followed by 
40 cycles of 95°C for 5 s and 60°C for 34 s, and finally a melting 
curve analysis to monitor the purity of the PCR product. 
Primer sequences are shown in Table  2. The 2−ΔΔCT method 
was used to estimate mRNA abundance. ΔCt is Ct, target−Ct, 
reference, and ΔΔCt is ΔCt, treatment−ΔCt, control. Relative 
gene expression levels were normalized to those of the eukaryotic 
reference gene, β-actin.

Biochemical Determinations
The enzymatic activities of sucrase (No. A082-2-1), amylase 
(No. C016-1-1), and maltase (No. A082-3-1) in the duodenal 

mucosa were determined using colorimetric methods and 
measured with a spectrophotometer (BioMate 5; Thermo Electron 
Corporation, Hemel Hempstead, United  Kingdom). The assays 
were conducted using assay kits according to the manufacturer’s 
instructions (Nanjing Jiancheng Bioengineering Institute, Nanjing, 
China). Absorbance was measured using an Infinite M200 Pro 
NanoQuant™ (Tecan, Mannedorf, Switzerland).

ELISA Determinations
Levels of secretory immunoglobulin A (sIgA, No. H108-2), 
immunoglobulin G (IgG, No. H106), interleukin (IL)-6 (No. 
H007-1-2), IL-1β (No. H002), tumor necrosis factor α (TNF-α, 
No. H052-1), interferon-gamma (IFN-γ, No. H025), Bcl-2 (No. 
H073), Bax (No. H379-1), and caspase-3 (No. H076)  in the 
jejunal mucosa were determined by ELISA (Nanjing Jiancheng 
Institute of Bioengineering) according to the manufacturer’s 
instructions. Briefly, supernatant from jejunal mucosal samples 
were pipetted into enzyme wells, which has been pre-coated 
with antibodies specific for sIgA, IgG, IL-1β, TNF-α, IFN-γ, 
IL-6, Bcl-2, Bax, and caspase-3, then add recognition antigen 
labeled by horse radish peroxidase (HRP); after been incubated 
30 min at 37°C, both compete with solid phase antigen and 
formed immune complex; after been washing by Phosphate 
Buffered Saline Tween (PBST), the combined HRP catalyzes 
Tetramethy1 benzidine (TMB) into blue, and turns into yellow 
by the action of acid; it has absorption peak under 540 nm 
wavelength, and the absorbance of each well was determined 
using a SpectraMax M5 (Molecular Devices, San Jose, CA, 
United  States; Li et  al., 2017a).

Cecal DNA Extraction and 16S rRNA Gene 
Sequencing
Microbial genomic DNA was extracted from freeze-dried cecal 
content samples using a commercial magnetic bead DNA 
isolation kit purchased from Hangzhou Foreal Nanotechnology 
(Hangzhou, China). The V3–V4 region of the bacterial 16S 
rRNA gene was amplified using the 341F/806R primer pair 
combined with adapter and barcode sequences. PCR products 
were quantified using Quant-iT dsDNA HS Reagent (Thermo 
Fisher Scientific, Suzhou, China) and pooled. High-throughput 
sequencing analysis of bacterial rRNA genes was performed 
using the Illumina HiSeq  2,500 platform (2 × 250 paired ends; 
Illumina, San Diego, CA, United  States) at Biomarker 

TABLE 2 | Sequences of real-time PCR primers.

Gene 
name

Primers (5'-3') Products GenBank

Claudin-1
F: TGGCCACGTCATGGTATGG

62 NM_001013611
R: AACGGGTGTGAAAGGGTCATAG

Occluding
F: GAGCCCAGACTACCAAAGCAA

68 NM_205128
R: GCTTGATGTGGAAGAGCTTGTTG

Muc-2
F: GCCTGCCCAGGAAATCAAG

59 NM_001318434
R: CGACAAGTTTGCTGGCACAT

β -actin
F: GAGAAATTGTGCGTGACATCA

152 NM_205518
R: CCTGAACCTCTCATTGCCA

Muc-2, Mucin-2.
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Technologies Corporation (Beijing, China). Raw high-throughput 
sequence data were deposited in the NCBI database with the 
BioProject ID PRJNA713493.1

The QIIME (version 1.9.1) data analysis package was used 
for 16S rRNA data analysis.2 The original sequence data were 
spliced using FLASH (version 1.2.11; Magoc and Salzberg, 2011) 
and then subjected to mass filtering with Trimmomatic (version 
0.33; Bolger et  al., 2014). The effective sequences were grouped 
into operational taxonomic units (OTUs) using the clustering 
program USEARCH (version 10.0; Edgar, 2013), against the Silva 
119 database, preclustered at 97% sequence identity. The OTUs 
were further subjected to taxonomy-based analysis using the 
Remove Data Processor algorithm, and α diversity and β diversity 
were analyzed. Linear discriminant analysis, Effect Size (LEfSe; 
version 1.0) analysis, and linear discriminant analysis (LDA) were 
performed using an online LEfSe tool.3

Measurement of Cecal Metabolites
Based on a previously described method (Sun et  al., 2020), 
frozen cecal digesta (0.5 g) were lyophilized for 24 h and 
transferred into a 1-ml polyethylene tube. The digesta was 
combined with 100 μl of methoxyamine hydrochloride in pyridine 
(20 mg/ml) and vigorously vortexed for 30 s. The samples were 
heated in a water bath at 37°C for 90 min, followed by the 
addition of 200 μl of bis (trimethylsilyl)-trifluoroacetamide in 
1% trimethylchlorosilane. The samples were then heated at 
70°C for 60 min, removed, and allowed to remain at room 
temperature for 30 min. Subsequently, the samples were 
centrifuged at 10,000 × g at 4°C for 10 min, and 100 μl of the 
supernatant from each sample was transferred into a Gas 
Chromatography vial. Following the addition of 400–500 μl of 
n-hexane, the samples were used for Gas Chromatography–Mass 
Spectrometry (GC–MS) in the automatic sampling mode.

Each 1 μl sample was injected into the Agilent 6890/5973 
system equipped with a fused silica capillary column 
(30.0 m × 0.25 mm i.d.) packed with 0.25 μm HP-5MS (Agilent, 
Santa Clare, CA, United States). Helium was used as the carrier 
at a constant flow rate of 1.0 ml/min. The column temperature 
was maintained at 70°C for 2 min, increased to 200°C at a 
rate of 10°C/min, followed by an increase to 280°C at a rate 
of 5°C/min, which was maintained for 6 min. The full scanning 
mode was adopted for mass spectrometry detection with a 
detection range of 50–650 (m/Z).

Statistical Analysis
The metabolic profile data were processed using Soft Independent 
Modeling of Class Analogy software (version 13.0; Sartorius 
Stedim Data Analytics AB, Umea, Sweden). Principal component 
analysis (PCA), projections to latent structures-discriminant 
analysis (PLS-DA), and orthogonal partial least squares 
discriminant analysis (OPLS-DA) were used to process the 
cecum metabolomic data. Variable importance in projection 

1 https://www.ncbi.nlm.nih.gov/sra
2 http://qiime.org/
3 http://huttenhower.sph.harvard.edu/lefse/

(VIP > 1) and Welch’s t-test (p < 0.05) values were compared 
to obtain the profile of each metabolite. Kyoto Encyclopedia 
of Genes and Genomes (KEGG) enrichment analysis was used, 
and all qualitative metabolites were taken as the background. 
The Fisher’s exact test was used to analyze and calculate the 
degree of enrichment of the metabolites in each pathway. 
Spearman correlation analysis was performed for cecal metabolites 
and microbiota.

Other data were analyzed with a one-way ANOVA followed 
by Tukey’s multiple comparison test using Statistical Product 
and Service Solutions (SPSS) software (version 22.0; SPSS Inc., 
Chicago, IL, United  States). Statistical significance was set at 
p < 0.05. The data were expressed as mean ± SEM, and graphs 
were generated using GraphPad Prism software (version 5.0; 
San Diego, CA, United  States).

RESULTS

Growth Performance of Broilers
Growth performance results are presented in Table  3. During 
the starter phase from days 1–42, there was no significant effect 
on BW, Average Daily Gain (ADG), ADFI, and F:G because of 
BS supplementation when compared with SNE group (p > 0.05). 
In contrast, from days 43–63, treatment with BS improved the 
BW of broilers. Moreover, considering the entire growth period 
from days 1 to 63, the ADG of broilers in the BST group was 

TABLE 3 | Effects of Bacillus subtilis DSM29784 treatment group on the growth 
performance of subclinical enteritis (SNE) broilers.

Items Ctr SNE Bacillus 
subtilis 

treatment 
(BST)

SEM p

Starter phase (days 1–21)

BW at day 21 (g) 555.80a 528.97b 525.33b 11.76 0.040

ADG (g/d) 24.34a 23.06b 22.87b 0.567 0.042
ADFI (g/d) 42.04 42.53 41.89 0.954 0.785
F:G 1.73b 1.85a 1.83a 0.029 0.002
Grower phase (days 22 ~ 42d)

BW at day 42 (g) 1615.01a 1374.69b 1407.67b 32.885 <0.001
ADG (g/d) 50.44a 40.27b 42.02b 1.513 <0.001
ADFI (g/d) 122.15 111.41 109.37 6.069 0.111
F:G 2.42b 2.76a 2.61ab 0.102 0.017
Finisher phase (days 43 ~ 63d)

BW at day 63 (g) 2683.55a 2221.81c 2312.58b 36.193 <0.001
ADG (g/d) 50.88a 40.34b 43.09b 1.398 <0.001
ADFI (g/d) 153.74 140.78 144.33 7.045 0.198
F:G 3.02b 3.49a 3.36a 0.148 0.016
Whole phase (days 1 ~ 63d)

ADG (g/d) 41.89a 34.56c 35.99b 0.576 <0.001
ADFI (g/d) 101.84a 90.72b 94.90b 2.840 0.005
F:G 2.43b 2.63a 2.59a 0.066 0.023

a,bMean values within a row with no common superscript differ significantly (p < 0.05). 
Ctr group, basal diet in control group; SNE group, basal diet + SNE (20-fold dose 
coccidiosis vaccine) + 1 ml of Clostridium perfringens (2 × 108 cfu/ml coinfection); BST 
group, basal diet (days 1–21) + 1 × 109 colony-forming units (cfu)/kg BS diet (days 
22–63) + SNE. SEM, standard error of mean; BW, body weight; ADG, average daily 
gain; ADFI, average daily feed intake; and F:G, feed conversion ratio.
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enhanced when compared with the SNE group (p < 0.05). 
Furthermore, the SNE group had a lower BW in the final phase 
from days 43 to 63 and lower ADG during the whole experiment 
than the other two groups (p < 0.05). However, the Ctr group 
showed significantly higher BW and ADG, and lower F/G in 
each period compared to the SNE group (p < 0.05).

Intestinal Lesion Scores
Intestinal lesion scores in the small intestines harvested on 
days 28 and 35 are presented in Table 4. Birds in all treatment 
groups had low lesion scores, indicating that the C. perfringens 
infection was subclinical. Higher lesion scores were observed 
in the SNE group in comparison to other groups, and a 
significant difference was observed on day 28 (p < 0.05), which 
indicating that the infection was worsen in these birds. 
Interestingly, lesion scores in the BST group were not significantly 
different from those in the Ctr group (p > 0.05).

Histological Observation
H&E staining showed that the Ctr group exhibited an integrated 
structure of the jejunal mucosa, ordered intestinal villi, deep 
crypts, and a clear and complete gland structure (Figure  1A). 
However, tissues harvested from the SNE group showed that 
the structure of the jejunal mucosa was incomplete, villi were 
sparse and shorter, and the crypts were shallow with a sporadic 
distribution. The intestinal mucosal structure in chicks treated 
with BST was markedly improved, and the intestinal villi showed 
a longer and denser arrangement. Furthermore, BST significantly 
increased the villus height/crypt depth ratio compared with 
that observed in the SNE group, similar results were observed 
in the Ctr group (Table  4). SEM imaging showed that the 
Ctr group had complete jejunum villi structure, which formed 
full and closely arranged structures. In contrast, the jejunum 
villi structure in the SNE group was severely damaged, while 

those in the BST group showed an improvement (Figure  1B). 
These observations were also observed in by TEM imaging 
of the jejunum (Figure  1C).

Expression of Genes Related to Intestinal 
Tight Junctions
As shown in Figure  2, expression levels of claudin-1 and 
occludin transcripts in the jejunum were significantly decreased 
in the SNE group (p < 0.05), compared to the Ctr group. 
However, no significant differences (p > 0.05) in claudin-1 and 
occludin expression were observed between the BST and Ctr 
groups. Notably, the relative expression of Muc-2  in the SNE 
group was markedly upregulated (82.73% and 120.35%) compared 
to the Ctr and BST groups, respectively.

Biochemical Indices in the Duodenum
Table  5 summarizes the effect of BS treatment on sucrase, 
amylase, and maltase enzymatic activity in the duodenal mucosa. 
Compared to the Ctr group, SNE significantly decreased (p < 0.05) 
sucrase and maltase activity in the duodenum, whereas no 
significant difference was observed in BST group (p > 0.05), 
except for maltase activity. In addition, no significant difference 
was observed for amylase activity in each treatment groups 
(p > 0.05).

Immune Response in Jejunal Mucosa
Cytokine secretion in the jejunal mucosa is shown in Figure  3. 
The expression levels of sIgA and IgG were significantly lower 
in the SNE group than in the Ctr group (p < 0.05), however no 
significant difference in sIgA secretion was noted between the 
BST and Ctr groups (p > 0.05; Figures  3A,B). Furthermore, the 
secretion levels of IL-1β, TNF-α, INF-γ, and IL-6 were significantly 
upregulated in the SNE group, compared with those in the Ctr 
group. There were no significant differences between the BST 
and Ctr groups for these parameters except for the TNF-α and 
INF-γ (p > 0.05; Figures  3C–F).

Apoptosis-Related Proteins in the Jejunum
Figure  4 summarizes the levels of apoptosis-related proteins 
in the jejunum. Caspase-3 secretion in the jejunal mucosa of 
the SNE group was higher than both the Ctr and BST groups 
(p < 0.05). In addition, no significant changes were observed 
in Bax and Bcl-2 levels among the three treatment groups 
(p > 0.05).

Microbial Community Structure of the 
Ceca
Rarefaction curve analysis of OTUs in all samples approached 
a plateau (Figure  5A), indicating that the sampling depths were 
sufficient to capture the overall microbial diversity in all harvested 
samples. Figure  5B shows a significant difference (p < 0.05) in 
the alpha diversity index (Simpson), while no differences (p > 0.05) 
were observed in the ACE, Chao1, and Shannon indices between 
the SNE and BST groups. In addition, ACE, Chao1, and Shannon 
indices of broilers in the BST groups significantly increased 
(p < 0.05) compared with those in the Ctr group.

TABLE 4 | The jejunum histomorphology of broilers infected with Clostridium 
perfringens.

Items Ctr SNE BST SEM p

Villus height 
(μm)

1437.22a 1047.27b 1128.68b 46.29 <0.001

Crypt depth 
(μm)

208.40a 188.85a 160.65b 9.29 <0.001

Villus/Crypt 
ratio

6.95a 5.55b 7.19a 0.43 0.001

Lesion score
Day 28 0.50b 1.33a 0.83ab 0.22 0.002
Day 35 0.58 1.67 0.83 0.46 0.059

a,bMean values within a row with no common superscript differ significantly (p < 0.05). 
Ctr group, basal diet in control group; SNE group, basal diet + SNE (20-fold dose 
coccidiosis vaccine) + 1 ml of Clostridium perfringens (2 × 108 cfu/ml coinfection); BST 
group, basal diet (days 1–21) + 1 × 109 colony-forming units (cfu)/kg BS diet (days 22–
63) + SNE. SEM, standard error of mean. 0, no gross lesions, normal intestinal 
appearance; 1, thin walled or friable and few whitish plaques in the serosal surface 
(mild); 2, thin-walled, focal necrosis or ulceration, and small amounts of gas production 
(moderate); 3, thin-walled, large patches of necrosis, gas-filled intestine, and small 
flecks of blood (marked or severe); 4, severe extensive necrosis, marked haemorrhage, 
and excessive amounts of gas in the intestine (very severe).
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Next, we applied PLS-DA to divide the samples into clusters, 
to identify differences between the harvested samples by 
establishing a model of the relationship between species 

abundance and sample category. As shown in Figure  5C, the 
Ctr, SNE, and BST groups were well separated, with 10.36 
and 7.19% variation, explained by principal components 1 and 
3, respectively.

A cladogram representative of the cecal microbiota and the 
predominant bacteria is shown in Figures 5D,E. The differences 
in taxa between the three groups are displayed. BST treatment 
significantly promoted the relative abundance of Ruminococcaceae 
(family), Angelakisella (genus), Bifidobacteriales (order), 

A B C

FIGURE 1 | (A) Representative haematoxylin and eosin (H&E)-stained images (top, scale bars = 80 μm); (B) Scanning electron micrograph (bottom, scale 
bars = 500 μm); and (C) Transmission electron microscopy (bottom, scale bars = 0.2 μm) of jejunal mucosal surface of broilers orally treated with or without coccidia 
and Clostridium perfringens infection. Vh, Villus height; Vd, Villus density; TJ, tight junction; AJ, adherens junction; DS, desmosomes. Shows the pathological 
(asterisk). Numerous enterocytes show all the features of necrotic cell death (blue arrows). Ctr group, basal diet in control group; SNE group, basal diet + SNE (20-
fold dose coccidiosis vaccine) +1 ml of Clostridium perfringens (2 × 108 cfu/ml coinfection); BST group, basal diet (days 1–21) + 1 × 109 colony-forming units (cfu)/kg 
BS diet (days 22–63) + SNE.

FIGURE 2 | Changes in relative expression of claudin-1, occluding, and 
muc-2 in the jejunum. Data are means ± standard error (n = 6). a,bMean values 
within a row with no common superscript differ significantly (p < 0.05). Ctr 
group, basal diet in control group; SNE group, basal diet + SNE (20-fold dose 
coccidiosis vaccine) + 1 ml of Clostridium perfringens (2 × 108 cfu/ml 
coinfection); BST group, basal diet (days 1–21) + 1 × 109 colony-forming units 
(cfu)/kg BS diet (days 22–63) + SNE. Muc-2, mucin 2.

TABLE 5 | Duodenal mucosa biochemistry parameters of SNE broilers treatment 
with Bacillus subtilis DSM29784 (mean ± SEM, n = 8 per treatment).

Items Ctr SNE BST SEM p

Sucrase 
(U/mg prot)

62.97a 41.86b 46.51ab 9.019 0.070

Amylase 
(U/mg prot)

32.67 25.83 33.66 4.392 0.176

Maltase 
(U/mg prot)

104.79a 54.22c 90.52b 6.206 <0.001

a,b,cMean values with unlike letters between different groups were significantly different 
(p < 0.05). 
Ctr group, basal diet in control group; SNE group, basal diet + SNE (20-fold dose 
coccidiosis vaccine) + 1 ml of Clostridium perfringens (2 × 108 cfu/ml coinfection); BST group, 
basal diet (days 1–21) + 1 × 109 colony-forming units (cfu)/kg BS diet (days 22–63) + SNE.
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A B C

FIGURE 4 | Levels of apoptosis-related proteins [caspase-3 (A), bcl2 (B), and bax (C)] in the jejunum. Bars with different letters significantly differ on the basis of 
Turkey’s multiple range tests (p < 0.05). Data are presented as mean ± SEM (n = 8). Ctr group, basal diet in control group; SNE group, basal diet + SNE (20-fold dose 
coccidiosis vaccine) + 1 ml of Clostridium perfringens (2 × 108 cfu/ml coinfection); BST group, basal diet (days 1–21) + 1 × 109 colony-forming units (cfu)/kg BS diet 
(days 22–63) + SNE.

Bifidobacteriaceae (family), Bifidobacterium (genus), and 
Actinobacteria (phylum). SNE treatment markedly increased the 
relative abundance of Bacillaceae (family), Bacillus (genus), 
Bacillales (order), Negativibacillus (genus), Eisenbergiella (genus), 
and Oscillibacter (genus).

Profiling of Cecal Metabolites
To identify differentially expressed metabolites in the cecum, 
we screened and compared the SNE and BST treatment groups 
by metabolomic profiling. Figure  6A shows the PCA score 
plot of the cecal samples from the two groups. There was a 

A B

C D

E F

FIGURE 3 | Cytokine levels in the jejunum. Bars with different letters significantly differ on the basis of Turkey’s multiple range tests (p < 0.05). Data are presented as 
mean ± SEM (n = 8). sIgA, secretory IgA; TNF-α, tumor necrosis factor-alpha; IFN-γ, interferon-gamma. Ctr group, basal diet in control group; SNE group, basal 
diet + SNE (20-fold dose coccidiosis vaccine) + 1 ml of Clostridium perfringens (2 × 108 cfu/ml coinfection); BST group, basal diet (days 1–21) + 1 × 109 colony-forming 
units (cfu)/kg BS diet (days 22–63) + SNE.
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clear separation along the t [1] axis, indicating that the cecal 
contents were different in each group. To obtain an improved 
separation, and for better understanding of the variables 
responsible for the classification, a latent structure-discriminant 
analysis (PLS-DA) model was applied to screen markers for 
the metabolites responsible for maximum separation, by removing 
the systematic variation unrelated to grouping. As shown in 
Figure  6B, all the samples in the PLS-DA score plots were 
within the 95% Hotelling’s T2 ellipse. The R2Y value of this 
model, which represents the explained variance, was 0.962. 
Cross-validation indicated good predictive ability of this model 
with a relatively high Q2 value of 0.551. Similar to the PCA 
model, PLS-DA also exhibited a distinct separation between 
the two groups. Furthermore, a permutation test (Figure  6C) 
was applied to assess the robustness and predictive ability of 
the PLS-DA model, and the corresponding R2Y and Q2 intercept 
values were 0.52, and 0.651, respectively. This indicated that 
this model was satisfactorily effective. Similar results were 
obtained using OPLS-DA (Figure  6D).

Differential Metabolite Analysis
We combined the multivariate OPLS-DA and VIP statistical 
analyses, and the t-test univariate statistical analysis value of 
p to screen for statistically differential metabolites between 
SNE and BST groups. A total of 86 metabolite biomarkers 

with similarity >700, VIP > 1, and p < 0.05 were filtered as shown 
in Supplementary Figure S1. These metabolites mainly comprise 
lipids, amino acids, carbohydrates, organic acids, and amines, 
such as lactic acid, fumaric acid, oleic acid, D-fructose, L-glutamic 
acid, and indole, which are involved in multiple biochemical 
processes. BST treatment group showed an upregulation of 35 
metabolites, and a downregulation of 52 metabolites compared 
with SNE. Seventeen metabolites were selected and shown in 
a heat map (Figure  6E); the concentrations of succinic acid, 
uracil, malic acid, pyruvic acid, lactic acid, and adipic acid 
showed upregulation in BST group than the SNE group. On 
the contrary, the concentrations of azelaic acid, indole, oleic 
acid, L-glutamic acid, hydrocinnamic acid, valeric acid, 
hypoxanthine, D-glucose, 3-hydroxybenzoic acid, pantothenic 
acid, and nicotinic acid were higher in SNE. In short, there 
was a significantly differential expression pattern of metabolic 
profiles between chicks in the SNE and BST groups. The altered 
metabolome of the cecum during BS supplementation was 
associated with secondary metabolites involved in various amino 
acid and carbohydrate metabolic pathways. These metabolites 
included, d-glucose (galactose metabolism), l-glutamic acid 
(biosynthesis of amino acids), indole (protein digestion and 
absorption), succinic acid (tricarboxylic acid cycle), malic acid 
(carbon metabolism), and pyruvic acid (biosynthesis of 
amino acids).

A

D E

B C

FIGURE 5 | The caecal bacterial community of broilers fed with dietary Bacillus subtilis DSM 29784 supplementation among Ctr, SNE and BST treatments. 
(A) Rarefaction curve for total OTUs; (B) α-Diversity of gut microbial was analyzed among Ctr, SNE, and BST treatments by determination of principal dimension 
ACE, chao1, Shannon, and Simpson indices; (C) Partial Least Squares Discriminant Analysis of gut microbiota at the operational taxonomic unit (OTU) level; 
(D) Cladogram; and (E) LDA value distribution histogram. Bacterial taxa significantly differentiated among Ctr, SNE, and BST treatments identified by linear 
discriminant analysis coupled with effect size (LEfSe) using the default parameters. Bacterial taxa with LDA score > 3 are selected as biomarker taxa (p: phylum level; 
c: class level; o: order level; f: family level; g: genus level). Ctr group, basal diet in control group; SNE group, basal diet + SNE (20-fold dose coccidiosis vaccine) +1 ml 
of Clostridium perfringens (2 × 108 cfu/ml coinfection); BST group, basal diet (days 1–21) + 1 × 109 colony-forming units (cfu)/kg BS diet (days 22–63) + SNE.
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Analysis of Metabolic Pathways
We compared various cecal metabolites between the SNE and 
BST groups and identified the pathways in which they participate. 
Seventy-seven enriched pathways displayed comprehensive impact 
values. The top 20 KEGG enrichment analyses of the differential 
metabolites between the SNE and BST groups are shown in 
Figures  6F,G. These pathways included ABC transporters, 
aminoacyl-tRNA biosynthesis, amino acid biosynthesis, carbon 
metabolism, biosynthesis of unsaturated fatty acids, alanine, 
aspartate, and glutamate metabolism, valine, leucine, and 
isoleucine biosynthesis, glyoxylate and dicarboxylate metabolism, 
pantothenate and CoA biosynthesis, and glycine, serine, and 
threonine metabolism.

Cecal Metabolome and Gut Microbiome 
Correlations
To further investigate the relationships between cecal metabolites 
and gut microbiota, Spearman correlation analysis was performed 
for cecal metabolites and microbiota in the BST an SNE groups 

(Figure  7). The relative abundance of Lactobacillales (order), 
Lactobacillaceae (family), and Lactobacillus (genus) were 
positively correlated with uracil and fumaric acid, and negatively 
correlated with pyroglutamic acid and D-arabinose. The relative 
abundance of Negativibacillus (genus), Anaerofustis (genus), 
Holdemania (genus), and Alistipes (genus) were positively 
correlated with palmitic acid, stearic acid, eicosanoic acid, 
heptadecanoic acid, and negatively correlated with lactic acid. 
In addition, the relative abundance of Ruminiclostridium was 
positively correlated with that of L-hydroxyproline and 
2-hydroxyisocaproic acid.

DISCUSSION

SNE impairs growth performance, resulting in greater economic 
losses than the clinical form, as it can easily go unnoticed. 
Previous studies in have shown that probiotics have beneficial 
effects on the health of the host (Wang et al., 2017a). For example, 
the dietary probiotic Bacillus can effectively improve the growth 

A B F

C

E G

D

FIGURE 6 | (A) Principal component analysis (PCA) score plots (R2X = 0.534, Q2 = 0.252), (B) projections to latent structure-discriminant analysis (PLS-DA) score 
plots (R2X = 0.52, R2Y = 0.987, Q2 = 0.651), (C) permutation test of PLS-DA, and (D) orthogonal projections to latent structure-discriminant analysis (OPLS-DA) 
score plots (R2X = 0.52, R2Y = 0.987, Q2 = 0.507). Blue pentagon: SNE; red triangle: BST, green circle: R2; blue square: Q2. The dashed line represents the 
regression line for R2 and Q2; (E) Heatmap of metabolites in cecal contents between BST vs. SNE groups. The relative values for each of these metabolites are 
indicated by color intensity with the legend indicated at the right of the figure. Red and blue represent higher and reduced concentrations of metabolites in the BST 
and SNE groups; (F) Bubble (up) and (G) bar (down) charts of top 20 most KEGG enrichment analysis of the differential metabolites between BST vs. SNE groups. 
“Rich factor” means that the ratio of the DEMs number and the number of metabolites have been annotated in this pathway. The greater of the Rich factor, the 
greater the degree of enrichment (bubble chart); along x-axis values represents enrichment ratio. The horizontal axis represents the number of count, the 
corresponding value of p in brackets, and the vertical axis is pathway name (bar charts). Ctr group, basal diet in control group; SNE group, basal diet + SNE (20-fold 
dose coccidiosis vaccine) +1 ml of Clostridium perfringens (2 × 108 cfu/ml coinfection); BST group, basal diet (days 1–21) + 1 × 109 colony-forming units (cfu)/kg BS 
diet (days 22–63) + SNE.
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performance and antioxidant capacity of animals and reduce the 
extent of intestinal lesions (Gobi et  al., 2018; Jia et  al., 2018; 
Musa et al., 2019). Our results show that the BST group, compared 
with the SNE group, showed beneficial effects in BW during 
the final phases of the experiment, and a higher ADG over the 
duration of the experiment. Moreover, previous findings are 
consistent with our current study. For instance, Jayaraman et  al. 
(2017) reported that dietary supplementation with B. subtilis could 
be used as an alternative to antibiotic growth promoters in poultry 
farming, as it has exhibited good growth performance in birds.

Intestinal health and recovery are evaluated based on villi 
length and crypt depth. A higher ratio of villus length: crypt 
depth illustrates that the villus is longer and has a mature 
and active functional epithelium, accompanied by a shallow 
crypt and constant cell renewal (Jayaraman et  al., 2013). 
Increasing villi length provides a greater intestinal surface area 
and improves nutrient absorption as well as the growth and 
production of broilers (Salim et  al., 2013). In contrast, shorter 
villi and deeper crypts may lead to decreased disease resistance, 
poorer growth performance, and reduced nutrient absorption 
(Song et al., 2014; Mohammadagheri et al., 2016). Thus, changes 
in intestinal conditions can affect the nutrient absorption of 
birds. In this study, BS treatment effectively improved jejunum 
morphology, including villi length and the villi length: crypt 
depth ratio in the broilers. The same results were reported 

when broilers were administered B. subtilis, which improved 
the health of the intestine by enhancing the villus length, 
width and area, and the crypt depth in the small intestine 
(Bai et  al., 2018). The above-mentioned findings illustrate that 
improved intestinal morphology development may contribute 
to the preventive of SNE.

Barrier function can be  influenced by several luminal and 
systemic factors, leading to plasma protein leakage and watery 
diarrhea (Camilleri, 2019). Tight junctions provide paracellular 
permeability, which is integral to the intestinal mucosal barrier 
(Tugizov, 2021) and contain unique proteins, such as Claudin-1, 
occludin, and Muc-2 (Wang et  al., 2018). Intestinal epithelial 
cells secrete mucus onto their surface, which is a major protective 
barrier against bacterial infection. However, intestinal mucus 
is an important nutritional source for CP, as it allows these 
bacteria to form part of the local microflora on the mucosal 
surface (Ficko-Blean et  al., 2012). Here, we  found that BST 
treatment significantly decreased the relative expressions of 
Muc-2 compared to the SNE group. Reduced mucus secretion 
may reduce CP localization, thus providing a preventive effect 
against SNE.

Previous studies have considered as an immune-metabolic 
perspective to identify the role of the inflammatory response 
mediating some diseases, such as obesity, diabetes, and other 
metabolic disorders. For instance, excessive fat deposition can 

FIGURE 7 | Correlations of metabolome and microbiota in cecal contents according to the Spearman correlation coefficient distribution (SNE vs. BS). *p > 0.01 and 
p < 0.05; ***p < 0.01. Ctr group, basal diet in control group; SNE group, basal diet + SNE (20-fold dose coccidiosis vaccine) +1 ml of Clostridium perfringens 
(2 × 108 cfu/ml coinfection); BST group, basal diet (days 1–21) + 1 × 109 colony-forming units (cfu)/kg BS diet (days 22–63) + SNE.
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lead to an innate immune inflammatory response (Pothakam 
et  al., 2021). Host–pathogen interactions in NE are complex 
and involve different components of the host immune system 
(Oh and Lillehoj, 2016). Cytokines are effective molecules for 
the transmission of information between immune cells. The 
composition of cytokines in the infection microenvironment 
determines the properties of the immune response (Fasina and 
Lillehoj, 2019). We  observed a greater expression of 
pro-inflammatory cytokines in the SNE than other two groups, 
while excessive inflammation can lead to tissue damage (David 
and Lopez-Vales, 2021). Fasina and Lillehoj (2019) showed that 
CP infection could induce intestinal inflammation in broilers, 
which may be  mediated by Threshold (Th) 2 and Th17 cells. 
sIgA antibody, as the first line of antigen-specific immune defense, 
protects the mucosal surface from environmental pathogens and 
antigens by combining with bacterial antigens (Tiboni et al., 
2021). We  also found that BST treatment upregulated the 
expression levels of sIgA in the jejunum. This is consistent with 
our previous results showing that probiotics increase the expression 
of sIgA and triggers the production of cytokines (Wang et  al., 
2015; Wu et  al., 2019). The above-mentioned findings illustrate 
that BST treatment may help to relieve the inflammatory response 
and protect the intestine against pathogenic bacterial infection.

NE can alter the composition and quantity of gastrointestinal 
microbiota, which plays a pivotal role in the digestive tract 
of animals (Stanley et  al., 2014; Azad et  al., 2018). SNE is a 
type of dysbacteriosis, an imbalance of the normal flora in 
the proximal small intestine, caused by a variety of opportunistic 
pathogens (Palliyeguru and Rose, 2014). Previous studies have 
shown that probiotics can actively regulate the composition 
of the intestinal microbiota (Kristensen et  al., 2016; Hu et  al., 
2017). Ruminococcus forms part of the natural flora in the 
intestinal tract of chickens. In human studies, some Ruminococcus 
flora help cells to absorb sugars and may contribute to weight 
gain (Correa et al., 2021), which explains why the BST chickens 
gained weight over the duration of the experiment, compared 
to the other treatment groups. The present study showed that 
the relative abundance of Ruminococcaceae in the BST group 
was higher than that in the other groups. Ahiwe et  al. (2019) 
showed a decrease in the diversity of Lactobacillus and 
Bifidobacterium in the cecum of the CP challenged broilers. 
Notably, an increase in the population of Bifidobacterium spp. 
in the cecum was observed in the BST group, suggesting that 
BS treatment reduced the effect of NE on the composition 
and quantity of gastrointestinal microbiota. Khan et  al. (2016) 
demonstrated that when B. subtilis was used as a probiotic, 
microbial balance in the chicken gut could be  improved by 
immune stimulation and competitive exclusion. Similarly, B. 
subtilis can reduce the relative abundance of CPs in the intestine 
by changing the microflora (Bortoluzzi et  al., 2019).

The greatest bacterial density in broilers is found in the 
cecum (Rehman et al., 2007). A complex microbial community 
in the intestine plays a key role in nutrition and health (Yang 
and Zhao, 2021). For example, probiotics and their metabolites 
can promote a symbiotic balance of microorganisms in the 
gut of the broilers (Perez-Chabela et al., 2020). Metabolomics 
provide novel insights into the dynamics of metabolites in the 

gut of broilers. For instance, different feed additives can directly 
affect the types of metabolites in the intestinal tract (Dittoe 
et al., 2018). Here, the higher concentrations of metabolites 
identified in BST group primarily include organic acids, amino 
acids, and alcohols. Various organic acids (such as lactic, 
succinic, nicotinic, acetic, propionic, and malic) are produced 
during intestinal fermentation and form barriers in the digestive 
tract, thereby preventing the colonization and reproduction of 
pathogenic bacteria. This enhances peristalsis and digestive 
enzyme secretion in the intestinal tract, thus promoting feed 
digestion, and improved nutrient absorption (Sun et  al., 2020).

In chickens, most energy comes from glucose through the 
digestion of starch and long-chain fatty acids (Jozefiak et  al., 
2004). The decreased levels of D-glucose and sedoheptulose 
in the ceca of broilers in the BST treatment group might have 
been attributed to the increased adsorption of this carbohydrate. 
In addition, certain carbohydrates are metabolized by bacteria 
in the gut to produce different types of organic acids, together 
with volatile fatty acids produced from carbohydrate fermentation, 
such as branched chain fatty acids and lactic acid, which play 
an important role in the gastrointestinal tract of birds, for 
instance, by inhibiting the growth of certain pathogenic bacteria. 
This is achieved by fatty acids penetrating the bacterial cell 
membrane, leading to the dissociation of charged anions and 
protons, a decrease in intracellular bacterial pH, and inhibition 
of essential metabolic reactions, ultimately reducing bacterial 
replication (Cherrington et  al., 1991; Youssef et  al., 2020). Our 
results showed higher levels of lactic, succinic, 
α-hydroxyisobutyric, and malic acid in the BST group than 
in SNE broilers, which may explain the better health status 
of broilers in the BST group. Similar to our results, previous 
studies have reported a reduction in NE signs using butyric 
acid and sodium lauroyl lactylate in the diets of NE challenged 
birds (Biggs and Parsons, 2008; Huyghebaert et  al., 2011).

Amino acids play a vital role in regulating the nutritional 
metabolism in broilers. Proteins consumed by broiler chickens 
are degraded into free amino acids by proteases and peptidases 
in the gastrointestinal tract and absorbed through the intestinal 
wall. Different types of amino acids were identified in BST 
broilers as compared to SNE broilers, with the composition 
observed in BST broilers more conducive to growth. Ammonia 
is generated by proteolytic bacteria, such as Clostridium spp., 
Enterococcus spp., and Bacteroides spp., and is released with 
potentially toxic metabolites such as biogenic amines, phenols, 
and indole (Macfarlane et al., 1992). Ammonia is easily absorbed 
by the intestine into the blood of birds and causes enterocytes 
toxicity (Marleen et  al., 2003). Our data demonstrated that 
both the levels of indole and monoethanolamine were markedly 
increased in the cecal contents of SNE broilers compared to 
the BST group, suggesting that BS supplementation can alleviate 
the toxic side effects of CP infection. In addition, KEGG 
pathway annotation showed that several metabolic pathways 
were altered in the BS-treated broilers compared to the SNE 
group. This enrichment mainly involved lipid and amino acid 
metabolic pathways, such as protein digestion and absorption, 
biosynthesis of unsaturated fatty acids, and biosynthesis of 
amino acids.
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Microorganisms and their associated metabolites are a natural 
component of the developmental process and have a significant, 
yet underexplored, impact on the immune system (Wandro 
et  al., 2018). In addition to the direct interaction with the 
immune system, the microbiota also interacts indirectly through 
the production of metabolites, which can be  absorbed by the 
immune and epithelial cells (Wikoff et  al., 2009; Dodd et  al., 
2017). In our study, the relative abundance of beneficial bacteria 
was positively correlated with a marked increase in metabolites 
in the BST group, and negatively correlated with the increase 
in metabolites in the SNE group. This suggests that the changes 
in cecal metabolites might have originated from the intestinal 
microbiota following co-infection of the coccidiosis vaccine 
and C. perfringens. The strong correlation between intestinal 
microflora and metabolites observed in the SNE broilers suggests 
that significant changes may cause an imbalance in the host 
immune response, which ultimately decline the growth 
performance of broilers.

In conclusion, results from the current study indicated that 
treatment with BS reduces the risk of declined BW in chickens 
with SNE by enhancing exoenzyme secretion, intestinal barrier 
functions, immunity, decreasing cell apoptosis, and promoting 
the presence of beneficial commensal microorganisms and their 
metabolites in the intestine (Figure  8). We  intend to further 
investigate whether BS supplementation throughout the 
experimental period is a successful alternative for controlling 
clostridial infection in broilers.
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Oral Administration of 
Latilactobacillus sakei ADM14 
Improves Lipid Metabolism and Fecal 
Microbiota Profile Associated With 
Metabolic Dysfunction in a High-Fat 
Diet Mouse Model
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Department of Food Science and Biotechnology, Sungkyunkwan University, Suwon, South Korea

Effects of Latilactobacillus sakei ADM14 on changes in lipid metabolism and fecal 
microbiota composition were studied in high-fat diet (HFD) mouse model. The mice were 
divided into three groups: normal diet (ND), high-fat diet (HD), and HFD plus L. sakei 
ADM14 (HDA). Oral administration of L. sakei ADM14 daily for 10 weeks decreased body 
weight gain, fat tissue mass, and liver weight in mice and reduced the size of histologically 
stained liver adipocytes. In addition, serum total cholesterol, triglycerides, and blood 
glucose decreased significantly. Latilactobacillus sakei ADM14 regulated the expression 
of genes related to lipid metabolism in epididymal adipose tissue and liver and induced 
changes in the composition of fecal microbiota, thereby improving energy harvests and 
changing metabolic disorder-related taxa. A significant decrease (p < 0.05) in the Firmicutes 
to Bacteroidetes ratio was found in the HDA group compared to the HD group, particularly 
due to the difference in the relative abundance of the Bacteroidetes between the two 
groups over 10 weeks. Differences in proportions of some taxa reported to have correlation 
with obesity were also found between HD and HDA groups. These results suggest that 
L. sakei ADM14 can have a positive effect on metabolic disorders such as obesity and 
fatty liver through effective regulation of host lipid metabolism and gut microbiota.

Keywords: Latilactobacillus sakei, probiotics, obesity, lipid metabolism, microbiome

INTRODUCTION

Obesity has emerged as an important health problem through a rapid increase in incidence 
worldwide. Excessive body weight gain and body fat accumulation pose a serious threat, leading 
to the onset of obesity and metabolic disorders such as diabetes and cardiovascular disease 
(Bastien et  al., 2014). A high-fat diet (HFD) affects elevated serum cholesterol and triglycerides 
(TG) and increases the risk of chronic low-grade inflammation from obesity, along with adipose 
tissue enlargement (Dewulf et  al., 2011). The influence of metabolic disorders in combination 
with the HFD can also damage the liver. Recently, the association and risk of obesity with 
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nonalcoholic fatty liver disease (NAFLD) has received a lot 
of attention. NAFLD includes a variety of symptoms ranging 
from simple steatosis to nonalcoholic fatty hepatitis, cirrhosis, 
or hepatocellular carcinoma (Wong et  al., 2015), and more 
than 80% of obese individuals in western countries are affected 
by NAFLD (Younossi, 2019). Recently, several studies have 
focused on gut microbiota as a new environmental factor 
contributing to the relationship between obesity and NAFLD 
(Le Roy et  al., 2013; Tilg et  al., 2016; Da Silva et  al., 2018). 
The gut microbial community consists of thousands of bacterial 
species, coexisting with the host, and has a significant influence 
on the physiology and metabolism of the host (Turnbaugh 
et  al., 2006; Ridaura et  al., 2013). Recently, a link between 
the effects of choline deficiency on fatty liver development 
and changes in the human gut microbiota was confirmed 
(Spencer et  al., 2012), and it was revealed that changes in the 
gut microbiota regulate the progression of NAFLD (Buzzetti 
et al., 2016). Thus, the regulation of gut microbial communities 
may suggest new therapeutic strategies in the management of 
metabolic diseases such as obesity and NAFLD. Probiotics 
regulate the gut microbiome and have proven beneficial effects 
on metabolic symptoms. They are also known to be  effective 
in improving lipid profiles and hyperlipidemia, while affecting 
lipid metabolism (Roller et  al., 2004; Sun and Buys, 2015).

In our previous study, a lactic acid bacterium, designated 
ADM14, was found to have anti-adipogenic effect by reducing 
significantly intracellular triglyceride content on 3T3-L1 
adipocytes and by decreasing the expression of five adipogenic 
marker genes (Won et  al., 2020a). The strain ADM14 was 
identified as a member of Lactobacillus sakei in the study of 
Won et  al. (2020a), but L. sakei has been recently reclassified 
as L. sakei (Zheng et  al., 2020). The aim of this study was to 
investigate the effect of L. sakei ADM14 on host lipid metabolism, 
fatty liver, and metabolic problems in HFD mouse model. In 
addition, changes in gut microbiota structure on the host were 
analyzed through fecal microbiome analysis the relationship 
between the gut-liver axis was evaluated.

MATERIALS AND METHODS

Bacterial Strain Preparation and Growth 
Conditions
Latilactobacillus sakei (L. sakei) ADM14 was cultured using 
De Man-Rogosa-Sharpe (MRS, BD Difco, Sparks, MD, 
United  States) agar at 30°C for 24 h and was stored at −80°C 
in 20% glycerol (v/v; Georgiachem, GA, United  States) for 
cryopreservation until it was used in experiments.

Animals, Diets, and Experimental Design
The animal care and studies were conducted in accordance 
with the Animal Care and Use Committee of the College of 
Biotechnology at Sungkyunkwan University (approval date: 
07-09-2019, approval number: SKKUIACUC-18-04-14-3). Male 
C57BL/6 J mice aged 5 weeks were purchased from RaonBio 
Inc. (Yongin, Republic of Korea) and maintained under controlled 
temperature and humidity (24 ± 2°C, 50 ± 10%) with a 12 h 

light/dark cycle. After a 1-week acclimation period, 6-week-old 
mice were randomly divided into three groups (n = 8): normal 
diet (ND), high-fat diet (HD), and high-fat diet plus L. sakei 
ADM14 (HDA, 108–109 CFU per 200 μl 0.85% saline). The ND 
group received a normal chow diet (10% of energy from fat, 
16.1 kJ, RaonBio Inc.) for 10 weeks and the HD group received 
a HFD (60% of energy from fat, 21.9 kJ, RaonBio Inc.) for 
10 weeks (Supplementary Table S1). The HDA group received 
a HFD for 10 weeks and L. sakei ADM14 by daily oral 
administration. Food and water were fed ad libitum. Live 
L. sakei ADM14 was administered by oral gavage at a 
concentration of 108–109 CFU per 200 μl 0.85% saline daily as 
recommended by the WHO and the Korea Food and Drug 
Administration. During the experiment, food intake and body 
weight were measured weekly. Fecal samples were collected 
weekly and stored at −80°C. The food efficiency ratio (FER) 
was expressed as total body weight gained from the diet divided 
by total diet consumed during the animal experiments, and 
total calorie intake was calculated as the total amount of diet 
consumed during the animal experiment multiplied by the 
caloric value of the diet. The mice that died during the 
experiment of 10 weeks were excluded, and the mice with the 
maximum and minimum values in weight were also excluded. 
Finally, 4–6 mice per group were used in further analyses. At 
the end of the experiment, mice were fasted for 16 h and 
sacrificed under anesthesia. After sacrifice, visceral organs (liver, 
spleen, and kidney) and epididymal and subcutaneous fat pad 
were collected and weighed. Epididymal fat pads and liver 
were preserved by freezing in liquid nitrogen for genetic analysis. 
A portion of the liver was frozen and stained with Oil Red O 
(Sigma-Aldrich, St. Louis, MO, United  States) for histological 
study. Blood was collected via cardiac puncture and was 
centrifuged for 10 min at 3,000 rpm for serum separation.

Serum Analysis
Alanine transaminase (ALT), aspartate transaminase (AST), 
total cholesterol, glucose, triglyceride (TG), high-density 
lipoprotein (HDL), and low-density lipoprotein (LDL) levels 
were measured using a biochemical automatic analyzer (AU480, 
Beckman Coulter Inc., Brea, CA, United  States) according to 
the manufacturer’s instructions.

RNA Extraction and Quantitative 
Real-Time PCR
Total RNA was extracted from epididymal fat tissue and liver 
using an RNeasy Mini Kit (Qiagen, Hilden, Germany) and TRIzol 
(Invitrogen, Carlsbad, CA, United  States) according to the 
manufacturer’s protocol. First-strand complementary DNA was 
synthesized using a Veriti™ 96-Well Thermal Cycler machine 
(Thermo Scientific, Waltham, MA, United  States) by mixing the 
extracted total RNA and ReverTra Ace Master Mix (Toyobo, 
Osaka, Japan). A mixture of Power SYBR Premix ExTaq (RP041A; 
Takara, Shiga, Japan), primers and cDNA was used for amplification 
using a thermal cycler machine (Takara). Gene expression was 
normalized by a housekeeping gene, 36B4. The primer sequences 
for the genes are shown in Supplementary Table S2.
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16S rRNA Gene Sequence Analysis of Gut 
Microbiota and Bioinformatics
For microbiome analysis, total genomic DNA was extracted 
from fecal samples using a QIAamp DNA Stool Mini Kit 
(Qiagen) according to the manufacturer’s protocol. The first 
amplification from the total genomic DNA was performed in 
the V3 to V4 regions with primer sequences of 16S rRNA 
gene as shown in Supplementary Table S3 (Fadrosh et  al., 
2014). A second amplification was performed by attaching an 
Illumina NexTera barcode to the first amplification product. 
Sequencing was performed according to the method of Chunlab 
Inc. (Seoul, Republic of Korea) using an Illumina MiSeq 
sequencing system (Illumina, San Diego, CA, United  States). 
Taxonomic profiling and sequencing data analysis were performed 
using the Illumina platform (Chunlab Inc.). Alpha diversity 
was calculated using OTU information and expressed as the 
Chao 1 and Shannon index. The microbiota structure between 
groups was measured to principal coordinate analysis (PCoA) 
at the genus level using the beta diversity index. The linear 
discriminant analysis effect size (LEfSe) method was performed 
using latent Dirichlet allocation (LDA) score 3.0 cutoff and 
value of p < 0.05.

Statistical Analysis
Statistical analyses were conducted using SPSS ver. 19.0 (SPSS 
Inc., Chicago, IL, United  States). Data are presented as 
mean ± SEM. Significant differences in the gene expression of 
tissue between animal experimental groups were determined 
by unpaired Student’s t-test. For relative abundance analysis 
of the gut microbiome, significant differences between groups 
were determined using the Wilcoxon rank-sum test. Values 
were considered statistically significant when p < 0.05.

RESULTS

Effects of L. sakei ADM14 on Body, Liver, 
and Fat Tissue Weight
Changes in weight between the groups of mice were observed 
for 10 weeks. The weight of group fed the HFD increased 
more rapidly (Figure 1A). After 10 weeks, the average weight 
gains in the ND, HD, and HDA groups were 6.31 ± 0.56, 
15.03 ± 1.25, and 11.30 ± 1.01 g, respectively. Compared with 
the HD group, the weight gain of the HDA group decreased 
significantly by 24.7% (p < 0.05). While the total caloric 
intake was significantly different (ND vs. HD, p < 0.01; ND 
vs. HDA, p < 0.05) between the ND and HFD intake groups, 
there was no significant difference between the HD and 
HDA groups (Figure  1B). The FER increased significantly 
(p < 0.01) in HD compared to ND, but there was no significant 
difference despite a 12.9% decrease in HDA compared to 
HD (Figure 1C). No significant weight changes were observed 
in the kidneys and spleen, of each group (Figure 1D). There 
was a significant increase (p < 0.01) in the mass of epididymal 
fat and subcutaneous fat in HD compared to ND (Figure 1D). 
In contrast, there was a significant decrease of 44.5% in 

epididymal fat (p < 0.01) and 33.8% in subcutaneous fat 
(p < 0.05) in HDA compared to HD (Figure  1D). The liver 
weight was not significantly different between ND and HD, 
but a significant decrease (p < 0.05) was observed in HDA 
compared to HD (Figure  1D). In the histological analysis 
of the liver using Oil Red O staining, it was observed that 
the size of stained adipocytes decreased in HDA compared 
to HD (Figure  1E).

Effects of L. sakei ADM14 on Serum 
Biochemical Parameters
The concentrations of total cholesterol, glucose, TG, and HDL 
of the serum in the HD group were significantly (p < 0.01) 
higher than those of the ND group (Table  1). Compared with 
the HD group, total cholesterol, glucose, and TG of the serum 
decreased in the HDA group administered with L. sakei ADM14 
(Table 1). Total cholesterol decreased by 17.0% (p < 0.05), glucose 
decreased by 29.9% (p < 0.05), and TG decreased by 34.2% 
(p < 0.01). Compared to the HD group, the HDA group showed 
a significant increase (p < 0.05) in HDL, and the LDL decreased 
by 9.0% but there was no significant difference between them. 
ALT and AST were analyzed and there was no significant 
difference among the groups (Supplementary Figure S1).

Effects of L. sakei ADM14 on Genes of 
Lipid Metabolism in Epididymal Fat Tissue 
and Liver
The results for the mRNA expression of genes for lipid metabolism 
in epididymal fat tissue are shown in Figure 2. The expressions 
of genes related to lipid metabolism in epididymal fat tissue 
of HD group increased when compared to the ND group 
(Figure  2). Compared to the HD group, the HDA group 
administered with L. sakei ADM14 significantly downregulated 
(p < 0.01) peroxisome proliferator-activated receptor gamma 
(Pparγ), sterol regulatory element-binding protein-1C (Srebp1C), 
and fatty acid synthetase (Fas), of four genes related to fatty 
acid synthesis (Figure  2B). In addition, the expression of 
adipocyte protein 2 (aP2) was also significantly decreased 
(p < 0.01) in the HDA compared to the HD (Figure  2A). 
Likewise, the expressions of Pparγ-activated genes, lipoprotein-
lipase (Lpl), and cluster of differentiation 36 (CD36) were 
significantly decreased (p < 0.05) in the HDA compared to the 
HD (Figure  2A). The expressions of tumor necrosis factor-
alpha (TNFα; p < 0.01), interleukin 6 (IL-6; p < 0.01), and 
monocyte chemoattractant protein-1 (MCP-1; p < 0.05) related 
to pro-inflammatory cytokines in the HDA were significantly 
decreased compared to the HD group (Figure  2C).

To investigate the effect of L. sakei ADM14 on lipid 
metabolism in the liver, expression of overall related genes 
was investigated (Figure  3). There were also differences in 
the expressions of genes related to lipid metabolism in the 
liver between ND and HDA groups (Figure  3). Compared 
with HD, the lipid production-related genes, Pparγ 
(p < 0.05), Srebp1C (p < 0.01), Fas (p < 0.05), and acetyl-CoA 
carboxylase 1 (Acc1; p < 0.05), were significantly decreased in 
HDA (Figure  3D). In addition, the significantly increased 
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expressions (p < 0.05) of β-oxidation-related genes, carnitine 
palmitoyltransferase1 alpha (Cpt1α) and peroxisome 
proliferator-activated receptor alpha (Pparα), were found in 
HDA (Figure  3B). Carbohydrate-response element-binding 
proteins, ChREBPα (p < 0.01) and ChREBPβ (p < 0.05), which 
are major transcriptional regulatory factors that are activated 

by glucose catabolism in the liver and regulates lipogenesis, 
were observed to be  significantly downregulated in HDA 
(Figure  3A). There was no significant change in the level of 
Lpl expression, but CD36 expression showed a significant 
decrease (p < 0.05) in HDA (Figure 3C). As a result of observing 
the expression of diglyceride acyltransferase (Dgat) that catalyzes 
TG formation, it was found that both Dgat1 (p < 0.05) and 
Dgat2 (p < 0.01) were significantly decreased (Figure  3E).

Effects of L. sakei ADM14 on Changes in 
Ratio and Composition of Fecal Microbiota
On analyzing alpha diversity, there was no significant difference 
in the Chao1 index of each group, but there was a significant 
increase (p < 0.05) in the HDA group in the Shannon index 
compared to the ND group (Supplementary Figure S2). On 
the other hand, there was no significant change between the 
HD group and the HDA group.

A B C

D

E

FIGURE 1 | Effect of administering Lactobacillus sakei ADM14 on body indicators in high-fat diet (HFD) mouse model. (A) Weight change of mice groups. (B) Total 
caloric intake for 10 weeks. (C) Food efficiency ratio (FER) for 10 weeks. (D) Organs weights of mice after sacrifice. (E) Histological analysis of liver stained with Oil 
Red O. ND, normal diet group; HD, high-fat diet group; and HDA, high-fat diet plus L. sakei ADM14 group. The results are shown as mean ± SEM (n = 5–7). 
Significant differences between HD and ND are indicated as #p < 0.05 and ##p < 0.01. Significant differences between HDA and ND are indicated as #p < 0.05 and 
##p < 0.01. Significant differences between HD and HDA are indicated as *p < 0.05 and **p < 0.01.

TABLE 1 | Biochemical parameter of serum.

ND HD HDA

Total cholesterol 105.00 ± 3.67 185.25 ± 11.12## 153.75 ± 6.41*

Glucose 70.75 ± 3.33 162.75 ± 7.39## 114.00 ± 15.64*

TG 61.00 ± 1.87 86.25 ± 4.96## 56.75 ± 2.53**

HDL 83.25 ± 1.89 101.25 ± 1.89## 110.25 ± 3.09*

LDL 21.75 ± 1.44 24.75 ± 0.75 22.50 ± 0.87

Values are shown as the means ± SEM (n = 4–5). Significant differences between HD 
and ND are indicated as follow: ##p < 0.01. Significant differences between HD and HDA 

are indicated as follow: *p < 0.05; **p < 0.01.
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Changes of fecal microbiota in the phylum level were assessed 
at 1, 6, and 10 weeks using each group (Figure 4A). An increase 
in Firmicutes and a decrease in Bacteroidetes from 1 to 10 weeks 
were observed in both HD and HDA groups, but each showed 
a difference in the range of variation. The Firmicutes ratios 
at 1, 6, and 10 weeks were 49.02, 70.55, and 74.98%, respectively, 
in the HD group and 43.58, 70.02, and 74.04%, respectively, 
in the HDA group. There was no significant difference in the 
Firmicutes ratio between the two groups at 6 and 10 weeks. 
The Bacteroidetes ratios at 1, 6, and 10 weeks were 37.14, 22.37, 
and 3.56%, respectively, in the HD group and 38.49, 19.20, 
and 16.72%, respectively, in the HDA group. At 10 weeks, the 
Bacteroidetes ratios of the two groups showed a significant 
difference (p < 0.05). In addition, the Proteobacteria ratios at 
1, 6, and 10 weeks were 2.95, 5.28, and 14.16%, respectively, 
in the HD group and 2.01, 9.50, and 7.21% at 1, 6, and 
10 weeks, respectively, in the HDA group. The HD group showed 
a steady increase in the Proteobacteria ratios, but the HDA 
group decreased again from 6 to 10 weeks in the Proteobacteria 
ratios. The proportions of the three major phyla, Firmicutes, 
Bacteroidetes, and Proteobacteria, at 10 weeks of HD and HDA 
groups were similar with those of the two groups shown in 
cecal microbiota from our previous study (Won et  al., 2020b), 
even though the proportion of the Proteobacteria in HDA 

group is higher than that of Bacteroidetes in the study of Won 
et  al. (2020b). However, the Verrucomicrobia, which was the 
second major phylum in the cecal microbiota of HD group, 
was found only as minor phylum at 6 and 10 weeks in fecal 
microbiota of this study (Won et  al., 2020b; Figure  4A).

Two dominant phyla, Firmicutes and Bacteroidetes, were 
compared between the three groups at 10 weeks (Figure  4B). 
The Firmicutes to Bacteroidetes ratio was significantly decreased 
(p < 0.05) in the HDA group compared to the HD group as 
well as ND group. At the genus level, UniFrac PCoA showed 
a tendency to separate among the three groups (Figure  4C). 
The percentage of major genus composition in the ND, HD, 
and HDA groups were investigated (Figure 4D). The proportions 
of genera Bacteroides, Oscillibacter, Helicobacter, 
Pseudoflavonifractor, Alistipes, KE159600_g, PAC002482_g, and 
PAC001118_g were higher in the HDA group than in other 
two groups. On the other hand, the proportions of genera 
Faecalibaculum, Lactobacillus, Desulfovibrio, Staphylococcus, 
Olsenella, and Romboutsia were lower in the HDA group 
compared to the HD group. Significant increases (p < 0.05) in 
levels of family Muribaculaceae and Bacteroides acidifaciens 
were found between the HDA and HD groups (Figure  4E). 
Significant increase (p < 0.05) in genus Alistipes was found in 
the HDA group compared to the ND and HD groups (Figure 4E). 

A

B

C

FIGURE 2 | Effects of administering L. sakei ADM14 on the transcription of genes related to lipid metabolism in epididymal fat tissue. The results are shown as 
mean ± SEM (n = 5). Significant differences between HD and ND are indicated as #p < 0.05 and ##p < 0.01. Significant differences between HDA and ND are indicated 
as #p < 0.05 and ##p < 0.01. Significant differences between HD and HDA are indicated as *p < 0.05 and **p < 0.01.
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LEfSe analysis was calculated to identify specific bacterial taxa 
dominant in the HD and HDA groups (Figure 5). Pseudomonas 
and PAC000677_g were the core genus microbiota of the HD 
group, and Bacteroides, PAC002482_g, Alistipes, PAC001063_g, 
PAC000198_g, and PAC001066_g were identified as the dominant 
genus microbiota of the HDA group.

DISCUSSION

The incidence and severity of obesity and metabolic 
complications are constantly rising, and drug therapy has 
the potential to cause adverse effects (Sonnenburg and Bäckhed, 
2016; Dahiya et al., 2017). The necessity for alternative therapy 
is increasing, and attention has been drawn by the effectiveness 
and utilization of probiotic lactobacilli (Aryana and Olson, 
2017). Animal studies and clinical studies have reported the 
anti-obesity effects of probiotic lactic acid bacteria and 
improvements in metabolic disorders (Dahiya et  al., 2017). 
In this study, the administration of L. sakei AMD14 suppressed 
weight gain and reduced body fat mass in a high-fat mouse 
model as shown in our previous study (Won et  al., 2020b). 
Although, there is no significant difference in total caloric 
consumption, the difference in physical indicators is confirmed 
to be  an inhibitory effect by L. sakei ADM14 (Figure  1). 
The reduction in the weight of subcutaneous fat tissue, as 

well as reduction in the weight of the epididymal fat tissue 
also observed previous study (Won et  al., 2020b), appears 
to induce the overall decrease in lipid accumulation in mice 
administered with L. sakei AMD14. In this study, it was 
found that the weight of the liver was decreased, and as a 
result of microscopic observation through Oil Red O staining 
of the liver tissue, a decrease in the size of the adipocytes 
was observed (Figures  1D,E). This is seen as evidence that 
the expansion of adipocytes and accumulation of lipids in 
the liver were inhibited. Cardiovascular disease and lipidemia 
are major metabolic complications that occur and intensify 
because of obesity (Cani and Delzenne, 2009). These metabolic 
disorders are mainly caused by an increase in blood cholesterol 
and TGs (Yoo and Kim, 2016). The significant increases in 
total cholesterol, TG, and glucose in serum of the HD group 
were consistent with the predicted characteristics of obesity. 
Administration of L. sakei ADM14 suppressed and improved 
these indicators and confirmed the possibility of preventing 
symptoms related to lipidemia. The improvement in blood 
lipids after administration of L. sakei ADM14 could 
be  evaluated on the basis of another case that the probiotic 
lactic acid bacteria effectively improved the serum markers 
of high-fat diet mice (Wang et  al., 2012).

To confirm the potential mechanism by which L. sakei 
ADM14 inhibits obesity in a high-fat diet mouse model, 
genetic expression analysis of epididymal adipose tissue was 

A

B

C

D

E

FIGURE 3 | Effects of administered L. sakei ADM14 on the transcription of genes related to glucose and lipid metabolism in the liver. The results are shown as 
mean ± SEM (n = 5). Significant differences between HD and ND are indicated as #p < 0.05 and ##p < 0.01. Significant differences between HDA and ND are indicated 
as #p < 0.05 and ##p < 0.01. Significant differences between HD and HDA are indicated as *p < 0.05 and **p < 0.01.
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performed (Figure 2). Adipose tissue is one of the important 
organs that regulate lipid metabolism (Schneeberger et  al., 
2015). Adipocyte transcription factors Pparγ and C/EBPα 
play an important role in the development of adipocytes 
(Rosen et al., 1999; Jeong et al., 2008), and our results showed 
a tendency to decrease in the expression of both genes. It 
has been reported that these transcription factors have a 
positive correlation with lipid accumulation rates (Park et al., 
2009). Additionally, the decreased expression of Srebp1C, 
which is involved in fatty acid synthesis, and Fas, which is 
involved in regulating lipid production, suggests that the 
accumulation of lipids in adipocytes was inhibited. Likewise, 
aP2, which is related to adipose production, and CD36 and 
Lpl, which are related to lipid storage showed decreased 
expression and through this, it could be  confirmed that a 
change occurred in adipose tissue metabolism. The expression 
of Pparγ, C/EBPα, Fas, aP2, and CD36 in epididymal fat 
was confirmed to decrease also in this study as shown 

previously (Won et  al., 2020b). From these results, it could 
be  confirmed that administration of L. sakei ADM14 may 
cause changes in adipose tissue metabolism by affecting 
transcription factors, lipid production, or lipid storage. 
Low-grade chronic inflammation of adipose tissue is one of 
the major factors in obesity-induced insulin resistance and 
metabolic disorders (Gregor and Hotamisligil, 2011). As the 
expression of inflammation-related genes in adipose tissue 
was decreased, it was also confirmed that low-grade 
inflammation was alleviated (Figure  2; Won et  al., 2020b).

Nonalcoholic fatty liver disease is representative of the 
symptoms induced by obesity (Canfora et  al., 2019). The 
balance of lipid metabolism in the liver is disrupted, causing 
excessive lipogenesis and hepatic lipid accumulation (Rotman 
and Sanyal, 2017; Friedman et  al., 2018). NAFLD can lead 
to liver damage and develop into fatty hepatitis, cirrhosis, 
or hepatocellular carcinoma (Le Roy et  al., 2013). 
Fundamentally, the increase in the expression of major genes 

A

B

C

D

E

FIGURE 4 | Effect of administered L sakei ADM14 on fecal microbiome composition. (A) Changes in fecal microbiota in HD and HDA groups at the phylum 
level in 1, 6, and 10 weeks. (B) Firmicutes to Bacteroidetes ratios between groups at 10 weeks. (C) Fecal microbiota composition of groups at 10 weeks is 
shown by the genus level UniFrac principal coordinates analysis (PCoA). (D) Main fecal microbiota composition of genus level (cut off taxa 2.5%) at 10 weeks. 
(E) The relative abundance of specific taxa in fecal microbiota at 10 weeks. The results are shown as mean ± SEM (n = 4–6). Significant differences between 
groups are indicated as *p < 0.05.
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related to lipogenesis in liver tissue seems to be  one of the 
biggest causes. Glucose absorbed in the intestine regulates 
the transcription of lipogenic genes through ChREBP 
(Kawaguchi et  al., 2001). In our results, it appears that the 
decreased expression of ChREBPα/β resulted in the decreased 
expression of adipogenic genes, thus affecting the reduction 
of hepatic lipid accumulation in the liver. The expression 
of fatty acid synthesis-related genes such as Pparγ, Fas, and 
Acc1 decreased with the inhibition of glucose catabolism. 
The expression of Srebp1C targeting Fas and Acc1 also 
decreased. The main characteristic of NAFLD is the 
accumulation of TG in the liver (Eslamparast et  al., 2013). 
In a state of excess energy such as obesity, the activity of 
Dgat, which catalyzes TG synthesis, increases (Choi and 
Diehl, 2008). The increase in free fatty acid delivered to the 
liver also upregulates the synthesis of TG and ultimately 
increases the likelihood of developing NAFLD (Choi and 
Diehl, 2008). The results of our study showed that the 
expression of Dgat1 and Dgat2 was reduced in the final 
stage of TG synthesis. Likewise, a reduction in the uptake 
of free fatty acid through the reduction of Lpl and CD36 
expression seems to affect the process of TG synthesis. In 
our results, it was confirmed that the expression of Dgat1 
and Dgat2, which catalyzes TG synthesis, was decreased. 
Likewise, it appears that a reduction in the uptake of free 
fatty acid to the liver through a decrease in Lpl and CD36 
expression influenced the TG synthesis. β-oxidation is one 

of the key pathways for fatty acid metabolism in the liver 
(Lu et  al., 2014). Pparα and Cpt1α were upregulated in the 
HDA group compared to the HD group. This has been shown 
to upregulate lipolysis and fatty acid oxidation. In this study, 
although NAFLD is shown not to be  caused by high-fat 
diet, genetic analysis in the mechanisms of lipid metabolism 
in the liver suggests that L. sakei ADM14 downregulates 
lipid production and upregulates fatty acid oxidation-related 
genes, while regulating hepatocytes lipid accumulation and 
a reduction in TG synthesis (Figure  3).

A high-fat diet can contribute to changes in the gut 
microbiome and can lead to metabolic imbalances caused 
by gut microbiota dysbiosis (Wang et  al., 2011; Wu et  al., 
2017). In addition, gut microbiota dysbiosis has recently been 
reported to be  associated with liver diseases as well as 
metabolic diseases such as obesity (Da Silva et  al., 2018; 
Kong et al., 2018). Therefore, for the prevention and treatment 
of metabolic diseases, an analysis targeting the gut microbiota 
must be  conducted (Li et  al., 2020). As a result of analyzing 
the fecal microbiota, we  observed a significant decrease 
(p < 0.05) in the Firmicutes to Bacteroidetes ratio in the HDA 
group compared to the HD group at the phylum level as 
also shown in cecal microbiota from our previous study 
(Won et  al., 2020b; Figure  2). The main cause was the 
difference in the relative abundance of the Bacteroidetes 
between HDA and HD groups over 10 weeks. In particular, 
relative abundance of the Bacteroidetes after 10 weeks from 

FIGURE 5 | Differentially represented genus between HD and HDA group through linear discriminant analysis effect size (LEfSe) analysis. Latent Dirichlet allocation 
(LDA) score indicates the effect size. n = 4–6 per group.
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the HDA group was also similar with that of cecum shown 
in the study of Won et  al. (2020b). In the analyses of the 
fecal microbiota at three different times (1, 6, and 10 weeks), 
the increase in Firmicutes ratios from 1 to 6 weeks was much 
greater than that from 6 to 10 weeks in both the HD and 
HDA groups, whereas the decrease in Bacteroidetes ratios 
was greater from 6 to 10 weeks in the HD group but was 
greater from 1 to 6 weeks in the HDA group (Figure  4A). 
The Proteobacteria ratios from 6 to 10 weeks were decreased 
in the HDA group unlike in the HD group (Figure  4A). 
The administration of L. sakei ADM14 from 1 to 10 weeks 
does not affect Firmicutes ratios between the HD and HDA 
groups but affect the ratios of Bacteroidetes and Proteobacteria 
in the HDA group. In the study of Won et  al. (2020b), 
administration of L. sakei ADM14 was shown to increase 
Firmicutes ratios in the cecal microbiota. These results suggest 
that the failure to increase the Firmicutes ratio in fecal 
microbiota despite the administration of L. sakei might be due 
to colonization of L. sakei ADM14  in the intestine. The 
Firmicutes can produce more harvestable energy than 
Bacteroidetes, and when the relative abundance of Firmicutes 
increases and Bacteroidetes decreases, the absorption of calories 
in the digestive tract increases (Turnbaugh et  al., 2006; 
Komaroff, 2017). This difference in terms of energy harvesting 
promotes metabolic diseases such as obesity. In our results, 
the administration of L. sakei ADM14 induces a change in 
the proportion of the dominant taxa at the phylum level 
and suggests that differences in energy resources may occur. 
At the genus level, Bacteroides, Oscillibacter, and Alistipes, 
which have higher proportions in the HDA group compared 
to the HD group, were reported to have a negative correlation 
with obesity (Dahiya et  al., 2017; Thingholm et  al., 2019). 
Bacteroides and Alistipes were also observed to have higher 
proportions in cecal sample of the HDA group in previous 
study by Won et  al. (2020b). Bacteroides and Alistipes are 
known to be  the major producers of short chain fatty acids 
such as acetic acid and butyric acid (Borton et  al., 2017; 
Yin et  al., 2018). In fecal microbiota, members of genus 
Alistipes, family Muribaculaceae and species Bacteroides 
acidifaciens were notable bacteria whose relative abundance 
was significantly changed by the administration of L. sakei 
ADM14 (Figure  4E). The genus Alistipes is found at low 
levels in the intestines of patients with hepatocellular carcinoma, 
colitis, and NAFLD and has been reported to have protective 
effects against some diseases including liver fibrosis, colitis, 
and cardiovascular disease (Parker et al., 2020). Muribaculaceae, 
previously known as family S24-7, was reported as 
representative bacteria with low abundance in mice fed a 
high-fat diet (Lagkouvardos et al., 2016). Bacteroides acidifaciens 
has been reported to be  effective in preventing metabolic 
disorders such as obesity by controlling the host lipid 
metabolism (Yang et  al., 2017). Overall, L. sakei ADM14 
changed the composition of gut microbiota, suggesting the 
possibility of preventing metabolic disorders caused by 
dysbiosis. In particular, an increase in the abundance of 
Alistipes through gut microbiota modification helps to prevent 
diseases such as fatty liver through gut-liver axis modulation.

CONCLUSION

In this study, Latilactobacillus sakei ADM14 was found to 
inhibit adipogenesis by regulating the expression level of lipid 
metabolism in adipose tissue and liver tissue in a high-fat 
diet mouse model. In addition, fecal microbial community 
analysis suggested that the composition and ratio of gut 
microbiota were modified to induce changes in energy harvest, 
and the possibility of preventing metabolic disorders through 
modulation of the gut-liver axis. To our knowledge, there are 
few studies to evaluate the relationships among obesity, lipid 
metabolism in both epididymal fat and liver, and fecal 
microbiomes at different times by probiotic strain, particularly 
lactic acid bacteria isolated from kimchi. Further research and 
clinical studies are needed to evaluate their applicability and 
effectiveness in human.
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In humans, aging is characterized by the progressive decline in biological, physiological,

and psychological functions, and is a major risk factor in the development of chronic

diseases. Therefore, the development of strategies aimed at attenuating aging-related

disorders and promoting healthy aging is critical. In a previous study, we have

demonstrated that Lactobacillus plantarum TWK10 (TWK10), a probiotic strain isolated

from Taiwanese pickled cabbage, improved muscle strength, exercise endurance, and

overall body composition in healthy humans. In this study, the effect of TWK10 on

the progression of age-related impairments was investigated in mice. We found that

TWK10 not only enhanced muscle strength in young mice, but also prevented the

aging-related loss of muscle strength in aged mice, which was accompanied by elevated

muscle glycogen levels. Furthermore, TWK10 attenuated the aging-associated decline in

learning and memory abilities, as well as bone mass. Further analyses of gut microbiota

using next-generation sequencing (NGS) of the 16S rRNA gene showed that the

pattern of gut microbial composition was clearly altered following 8 weeks of TWK10

administration. TWK10-treated mice also experienced an increase in short-chain fatty

acid (SCFA)-producing bacteria and higher overall levels of gut SCFA. Furthermore,

TWK10 administration to some extent reversed the aging-associated accumulation

of pathogenic bacterial taxa. In conclusion, TWK10 could be viewed as a potential

therapeutic agent that attenuates aging-related disorders and provides health benefits

by modulating the imbalance of gut microbiota.
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INTRODUCTION

Aging is a progressive process associated with negative changes
in the physical performance, body composition, learning
and memory, social and psychological responses, joints, and
metabolic regulation. Aging-associated decline in the functions
of tissues and organs represents a major risk factor in the
development of chronic disease (1). Aging is accompanied by
a reduction in body lean mass and bone mineral density, and
an increase in fat mass. Sarcopenia is generally defined as the
progressive loss of skeletal muscle mass and strength that occurs
with aging (2, 3). Muscle mass drops by ∼3–8% per decade
after age 30 and its declining rate is accelerated after age 60
(4). Muscle loss is closely correlated with an increased risk
of falls and fractures, physical disability, poor quality of life,
and death. Furthermore, fat mass usually increases progressively
with age, and is particularly localized to the abdominal region.
Accumulation of abdominal fat mass is closely related to the
onset of metabolic disorders, including cardiovascular disease
and diabetes (5).

Low bone mass, a condition known as osteoporosis, usually
happens as a result of aging. Osteoporosis is associated with
an increased risk of bone fracture and fracture-associated
mortality. In humans, bone mass gradually increases and
peaks in the 30s and starts to decline again in the 40s
(6). Meanwhile, learning and memory start to gradually
decline as early as in the 20s and 30s, with the decline
becoming more prominent after reaching 60 years of age.
Learning and memory impairment interferes with the
daily lives of elderly individuals. Approximately 40% of
people aged 60 years or older have memory impairments,
and each year ∼1% of them will go on to develop
dementia (7, 8).

The gut microbiome plays an important role in health
maintenance, and the imbalances of gut microbiota are closely
related to aging (9, 10). It has been shown that elderly people
have a different gut microbiome compared to younger adults.
With aging, the diversity of gut microbiota appears to decline
while levels of opportunistic microbes, such as members of
enterobacteria and Clostridium spp. become more abundant
(10, 11). Short-chain fatty acids (SCFAs) are produced by
anaerobic intestinal bacteria as end products of dietary fiber
fermentation. Butyrate, propionate, and acetate account for
90% of total SCFAs present in the colon. These metabolites
have been shown to play important roles in host physiology,
by modulating metabolism, gut permeability, inflammatory
responses, and immune function (12–15). SCFAs also protect
the host from several diseases, including colorectal cancer,
inflammatory bowel disease, and diabetes (16–18). Bacteroidetes
and Firmicutes are the most abundant phyla in the human
gut, accounting for over 85% of microbial composition (19). In
the human gut, Bacteroidetes members mainly produce acetate
and propionate, while Firmicutes populations mostly produce
butyrate (20). Administration of Lactobacillus acidophilusDDS-1
in an aging mouse model has been shown to trigger gut microbial
composition shifts, leading to an improvement in the metabolic
phenotype, and enhancing the production of cecal and mucosal

SCFAs (21, 22). Therefore, stimulation of SCFA production and
enrichment of SCFA-producing bacteria in the gut are essential
for improving overall health.

Population aging is becoming a serious problem facing all
humans. By 2050, the number of people aged 65 or older is
expected to reach 1.5 billion globally (World Population Aging
2019 Highlights, https://digitallibrary.un.org/record/3846855).
With a fast-growing elderly population, the development of
strategies for attenuating aging-related disorders and promoting
healthy aging, has become a crucial issue. Recent reports
have highlighted the use of probiotic supplements as potential
therapeutic agents to combat aging. For example, Lactobacillus
salivarius FDB89 has been shown to promote the growth and
prolong the lifespan of Caenorhabditis elegans (23). Lee et al. (24)
also demonstrated the skin anti-aging property of Lactobacillus
plantarum HY7714 in humans. Supplementation of Lactococcus
lactis subsp. lactis strain Plasma reduced the expression of genes
associated with muscle degeneration and decelerated senescence
(25). Moreover, consumption of Lactobacillus paracasei PS23
attenuated aging-related cognitive decline and muscle loss (26,
27). Other research groups demonstrated that supplementation
of Lactobacillus spp. prevented bone loss in an ovariectomized
(OVX) induced osteoporotic mousemodel (28, 29). However, the
underlying mechanisms implicated as well as the impact of these
probiotics on the gut microbiome remain unclear.

In our previous studies, we have demonstrated that
Lactobacillus plantarum TWK10 (TWK10) exerted beneficial
effects on body composition, particularly on muscle mass,
muscle quality, and fat mass, in mice and humans (30, 31).
In this study, we aimed to (i) analyze the potential role of
TWK10 in attenuating the progression of aging, namely muscle
loss, reduced muscle strength, cognitive deficits, body fat
accumulation, and bone density loss; and (ii) investigate the
impact of TWK10 on the gut microbiome.

MATERIALS AND METHODS

Animals, Probiotics, and Study Design
Male ICR mice were purchased from BioLASCO (Charles
River Licensee Corp., Yi-Lan, Taiwan). All mice were housed
under humidity-controlled (65 ± 5%), temperature-controlled
(24 ± 2◦C) conditions, kept on a 12:12 light-dark cycle,
provided with a standard laboratory diet (No. 5001; PMI
Nutrition International, Brentwood, MO, USA) and distilled
water ad libitum. All experimental procedures were approved
by the Institutional Animal Care and Use Committee (IACUC)
of National Taiwan Sport University, Taoyuan City, Taiwan
(IACUC-10712). TWK10, a plant-derived L. plantarum strain
[recently reclassified as Lactiplantibacillus plantarum (32)],
isolated from Taiwanese pickled cabbage (33), was obtained
from the SYNBIO TECH INC. Culture Collection (Kaohsiung,
Taiwan). The concentration of TWK10 was adjusted to 1 ×

109 CFU in 200 µl PBS for administration to mice. All mice
were first grouped by age into the young (age 4 months;
n = 17) and the aged groups (age 19–22 months; n = 16). Next,
these two groups of mice were each randomly assigned to two
experimental groups: Y-Control (young mice receiving PBS, 200
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µl/mouse/day) and Y-TWK10 (young mice receiving TWK10,
1 × 109 CFU/mouse/day), and A-Control (aged mice receiving
PBS, 200 µl/mouse/day) and A-TWK10 (aged mice receiving
TWK10, 1 × 109 CFU/mouse/day). During the experimental
trial, body weight, food intake, and water intake were recorded on
a weekly basis. Freshly voided fecal samples were also collected at
baseline and at 8 weeks after treatment initiation, for microbiome
analysis. Forelimb grip strength was monitored at baseline
(before TWK10 administration), 4, and 8 weeks (after TWK10
administration). After 8 weeks of TWK10 administration, all
mice were assessed in terms of body composition and cognitive
function. The mice were then sacrificed to obtain measurements
relating to tissue weight, bone quality, and muscle glycogen, and
perform histological analysis.

Forelimb Grip Strength
A low-force testing system (Model-RX-5, Aikoh Engineering,
Nagoya, Japan) was used to measure the absolute forelimb grip
strength of treated mice as previously described (34). Briefly, the
mouse was grasped at the base of the tail and lowered vertically
toward the bar. The mouse was pulled slightly backwards
by the tail while its two paws (forelimbs) grasped the bar,
which triggered a “counter pull.” The maximal grip force in 10
trials was recorded as absolute forelimb grip strength. Forelimb
grip strength was monitored at baseline, 4, and 8 weeks after
TWK10/PBS administration.

The Morris Water Maze
The Morris water maze (MWM) was used to assess the spatial
learning and memory of mice as described previously (35).
Briefly, the MWM test was performed in a round pool (100 cm in
diameter and 30 cm in depth) containing water (26± 1◦C) that is
colored opaque with non-toxic tempera paint. The platform and
extra-mazal cues remained in the same position throughout the
learning trials (day 1 and day 2) and the mice were trained to
find a platform below the water surface three times per day. The
water maze has three starting positions, and the mice were made
to start the exercise from a different starting position each day.
Maximum swim time was set at 90 s. Escape latencies of the mice
on day 3 were used to examine their spatial learning andmemory.

Body Composition
A micro-CT scan (Bioscan, Washington, DC, USA) was used
for the measurement of adipose and lean tissues in living
mice. A micro-CT air/water phantom scan (CT QC Phantom,
Mediso, Hungary) was performed regulatory for Hounsfield unit
(HU) calibration. All mice were anesthetized by 1% isoflurane
inhalation in the prone position with legs extended. CT imaging
was performed using 180 projections per rotation with 65
kVp, 1,000ms, 0.123 mAs exposure, and a 1:1 binning factor.
Sequential transaxial images through the lower body (between
the femurs and abdominal region at L1 level) were obtained.
The CT projections were reconstructed with a voxel size of
0.1475 × 0.1475 × 0.1477 mm3. Image analysis was performed
using the PMOD (version 3.7 PMOD Technologies LTD, Zurich,
Switzerland) analysis software. Images were first smoothed using
a Gaussian 3D filter, then segmented according to tissue density,

first for total volume and then for fat volume (36). A histogram
of the abdominal volume of interest from L1 to L5 was generated
and the distribution was bi-modal in nature, with one mode
representing adipose tissue voxels, and the other lean tissue
voxels (37). We used a fixed threshold of−300 to+3,500 HU for
total volume, and −200 to −50 HU for fat volume, according to
the best separation method for known fat and lean tissue regions,
for all mice in this study.

Bone Quality and Serum Vitamin D
Measurements
Femur bones were harvested from mice and stored in methanol
until analysis. Micro-CT images of each specimen were obtained
using the SkyScan 1076 micro-CT (Bruker, Kontich, Belgium).
The scanning parameters were set to 50 kV, 200 µA, a rotation
step of 0.5◦, exposure time 2.1 s, 0.5mm Al filter, and 9 µm/pixel
scan resolution. Bone quality parameters were calculated using
CT-Analyser software (Bruker). The following three-dimensional
(3-D) parameters were assessed: tissue volume (TV), bone
volume (BV), bone volume fraction (BV/TV), bone surface
(BS), bone surface density (BS/BV), trabecular thickness (Tb.Th),
trabecular spacing (Tb.Sp), trabecular number (Tb.N), trabecular
pattern factor (Tb.Pf), structure model index (SMI), and bone
mineral density (BMD). Serum vitamin D (1,25-(OH)2 vitamin
D) was measured using an automated analyzer (Hitachi 7060,
Hitachi, Tokyo, Japan).

Muscle Glycogen Levels
Gastrocnemius muscles of mice were isolated and stored
at −80◦C until subsequent analysis. Glycogen content was
measured as described previously (38). Briefly, 100mg of muscle
tissue was homogenized in 0.5ml cold perchloric acid. The
homogenate was centrifuged at 15,000 × g for 15min at
4◦C and the supernatant was collected prior to determining
glycogen concentration. Levels of glycogen (mg/g muscle) were
determined by commercial assay kit (Sigma-Aldrich, St. Louis,
MO, USA) according to the manufacturer’s instructions.

Histological Analysis
After 8 weeks of treatment, the epididymal fat pad (EFP),
interscapular brown adipose tissue (BAT), and gastrocnemius
muscle were carefully removed, fixed with 10% formalin
overnight, and then embedded within paraffin. Paraffin-
embedded tissues were sectioned at 4µm and stained with
hematoxylin and eosin (H&E) for histological examination of the
EFP and BAT using a light microscope (BX-51; Olympus, Tokyo,
Japan). The cross-sectional area (CSA, µm2) of an adipocyte, the
mean number of BAT adipocytes observed per high-power-field
(HPF), and the mean relative brown area in BAT (%) after H&E
staining, were measured and analyzed using ImageJ software
(NIH, MD, USA).

DNA Extraction and 16S rRNA Gene
Sequence Analysis
Freshly voided fecal samples were collected from mice after
8 weeks of treatment. For extraction of bacterial genomic
DNA, fecal samples were washed three times with 1.0ml of
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PBS and centrifugated at 14,000 × g for 5min. The fecal
pellets were resuspended in 180 µl TE buffer containing
lysozyme (final conc 10 mg/ml), and the suspension with
glass beads (300mg, 0.1mm in diameter; Biospec, Bartesville,
OK, USA) was homogenized for 30 s using a FastPrep 24
homogenizer (MP Biomedicals, USA) to ensures complete
disruption of cell walls and release of the DNA molecules into
solution. Bacterial genomic DNA was then extracted using the
Genomic DNA Mini Kit (Geneaid, Taipei, Taiwan) according
to the manufacturer’s instructions. DNA concentrations were
determined by spectrophotometry using a BioDrop instrument
(Biochrom, Biochrom Ltd., Cambridge, UK). DNA samples
were stored at −20◦C until further processing. The V3–
V4 region of the 16S rRNA gene was amplified using
specific primers (319F: 5′-CCTACGGGNGGCWGCAG-3′ and
806R: 5′-GACTACHVGGGTATCTAATCC-3′) (39) according
to the 16S Metagenomic Sequencing Library Preparation
procedure (Illumina).

The amplicon pool was sequenced on the Illumina MiSeqTM

sequencing platform (Illumina, San Diego, CA, USA). Raw
sequence data were demultiplexed using the q2-demux plugin
and minimally quality-filtered with DADA2 (40) (via q2-
dada2) using the QIIME 2 2019.7 (41), with resulting
amplicon sequence variants (ASVs). Taxonomy was assigned
to ASVs using the q2-feature-classifier (42), the classify-sklearn
naive Bayes taxonomy classifier against the SILVA database
(release 132), and representative sequences with a 99% of
similarity (43). Both alpha diversity (Shannon and Richness
indices) and beta diversity were estimated with QIIME2,
using a rarefaction of 30,000 sequences. Beta diversity analysis
was performed using a non-metric multidimensional scaling
(NMDS) ordination plot based on the weighted UniFrac or
unweighted UniFrac distances by metaMDS function in the
“vegan” package of R software (Vegan: Community Ecology
Package. R package version 2.5-6). Permutational multivariate
analysis of variance (PERMANOVA)/Adonis test was applied
to explore the significant differences on the basis of 999
permutations with vegan package in R software. Raw sequence
files supporting the findings of this article are deposited at NCBI
Sequence Read Archive (SRA) database with project accession
number PRJNA726848.

Measurement of Short-Chain Fatty Acid
(SCFA) Levels
Ceca of mice were harvested, frozen immediately in liquid
nitrogen, and stored at −80◦C until further processing. One
milligram of cecal content was mixed with 10 µl 70% ethanol
solution, and then homogenized with appropriate amounts of
glass beads (1.0mm in diameter; Biospec Products) by vortexing
at 3,000 rpm for 10min. Homogenized samples were centrifuged
at 14,000× g for 10min, and the supernatants were collected and
processed for fatty acid derivatization according to the method
described previously (44). The derivatized supernatants were
filtered using a 0.22-µm polycarbonate syringe filter (Millipore,
St. Charles, MO, USA). Analysis of SCFAs was performed using
high-performance liquid chromatography (HPLC) (HITACHI,

Tokyo, Japan). SCFAs were separated using a C18 HTec column
(NUCLEODUR,Macherey-Nagel, Düren, Germany) with a 40◦C
column temperature, flow rate at 1 ml/min, and detection
wavelength set to 400 nm.

Statistical Analysis
Data are expressed as mean ± SD. Statistical analyses were
performed using GraphPad Prism 7.04 (GraphPad Software, San
Diego, CA). For comparisons of multiple groups, data were
analyzed by two-way ANOVA with a post-hoc Tukey-Kramer
test. The Kruskal-Wallis test with a post-hoc Dunn’s test was
used for multiple non-parametric comparisons. For comparisons
of two groups, the Student unpaired t-test and the Mann-
WhitneyU-test were used for parametric or non-parametric data
analyses, respectively. The Pearson’s correlation coefficient and
the Spearman’s correlation coefficient were used for correlation
analyses between forelimb grip strength and muscle glycogen
levels, and between gut microbiota abundance and aging-related
phenotypic features, respectively. Differences were considered
statistically significant if P < 0.05.

RESULTS

The Effect of TWK10 on the Aging-Related
Decline in Skeletal Muscle Strength
All mice in the four experimental groups (Y-Control, Y-TWK10,
A-Control, and A-TWK10) were fed for 8 weeks with identical
diets, and their average body weight, food, and water intake are
summarized in Table 1. No significant differences were observed
in the body weight, food, or water intake among the four groups.

To evaluate baseline levels of muscle strength in the young
and agedmouse groups, all mice were subjected tomeasurements
of forelimb grip strength before TWK10 administration. The
forelimb grip strength in the aged mouse groups (A-Control and
A-TWK10; 106.1 ± 3.7 g, n = 16) was significantly (P < 0.001)
lower than in the young mouse groups (Y-Control and Y-
TWK10; 144.7 ± 20.7 g, n = 17) (Figure 1A). At week 0, no
significant differences in the grip strength between the Y-Control
and Y-TWK10 groups, and A-Control and A-TWK10 groups,
respectively, while the levels of the grip strength in the young
mouse groups were significantly higher (P < 0.001) than those
in the aged mouse groups. Two-way ANOVA indicated that
the factors “aging (young vs. aged)” and “treatment (control
vs. TWK10 administration)” significantly (P < 0.05) affected
the grip strength at week 8. After 4 and 8 weeks of TWK10
administration, the grip strength in the aged mouse groups were
significantly lower [Y-TWK10 at week 4 and 8 (P< 0.001), and A-
TWK10 at week 4 (P < 0.001) and week 8 (P <0.01)] than those
in the young mouse groups, respectively. Meanwhile, the grip
strength in the TWK10 administered groups were significantly
higher [Y-TWK10 at week 4 and 8 (P < 0.05), and A-TWK10 at
week 4 (P < 0.05) and week 8 (P <0.01)] compared with those in
the Y-Control and A-Control groups, respectively. A significant
reduction (P < 0.001) in the grip strength was observed in the
control aged mice (A-Control) at both weeks 4 and 8, compared
with that at week 0 (Figure 1B). Furthermore, the gastrocnemius
muscle weights in the aged mouse group were significantly lower
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TABLE 1 | General characteristics of the animals.

Group

Y-Control Y-TWK10 A-Control A-TWK10

n = 8 n = 9 n = 9 n = 7

Age (month) 4 4 19–22 19–22

Basal body weight (g) 41.1 ± 3.0a 43.4 ± 1.6a 44.0 ± 3.8a 44.2 ± 3.4a

Final body weight (g) 44.1 ± 3.2a 48.0 ± 2.4a 48.4 ± 4.2a 48.5 ± 6.0a

Food intake [(g/mouse)/day] 7.6 ± 0.7a 7.8 ± 0.7a 7.6 ± 1.1a 7.9 ± 2.2a

Water intake [(ml/mouse)/day] 14.3 ± 3.0a 14.0 ± 3.2a 13.4 ± 1.3a 13.5 ± 2.8a

Data are represented as mean ± SD. Statistical differences among groups were analyzed by Tukey-Kramer test. Within a row, same superscript letter (a) indicates no significant

difference, P > 0.05.

(P < 0.05), relative to those in the young mouse group. However,
no significant differences in the gastrocnemius muscle weights
were observed following TWK10 administration in both young
and aged mice (Figure 1C). The gastrocnemius muscle glycogen
levels were significantly lower in the aged mice (A-Control)
compared with young mice (Y-Control). However, on TWK10
administration, the glycogen levels were significantly increased
(P < 0.05) in the young mouse group, and slightly increased in
the agedmice (Figure 1D). Positive correlations between the grip
strength andmuscle glycogen levels were observed in both young
mice (Pearson’s correlation coefficient, r = 0.630, P = 0.007) and
agedmice (Pearson’s correlation coefficient, r= 0.578, P= 0.019)
(Figure 1E).

The Effect of TWK10 on Aging-Associated
Bone Loss
To evaluate the efficacy of TWK10 in restoring bone quality,
murine femur bones were harvested after 8 weeks of treatment,
and the cortical and trabecular microstructures were analyzed
using micro-CT. The impact of TWK10 on femur BMD
and trabecular parameters is summarized in Table 2. Age-
related bone loss was demonstrated as a significant reduction
(P < 0.05) in Tb.N and an increase in Tb.Sp (P = 0.1547),
when comparing the Y-Control and A-Control groups. The
BV/TV values were significantly higher (P < 0.05) in the Y-
TWK10 group compared to the Y-Control mice, whereas the
values of Tb.Sp in the Y-TWK10 group were significantly lower
(P < 0.05). Administration of TWK10 resulted in a significant
increase (P< 0.05) in the Tb.N of Y-TWK10 andA-TWK10mice,
compared to the control mice (the Y-Control and A-Control
groups). The serum levels of vitamin D in the A-TWK10 were
also increased (P = 0.0584), compared with those in the A-
Control group. No significant differences in Tb.Th, Tb.Pf, SMI,
or BMD values were observed among the four groups (Y-Control,
Y-TWK10, A-Control, and A-TWK10).

The Effect of TWK10 on Aging-Related
Spatial Learning and Memory Deficits
To evaluate the effect of TWK10 on the aging-related decline in
spatial learning and memory, the Morris water maze (MWM)
test was carried out. Two-way ANOVA indicated that the factor
“aging (control vs. aged)” significantly affected (P < 0.05) the

spatial learning and memory on days 1, 2, and 3, respectively.
The mean escape latency of the aged mice (A-Control at day 3)
was significantly higher (P < 0.01) than that of the young mice
(Y-Control at day 3).The mean escape latency of the Y-TWK10
group on day 2 and day 3 was significantly lower (P < 0.05, and
P < 0.01, respectively) compared to that of the Y-TWK10 group
on day 1, whereas no significant differences were observed at
any of the time points (days 1, 2, and 3) in the Y-Control mice
(Figure 2A). The differences in the mean escape latency between
day 1 and day 3 in the Y-TWK10 group showed a decreasing
trend (P = 0.1388) compared to the Y-Control mice (Figure 2B)
whereas those in the A-TWK10 group were significantly lower
(P < 0.05) than those in the A-Control group (Figure 2C).

The Effect of TWK10 on Body Fat
Regulation
The mean abdominal fat mass (%) of the A-Control group
showed a decreasing trend (P = 0.1330) when compared to
the Y-Control mice. Following the administration of TWK10
for 8 weeks, the mean abdominal fat mass of Y-TWK10 mice
became significantly lower (P < 0.05) than that of the Y-Control
group, whereas no significant differences were observed between
the aged mouse groups (Figures 3A,B). Significant interactions
(P < 0.05) [aging (young vs. aged) × treatment (control vs.
TWK10 administration)] were observed in the mean of EFP
weights and CSA of adipocytes in EFP, respectively. The mean
EFP weight and the mean CSA of adipocytes in EFP of Y-TWK10
mice were significantly lower (P < 0.05) than in the Y-Control
group (Figures 3C–E). The mean number of BAT adipocytes in
the A-Control group was no different compared to the Y-Control
mice. However, TWK10 administration resulted in significantly
higher BAT adipocyte numbers in A-TWK10 group compared
to the control group (Figures 3F,G). To better understand the
effect of TWK10 treatment on BAT composition, the relative
BAT brown area (%) (visualized following H&E staining), as the
proportion of the mitochondria-containing area, was quantified.
The mean relative brown area (%) in the BATs of mice in
the Y-TWK10 and A-TWK10 groups showed strong increasing
trends (P = 0.0858) as compared to those in the control groups
(Figure 3H).
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FIGURE 1 | Lactobacillus plantarum TWK10 attenuated the age-related decline in skeletal muscle strength by improving muscle quality. (A) Forelimb grip strength of

young (n = 17) and aged mice (n = 16) was measured before administration. (B) Mice were treated with Lactobacillus plantarum TWK10 or PBS for 8 weeks, and

forelimb grip strength was measured at week 0, week 4, and week 8. (C,D) Gastrocnemius muscles were harvested and subjected to measurements of muscle wet

weight and glycogen levels. Data are represented as mean ± SD. Statistical differences among groups were analyzed by two-way ANOVA with the post-hoc

Tukey-Kramer test. Different letters (a, b, c) indicate significant differences among groups, P < 0.05. Two group comparison was analyzed using the unpaired Student

t-test. ***P < 0.001. (E) Pearson’s correlation, after 8 weeks of TWK10/PBS administration, between grip strength and muscle glycogen levels in the young and aged

mice.

The Effect of TWK10 on the Gut Microbiota
To address the impact of TWK10 on the gut microbiota,
freshly voided fecal samples were collected following 8 weeks
of TWK10/PBS administration and subjected to 16S rRNA gene
sequencing analysis. Sequencing of fecal microbiota resulted
in a total 5,314,481 quality filtered reads, corresponding to an
average of 69,927 reads per sample. After chimera removal,
the reads per sample were rarefied to 52,190. Based on the
analysis of sequencing data, a total of 580 operational taxonomic
units (OTUs) were obtained, with 267 genera of microorganisms
identified. Taxonomic and phylogenetic information relating to
the OTUs is provided in Supplementary Table 1.

To determine how the overall profile ofmicrobial composition
was altered by TWK10 administration, alpha-diversity and
beta-diversity were analyzed. No significant differences in
Shannon indices for α-diversity were observed between the
TWK10-treated and control young and aged mice, whereas
the richness indices in the A-TWK10 group were significantly
lower (P < 0.05) than those in the Y-TWK10 group
(Figure 4A). To evaluate the differences in the microbial
community structures among the four groups, beta-diversities
weremeasured by non-metric multidimensional scaling (NMDS)
ordinations of unweighted and weighted UniFrac distance
matrices followed by PERMANOVA. As showed in Figure 4B,

the fecal microbial composition of the Y-Control group was
significantly (PERMANOVA, P < 0.05) different from the A-
Control group by NMDS analysis with consideration of the
presence/absence of taxa (unweighted UniFrac distance). The
Y-TWK10 mice showed a distinctly different (PERMANOVA,
P < 0.05) β-diversity profile compared to the Y-Control mice
while considering the presence/absence as well as relative
abundance of taxa (weighted UniFrac distance), suggesting
that TWK10 induced a rearrangement in the gut microbial
composition of young mice. However, the A-TWK10 mice
had a similar microbial composition profile to the A-Control
group, as determined by NMDS, with weighted UniFrac distance
(P = 0.309).

To further investigate these alterations in microbial
composition, relative abundances of the major taxa at phylum
and family levels were analyzed. At the phylum level, the
A-TWK10 group showed no significant but slightly higher
abundances of Bacteroidetes and Fusobacteria, with slightly
lower abundances of Firmicutes and Proteobacteria than the
A-Control mice. In addition, TWK10 administration tended to
decrease the Firmicutes/Bacteroidetes (F/B) ratio in aged mice
(Supplementary Figure 1A). The abundance of Actinobacteria
in the Y-TWK10 group was significantly higher (P < 0.05) than
in the Y-Control mice (Figure 4C, Supplementary Figure 1A).
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TABLE 2 | Bone quality was improved by Lactobacillus plantarum TWK10.

Group

Item Y-Control Y-TWK10 A-Control A-TWK10

BV/TV (%) 7.61 ± 2.68a,b 13.57 ± 5.67b#1 4.56 ± 2.56a 7.89 ± 10.15a,b

Tb.Th (mm) 0.09 ± 0.01a 0.09 ± 0.01a 0.10 ± 0.01a 0.10 ± 0.02a

Tb.Sp (mm) 0.53 ± 0.16a,b 0.35 ± 0.10a#2 0.76 ± 0.25b 0.70 ± 0.32b

Tb.N (1/mm) 0.92 ± 0.24b 1.94 ± 0.43c 0.45 ± 0.26a 0.91 ± 0.20b

Tb.Pf (1/mm) 20.53 ± 3.21a 17.40 ± 3.89a 19.23 ± 5.40a 17.03 ± 4.90a

SMI 2.54 ± 0.18a 2.32 ± 0.30a 2.61 ± 0.34a 2.51 ± 0.64a

BMD (g/cm3) 0.53 ± 0.05a 0.53 ± 0.02a 0.55 ± 0.04a 0.57 ± 0.08a

Serum vitamin D (ng/ml) 35.85 ± 6.25a 33.99 ± 5.63a 30.45 ± 7.89a 36.95 ± 2.94a#3

Data are represented as mean ± SD. Statistical differences among groups were analyzed by two-way ANOVA with post-hoc Tukey-Kramer test. Non-parametric data were statistically

analyzed by Kruskal-Wallis test with Dunn’s test. Within a row, different letters (a,b,c) indicate significant differences between the groups, P < 0.05. Statistical differences between

Control and TWK10-adminitstered young groups on BV/TV (P = 0.0274)#1 were analyzed by Mann-Whiney U-test. Statistical differences between Control and TWK10-administered

young mice groups on Tb.Sp (P = 0.0173)#2, and those between Control and TWK10-administered aged mice groups on serum vitamin D (P = 0.0584)#3 were analyzed by Student

unpaired t-test, respectively. BV/TV, bone volume fraction; Tb.N, trabecular number; Tb.Sp, trabecular spacing; Tb.Pf, trabecular bone pattern factor; BMD, bone mineral density; SMI,

structure model index.

At family level, the relative abundances of Lachnospiraceae
and Eggerthellaceae in the Y-TWK10 group were significantly
higher (P < 0.05) compared to the Y-Control mice, whereas
the abundance of Lactobacillaceae in the Y-TWK10 group
was significantly lower (P < 0.01) than in the Y-Control
group. The abundances of Eubacteriaceae (P = 0.0823) and
Ruminococcaceae (P = 0.0927) in the Y-TWK10 group, as well as
Muribaculaceae (P = 0.1119) and Eggerthellaceae (P = 0.1308)
in the A-TWK10 group followed a weak increasing trend
toward significance when compared to the abundance of these
populations in the Y-Control and A-Control mice, respectively
(Supplementary Figure 1B).

To analyze the specific characteristic taxa within each
mouse group, LEfSe [Linear discriminant analysis (LDA) Effect
Size] was performed based on the discrepancies between
groups. Enriched phylotypes in the Y-TWK10 group included
the phylum Actinobacteria and genera mainly belonging
to the class Clostridia, namely, Lachnospiraceae UCG-006,
Lachnoclostridium, Phascolarctobacterium, Ruminiclostridium 6,
Tyzzerella, the Eubacterium brachy group, and Ruminococcaceae
UCG-004, whereas those in Y-Control group belonged to the
class Bacilli (Supplementary Figure 2A). In A-TWK10 mice,
the phylum Bacteroidetes was the most differentially abundant
bacterial taxon, whereas the microbiota of the A-Control group
was dominated by the phylum Firmicutes (LDA score [log10] >

3) (Supplementary Figure 2B).

The Effect of TWK10 on Gut Bacterial
Networks
To investigate the variation in bacterial interactions in the gut
microbial community after TWK10 administration in both
young and aged mice, microbial correlation network analysis was
performed using SparCC. In the Y-Control mice, Prevotellaceae,
Lactobacillaceae, and Ruminococcaceae correlated positively
with Bacteroidaceae and Burkholderiaceae, Anaeroplasmataceae,

and Staphylococcaceae, respectively (Figure 5A). In the Y-
TWK10 group, the predominant Ruminococcaceae correlated
negatively with Anaeroplasmataceae, Enterobacteriaceae,
and Enterococcaceae, and positively with the Clostridiales
vadinBB60 group. Eggerthellaceae correlated positively
with Fusobacteriaceae (Figure 5B). In the A-Control
group, the most predominant Lachnospiraceae correlated
negatively with Enterobacteriaceae and Enterococcaceae,
and positively with Peptococcaceae. The three families,
Chitinibacteraceae, Fusobacteriaceae, and Rhodocyclaceae
showed positive correlations with each other (Figure 5C).
In A-TWK10 mice, Lachnospiraceae correlated negatively
with Desulfovibrionaceae, Lactobacillaceae, Muribaculaceae,
Prevotellaceae, Ruminococcaceae, and Streptococcaceae.
Ruminococcaceae correlated negatively with Chitinibacteraceae,
Prevotellaceae, Staphylococcaceae, Streptococcaceae, and
Lachnospiraceae, and positively with the Clostridiales
vadinBB60 group and Desulfovibrionaceae. Muribaculaceae
correlated positively with Streptococcaceae, and negatively with
Christensenellaceae. The four families, Chitinibacteraceae,
Chromatiaceae, Fusobacteriaceae, and Rhodocyclaceae
showed positive correlations with each other. Three of them
(Chitinibacteraceae, Fusobacteriaceae, and Rhodocyclaceae) also
correlated negatively with Christensenellaceae (Figure 5D).

The Effect of TWK10 on the Abundance of
SCFA-Producing Gut Bacteria and Gut
SCFA Levels
Short-chain fatty acids (SCFAs), such as acetate, propionate,
and butyrate are important metabolites in the maintenance of
intestinal homeostasis. We therefore next investigated whether
TWK10 could facilitate the production of SCFAs through
the modulation of gut microbiota in young and aged mice. The
concentrations of acetate, propionate, as well as butyrate in the
cecal contents of Y-TWK10 mice were significantly (P < 0.05)
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FIGURE 2 | The decline in spatial learning and memory was attenuated by

Lactobacillus plantarum TWK10. Spatial learning and memory ability were

evaluated using the Morris Water Maze after 8 weeks of TWK10 or PBS

administration. (A) Mean escape latency to the platform were recorded during

trial days 1, 2, and 3. (B,C) The differences in escape latency between day 1

and day 3 were examined in young and aged mice. Data are represented as

mean ± SD. Statistical differences among groups in mean escape latency

during the trial days were statistically analyzed by two-way ANOVA with the

post-hoc Tukey-Kramer test. Different letters (a, b, c) indicate significant

differences among the groups, P < 0.05. Two group comparison was

analyzed using the unpaired Student t-test. ***P < 0.001. The differences in

delta time of escape latency between the Control and TWK10-administered

groups were analyzed using the Mann-Whitney U-test. *P < 0.05.

higher, compared to those in the Y-Control group, whereas no
significant differences were observed between the A-Control and
A-TWK10 groups.

In young mice, we found that the administration of TWK10
resulted in higher abundances of SCFA-producing bacteria.
In the case of acetate-producing bacteria, members of the
family Peptococcaceae (P < 0.01) and genus Ruminococcaceae
UCG-004 (P < 0.01) were significantly higher in abundance,
with strong increasing trends being observed for the genera
Prevotella 9 (P = 0.1111), Ruminiclostridium 6 (P = 0.0755),
and Ruminiclostridium 9 (P = 0.0745), in Y-TWK10 mice
compared to those in the Y-Control group. The abundances
of butyrate-producing bacteria, namely members of the family
Lachnospiraceae (P < 0.05) and the genus Lachnospiraceae
UCG-006 (P < 0.001) were significantly increased as a result
of TWK10 administration, and significant increasing trends
were observed for members of the family Ruminococcaceae
(P = 0.0927) and the genera Eubacterium spp. (P = 0.1388)

and Roseburia (P = 0.1388) in Y-TWK10 mice, compared
to those in the Y-Control group. Administration of TWK10
to aged mice increased the abundance of acetate-producing
bacteria, particularly belonging to the genus Prevotellaceae
UCG-001 albeit not significantly (P = 0.1519). There were no
significant differences in the abundances of butyrate-producing
bacteria in the A-TWK10 group compared to the control mice. In
addition, the propionate-producing genus Phascolarctobacterium
was observed in both Y-TWK10 and A-TWK10
groups (Table 3).

The Correlation Between Gut Microbiome
Composition and TWK10-Mediated Health
Benefits
The correlation between the relative abundance of gut bacterial
taxa and seven age-related host phenotypic features: including
spatial learning and memory, muscle and bone qualities,
in young and aged mice, were assessed using Spearman’s
correlation analysis. The escape latency was significantly
lower following the treatment of aged mice with TWK10 (A-
TWK10 group, Figure 2C). The change in escape latency was
significantly and positively correlated with the abundance of the
family Enterobacteriaceae (Figure 6), whereas the abundance
of Enterococcaceae and Prevotellaceae populations in A-Control
mice were negatively correlated with the change in escape
latency. In young mice, the abundance of Chitinibacteriaceae,
Fusobacteriaceae, and Rhodocyclaceae (in the Y-Control group)
correlated positively with the change in escape latency. The
reduction in abdominal fat mass (%) mediated by TWK10
administration to Y-TWK10 mice was significantly positively
and negatively correlated with the presence of Prevotellaceae,
and Desulfovibrionaceae and Staphylococcaceae populations,
respectively. Meanwhile, Enterococcaceae abundance correlated
positively with the fat mass of A-TWK10 mice. The abundance
of Clostridiaceae and Erysipelotrichaceae, and Enterococcaceae
were positively and negatively correlated with the fat mass
in the Y-Control group, respectively, while Lachnospiraceae
abundances correlated positively with the fat mass of A-Control
mice. For muscle aging-associated parameters, Burkholderiaceae
abundances correlated positively with grip strength, whereas
Helicobacteraceae, Lachnospiraceae, and Marinifilaceae
populations correlated negatively with grip strength, in the Y-
Control group. In aged mice, the presence of Erysipelotrichaceae
correlated positively with grip strength in the A-Control group,
whereas no significant correlations were observed in the A-
TWK10 or Y-TWK10 mice. Additionally, muscle glycogen
levels were increased by TWK10 administration in both young
and aged mice (Figure 1D), and correlated positively with the
abundance of Lactobacillaceae. In the Y-Control group, the
abundance of Bacteroidaceae and Prevotellaceae correlated
positively with muscle glycogen levels, whereas no significant
correlations were observed in the A-Control group (Figure 6).
Strong negative correlations between phylum Proteobacteria
abundance and levels of muscle glycogen in the A-TWK10
mice were also observed (Supplementary Figure 3). In relation
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FIGURE 3 | The impact of Lactobacillus plantarum TWK10 on body fat regulation. (A) Representative micro-CT images showing abdominal region composition. (B)

Quantification of fat mass at abdominal regions L1 to L5 after 8 weeks of PBS or TWK10 treatment. Epididymal fat pad (EFP) and interscapular brown adipose tissue

(BAT) were harvested after 8 weeks of TWK10/PBS administration, and subjected to histological analysis. (C) Representative images of EFP obtained by hematoxylin

and eosin (H&E) staining. (D,E) Measurements of EFP wet weight, and the mean cross-section area of EFP adipocytes. (F) Representative images of BAT obtained by

H&E staining. (G) Quantification of BAT adipocyte number per high-power-field (HPF). (H) Quantification of BAT brown area after H&E staining. Data are represented

as mean ± SD. Statistical differences among groups were analyzed by two-way ANOVA with the post-hoc Tukey-Kramer test and different letters (a, b, c) indicate

significant differences, P < 0.05. Non-parametric data were statistically analyzed by Kruskal-Wallis test with Dunn’s test.

to bone health parameters, Tb.N and BV/TV values were
higher in young and aged groups after TWK10 administration
(Table 2). Enterobacteriaceae correlated positively with Tb.N in
the femur of Y-TWK10 mice. There were no bacterial families

showing strong correlations with Tb.N in the aged mouse
groups. In the Y-TWK10 mice, however, Enterobacteriaceae and
Peptostreptococcaceae presence correlated positively with BV/TV,
whereas Fusobacteriaceae and Streptococcaceae populations

Frontiers in Nutrition | www.frontiersin.org 9 October 2021 | Volume 8 | Article 70809670

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


Lee et al. TWK10, Aging, and Gut Microbiota

FIGURE 4 | Modulation of gut microbial composition by Lactobacillus plantarum TWK10. Gut microbiota signatures were expressed in terms of (A) Alpha-diversity

(Shannon and Richness indices). The box plots show the smallest and largest values, 25 and 75% quartiles and the median, (B) Beta-diversity represented by

non-metric multidimensional scaling (NMDS) plots based on weighted and unweighted UniFrac distances, and (C) Cumulative bar chart of average relative abundance

of bacterial taxa at phylum and family levels. Statistical differences among groups were analyzed by two-way ANOVA with post-hoc Tukey-Kramer test, and different

letters (a, b, c) indicate significant differences between the groups, P < 0.05. Non-parametric data were statistically analyzed by Kruskal-Wallis test with Dunn’s test.

correlated negatively with BV/TV in the Y-Control group. Serum
vitamin D levels in A-TWK10 were also higher when compared
to the A-Control mice (P = 0.0584) (Table 2). However, no
significant correlations between bacterial taxa and serum
vitamin D levels were observed in the A-TWK10 group. The
abundance of the Clostridiales vadinBB60 group members as

well as Eggerthellaceae, Helicobacteraceae, and Marinifilaceae
correlated positively with serum vitamin D levels in A-Control
mice, whereas Erysipelotrichaceae and Peptostreptococcaceae
exhibited a negative correlation. In the Y-Control mice,
Lactobacillaceae abundance correlated negatively with serum
vitamin D levels.
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FIGURE 5 | Co-occurrence network analysis of the gut microbiota. Co-occurrence networks were performed at the family level on the basis of relative abundances in

the (A) young control mice (Y-Control), (B) young TWK10-treated mice (Y-TWK10), (C) aged control mice (A-Control), and (D) aged TWK10-treated mice (A-TWK10).

A connection indicated a strong (SParCC’s rho cut-off = 0.6) and significant (P < 0.01) correlation. Each node represents a family and is colored according to its

phylum; yellow: Firmicutes, green: Bacteroidetes, light blue: Proteobacteria, dark blue: Fusobacteria, orange: Actinobacteria. The node size represents the relative

abundance of each family (if >1%) in each group. Each edge represents a positive correlation (orange red line) or a negative correlation (gray line) between the two

families with a SparCC’s correlation coefficient of ±0.6, and edge shading indicating correlation magnitude.

DISCUSSION

The Effect of TWK10 on Muscle Strength
Aging usually brings about anabolic impairment of skeletal
muscle, which in turn leads to reductions in muscle mass and
strength (45). Mounting evidence has indicated that declining
muscle mass and strength is closely associated with mortality
rates in the elderly. Of the two, it appears that muscle strength is
more important than muscle mass as a determinant of functional
limitation and poor health in the elderly (2, 3, 46–49). Glycogen
is an essential energy substrate supporting skeletal muscle activity
in humans and animals, and the rate of glycogenesis in muscle

decreases with age (50). As demonstrated in our previous studies,

TWK10 administration enhanced muscle strength and increased

muscle mass, and improved muscle quality and endurance

performance in mice and humans (30, 31). However, the impact

of TWK10 on slowing down the progression of muscle aging was
not clear.

In the present study, we aimed to demonstrate the effect

of oral TWK10 administration on the progression of aging-

related disorders, such as muscle weakness in naturally aging

mice. Therefore, the forelimb grip strength (a marker used
widely for the evaluation of in vivo neuromuscular performance),
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TABLE 3 | Lactobacillus plantarum TWK10 enriched SCFA-producing gut bacteria and promoted the production of SCFAs.

Group

Y-Control Y-TWK10 P-value A-Control A-TWK10 P-value

SCFA (µmol/g cecal content)

Acetate 28.01 ± 26.91 119.90 ± 101.20 0.0130 44.00 ± 26.70 49.08 ± 45.08 0.7823

Butyrate 10.55 ± 7.86 46.04 ± 43.53 0.0211 15.47 ± 12.15 23.13 ± 28.11 0.4724

Propionate 3.50 ± 3.06 12.18 ± 10.34 0.0212 6.57 ± 3.85 6.64 ± 6.56 0.9802

Acetate-producing bacteria (%)

Bacteroides 3.0305 ± 2.3119 2.2954 ± 1.5848 0.8148 4.0741 ± 2.7387 3.2048 ± 1.7169 0.5027

Blautia 0.0957 ± 0.0392 0.1562 ± 0.0951 0.2766 0.4425 ± 0.4702 0.5243 ± 0.8987 0.8868

Eggerthellaceae 1.1709 ± 0.5187 2.0119 ± 1.1364 0.0360 0.9072 ± 0.3313 1.2209 ± 0.4666 0.1308

Fusobacteriaceae 2.8120 ± 0.7184 3.4779 ± 1.3763 0.4234 1.9417 ± 0.8716 2.1964 ± 1.0041 0.6556

Prevotellaceae UCG-001 6.6855 ± 4.3685 5.6362 ± 2.8759 0.7430 6.0641 ± 3.4124 9.1604 ± 4.1470 0.1519

Prevotella 9 0.0081 ± 0.0044 0.0107 ± 0.0042 0.1111 0.0083 ± 0.0020 0.0059 ± 0.0018 0.4000

Peptococcaceae 0.0977 ± 0.0594 0.2516 ± 0.1093 0.0016 0.1171 ± 0.0777 0.1707 ± 0.0933 0.2060

Ruminococcaceae UCG-004 0.0390 ± 0.0255 0.1144 ± 0.0631 0.0016 0.0677 ± 0.0623 0.0759 ± 0.0673 0.8238

Ruminiclostridium 9 0.2943 ± 0.1438 0.5067 ± 0.2774 0.0745 0.2439 ± 0.2088 0.4522 ± 0.4725 0.4119

Ruminiclostridium 6 0.0269 ± 0.0385 0.1137 ± 0.1328 0.0755 0.0989 ± 0.0983 0.2440 ± 0.2440 0.4396

Streptococcus 0.1604 ± 0.1029 0.2083 ± 0.1344 0.5414 0.0831 ± 0.0626 0.1167 ± 0.0836 0.3562

Propionate-producing bacteria (%)

Megamonas 0.0060 ± 0.0017 0.0068 ± 0.0012 0.8000 0.0055 ± 0.0029 0.0047 ± 0.0010 0.8000

Phascolarctobacterium n.d. 0.0061 ± 0.0021 – n.d. 0.0040 ± 0.0000 –

Butyrate-producing bacteria (%)

Eubacterium spp. 0.2803 ± 0.3138 0.5180 ± 0.2924 0.1388 0.4041 ± 0.4617 0.5456 ± 0.8300 0.7103

Faecalibacterium prausnitzii 0.0086 ± 0.0022 0.0141 ± 0.0019 0.2000 0.0107 ± 0.0051 0.0075 ± 0.0000 –

Lachnospiraceae 19.6801 ± 7.6001 28.7954 ± 9.6799 0.0464 18.4889 ± 12.9901 22.1170 ± 13.0379 0.4561

Lachnospiraceae UCG-006 0.1681 ± 0.1416 1.9809 ± 2.0960 < 0.001 1.3084 ± 2.3146 0.4179 ± 0.2934 0.9048

Odoribacter 1.1620 ± 0.6283 1.5569 ± 0.9212 0.3704 1.2450 ± 0.6954 1.2187 ± 0.8926 0.8820

Oscillibacter 0.4131 ± 0.3367 0.5855 ± 0.5635 0.6058 0.3599 ± 0.3216 0.4936 ± 0.4787 0.8238

Roseburia 0.1446 ± 0.1095 0.3088 ± 0.2865 0.1388 0.3245 ± 0.2431 0.4554 ± 0.6009 > 0.9999

Ruminococcaceae 5.1385 ± 2.0922 7.4884 ± 2.7297 0.0927 7.0488 ± 4.4442 5.7306 ± 2.9812 0.6027

Relative abundances of SCFA-associated gut bacteria and the contents of cecal SCFAs in young and aged mice. Data are represented as mean ± SD. Statistical differences between

Control and TWK10-administered groups on the basis of the relative abundances of SCFA-producing gut bacteria were analyzed by Mann-Whiney U-test. Statistical significances

between the cecal SCFA content of Control and TWK10-administered groups were analyzed by Student unpaired t-test. P < 0.05 represents statistically significant differences. n.d,

not detected.

gastrocnemius muscle weight, and muscle glycogen levels were
determined in young and aged mice.

As our results showed, a significant reduction in the forelimb
grip strength (P < 0.001), muscle weight (P < 0.05), and
glycogen levels (P < 0.05) was observed in aged mice when
compared to young mice (Figures 1A–D). Although TWK10
administration did not seem to significantly increase the muscle
weight of either young or aged mice when compared to those in
the control groups, it did significantly increase their grip strength
and muscle glycogen levels. In addition, significant positive
correlations between the grip strength and muscle glycogen
levels were observed in both the young (P < 0.01) and aged
(P < 0.05) mice (Figure 1E). These findings indicate that the
muscle strength-improving benefits exerted by TWK10 could be
attributed to the improvement in muscle quality, specifically by
increasing glycogen concentration in themuscle tissue. The effect
of TWK10 on improving muscle strength and preventing muscle

loss in aged mice is consistent with a previous study investigating
the use of L. paracasei PS23 in senescence-accelerated mouse
prone-8 (SAMP8) mice (27). In our previous study, we found
that TWK10 administration could boost muscle mass in 6-
week-old mice (30). However, in the present study, muscle
mass was not increased by TWK10 administration (Figure 1C),
although the myofiber cross-sectional area was enlarged in
TWK10-treated young mice (data not shown; Y-Control vs. Y-
TWK10 groups, 531± 73 vs. 641± 92 µm2). These inconsistent
results relating to muscle mass may be due to the difference
in the ages of study animals. Generally, 3–6 month-old mice
are considered as mature adults, and are usually used as
the reference group in aging-associated studies. Since mice
undergo a period of rapid growth until they reach 2–3 months
of age, administration of TWK10 during the developmental
stage may promote growth more easily than at the mature
adult stage.
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FIGURE 6 | Heatmap of Spearman’s correlation analysis between the gut microbiota and the altered age-related host phenotypic features. Spearman’s correlation

analysis was performed to investigate the correlations between the relative abundances of 26 major families and the values of seven altered aged-related host

phenotypic features selected from the differential analysis between Y-Control and Y-TWK10 or A-Control and A-TWK10 groups. Red squares indicate positive

correlations and blue squares indicate negative correlations. *P < 0.05, **P < 0.01, ***P < 0.001.

Muscular glycogen content affects muscle quantity and
muscle quality, together with mitochondrial quality, dietary
nutrition, and the levels of inflammation-related cytokines
and anabolic hormones. Although the above results confirmed
that TWK10 administration significantly improved muscle
strength in aged mice, further investigations are needed to
elucidate the underlying mechanisms involved. In addition,
Khandelwal et al. (51) reported that the reduced activities of
liver glycogen synthase and phosphorylase in aged rats are
indicative of a likely diminution in the turnover of glycogen
in liver during aging. The synthesis of glycogen in muscle
decreases with age (50). Skeletal muscle is the major tissue
where insulin stimulates glucose uptake from the blood via
translocation of GLUT4 (52). Therefore, TWK10 may play a role
in regulation of age-associated deficit in glycogen metabolism
contributing to the generally observed glucose intolerance
upon aging.

The Effect of TWK10 on Bone Quality
Osteoporosis is a common age-related disorder, which is
characterized by reduced bone mass and density in the aged
population (6). With aging or the onset of osteoporosis, BV/TV,
Tb.Th, Tb.N, and BMD decrease, whereas Tb.Sp, Tb.Pf, and
SMI usually increase (53). Vitamin D is an essential factor
involved in calcium metabolism and is therefore necessary for
bone formation. With aging, the risk of vitamin D deficiency

is also significantly increased (54). In the A-Control mice,
aging-related bone loss was observed by detecting a significant
reduction in Tb.N (P < 0.05), accompanied by a slight increase
in Tb.Sp (P = 0.1547), when compared to the Y-Control group.
TWK10 administration significant increased (P < 0.05) the
BV/TV and Tb.N values in both young and aged mice, while
significantly decreasing (P < 0.05) Tb.Sp in young mice. A
near-significant increase (P = 0.0584) in serum vitamin D
levels was also observed in A-TWK10 mice (Table 2). These
results demonstrate that TWK10 administration not only showed
a protective potential against age-related bone loss but also
improved bone quality in mice, which is consistent with a
previous study investigating the effect of L. paracasei GKS6 and
L. plantarum KM3 supplementation in ovariectomized SAMP8
mice (29).

The Effect of TWK10 on Body Fat
In general, aging not only brings about the loss of lean
mass but increases the amount of body fat (55). With aging,
fat is redistributed from the subcutaneous to the visceral
region. Accumulation of adipose tissue in the abdominal
compartment is associated with an increased risk of chronic
disease, such as cardiovascular disease, insulin resistance, and
type 2 diabetes mellitus (56, 57). Here, we evaluated the age-
associated alterations in body composition and the impact of
TWK10 on body fat by micro-CT. We found that TWK10
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administration significantly lowered (P < 0.05) the mean
abdominal fat mass, mean EFP weight, and mean CSA of EFP
adipocytes in young mice compared to the Y-Control group
(Figures 3A–E), which was consistent with our previous findings
(30). Although we expected to see the age-associated increase
in body fat in the A-Control group (compared to the Y-control
mice), no significant change in fat mass was observed. As
Hamrick et al. (58) have previously reported, this unfavorable
result may be due to the significant decline in fat mass that
occurs naturally in aging mice. Since the aged mice used in
this study were 27–30 months old at the time of fat mass
evaluation, they may have been too old to investigate the impact
of TWK10 on the age-associated accumulation in body fat.
In addition, aging is associated with the reduction in BAT
mass and activity (59). The reduction in BAT that occurs with
aging is linked to the loss of mitochondrial function, increased
inflammation, impairment of the sympathetic nervous system,
and changes in endocrine signaling (60–63). According to our
data, no significant changes affecting BAT were detected when
comparing the Y-Control and A-Control mice. However, TWK10
administration increased the mean adipocyte number and the
size of the area containing mitochondria in both the Y-TWK10
and A-TWK10 mice (Figures 3F–H), suggested that TWK10
may facilitate the browning of adipose tissue. To the best of
our knowledge, BAT is crucial for heat generation and energy
consumption. It is thus worthwhile to further evaluate BAT
activity and the brown-to-white fat ratio in order to elucidate the
impact of TWK10 on body fat. These results demonstrate that
TWK10 has the potential to alter body composition, promoting a
healthier configuration and improving metabolism.

The Effect of TWK10 on Learning and
Memory
Impairment of learning and memory is another common health
issue affecting the elderly. The Morris water maze (MWM),
which assesses rodent spatial learning and memory, is one of
the most widely used behavioral tests (35). We conducted the
MWM test to evaluate the effect of TWK10 on aging-related
spatial learning and memory decline in mice.

We observed a significant increase (P < 0.001) in escape
latency with aging, whereas TWK10 administration significantly
lowered escape latency on days 2 and 3 in young mice
(Figure 2A). The change in escape latency between days 1 and
3 for the A-TWK10 and Y-TWK10 mice showed a significant
decrease (P < 0.05) and a decreasing trend (P = 0.1388),
respectively (Figures 2B,C). These results demonstrate that
TWK10 improved the learning and memory capacities of
young mice, and attenuated memory loss in aged mice. These
observations are consistent with previous studies: L. paracasei
PS23 in SAMP8 mice (26), probiotic mixture of L. paracasei
BCRC 12188, L. plantarum BCRC 12251 and Streptococcus
thermophilus BCRC 13869 in D-galactose-induced aging
C57BL/6 mice (64), and a multi-strain probiotic preparation
composed of Bifidobacterium bifidum, Bifidobacterium lactis, L.
acidophilus, and Lactobacillus casei in SAMP8 mice (65).

The Effect of TWK10 on the Gut Microbiota
Age-related degeneration is usually associated with gut
microbiota imbalance (9, 11, 66–68). Our results are in
agreement with previous findings showing that aging alters
the gut microbiota in mice (69). The fecal microbial structures
of A-Control mice was enriched in Firmicutes, with a lower
abundance of Bacteroidetes, compared to the Y-Control group
(Supplementary Figure 1A). Larger Firmicutes and smaller
Bacteroidetes populations are commonly associated with a
dysbiotic microbial signature and poor health (70, 71). Probiotics
modulate gut microbial composition imbalances and confer
beneficial functions to gut microbial communities (72). Our
results indicate that TWK10 administration reduced the
Firmicutes/Bacteroidetes (F/B) ratio in aging mice compared to
the A-Control group (Supplementary Figure 1A), although this
decrease was not statistically significant, which could be due to
the small sample size used in our study. This finding suggests
that TWK10 administration could modify the F/B ratio to restore
gut microbial balance and confer health benefits.

Higher abundances of phylum Proteobacteria and family
Enterobacteriaceae members were present in aged mice
compared to young mice (Supplementary Figures 1A,B). The
phylum Proteobacteria comprises a wide variety of Gram-
negative pathogens, including the families Enterobacteriaceae,
Pseudomonadaceae, Vibrionaceae, and Yersiniaceae. Among
them, Enterobacteriaceae represents a core bacterial group,
comprising over 30 genera and 130 species. These enterobacteria
include potentially pathogenic bacteria (termed pathobionts),
which exert specific effects on the host mucosal immune
system and are the primary cause of infections when host
resistance mechanisms fail as a result of aging (73, 74). In
addition, the aging-related increase in the intestinal abundance
of Enterobacteriaceae and other Gram-negative bacteria may
result in an increased endotoxin challenge against the weakened
intestinal barrier, leading to chronic inflammation (74). Our
results show that TWK10 was able to reduce the abundance of
Enterobacteriaceae in aged mice (Supplementary Figure 1B).
Significant reductions in the abundances of major families
in the phylum Proteobacteria, such as Chitinibacteraceae,
Enterobacteriaceae, Helicobacteraceae, Rhodobacteraceae,
and Rhodocyclaceae (except Burkholderiaceae) in young
and aged mice after TWK10 administration were observed
(Supplementary Figure 4). These findings are consistent with
previous reports (75, 76), which suggested that TWK10 has the
potential to promote gut health in the elderly.

Furthermore, we found differences in the microbial
community co-occurrence patterns between young and
aged mice. The co-occurrence networks indicated that
microorganisms belonging to the phylum Bacteroidetes
had strong positive correlations in the Y-Control group
(Figure 5A). Meanwhile in the A-Control mice, Gram-negative
opportunistic pathogens belonging to the phylum Proteobacteria
(Chitinibacteraceae, Enterobacteriaceae, and Rhodocyclaceae),
and the family Enterococcaceae were positively correlated
with each other (Figure 5C). In the Y-TWK10 group, the
topology of the co-occurrence network was altered after TWK10
administration. As the most abundant bacterial families in the
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main network of the Y-TWK10 group, Ruminococcaceae showed
mutual restriction with Anaeroplasmataceae, Enterobacteriaceae,
and Enterococcaceae (Figure 5B). The family Christensenellaceae,
which is linked to metabolic health and longevity (77–
80), showed negative correlations with Chitinibacteraceae,
Fusobacteriaceae, and Rhodocyclaceae. Additionally, we also
found that the connections between pathogenic microorganisms
were disrupted by TWK10 administration in aged mice
(Figure 5D), which suggested that the disruption of the
correlated interactions among pathogenic microorganisms may
have potential applications in slowing the aging process.

Gut microbiota-derived SCFAs, including acetate, propionate,
and butyrate, are key mediators in the maintenance of gut and
metabolic health (20, 81, 82). An increase in microbial SCFA
production is regarded as beneficial for health. Lactate, which
is produced by lactic acid bacteria (LAB) as the major end-
product of sugar fermentation, is also one of the important
growth factors for SCFA-producing gut bacteria (83). Therefore,
LAB are extensively used as probiotics. (84, 85). Chen et al. (86)
reported that the administration of L. paracasei PS23 significantly
decreased the abundance of butyrate-producing Lachnospiraceae
UCG 001 in aged SAMP8 mice. In contrast, we observed that
on TWK10 administration, the abundance of Lachnospiraceae
was significantly increased (P = 0.0464) in Y-TWK10 mice
and maintained at a high level (comprising >20% of total
fecal microbiota) in the A-TWK10 group. Wang et al. (87)
reported that probiotic L. plantarum P-8 could improve human
gastrointestinal health by increasing the fecal concentrations
of acetate and propionate in all age groups, including the
elderly. In addition, probiotic L. acidophilus DDS-1 modulated
intestinal microbiota by increasingAkkermansia muciniphila and
Lactobacillus spp. and reducing Proteobacteria spp. abundances,
which was accompanied by an increase in cecal propionate
and butyrate levels in aged C57BL/6J mice (21, 22). Given that
TWK10 administration appears to modulate the gut microbiota
of young and aged mice, we hypothesized that TWK10 could be
used to boost gut SCFA production. Consequently, we found no
significant difference in the levels of cecal SCFAs between the
Y-Control and A-Control groups, whereas a significant increase
in SCFA levels was observed in the Y-TWK10 group compared
to Y-Control mice (Table 3). An overall increase in acetate-
and butyrate-producing bacteria was observed in the Y-TWK10
group compared to Y-Control mice. We also observed that
TWK10 administration caused a slight increase in the gut acetate
and butyrate levels of agedmice. These results imply that TWK10
may exert its health benefits via microbiota modulation and
consequently SCFA production, especially in young mice.

In our previous study, we have demonstrated that TWK10
administration significantly increased skeletal muscle mass and
strength in mice (30). Growing evidence has led to the notion of
the ‘gut-muscle axis’, which implies that gut microbiota may act
as the mediator for muscle health (88, 89), and hold therapeutic
promise for muscle-related diseases, such as sarcopenia (90).
Numerous studies have highlighted the close relationship
between muscle glycogen levels and fatigue resistance (91).
However, the mechanism linking muscle glycogen concentration
to muscle function remains elusive. SCFAs have been shown to

increase skeletal muscle glycogen levels (92–95), and have the
potential to increase skeletal muscle mass and physical function
(96). In the present study, we found that the muscle glycogen
levels were significantly and positively correlated with muscle
strength in young (P = 0.007) and aged (P = 0.019) mice
(Figure 1E), and the abundances of Lactobacillaceae members
displayed significant positive correlations with muscle glycogen
levels in Y-TWK10 and A-TWK10 mice (Figure 6). We also
evaluated whether altered age-related host phenotypic features
in each treatment group correlated with the SCFA levels.
However, only a few of these correlations were statistically
significant (P < 0.05). In the young mouse group, muscle
glycogen concentration was positively correlated with SCFA
levels after TWK10 administration. In addition, a negative
correlation between butyric acid and muscle glycogen levels was
observed in the Y-Control group (Supplementary Figure 5). It
remains important to determine whether these correlations arose
as a consequence of TWK10 administration. Further studies
are needed to understand the mechanisms by which SCFAs
produced by gut microbiota affect skeletal muscle following
TWK10 administration.

CONCLUSIONS

In the present study, we have for the first time presented
evidence of TWK10 attenuating aging-related disorders in
naturally aging mice. We found that TWK10 administration
attenuated aging-related muscle weakness by improving muscle
quality and increasing muscle glycogen levels. TWK10 slowed
down the progression of age-related bone loss and increased
trabecular numbers in the murine femur. TWK10 treatment also
significantly attenuated the cognitive impairment of agedmice by
shortening their MWM test mean escape latencies. Moreover, gut
microbiota analysis by next-generation sequencing (NGS) of the
16S rRNA gene demonstrated that the gut microbial composition
was significantly altered following TWK10 administration,
reducing the natural accumulation of pathogenic organisms
(such as Enterobacteriaceae and Enterococcaceae) that occurs
with age, while boosting the abundances of beneficial SCFA-
producing bacteria.

Conclusively, we have confirmed that Lactobacillus plantarum
TWK10 could be considered as a potential therapeutic agent to
promote healthy aging by attenuating aging-related disorders and
modulating the imbalance of gut microbiota. Future studies are
needed to validate the results obtained using animal models in a
clinical setting, prior to confirming the health-promoting benefits
of TWK10 in humans.
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Cadmium (Cd) ranks seventh on the list of most significant potential threats to human
health based on its suspected toxicity and the possibility of exposure to it. It has been
reported that some bacterial exopolysaccharides (EPSs) have the ability to bind heavy
metal ions. We therefore investigated the capacity of eight EPS-producing lactobacilli to
adsorb Cd in the present study, and Lactiplantibacillus plantarum BGAN8 was chosen
as the best candidate. In addition, we demonstrate that an EPS derived from BGAN8
(EPS-AN8) exhibits a high Cd-binding capacity and prevents Cd-mediated toxicity in
intestinal epithelial Caco-2 cells. Simultaneous use of EPS-AN8 with Cd treatment
prevents inflammation, disruption of tight-junction proteins, and oxidative stress. Our
results indicate that the EPS in question has a strong potential to be used as a postbiotic
in combatting the adverse effects of Cd. Moreover, we show that higher concentrations
of EPS-AN8 can alleviate Cd-induced cell damage.

Keywords: cadmium, exopolysaccharides, Lactiplantibacillus plantarum, intestinal epithelial cells, inflammation,
oxidative stress, cellular junctions

INTRODUCTION

Cadmium (Cd) is a toxic metal and widespread environmental pollutant with serious adverse effects
on human and animal health. In 1993, Cd was classified as a human carcinogen and teratogen
(IARC Monographs on the Evaluation of Carcinogenic Risks to Humans, 1993). Cd intoxication
has been linked with various diseases, including cancer, diabetes mellitus, cardiovascular diseases,
neurodegeneration, and osteomalacia (Genchi et al., 2020). Development of industry, fume
inhalation, and use of Cd in paint pigments, Cd–nickel batteries, electroplating, and fertilizers have
resulted in high exposure to this metal, with a mortality rate of 17% (International Programme
On Chemical Safety, 1992; Nawrot et al., 2010). In addition, its long half-life and low level of
excretion make Cd an even more dangerous toxicant. Cd is readily transported from soil to plants
with a high bioconcentration factor. In rice, for example, as one of the major staple cereal crops
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Brdarić et al. Exopolysaccharide Protective Activity Against Cadmium

for most of the world’s population, the bioconcentration factor of
Cd is from 0.300 to 1.112, and it affects the major physiological
properties of the plant (Liu et al., 2015). In that context, it
is important to mention the so-called “itai-itai” disease that
hit Japan during the last century and was a consequence of
prolonged intake of Cd-contaminated rice (Huang et al., 2009).
An increase of Cd concentration leads to high contamination
of the food chain, making food and drinking water the main
sources of Cd exposure for the nonsmoking population (Satarug
et al., 2010). The first target of orally taken Cd is preferentially
the gastrointestinal tract (GIT) (Goon and Klaassen, 1989).
Cadmium causes intestinal inflammation, death of epithelial
cells, and morphological alterations of cell junctions, which leads
to a leaky intestinal barrier (Blais et al., 1999; Prozialeck, 2000;
Zhao et al., 2006; Ninkov et al., 2015). After absorption by
intestinal epithelium, Cd is transported via blood circulation to
different organs and tissues. Thus, keeping the intestinal barrier’s
integrity intact is of crucial importance.

In view of all these facts, it is urgent to find novel
strategies to prevent and neutralize the toxic effect of Cd.
It has been reported that some lactic acid bacteria such as
lactobacilli, which are commonly present in the GIT and have
GRAS status, can bind toxic metal ions and detoxify them
(Halttunen et al., 2008; Mrvcic et al., 2009). These abilities often
correlate with the presence of different surface biomolecules [e.g.,
exopolysaccharides (EPSs)] responsible for the probiotic activity
of lactobacilli (Yi et al., 2017). EPSs are carbohydrate polymers,
which are covalently or loosely bound to the cell surface or
secreted in the cell environment and can have antioxidative and
immunomodulatory properties (Kanmani et al., 2011; Jones et al.,
2014; Caggianiello et al., 2016). Besides, EPS might be used as a
postbiotics (Wegh et al., 2019), which are defined as a preparation
of inanimate microorganisms and/or their components that
confers a health benefit on the host (Salminen et al., 2021).
Adsorption of heavy metals by EPSs is mainly a metabolism-
independent process based on physicochemical interactions
between metal cations and negatively charged acidic functional
groups of EPSs (Morillo Pérez et al., 2008). Sequestration of
metals is attributable to the presence of various functional
groups such as carboxyl, acetate, hydroxyl, amine, phosphate,
and sulfate in extracellular bacterial polymers, and the result
of metal sequestration may be physical sorption, ion exchange,
complexation, and/or precipitation (Gadd and White, 1989; Liu
and Fang, 2002). It is now well known that EPS molecules from
different bacteria are very potent Cd binders in aqueous solution
(Polak-Berecka et al., 2014), but to the best of our knowledge,
evidence on how they act in other conditions is insufficient.

The aims of the present study were to select EPS-producing
lactobacilli with the highest ability to adsorb Cd from our
laboratory collection and show whether the action of EPSs can
lead to in vitro prevention of Cd-induced inflammation, oxidative
stress, and disruption of the cell junctions of differentiated Caco-
2 cells, which are well-known test objects frequently used as
in vitro models to estimate the ability of chemicals to cross
the gut barrier and define their mechanisms in humans (Yee,
1997; Angelis and Turco, 2011). Providing information about
EPS efficiency is particularly significant in view of the current

trend of replacement of live bacteria with nonviable bacterial
extracts and metabolic by-products in order to reduce health
risks (Konstantinov et al., 2013; Patel and Denning, 2013) and/or
exclude biological effects that rely on bacterial metabolism, which
might be variable under different conditions (Tsilingiri et al.,
2012; Tsilingiri and Rescigno, 2013).

MATERIALS AND METHODS

Bacterial Strains, Media, and Growth
Conditions
The eight EPS-producing lactobacilli used in this study are
listed in Table 1. All strains were grown in De Man–Rogosa–
Sharpe medium [MRS (Merck, GmbH, Darmstadt, Germany)].
We prepared MRS agar plates by adding 1.7% agar (Torlak,
Belgrade, Serbia). Bacterial strains were grown under anaerobic
or aerobic conditions at 30◦C or 37◦C, depending on the strain.

Exopolysaccharide Extraction and
Purification
Exopolysaccharide (EPS) molecules were isolated from
Lactiplantibacillus plantarum BGAN8 (EPS-AN8), the selected
strain with the best Cd-binding ability. For EPS isolation, 100 µL
of overnight BGAN8 culture was spread on 200 MRS agar
plates and incubated for 48 h at 30◦C. Isolation of EPSs was done
according to the protocol provided by Ruas-Madiedo et al. (2006)
with additional steps described by Dinić et al. (2018). Dialysis was
performed twice, after the isolation and purification steps, and
lasted for 5 days, each time with daily changes of Milli-Q water.
The dialysis bag (Sigma–Aldrich, St. Louis, MO, United States)
had a 12- to 14-kDa molecular mass cutoff. At the end of dialysis,
extracted and purified EPS molecules were lyophilized (Alpha
1-4 LSC plus freeze dryer, Martin Christ, Germany).

Analysis of EPS-AN8 Structure by Size
Exclusion Chromatography–Multiangle
Laser Light Scattering and Testing of
Sugar Composition of the Purified
Exopolysaccharide
First, the purified EPS was assessed by means of size exclusion
chromatography (SEC) coupled with a multiangle laser light

TABLE 1 | List of strains used in this study.

Species Strain Origin

Lactiplantibacillus plantarum BGAN8 Cow white cheese

BGPKM22 Cow sour milk

BGVL2a-18 Goat cheese

BGMI1 Cow white cheese

BGSJ2-3 Cow white cheese

Lacticaseibacillus rhamnosus BGHI22 Human intestinal tract

BGHV954 Human vaginal tract

BGHV20 Human vaginal tract
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scattering (MALLS) detector as described by Nikolic et al.
(2012). The chromatographic system (Waters, Milford, MA,
United States) was composed of an Alliance 2690 module
injector, a Photodiode Array PDA 996 detector (set at 280 nm),
a 410 refractive index detector, and the Empower software
(Waters). The MALLS detector (Dawn Heleos II, Wyatt Europe
GmbH, Dambach, Germany) was coupled in series, and the
Astra 3.5 software was used for analysis of molar mass
distribution. Separation was carried out in two SEC columns
placed in series, TSK-Gel G3000 PWXL + TSK-Gel G5000
PWXL, protected with a TSK-Gel guard column (Supelco-
Sigma), at a temperature of 40◦C and flow rate of 0.45 mL/min
using 0.1 M NaNO3 as the mobile phase. Experiments were
repeated three times.

For analysis of neutral sugars in testing EPS monosaccharide
composition, polysaccharides (approximately 1.6 mg) were first
hydrolyzed with 3M TFA (121◦C, 90 min). Monosaccharides
were converted into their corresponding alditol acetate by
reduction with NaBH4 and subsequent acetylation (Laine et al.,
1972). Identification and quantification were performed by
gas–liquid chromatography (GLC) on a gas chromatograph
equipped with a DB-5HT column (Agilent, Santa Clara, CA,
United States; 30 m × 0.25-mm internal diameter; 0.10-mm
film thickness) coupled to a quadrupole mass detector. The
oven program started at 175◦C for 1 min and was increased
by 2.5◦C min/min until 204◦C was reached. Helium was used
as the carrier gas at a flow rate of 1 mL/min. Identification
was performed on the basis of coincidence of the retention
time of sample components with those previously measured
for standards analyzed in identical conditions, using inositol
as an internal standard. GLC was performed in the Centro
de Investigaciones Biológicas (CIB) by Margarita Salas, CSIC,
28040 Madrid, Spain.

Fourier Transform Infrared Spectroscopy
As a powerful analytical technique to investigate the
structural characteristics of biomacromolecules (Verhoef
et al., 2005), Fourier transform infrared spectroscopy
(FTIR) spectroscopy was used to confirm the qualitative
composition of EPS-AN8 molecules. The FTIR spectrum
of samples was acquired in the transmittance mode on
a Nicolet iS10 spectrometer (Thermo Fisher Scientific,
Waltham, MA, United States) to confirm the qualitative
composition of samples, that is, to confirm that extracted
and purified material from BGAN8 is an EPS. Measurements
were performed in the spectral range of 400 to 4,000 cm−1

with a resolution of 4 cm−1, the number of scans being
32. Spectra were collected using the attenuated total
reflectance mode, whereas the OMNIC software was used
to acquire, process, analyze, and manage FTIR data in a
graphical environment.

Preparation of Cadmium Solutions
Cadmium (Cd) was added in the form of CdCl2 (Sigma–Aldrich).
It was dissolved in Milli-Q water at a concentration of 1 mM and
kept at 4◦C. Working solutions were freshly made by dissolving
CdCl2 in Milli-Q water or cell culture medium.

TABLE 2 | List of primers used for real-time PCR analysis in this study.

Primer
name

Primer sequence References

IL-8 5′-ACACAGAGCTGCAGAAATCAGG-3′ Angrisano
et al., 2010

5′-GGCACAAACTTTCAGAGACAG-3′

CDH1 5′-AGCCTGTCGAAGCAGGATTG-3′ Popović et al.,
2020

5′-AGAAACAGCAAGAGCAGCAGA-3′

OCLN 5′-TCAGGGAATATCCACCTATCACTTCAG-3′ Elamin et al.,
2012

5′-CATCAGCAGCAGCCATGTACTCTTCAC-3′

ZO-1 5′-AGGGGCAGTGGTGGTTTTCTGTTCTTTC-3′ Elamin et al.,
2012

5′-GCAGAGGTCAAAGTTCAAGGCTCAAGAGG-3′

NQO1 5′-GGATTGGACCGAGCTGGAAA-3′ This work

5′-CAAACTGAAACACCCAGCCG-3′

GAPDH 5′-GTGAAGGTCGGAGTCAACG-3′ Freudenberger
et al., 2014

5′-TGAGGTCAATGAAGGGGTC-3′

Cadmium-Binding Experiments
The ability of live EPS-producing lactobacilli to bind Cd was
investigated using the protocol provided by Zhai et al. (2013)
with slight modifications. Overnight cultures were washed twice
in phosphate-buffered saline (PBS). A volume of 1 mL (109

CFU/mL) was taken and centrifuged at 13 000 revolutions/min
(rpm) for 10 min at room temperature (RT). Cell pellets
were resuspended in 1 mL of dissolved CdCl2 (50 µM) and
incubated at 30◦C for 1 h. After 1 h, the mixtures were
centrifuged (13 000 rpm, 20 min, RT), and supernatants were
collected and kept at −20◦C for residual Cd content analysis.
The concentration of 50 µM CdCl2 used in this protocol
corresponded to the doses of Cd present in the environment
(Blanusa et al., 2002; Damek-Poprawa and Sawicka-Kapusta,
2004).

The EPS of a strain with the highest ability to adsorb Cd
ions was isolated, and its adsorption of Cd was measured,
following the protocol of Polak-Berecka et al. (2014) with a few
modifications. Briefly, 1 mg/mL of EPS was resuspended in Milli-
Q water and placed in a dialysis bag. The EPS-containing dialysis
bag was placed in a glass cup filled with an aqueous solution of
CdCl2 and stirred for 24 h at 30◦C.

Determination of Cadmium
Concentration
Concentrations of Cd ions were determined by inductively
coupled plasma mass spectrometry with ICP-QMS (iCAP Q,
Thermo Scientific X series 2, United Kingdom). A standard
stock solution of Cd containing of 1,000.0 ± 0.2 mg/L (Alfa
Aesar, Germany) was used to prepare intermediate standard
solutions for ICP-MS measurements. Operating conditions for
ICP-QMS were as follows: RF power—1548 W; lens voltage—
7 V; pulse stage voltage—950 V; sample uptake rate—24 rpm;
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FIGURE 1 | Ability of live exopolysaccharide (EPS)–producing lactobacillus
strains to bind Cd (A) and ability of EPS isolated from the selected
Lactiplantibacillus plantarum AN8 strain (EPS-AN8) to adsorb Cd ions after 1,
2, 3, and 24 h of exposure (B). Values that do not share a common letter are
significantly (p < 0.05) different.

gas flow rates—13.9, 1.09, and 0.8 L/min; acquisition time—
3 × 50 s; points per peak - 3; dwell time—10 ns; detector
mode—analog/pulse; replicates—3; measured isotope—113Cd.

Cell Culture
Differentiated human enterocyte-like Caco-2 cells were used
as a model system to analyze the adverse effects of Cd and
putative protection by the EPS. The Caco-2 cells were grown and
maintained in the same manner as described by Popović et al.
(2019). The medium was replaced every second day for 21 days.

Treatment of Caco-2 Cells
For all assays, cells were differentiated in 24-well plates, except in
the case of the Lucifer yellow test, where cells were differentiated
in 24-well plates covered with Transwell inserts (pore diameter
0.4 µm, Sarstedt, Nümbrecht, Germany). Here 21-day cells were
washed three times with PBS and then treated. First, in order
to find subtoxic concentrations of CdCl2, cells were treated
with CdCl2 in a range of different concentrations (50, 100, and
200 µM) for 24 h. EPS-AN8 was added in two concentrations:
in a lower concentration (50 µg/mL), which corresponds to

approximately 1 × 109 CFU/mL L. plantarum BGAN8 and
in a two times higher concentration (100 µg/mL). Both were
in a range of concentrations usually used in different studies
(Liu et al., 2019). Besides, none of used EPS-AN8 concentrations
caused cytotoxic effect on Caco-2 (Supplementary Data).
Further on, Caco-2 cells were simultaneously treated with EPS-
AN8 and with a subtoxic concentration of CdCl2 for 3 h,
which was enough time to observe Cd-induced changes in
gene expression (Rusanov et al., 2015) and 24 h to measure
protein expression (Zhai et al., 2016). At the end of the
treatment, cell culture supernatants were collected and stored
at -20◦C for cytotoxicity assay and superoxide dismutase (SOD)
activity measurements. Cells were detached with trypsin-EDTA
solution (Torlak) and stored at -80◦C for quantitative real-time
polymerase chain reaction (PCR) and Western blot analysis. Also,
to see if the EPS could be used to alleviate the effect of CdCl2 on
the cell, Caco-2 was first treated with a subtoxic concentration
of CdCl2 for 24 h. The next day the medium was changed, the
EPS was added in lower and higher concentrations, and the
incubation lasted another 24 h.

Cytotoxicity Assay
The level of lactate dehydrogenase (LDH) released in
supernatants, which correlates with the number of dead
cells (Bajić et al., 2020b), was measured by using an LDH
cytotoxicity assay kit (Thermo Fisher Scientific, Waltham,
MA, United States). Activity of LDH was measured in cell
culture supernatants, following the manufacturer’s instructions.
Absorbance was read at 450 nm using a microplate reader (Tecan
Austria GmbH, Grödig, Austria).

Quantitative Real-Time Polymerase
Chain Reaction
Total RNA was isolated following the protocol described by
Sokovic Bajic et al. (2019). For reverse transcription, the
RevertAid RT kit was used according to the manufacturer’s
protocol (Thermo Fisher Scientific). Amplification of synthesized
cDNA was done in a 7500 real-time PCR system (Applied
Biosystems, Foster City, CA, United States). The SYBRTM Green
PCR Master Mix (Applied Biosystems) was used following the
instructions for reaction conditions, viz.: activation at 95◦C for
10 min, 40 cycles of 15 s at 95◦C, and 60 s at 60◦C. The primers
used are listed in Table 2. Expression of mRNA was normalized
against the GAPDH gene utilizing the 2−11Ct method. All
primers were purchased from Thermo Fisher Scientific.

Western Blot
Protein isolation and Western blotting were performed following
the protocol provided by Popović et al. (2019). Isolated proteins
were separated on 12% sodium dodecyl sulfate–polyacrylamide
gel electrophoresis and transferred to a 0.2-mm nitrocellulose
membrane (GE Healthcare). Anti-GAPDH (as loading control;
1:1,000; Invitrogen), anticlaudin (CLDN-4, 1:1,000; Thermo
Fisher Scientific), and anti-p65 [nuclear factor κB (NF-κB), 1:500;
Cell Signaling Technology] were used during the night at +4◦C.
Proteins were detected by a ChemiDoc apparatus and quantified
in ImageJ software (National Institutes of Health).
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FIGURE 2 | SEC analysis (A) of EPS-AN8. Ultraviolet (UV, 280 nm) detector, multiangle light scattering (LS, angle 90◦), refraction index (RI). (B) FTIR spectra of
EPS-AN8.

Permeability Assay
Integrity of the monolayer barrier was determined by measuring
the passive passage of Lucifer yellow dye (Invitrogen, Thermo
Fisher Scientific). The protocol described by Yamaura et al.
(2016), with a few modifications, was followed. Initially, Lucifer
yellow was dissolved in dimethyl sulfoxide and then diluted
1,000-fold in PBS solution. The mixture was added to the apical
membrane of Caco-2 cells and incubated for 1 h at 37◦C.
A microplate reader (Tecan) with excitation and emission of
428 and 536 nm, respectively, was used for fluorescence detection.

Superoxide Dismutase Activity
Superoxide dismutase (SOD) activity was measured in
supernatants of Caco-2 cells using the SOD Assay Kit (Sigma–
Aldrich) after 24 h of treatments. The manufacturer’s instructions
were followed, and absorbance was measured at 440 nm, using a
microplate reader (Tecan).

Statistical Analysis
GraphPad Prism 8 software was used in performing statistical
analysis and preparing graphs. All experiments were repeated
at least three times. After checking normal distribution of
values with the Kolmogorov–Smirnov test, one-way analysis of
variance and Dunnett and Tukey tests were used for multiple
comparison. Values that do not share a common letter are
significantly different at p < 0.05. Data are presented as mean
values ± standard deviation from different experiments.

RESULTS AND DISCUSSION

Ability of Exopolysaccharide-Producing
Lactobacilli to Adsorb Cd Ions and
Characterization of EPS-AN8
It is known that microorganisms can interact with heavy metals
via biosorption of metal ions on the cell surface, intracellular
uptake, and chemical transformation (Hassan et al., 2009).

Also, it was previously reported that the greatest amount of
metals is bound to the surface and adsorbed, in contrast to
an exceedingly small part of ions that was actively taken up
(Mrvcic et al., 2009). Lactobacilli turned out to be a promising
solution for the growing problem of Cd pollution (Mrvčić et al.,
2012). They can adsorb a great number of different metals ions,
in a strain-specific manner (Zhai et al., 2013). For example,
lactobacilli showed a protective effect against acute Cd poisoning
in mice. More precisely, both live and dead lactobacilli decreased
intestinal absorption of Cd ions, leading to a lower level of Cd
in tissues and increased concentration in feces, which indicates
the involvement of surface biomolecules of lactobacilli in the Cd-
binding process (Zhai et al., 2013). Lactobacilli have the ability
to produce homopolysaccharides and heteropolysaccharides with
enormous structural diversity and different biological properties
(Caggianiello et al., 2016). Among other activities, the potential
of different EPS-producing bacterial species to adsorb metal ions
was described by Yi et al. (2017). Therefore, in the present
study, we tested the potential of eight EPS-producing lactobacilli
strains from our laboratory collection to adsorb Cd. L. plantarum
BGAN8, L. plantarum BGVL2A-18, and L. plantarum BGPKM22
showed the highest ability to bind Cd ions in aqueous solution
and did not significantly differ from each other (Figure 1A).
L. plantarum BGAN8 has been well characterized as an EPS
producer and microvesicle releaser (Bajic et al., 2020a), and it was
therefore chosen for further work. Further, isolated EPS-AN8 was
tested for binding Cd. As shown in Figure 1B, EPS-AN8 has a
great capacity for binding Cd ions. After the first, second, and
third hour of EPS and CdCl2 coincubation, the percentage of
Cd binding did not differ significantly, ranging between 72 and
78% of the total amount of CdCl2 in solution. Interestingly, a
slight decrease in adsorbed Cd ions was observed after 24 h of
coincubation, suggesting that a smaller amount of Cd is reversibly
bound to EPS molecules. This observation is in agreement with
earlier studies that showed the same phenomenon of a short-
term reduction of Cd ion binding between 24 and 48 h (Polak-
Berecka et al., 2014). Examination of the SEC profile reveals
the presence of one major peak with average retention time of
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about 32 min (Figure 2A). Furthermore, SEC- MALLS analyses
showed that EPS-AN8 has a high molecular weight (Table 3),
the value of which is within the expected range of weight among
characterized HePSs of other lactobacilli from the L. plantarum
group, ranging from 104 to 106 Da (Tallon et al., 2003; Sánchez
et al., 2006; Nikolic et al., 2012). Also, radius of gyration was
similar to values for EPS of other lactobacilli (Bachtarzi et al.,
2020). Analysis of neutral sugar content of EPS-AN8 revealed
that glucose, galactose, rhamnose, and mannose are present in
a ratio of 1:0.33:0.19:0.05, respectively, and in percentages of
12.91%, 4.23%, 2.45%, and 0.60% (Table 3). It is well known
that heteropolysaccharides consist of different monosaccharides,
such as D-glucose, D-galactose, and L-rhamnose (De Vuyst and
Degeest, 1999). The presence of mannose was also reported in
other HePSs as well, such as in Lactococcus lactis subspecies
cremoris Ropy352, Lactobacillus pentosus LPS26, or Lactobacillus
paraplantarum BGCG11 (Cerning et al., 1994; Knoshaug et al.,
2000; Sánchez et al., 2006). The FTIR spectrum of EPS-AN8 is
presented on Figure 2B. The spectrum contains typical groups
for polysaccharides, that is, carboxyl, hydroxyl, and amide groups
(Dinić et al., 2018). A broad-stretching absorption band at
3,296.62 cm−1 corresponds to –OH or –NH vibrations (Coates,
2006). From the literature, it is well known that hydroxyl groups
are ubiquitous in polysaccharide structure, which exhibits an
intense broad stretching vibration in the region characteristic
of the carbohydrate ring (Dinić et al., 2018). The affinity of
polysaccharides for water molecules depends on the presence of
these multi-OH groups (Hu et al., 2017). The small absorption
band at 2,925.29 cm−1 corresponds to the C-H stretching
vibrations of methyl or methylene groups, regularly present
in hexoses such as glucose or galactose and in deoxyhexoses
such as rhamnose or fucose (Ismail and Nampoothiri, 2010).
The band at 1,637.24 cm−1 represents vibration of the C = O
stretch of the amide I band or carboxyl group (Shen et al.,
2013). This may indicate the presence in the examined EPS of
acidic sugars (monosaccharides with a carboxyl group at one
end or both ends of their chain), which are important in view
of the heavy metal–binding properties of this polymer (Angyal,
1989). Also, carboxyl and hydroxyl groups are important for
the coordination responsible for stability of the EPS-metal bond
(Moppert et al., 2009). The band at 1,041.50 cm−1 corresponds
to a C-O stretch vibration or a phosphorus out-of-phase P-O-C
stretch (Corbrjdge, 2007). EPSs are known to be composed of
carbohydrates (sugar residues) substituted with proteins, DNA,
phospholipids, and noncarbohydrate substituents such as acetate,
glycerol, pyruvate, sulfate, carboxylate, succinate, and phosphate
(Angelin and Kavitha, 2020). The strongest absorption band at
1,041.50 cm−1 indicates that the substance is an EPS. A possible
explanation for the effective binding of metal cations is that the
phosphate group undergoes deprotonation under physiological
conditions, which results in negative charges along the phosphate
backbone (Pal and Paul, 2008; Ruan et al., 2008). The resulting
negative charges tend to be stabilized and neutralized by
the binding of metal cations, such as, in our case, Cd, and
result in immobilization of the metal. The absorption band at
892.44 cm−1 corresponds to vibrations of the glycoside link C-O-
C (Nikonenko et al., 2000). Apart from the aforementioned peaks,

TABLE 3 | Physicochemical characteristics of EPS-AN8.

Parameters

Molecular weight (g/mol = Da) 2.27 ± 0.07 × 105

Radius of gyration (nm) 86.65 ± 3.46

Monosaccharides % Ratio

Glucose 12.91 21.5

Galactose 4.23 7.1

Rhamnose 2.45 4.1

Manose 0.60 1

there are no other peaks that can be observed in the spectrum of
our sample.

Protective Effect of EPS-AN8 on
Cd-Induced Inflammation of Caco-2
Cells
In order to investigate the ability of EPS-AN8 to protect
differentiated Caco-2 cells from Cd-induced inflammation, we
determined the subtoxic concentration of CdCl2 on Caco-2
cells (Figure 3A), which were used as an in vitro model of
the intestinal epithelium. Concentrations of CdCl2 higher than
50 µM were toxic, which is in accordance with published
data (Hyun et al., 2007), so 50 µM of CdCl2 was used as a
subtoxic concentration in our further experiments. Intestinal
epithelial cells are very important, not only as a physical barrier,
but also as a part of innate mucosal immunity–producing
antimicrobial molecules, as well as the cytokines and chemokines
required for immune response activation (Stadnyk, 1994; Turner,
2009). It has been shown that Cd induces inflammation via
overproduction of interleukin 8 (IL-8) (Hyun et al., 2007). IL-8
is a chemotactic cytokine that attracts and activates leukocytes,
leading to acute inflammation, which is very important for
the resolution of infection (Baggiolini and Clark-Lewis, 1992).
On the other hand, in the case of stimuli that cannot be
removed and persist as a stimulator of the epithelial barrier
and immune response, overexpression of IL-8 has a destructive
effect on the local tissue (Baggiolini and Clark-Lewis, 1992).
In the present study, we demonstrate that treatment of Caco-2
cells with Cd for 3 h leads to a statistically significant increase
in IL-8 gene expression (Figure 3B), but cotreatment, at the
same time, with the higher concentration of EPS-AN8 provided
protection from this overexpression, and the level of mRNA
for IL-8 did not differ statistically from the level in the control
cells (Figure 3B). On the contrary, cotreatment with the lower
EPS-AN8 concentration did not affect the up-regulation of
IL-8 induced by Cd. NF-κB is defined as one of the most
significant regulators of inflammation in different types of cells,
including intestinal epithelial cells (Mitchell et al., 2016). In
addition, there are binding regions in the promoter of the IL-
8 coding gene, confirming the regulatory role of NF-κB in IL-8
production (Wu et al., 1997). Importantly, it has been shown
that activation of NF-κB is essential for up-regulation of IL-8 in
Caco-2 cells treated with Cd (Hyun et al., 2007). Accordingly,
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FIGURE 3 | Protection from Cd-induced inflammation. (A) Percentage (%) of cytotoxicity measured in differentiated Caco-2 cells treated with different concentrations
(50, 100, and 200 µM) of CdCl2. (B) Effect of Cd and cotreatment with Cd and EPS-AN8 in lower and higher concentrations (L and H) on IL-8 mRNA expression
after 3 h. (C,D) P65 protein levels after 24 h of incubation and Western blot and densitometric analysis, respectively. Values that do not share a common letter are
significantly (p < 0.05) different.

FIGURE 4 | Protection from Cd-induced disruption of cell junctions by EPS-AN8. (A) Rate of passive transport of Lucifer yellow through Caco-2 cell monolayer after
Cd exposure and coexposure with Cd and EPS-AN8 (L and H). (B) Effect on mRNA of adherence junction protein CDH1 after 3 h. Effect on mRNA of tight junction
proteins ZO-1 (C) and OCLN (D) after 3 h. (E,F) Effect on expression of CLDN4 protein and representative Western blot and densitometric analysis after 24 h of
incubation, respectively. Values that do not share a common letter are significantly (p < 0.05) different.

we investigated the effect of Caco-2 cotreatment with Cd and
EPS-AN8 on activation of NF-κB by estimating protein levels of
phosphorylated p65, which represents a transcriptionally active

form of NF-κB. As shown on Figures 3C,D, both concentrations
of EPS-AN8 neutralized the stimulatory effect of Cd on NF-
κB activation, but only the higher concentration of EPS-AN8
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FIGURE 5 | Role of EPS (L and H) in protection of Cd-induced oxidative stress. (A) Effect on SOD activity and (B) mRNA expression of NQO1. Values that do not
share a common letter are significantly (p < 0.05) different.

reduced IL-8m RNA levels. These results suggest that EPS-AN8,
when applied simultaneously with Cd, most likely decreases
Cd-induced inflammation through the sequestration of Cd ions
by EPS-AN8, which inhibits entry of Cd into the cells, and
imply that with the lower EPS-AN8 concentration, it is not
sufficient to bind all available Cd ions responsible for mild
stimulation of IL-8.

Protective Effect of EPS-AN8 on
Cd-Induced Disruption of Intercellular
Junctions
Maintenance of the intestinal barrier is very important in the
restriction of Cd spreading in the organism (Tinkov et al.,
2018). For that reason, the permeability of a differentiated layer
of Caco-2 cells was analyzed after exposure of cells to Cd
and to Cd and EPS simultaneously. According to the results
presented in Figure 4A, Cd strongly increased permeability of
the monolayer, but integrity of the monolayer was preserved in
the culture cotreated with EPS-AN8. Oral administration of Cd
disrupts adherence and tight junctions (TJs) in epithelial surfaces,

resulting in amplified Cd absorption (Rusanov et al., 2015).
Hence, the primary therapeutic targets are proteins involved
in intercellular junctions. E-cadherin is defined as the most
sensitive to Cd exposure, as Ca ions are substituted with ions
of Cd at the sites of its binding to the cells (Prozialeck, 2000).
In connection with this, we investigated the potential of two
concentrations of EPS-AN8, simultaneously added to Cd, as
a treatment of differentiated Caco-2 cells to neutralize the
harmful effects of Cd. After 3 h of treatment, only Cd exposure
significantly increased the expression of E-cadherin (CDH1)
mRNA (Figure 4B), whereas coexposure to both concentrations
of EPS-AN8 molecules retained the control value of expression.
These results can be explained by the aforementioned Ca–
Cd substitution and sensitivity of this protein to an increased
concentration of divalent ions. Further, claudin (CLDN-4),
zonulin-1 (ZO-1), and occludin (OCLN) are crucial proteins in
forming TJs (Günzel and Fromm, 2012). In our study, the level
of mRNAs for ZO-1 and OCLN did not change in response
to either treatment compared to the control (Figures 4C,D).
In contrast, after 24-h treatment, Cd down-regulated the level
of CLDN-4 (Figure 4C), whereas cotreatment with EPS-AN8
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FIGURE 6 | EPS-AN8 as a potential agent for alleviation of Cd-induced damage. (A,B) Effect of EPS (L and H) on Cd-induced down-regulation of tight junction
protein CLDN-4 and representative Western blot and densitometric analysis, respectively. (C,D) Effect of EPS (L and H) on Cd-induced overexpression of NF-κB and
representative Western blot and densitometric analysis, respectively. Values that do not share a common letter are significantly (p < 0.05) different.

in both concentrations inhibited the downregulation of this
protein’s expression (Figures 4E,F). In light of these results, it can
be concluded that EPS-AN8 prevents Cd-induced destruction of
the intestinal barrier by protecting against CLDN-4 degradation.

Protective Effect of EPS-AN8 on
Cd-Induced Oxidative Stress
It has been repeatedly shown that the main mechanism of Cd-
induced toxicity is based on induction of oxidative stress in
exposed cells (Genchi et al., 2020). We therefore investigated
the activity of two enzymes important for oxidative/antioxidative
responses of cells: SOD and NAD(P)H quinone reductase
(NQO1). Superoxide dismutase is one of the enzymes essential
for the antioxidative balance of cells, catalyzing dismutation of
the superoxide anion into hydrogen peroxide and molecular
oxygen (Canada and Calabrese, 1989). We were able to
demonstrate that after 24 h of treatment of Caco-2 with Cd,
SOD activity was significantly higher than in the control and in
the case where EPS-AN8 was applied to the cells at the same
time with Cd. Both concentrations of EPS were shown to be
similarly efficient in inhibiting the induction of oxidative stress
by Cd through activation of SOD in Caco-2 cells (Figure 5A).
As SOD protects cells from the activity of reactive oxygen
species (ROS), higher activity implies higher production of
ROS (He et al., 2017; Wang et al., 2018). Based on this, it
can be concluded that cells are in a better oxidative state in
the presence of EPS-AN8 simultaneously with Cd. In addition,
NQO1 is also a key enzyme of antioxidant cell defense, one
that catalyzes reduction of quinones and a variety of other
substrates (Pey et al., 2019). As in the case of SOD, Cd
stimulated the level of mRNA for NQO1, which is consistent
with data from the literature (Rusanov et al., 2015). The
addition of EPS-AN8 in both lower and higher concentrations

at the same time with it protected from this effect of Cd as
well (Figure 5B).

EPS-AN8 as a Potential Agent for
Alleviation of Cd-Induced Damage
From the results obtained when Caco-2 cells were exposed to Cd
and EPS-AN8 at the same time, we conclude that EPS-AN8, in
both the lower and higher tested concentrations, provides strong
protection against the damage caused by Cd toxicity. We presume
that such a protective effect is a consequence of the ability of EPS-
AN8 to sequester Cd ions and disable the entry of ions into the
cells. It was reported elsewhere that L. plantarum CCFM8610,
besides initially sequestrating Cd ions, can also reverse damage
induced by Cd in HT29 cells and mice (Zhai et al., 2016). To see
if EPS-AN8 has a therapeutic effect as well, we analyzed changes
in the expression of CLDN-4 and NF-κB when Caco-2 cells were
previously exposed to Cd. To be specific, after 24 h of treatment
of Caco-2 cells with Cd, EPS-AN8 was added to the culture
as a putative agent for alleviation of Cd-induced damage and
incubated for the next 24 h. Although we noticed some positive
changes after treatment with the lower concentration of EPS-
AN8, the higher concentration of EPS-AN8 was far more effective
in this study (Figure 6). The higher concentration of EPS-AN8
significantly increased expression of CLDN-4 compared to Cd
treatment (Figures 6A,B) and significantly decreased the level
of p65 protein expression in comparison with Cd treatment and
treatment with a lower concentration of EPS (Figures 6C,D).
These results imply that EPS-AN8, besides sequestration of Cd
ions, also triggered intestinal cell responses that lead to alleviation
of Cd-induced damage. This assumption is in accordance with
results of a previous study that demonstrated that EPS molecules
might have a strong anti-inflammatory potential in conditions
of high inflammation via modulation of Toll-like receptor
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expression and inhibition of mitogen-activated protein kinase
and NF-κB in intestinal epithelial cells (Gao et al., 2017). Also,
some EPSs act as a stabilizer of intestinal barrier integrity by
activating signal transducers, activating transcription of signaling
(STAT-3) pathways, and up-regulating TJ proteins, respectively,
in cases of intestinal barrier dysfunction (e.g., inflammatory
bowel disease, colitis) (Zhou et al., 2018).

CONCLUSION

Our findings indicate an important role of probiotic-derived
EPSs in protection against the hazardous effects of Cd on
intestinal epithelial cells. To our knowledge, the present study
is the first one providing information about EPSs as a potent
postbiotic agent against this environmental pollutant and its
possible use as a functional food supplement or dairy food
additive in areas highly exposed to Cd. This pioneering work
calls for further studies analyzing the use of EPSs as a putative
therapeutic strategy.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included
in the article/Supplementary Material, further inquiries can be
directed to the corresponding author.

AUTHOR CONTRIBUTIONS

EB performed all the work, analyzed and interpreted the
data, and drafted this manuscript. MŽ, JÐ, and MT planned,

designed, and performed some of the experiments and critically
revised the manuscript. SSB performed Western blot analysis,
participated in EPS extraction, analyzed the data, and interpreted
the results. PR-M performed SEC-MALLS analysis, analyzed data
and interpreted the results. MS analyzed FTIR spectrum of EPS-
AN8 and interpreted the results. MD participated in Caco-2
cell culture experiments and qPCR. JM and SÐ performed Cd-
binding research. MŽ and NG supervised all the work. All authors
contributed to the article and approved the submitted version.

FUNDING

This work was funded by the Ministry of Education, Science,
and Technological Development of the Republic of Serbia
(Registration No. 451-03-9/2021-14/200042) in an agreement on
the implementation and financing of research work in 2021.

ACKNOWLEDGMENTS

EB is grateful to Nemanja Mirković from the University of
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Brdarić et al. Exopolysaccharide Protective Activity Against Cadmium

Pey, A. L., Megarity, C. F., and Timson, D. J. (2019). NAD(P)H quinone
oxidoreductase (NQO1): an enzyme which needs just enough mobility, in just
the right places. Biosci. Rep. 39:BSR20180459. doi: 10.1042/BSR20180459

Polak-Berecka, M., Szwajgier, D., and Waśko, A. (2014). Biosorption of Al(+3) and
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To evaluate the probiotic characteristics and safety of Enterococcus durans isolate A8-
1 from a fecal sample of a healthy Chinese infant, we determined the tolerance to
low pH, survival in bile salts and NaCl, adhesion ability, biofilm formation, antimicrobial
activity, toxin gene distribution, hemolysis, gelatinase activity, antibiotic resistance, and
virulence to Galleria mellonella and interpreted the characters by genome resequencing.
Phenotypically, E. durans A8-1 survived at pH 5.0 in 7.0% NaCl and 3% bile salt
under aerobic and anaerobic condition. The bacterium had higher adhesion ability
toward mucin, collagen, and Bovine Serum Albumin (BSA) in vitro and showed
high hydrophobicity (79.2% in chloroform, 49.2% in xylene), auto-aggregation activity
(51.7%), and could co-aggregate (66.2%) with Salmonella typhimurium. It had adhesion
capability to intestinal epithelial Caco-2 cells (38.74%) with moderate biofilm production
and antimicrobial activity against several Gram-positive pathogenic bacteria. A8-1
can antagonize the adhesion of S. typhimurium ATCC14028 on Caco-2 cells to
protect the integrity of the cell membrane by detection of lactate dehydrogenase
(LDH) and AKP activities. A8-1 also helps the cell relieve the inflammation induced
by lipopolysaccharide by reducing the expression of cytokine IL-8 (P = 0.002) and
TNF-α (P > 0.05), and increasing the IL-10 (P < 0.001). For the safety evaluation,
A8-1 showed no hemolytic activity, no gelatinase activity, and had only asa1 positive
in the seven detected virulence genes in polymerase chain reaction (PCR), whereas
it was not predicted in the genome sequence. It was susceptible to benzylpenicillin,
ampicillin, ciprofloxacin, levofloxacin, moxifloxacin, tigecycline, nitrofurantoin, linezolid,
vancomycin, erythromycin, and quinupristin/dalofopine except clindamycin, which was
verified by the predicted lasA, lmrB, lmrC, and lmrD genes contributing to the
clindamycin resistance. The virulence test of G. mellonella showed that it had toxicity
lower than 10% at 1 × 107 CFU. According to the results of these evaluated attributes,
E. durans strain A8-1 could be a promising probiotic candidate for applications.

Keywords: Enterococcus durans, stress tolerance, probiotic characters, safety evaluation, whole-genome
sequencing
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INTRODUCTION

Gut microbiota contributes a lot to human health and the
occurrence of diseases. It is called the “invisible endocrine
organ,” which is the place where the body digests food
and absorbs nutrients (Scarpellini et al., 2010). Enterococcus,
as one of the indigenous bacteria in the intestine, belongs
to the class of facultative anaerobic lactic acid bacteria
(LAB). Enterococcus spp. is distributed widely and can be
separated from the environment, food, and human and animal
gastrointestinal tract and has strong resistance to harsh stress
and can survive at different conditions (Starke et al., 2015;
Cirrincione et al., 2019).

Probiotics are defined as “live microorganisms which
consumes in sufficient amounts, affect beneficially the health
of the host [sic].” Enterococci have biological properties
of probiotics; some strains usually show high resistance
to acids and bile salts (Gu et al., 2008), antioxidant and
free radical scavenging activity, improve host immunity
by intestinal adhesion and localization (Starke et al., 2015;
Li et al., 2018), and enhance apoptosis of human cancer
cells (Nami et al., 2014); at the same time, some strains
have antibacterial activity and anti-inflammatory effects
(Popović et al., 2019). With the continuous discovery and
exploration of the probiotic characteristics of Enterococcus,
many strains have proven to be effective and safe and developed
into applications, such as the commercial microecological
probiotics in human (Medilac-Vita R©, live Bacillus subtilis and
Enterococcus faecium) and veterinary medicine (Bonvital R©,
E. faecium DSM 7134) (Li et al., 2020), and the food industry
(Cernivet R©, E. faecium SF68 R©; Symbioflor R©, E. faecalis)
(Strompfová et al., 2004).

At the same time, Enterococcus has both probiotic
character and potential pathogenicity, and some strains
can cause important infections and diseases, such as
endocarditis; bacteremia; and urinary, intra-abdominal,
pelvic infections, and central nervous system infections
(O’Driscoll and Crank, 2015). It is generally known that
antibiotic resistance and virulence are the main factors
for enterococci pathogenicity. The main concern for the
safety evaluation of enterococci is focused on the potential
infectivity and transferable drug-resistant genes (Yang et al.,
2015). Pathogenic enterococci may cause concerns about
the safety using of probiotics, so to screen the potential
probiotic enterococci, assessing and evaluating the safety is
necessary and a priority.

Enterococcus is one of the most controversial LAB (Martino
et al., 2018). The development of new enterococcal probiotics
needs a strict assessment with regard to safety aspects for
selecting the truly harmless strains for safe applications. The
potential probiotic enterococci isolates can be applied to
biotechnology development, and a broader application can
be obtained by strain improvement. The aim of this study
was to evaluate the probiotic characteristics and safety of
E. durans A8-1 isolated from a fecal sample of a healthy
Chinese infant and its potential in future probiotic development
and application.

MATERIALS AND METHODS

Bacterial Strains and Cell Culture
Enterococcus durans A8-1 were isolated from a fecal sample by the
microbiology lab of the Nutrition and Food Safety Engineering
Research Center of Shaanxi province, Xi’an, China. Fecal samples
were taken from a healthy infant born 1–7 days earlier at the
Maternal and Child Health Hospital of Bin County of Shaanxi
province, China. There was no history of being treated with
antibiotics after birth. The fecal sample was collected after
the informed consent form was signed by the guardian. This
study was reviewed and approved by the ethics committee of
the Health Science Center, Xi’an Jiaotong University, Xi’an,
China (No. 2016114).

Enterococcus durans A8-1, Enterococcus faecalis ATCC29212,
Lactobacillus rhamnosus GG BL379, and Bifidobacterium infantis
CICC6069 were inoculated into de Man, Rogosa and Sharpe
(MRS) medium (CM187, Beijing Land Bridge Technology Co.,
Ltd., Beijing, China) and incubated aerobically with constant
temperature shaker at 37◦C for 18–24 h. About the streak-
plating growth, A8-1 and BL379 were cultured on MRS
agar using MRS broth with 15 g/L agar for 18 h. For the
anaerobic culture, the bacterial cells were inoculated on the
same medium and incubated in an anaerobic chamber (Coy
Laboratory Products Inc., Ann Arbor, MI, United States) with a
modified atmosphere of 82% N2, 15% CO2, and 3% H2 without
shaking. For the growth of Staphylococcus aureus ATCC25923,
Pseudomonas aeruginosa PA01, P. aeruginosa ATCC27853,
Enterococcus hormaechei ATCC700323, Salmonella typhimurium
ATCC14028, and Escherichia coli ATCC35218, nutrient broth
was used (CP142, Beijing Land Bridge Technology Co., Ltd.,
Beijing, China).

Caco-2 cells were cultured in Dulbecco’s modified Eagle’s
minimal essential medium (DMEM, Hyclone) supplemented
with 10% fetal bovine serum (FBS, Hyclone) without antibody.
The cells were kept at 37◦C in an atmosphere containing 5% CO2.

Isolation and Identification of A8-1
One gram of stool sample was mixed with 0.9% sterile
saline solution to a final volume of 10 mL, and 0.1 mL
of this dilution was spread on the MRS agar plate (MRS
broth with 15 g/L agar) and cultured anaerobically at 37◦C
for 48 h. After incubation, colonies were randomly selected
from each sample and subcultured on MRS plates for further
analysis. Single colonies were picked out for Gram staining and
microscopic observation and catalase, oxidase production, and
nitrate reduction tests (Mansour et al., 2014).

For further confirmation, the 16S rRNA gene sequence
(1.4 kb) was amplified, and sequenced by Sangon Biotech
(Shanghai, China) Co., Ltd. Primers used were 16S-27F: 5′ AGA
GTT TGA TCC TGG CTC AG 3′, 16S-1492R: 5′ GGT ACC
TTG TTA CGA CTT 3′. The polymerase chain reaction (PCR)
amplification conditions were as follows: initial denaturation for
5 min at 94◦C, 35 cycles of denaturation for 30 s at 94◦C,
annealing at 60◦C for 30 s, extension at 72◦C for 60 s, and a
final elongation step of 5 min at 72◦C. Multiple alignments with
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sequences of closest similarity were analyzed using CLUSTAL W,
and a phylogenetic tree was constructed by using the neighbor-
joining method.

Acid, NaCl, and Bile Salt Tolerance
A8-1 was inoculated into MRS broth at 37◦C overnight in
an aerobic incubator and anaerobic chamber separately. The
overnight culture was centrifuged, and the collected cells were
washed twice by sterile phosphate buffered solution (PBS) and
resuspended in OD600 = 0.1 at fresh MRS with different pH
3.0, 4.0, and 5.0; bile salts (0.5, 1, 2, and 3%) and NaCl (1.75,
3.5, and 7%). The negative control was MRS blank medium at
pH 6.5. Three replicates were set for each medium. Growth was
monitored by optical density at 600 nm every 30 min at 37◦C
for 21 h in a microtiter plate reader (PolarStar, BMG Labtech,
Germany) (Banwo et al., 2013; Li et al., 2020). Maximal growth,
the lag phase duration, and the increment in OD values were
considered by using the Gompertz growth analysis mode of
non-linear regression in GraphPad Prism 7 (Wang et al., 2020).

Antibacterial Ability
The minimum inhibitory concentration (MIC) method was used
to determine the antibacterial activity of A8-1. The indicator
bacteria were as follows: E. faecalis ATCC29212, S. aureus
ATCC25923, P. aeruginosa PA01, P. aeruginosa ATCC27853,
E. hormaechei ATCC700323, S. typhimurium ATCC14028, and
E. coli ATCC35218. A8-1 was inoculated into MRS broth
and incubated at 37◦C for 24 h. The cells were removed by
centrifugation at 9,710 × g for 2 min at 4◦C. The supernatants
were filter sterilized and added to 96-well plates at 0, 25, 50,
100, 150, and 200 µL, made up to 200 µL with fresh medium.
Finally, each test indicator bacteria was added to the well at the
concentration of OD600 = 0.1. Growth of test indicator bacteria
was monitored every 30 min by optical density at 600 nm with an
automatic microplate reader for 12 h at 37◦C (Wang et al., 2020).

In vitro Hydrophobicity,
Auto-Aggregation, and Co-aggregation
The hydrophobicity, auto-aggregation, and co-aggregation
assays were performed according to Fonseca et al. (2021).
The cell surface hydrophobicity of each strain was assessed
by measuring microbial affinity to xylene and chloroform.
The A8-1 was incubated overnight and washed in PBS twice,
and then resuspended in PBS with OD600 of 0.8 (A0). Then,
1 mL xylene and 1 mL chloroform were added separately
to 3 mL of A8-1 cell suspension and mixed thoroughly.
Then, the water and xylene phases were separated for 30 min
at room temperature. The aqueous phase was removed,
and the new OD600 was measured (A1). The cell surface
hydrophobicity (%) was calculated using the following formula:
Hydrophobicity (%) = [(A0−A1)/A0] × 100%. The strain was
classified into low (0–29%), moderate (30–59%), and high
hydrophobicity (60–100%).

For auto-aggregation, A8-1 was incubated overnight and
washed in PBS twice and then resuspended in PBS with OD600
about 0.6 (A0). Bacterial cell suspensions were vortexed for 10 s

and subsequently incubated at room temperature for 5 h, and the
new OD600 was measured (At). The auto-aggregation percentage
was determined using the following equation:

Auto− aggregation (%) = (1− At/A0) × 100%.

For co-aggregation, E. durans A8-1 and S. typhimurium
ATCC14028 were incubated overnight separately and washed in
PBS twice and then resuspended in PBS with OD600 about 0.8.
Equal volumes (2 mL) of A8-1 and S. typhimurium ATCC14028
were mixed and incubated at room temperature without agitation
for 5 h. Control tubes contained 2 mL of the suspension of each
bacterial cells. The OD600 of the mixtures and controls were
measured after incubation. The percentage of co-aggregation
was calculated using the following formula: Co−aggregation
(%) = [(Ax + Ay)/2−A(x + y)]/(Ax + Ay) × 100%, where Ax
and Ay refer to the OD600 of the A8-1 and S. typhimurium
ATCC14028 cell suspension, respectively, Ax + y represents the
absorbance of the mixed bacterial suspension tested after 5 h.

In vitro Binding to Bovine Serum Albumi,
Mucin, and Collagen
Strain binding to different substrates was evaluated as reported
previously (Muñoz-Provencio et al., 2009; Wang et al., 2020).
Mucin (500 µg/mL, porcine stomach, Sigma-Aldrich, St. Louis,
MO, United States), Bovine Serum Albumi (BSA) (500 µg/mL,
Sigma-Aldrich, St. Louis, MO, United States), and collagen
(50 µg/mL, type I, Roche, Mannheim, Germany) were added
separately to the 96-well microplates and incubated overnight at
4◦C. Then, wells were washed three times with PBS and dried
at room temperature. Two milliliters of A8-1 were labeled by
20 µL cFDA [5-(6-)-carboxyfluorescein diacetate, Sigma Aldrich,
St. Louis, MO, United States] to the plate wells. After mixing,
the cells were incubated at room temperature for 1 h and kept
away from light. The strain labeled by cFDA was added to the
plate wells and separately incubated with immobilization at 4◦C
overnight and kept away from light. After incubation, each well
was washed three times by PBS and dried at room temperature.
The 100 µL cFDA-labeled A8-1 cells were added into wells with
no immobilization and set as control. Fluorescence intensity of
the well plate was measured by a microplate reader, and the
adhesion rate of A8-1 cells to mucin, collagen, and BSA was
calculated according to the following formula. L. rhamnosus
GG BL379 was used as a positive control; its adhesion rate
was set as 100%, and the relative adhesion of A8-1 cell to
BL379 was calculated.

Adhesion (%) = (fluorescence intensity of A8-1)/(the free
cFDA-labeled BL379)× 100.

Adhesion Ability to Caco-2 Cells
The A8-1 was incubated overnight and washed in PBS twice and
then resuspended in 1 mL DMEM medium (without antibiotic)
with a final concentration of 107 CFU/mL. Caco-2 cells cultured
by high-glucose DMEM were seeded in 96-well plates and
incubated at 37◦C. The 200 µL of A8-1 suspension was added
to each well containing Caco-2 cells and then incubated for 2 h.
Caco-2 cells with DMEM was set as control. The Caco-2 cells
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were collected and washed three times by PBS to remove the
unadhered A8-1. Then, trypsin was added to Caco-2 cells to lyse
the adherent A8-1. Finally, the mixture of each well was cultured
on an MRS solid plate to count the adhered bacteria (Nami et al.,
2014; Popović et al., 2019).

The adhesion (%) = [(CFU/mL) adhered bacteria/(CFU/mL)
added bacteria]× 100.

Antibiotic Susceptibility
VITEK 2 Compact with AST-GP67 (REF 22226, bioMererieux,
France) was used to access the antimicrobial susceptibility of
the A8-1 to 15 clinical antibiotics, which included penicillin
(PEN, 0.125–64 µg/mL), ampicillin (AMP, 0.5–32 µg/mL),
high-level gentamicin (synergistic) (HLG, 500 µg/mL; GEN,
8–64 µg/mL), high-level streptomycin (HLS, 1,000 µg/mL),
ciprofloxacin (CIP, 1–4 µg/mL), levofloxacin (LVX, 0.25–
8 µg/mL), moxifloxacin (MXF, 0.25–8 µg/mL), erythromycin
(ERY, 0.25–2 µg/mL), clindamycin (CLI, 0.15–2 µg/mL),
quinupristin/dalofopine (QDA, 0.25–2 µg/mL), linezolid (LZD,
0.15–2 µg/mL), vancomycin (VAN, 1–16 µg/mL), tetracycline
(TET, 0.15–2 µg/mL), tigecycline (TGC, 0.25–1 µg/mL),
and nitrofurantoin (NIT, 16–64 µg/mL). According to the
MIC obtained, the results were judged according to Clinical
Laboratory Standard Institute criteria (CLSI M100 S28) (Clinical
and Laboratory Standards Institute, 2018) and the European
Food Safety Authority (EFSA) for assessment of bacterial
resistance to antimicrobials (EFSA Panel on Additives and
Products or Substances used in Animal Feed [FEEDAP], 2012).

Hemolysis and Gelatinase Activity
Hemolytic activity of A8-1 was evaluated as described previously
(Maturana et al., 2017). A8-1 was inoculated on Columbia agar
supplemented with 5% (v/v) sheep blood and cultured at 37◦C for
48 h. The hemolysis of single colonies on the plate was observed.
Hemolytic activity can be divided into α-hemolysis, β-hemolysis,
and γ -hemolysis.

Overnight cultured A8-1 was inoculated into gelatin medium
(120 g/L gelatin, 5 g/L peptone, and 3 g/L beef extract, pH
6.8 ± 0.2) and incubated at 37◦C for 48 h. Then, the tube
was placed at 4◦C for 1 h and it was observed whether
there is liquefaction immediately. If the bacteria could produce
gelatinase, there was liquid in the tube.

Quantitative Assessment of Biofilm
Formation
Quantitative assessment of biofilm formation was evaluated
as shown previously (Zhang et al., 2016). Overnight bacterial
cultures were washed with PBS twice and adjusted to OD600 = 1.0.
The 50 µL of bacterial suspension was added to 150 µL of fresh
MRS broth and incubated in 96-well plates at 37◦C for 24 h.
Also, 200 µL of MRS broth without bacteria was set as negative
control. After 24 h, the culture medium was poured out. The
wells were washed with sterile PBS three times to remove free-
floating planktonic bacteria and then dried at room temperature.
The biofilm was then fixed with methanol and stained with
crystal violet. The control hole was rinsed with sterile water
three times until it turned colorless. Then, 200 µL ethanol was

added into each well, and optical density of stained adherent
cells was measured at 595 nm by microplate reader. According
to the cutoff OD (ODC), the biofilm-producing ability was
determined as follows: OD ≤ ODC set as non-biofilm-producer
(0), ODC < OD ≤ 2ODC set as weak biofilm producer (+),
2ODC < OD ≤ 4ODC set as moderate biofilm producer (++),
and OD > 4ODC set as strong biofilm producer (+++).

Virulence Gene and Virulence Activity
Assay
The presence of virulence genes of A8-1 were detected
by PCR, which included gelE (gelatinase), cylA (cytolysin),
hyl (hyaluronidase), asa1/agg (aggregation substance), esp
(enterococcal surface protein), efaA (endocarditis antigen), and
ace/acm (collagen adhesion) (Wang et al., 2020). The primers and
PCR conditions are listed in Supplementary Table 1.

For the virulence activity assay, tests in wax moth (Galleria
mellonella) larvae were arranged (Martino et al., 2018). The
G. mellonella larvae weighing about 300 mg (purchased from
Tianjin Huiyude Biotech Company, Tianjin, China) were
maintained on woodchips in the dark at 15◦C until being
used. The overnight cultures of E. durans A8-1, E. faecalis
ATCC29212, and B. infantis CICC6069 suspension were adjusted
with concentrations of 1 × 106, 1 × 107, and 1 × 108 CFU/mL.
Ten randomly selected larvae were used in each group. Each larva
was inoculated the bacterial suspension via the rear left proleg
using a 10 µL Hamilton animal syringe. The MRS medium was
injected into the larvae and set as negative control. The treated
G. mellonella larvae incubated at 37◦C for 3 days, and the survival
rate of the G. mellonella were recorded every 12 h.

Impact of A8-1 on the Caco-2 Cell
Membrane Integrity
Caco-2 cells were seeded into 24-well plates (1 × 105 cells per
well) and cultivated to a single layer. For the treatment, there
were three treatment groups, S-A8-1 (competition group), A8-
1 + S (exclusion group), and S + A8-1 (replacement group).
S-A8-1, 1 × 107 CFU/mL S. typhimurium ATCC14028 and
1 × 107 CFU/mL A8-1 culture were added into the cell wells at
the same time and incubated for 2 h; A8-1 + S, 1 × 107 CFU/mL
A8-1 culture were added into the cell wells and incubated for
2 h and then 1 × 107 CFU/mL S. typhimurium ATCC14028 was
added and incubated for another 2 h; S + A8-1, 1× 107 CFU/mL
S. typhimurium ATCC14028 culture was added into the cell
wells and incubated for 2 h and then 1 × 107 CFU/mL A8-1
added and incubated for another 2 h. Finally, 1 × 107 CFU/mL
S. typhimurium ATCC14028 incubating solely with Caco-2 cells
for 2 h was set as control. After incubation, the cell wells
were washed three times by PBS to remove the unadhered
S. typhimurium ATCC14028 cells. The amount of adhered
S. typhimurium ATCC14028 to the Caco-2 cells were counted by
bismuth sulfite agar plate (Popović et al., 2018; Kouhi et al., 2021).
The inhibition rate of S. typhimurium adhesion to Caco-2 was
calculated as:

Inhibition rate (%) = the counted adhered S. typhimurium
ATCC14028 in treatment group (CFU/mL)/the counted adhered
S. typhimurium ATCC14028 in control (CFU/mL).
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FIGURE 1 | The growth of Enterococcus durans A8-1 on MRS plate (A); the Gram staining observation at microscope (B) (Olympus CX23, 40×); and phylogenetic
tree based on the 16S rRNA gene sequences (C), which was inferred by using the maximum likelihood method and conducted in MEGA7.

Caco-2 cells were cultured and treated as mentioned into four
treatment groups (S. typhimurium ATCC14028, A8-1, A8-1 + S,
S + A8-1) and one control. After incubation, the supernatant
of cell culture was collected after centrifuging at 1,500 rpm for
10 min at 4◦C. The activity of extracellular alkaline phosphatase
(AKPase) was assayed in the collected supernatant using a kit
(Nanjing Jiancheng Technology Co., Ltd., Nanjing, China) as
described (Lv et al., 2020). The AKPase unit was defined as 1 mg
of phenol produced by 100 mL of cell culture supernatant reacted
with the substrate at 37◦C for 15 min. Cells treated with the same
amount of sterile water were used as negative control. The release
of lactate dehydrogenase (LDH) into the culture medium through
damaged membranes was measured spectrophotometrically
using a LDH Cytotoxicity Assay Kit Nanjing Jiancheng
Technology Co., Ltd., Nanjing, China) according to the
manufacturer’s protocol (García-Cayuela et al., 2014).

Anti-inflammation Study Using Caco-2
Cells
Measurement of Cell Viability by
3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium
Bromide
It was carried out as described previously by Carasi et al. (2017).
An 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) colorimetric assay was used to monitor cell

viability. Briefly, Caco-2 cells were seeded into 96-well plates
(1 × 105 cells per well). After treatment, cells were washed
twice with PBS and incubated with 5 mg/mL MTT working
solution for 4 h at 37◦C. Then, the supernatant was removed,
and the culture was resuspended in 150 µL of DMSO to
dissolve MTT formazan crystals, followed by mixing on a
shaker for 15 min. The absorbance was measured at 570 nm
using a microplate reader. The effect of A8-1 culture and
Lipopolysaccharides (LPS) on cell viability was assessed as
the percentage of viable cells in each treatment group relative
to untreated control cells, which were arbitrarily assigned a
viability of 100%.

Measurement of Cell Cytokines by Enzyme-Linked
Immunosorbent Assay and q-PCR
Quantification of cytokine levels in cell culture supernatants was
determined by enzyme-linked immunosorbent assay (ELISA)
and quantitative PCR (qPCR) (Mansour et al., 2014). Caco-2 cells
were added into a 24-well cell culture plate according to 1 × 105

cell/well and incubated until the cells grew to monolayer. There
were two treatment groups, A8-1 + LPS and LPS + A8-1. For the
A8-1 + LPS group, 2.5 × 106 CFU A8-1 cells were added into
Caco-2 cells and incubated for 6 h; the wells were washed three
times by PBS, and 1 mL fresh DMEM was supplied and then
10 µg LPS was added and incubated for another 6 h. For the
LPS + A8-1 group, 10 µg LPS was added into Caco-2 cells and
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FIGURE 2 | In vitro tolerance of Enterococcus durans A8-1 under aerobic and anaerobic conditions with (A) 1.75, 3.5, and 7% NaCl; (B) pH 3, 4, and 5; (C) 0.5, 1,
2, and 3% bile salts.

incubated for 6 h; the wells were washed three times by PBS, and
1 mL fresh DMEM was supplied and then 2.5 × 106 CFU A8-
1 cells were added and incubated for another 6 h. The different
treated Caco-2 cells and cell culture supernatant were collected at
6 and 12 h, separately. The contents of IL-8, IL-10, and TNF-α in
the supernatant were detected by an ELISA kit (Sigma-Aldrich).
Cell RNA extraction and relative mRNA expression of IL-8, IL-
10, and TNF-α were determined according to the instructions of
corresponding kits (Sigma-Aldrich). GAPDH was selected as the
internal reference gene, and the relative mRNA expression levels
of IL-8, IL-10, and TNF-α were calculated according to the 2−1

1 CT method. The untreated Caco-2 cells were used as control,
and all tests were performed in triplicate.

Whole-Genome Sequence of A8-1
Whole-genome DNA of A8-1 was extracted by a kit (Applied
Biosystems R© 4413021). The DNA concentration and purity was
quantified with the NanoDrop2000. It was sequenced on the
Illumina HiSeqTM2000 platform at Gene de novo Biotechnology
Co., Ltd. (Guangzhou, China). The reads were de novo assembled
by SOAPdenovo version 2.04, Li et al. (2009) and the genome
sequence was improved by GapCloser. For the analysis of specific
gene sequences, such as virulence genes, heavy metal resistance
genes, antibiotic resistance genes, and efflux gene sequences
in the bacterial genome, the genomes were analyzed and
retrieved in the BIGSdb.1 The predicted genes of E. durans A8-
1 were compared with the comprehensive antibiotic resistance
database (CARD)2 (McArthur et al., 2013) and virulence factors
database (VFDB)3 (Chen et al., 2016) for identifying antibiotic
resistance and virulence factors. Furthermore, the ResFinder
3.04 (Zankari et al., 2012) and PathogenFinder 1.15 (Cosentino
et al., 2013) were used for identifying the acquired antibiotic

1https://bigsdb.pasteur.fr/
2http://arpcard.mcmaster.ca/
3http://www.mgc.ac.cn/VFs/main.htm
4https://cge.cbs.dtu.dk//services/ResFinder/
5https://cge.cbs.dtu.dk/services/PathogenFinder/

resistance genes and pathogenicity factors, respectively. Clustered
regularly interspersed short palindromic repeats (CRISPR) and
prophage sequences were identified by CRISPR Finder6 (Grissa
et al., 2007). The genome sequences have been submitted
to antiSMASH bacterial version7 to search for the secondary
metabolite biosynthetic gene clusters.

Statistical Analysis
The test and analysis of variance (ANOVA), STAMP10,
GraphPad Prism 7, and SPSS V20.0 (IBM Inc., IL, United States)
were used to perform statistical analyses. Data were presented as
means± SEM. P < 0.05 was considered significant differences.

RESULTS

Isolation and Identification of A8-1
The Gram-positive and cocci-shaped bacteria were selected from
a fecal sample of healthy infants. The colony morphology had
a sticky, translucent white and mucoid appearance on MRS
agar. Except cell morphology, Gram staining (G+), catalase
(negative) and oxidase production (negative), nitrate reduction
test (negative), a final strain of A8-1 was confirmed by 16S rRNA
sequence analysis (Figures 1A–C). The 16S rRNA was submitted
to NCBI with the accession number of MH385353.

Analysis of Probiotic Characteristics of
Enterococcus durans A8-1
Acid and Bile Salt Tolerance Under Aerobic and
Anaerobic Conditions
A8-1 had different tolerance in different environments in our
experiment. Under aerobic conditions, A8-1 could survive at pH
5.0 in MRS medium, and the maximum cell density reached about
50% of the density in normal MRS under aerobic conditions

6http://crispr.i2bc.paris-saclay.fr/Server/
7https://antismash.secondarymetabolites.org/
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TABLE 1 | Comparison of acid, NaCl, and bile salt tolerance of Enterococcus durans A8-1 cultured at aerobic and anaerobic conditions.

Medium Aerobic Anaerobic

ODmax LSD (h) R2 ODmax LSD (h) R2

MRS 2.322 1.5944 0.9266 1.713 0.6206 0.9375

1.75% NaCl 2.841 1.6536 0.948 1.739 0.3693 0.9947

3.5% NaCl 2.619 1.5034 0.9889 0.396 0.5392 0.7078

7% NaCl 1.974 1.1152 0.9982 1.418 0.2969 0.9764

pH 3 0.476 NA* NA 0.5662 NA NA

pH 4 1.513 1.1036 0.9363 0.209 NA NA

pH 5 1.585 2.1805 0.9927 1.234 0.933 0.5311

0.5% Bile salts 2.539 1.0611 0.9956 1.104 NA NA

1% Bile salts 3.018 1.496 0.9735 2.497 0.1764 0.9209

2% Bile salts 2.595 0.7329 0.9825 1.288 0.8741 0.9382

3% Bile salts 1.97 1.5058 0.9946 0.704 NA NA

*NA, not fit for the Gompertz growth curve analysis.

(Figure 2). A8-1 showed great tolerance to bile salt and NaCl.
It was found that the growth of A8-1 in 1.75 and 3.5% NaCl was
better than that in MRS (ODmax: 2.841 vs. 2.322, P < 0.05; 2.619
vs. 2.322, P < 0.05). The maximum biomass of A8-1 in a 0.5, 1,
and 2% bile salt environment were higher than that of the control
group (Figure 2A). Under anaerobic conditions, the maximum
OD600 of A8-1 was close to the control at pH 5.0 (Figure 2B),
and the strain could grow well under 1% bile salt (ODmax: 2.497
vs. 1.713, P < 0.01) and 1.75% NaCl (ODmax: 1.739 vs. 1.713,
P > 0.05) (Figure 2C). Under aerobic conditions, compared with
the MRS control group, the lag phase of A8-1 was the shortest
at 2% bile salts and 7% NaCl, was delayed under pH 5. Under
anaerobic conditions, compared with MRS control, the lag phase
of A8-1 was the shortest at 1% bile salt, and the lag phase of A8-1
was shortened with NaCl added (Table 1).

In vitro Adherence Assay
Compared with L. rhamnosus GG BL379 (positive control), A8-
1 showed higher adhesion to mucin (P < 0.01), BSA (P < 0.01),
and collagen. The adhesion ability of A8-1 to mucin, collagen,
and BSA was 5.2, 1.6, and 5.6 times higher than L. rhamnosus GG
BL379. For the adhesion to Caco-2 cells, the adhesion of A8-1 was
38.47%, which is higher than L. rhamnosus GG BL379 (38.47 vs.
11.7%, P < 0.05) determined in our study.

For the surface adhesion ability, A8-1 showed a high
hydrophobicity of 79.2 ± 3.1% in chloroform and moderate
hydrophobicity of 49.2 ± 4.4% in xylene; it had 51.7 ± 4.5% for
the auto-aggregation after 5 h of incubation and was able to co-
aggregate with S. typhimurium with a co-aggregation percentage
of 66.2± 2.9%.

Antibacterial Activity Analysis
The fermentation supernatant of A8-1 showed different
antibacterial activity against the indicator strains for
P. aeruginosa PA01 and E. coli ATCC35218, the MIC was 25 µL
supernatant, and for the S. aureus ATCC25923, P. aeruginosa
ATCC27853, E. hormaechei ATCC700323, S. typhimurium
ATCC14028, the MIC was 50 µ L supernatant.

Protect Effect to the Caco-2 Cell
Protection Effect of A8-1 to the Caco-2 Cell
Membrane Integrity
The enzyme activities of LDH and AKP in the supernatant
of cell culture were selected as indicators for the integrity of
the Caco-2 cell membrane (Figures 3A,B). Compared with the
control group, it was found that the LDH activity in the A8-
1 group was significantly reduced compared with the control
group (467.20 vs. 535.58, P = 0.005) and was increased in the
S. typhimurium ATCC14028 group (577.92 vs. 535.58, P = 0.042),
whereas AKP activity was changed with a similar trend to
LDH but no statistical difference. In the A8-1 + S group,
activities of LDH and AKP in the Caco-2 cell supernatant
were all significantly decreased compared with that of the
Salmonella group (470.46 vs. 577.92, P < 0.001; 2.21 vs. 2.51,
P = 0.007). Even in the S + A8-1 group, LDH activity was still
significantly lower than that of the Salmonella group (445.61
vs. 577.92, P < 0.001). Those results show that strain A8-1
could protect the integrity of the Caco-2 cell membrane in
pretreatment and inhibit the damage of Salmonella to Caco-
2 cells.

A8-1 Competitively Inhibited the Adhesion of
Salmonella typhimurium to Caco-2 Cell
The plate counting method was used to explore the antagonism
of A8-1 against the adhesion of S. typhimurium ATCC14028 to
Caco-2 cells. It is found that, in S-A8-1 (competition group), A8-
1 can reduce the adhesion of S. typhimurium to cells without
statistical difference (19.8 vs. 16.5%, P > 0.05). In A8-1 + S
(exclusion group), the adhesion of S. typhimurium to Caco-2 cells
was significantly reduced (19.8 vs. 10.5%, P = 0.002) possibly
because A8-1 could inhibit the growth of S. typhimurium and
occupied the binding sites on the surface of the Caco-2 cells.
However, there was no statistical difference for the adhesion to
Caco-2 cells between S + A8-1 (replacement group) and the
S. typhimurium group (19.8 vs. 22.1%, P = 0.592) (Figure 3C).
Those results showed that A8-1 competitively inhibited the
adhesion of S. typhimurium to Caco-2 cell.
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FIGURE 3 | Protective effect of Enterococcus durans A8-1 to the Caco-2 cell
membrane integrity by lactate dehydrogenase (LDH) (A) and AKP (B) activity
assay and the adhesion rate of A8-1 to the Caco-2 cell (C).

A8-1 Reduced IL-8 and Increased IL-10, TNF-α
Secretion in Response to LPS Stimulation in Caco-2
Cells
Results of cell viability treated by A8-1 are shown in Figure 4A.
Different concentrations of A8-1 cells with 1 × 105, 2.5 × 105,
and 1 × 106 CFU/mL could all significantly increase the
Caco-2 cell viability (114.18 vs. 100%, P = 0.004; 110.04 vs.
100%, P = 0.0098; 108.14 vs. 100%, P = 0.035) except the
2.5 × 106 CFU/mL group (102.10 vs. 100%, P = 0.140).

FIGURE 4 | The Caco-2 cell viability with incubation of 105, 2.5 × 105, 106,
and 2.5 × 106 CFU/mL of A8-1 (A). Then, 10 µg/mL LPS was added to the
medium to induce the inflammation of Caco-2 cells, the anti-inflammation
ability of 2.5 × 106 CFU/mL A8-1 was detected by IL-8, IL-10, and TNF-α
through ELISA (B) and qPCR (C).

So 2.5 × 106 CFU/mL of A8-1 cells was selected for the
following assays.

The 10 µg/mL LPS was added to the medium and induced the
inflammation of Caco-2 cells, and the anti-inflammation ability
of A8-1 was detected by IL-8, IL-10, and TNF-α through ELISA

Frontiers in Microbiology | www.frontiersin.org 8 December 2021 | Volume 12 | Article 79917399

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


fmicb-12-799173 December 9, 2021 Time: 12:14 # 9

Zhou et al. Probiotic Potential and Safety Evaluation

TABLE 2 | Minimum inhibitory concentrations (MICs) of Enterococcus durans
A8-1 against 15 antimicrobials, and the antimicrobial susceptibility was evaluated
by CLSI-2018 and FEEDAP-EFSA-2012.

Antimicrobials MIC Cutoff values Antimicrobial
susceptibility

CLSI FEEDAP-
EFSA

Penicillin 2 8 4 S

Ampicillin ≤2 8 4 S

Ciprofloxacin ≤0.5 1 4 S

Levofloxacin 0.25 2 NA S

Moxifloxacin ≤0.25 0.5 NA S

Erythromycin ≤0.25 0.5 4 S

Clindamycin ≥8 8 8 R*

Quinupristin/dalofopine 1 4 NA S

Linezolid 2 4 NA S

Vancomycin ≤0.5 4 4 S

Tetracycline ≤1 4 2 S

Tigecycline ≤0.12 0.2 NA S

Nitrofurantoin 32 64 NA S

high-level gentamicin
(synergistic)

SYN-S

high-level streptomycin SYN-S

*For Enterococcus spp., clindamycin may appear active in vitro but is not effective
clinically and should not be reported as susceptible as described in CLSI.
NA, Not available.

and qPCR (Figures 4B,C). Compared with the LPS treatment
cells, IL-8 were decreased in both A8-1 + LPS and LPS + A8-1
groups and showed significant difference between LPS + A8-1
and LPS groups (82.11 vs. 152.23 pg/mL, P = 0.002); the IL-10
were significantly increased in both A8-1 + LPS and LPS + A8-1
groups (217.3 vs. 53.7 pg/mL, P = 0.004; 112.5 vs. 53.7 pg/mL,
P = 0.022). TNF-α increased in both intervention groups, but
there was no significant difference compared with LPS group
(126.7 vs. 93.0 pg/mL, P = 0.265; 119.1 vs. 93.0 pg/mL, P = 0.362).
For the relative expression of mRNA, the IL-8 in A8-1 + LPS and
LPS + A8-1 groups were significantly decreased (1.54 vs. 1.02,
P = 0.0016; 1.54 vs. 0.74, P = 0.0008); IL-10 were significantly
increased in both A8-1 + LPS and LPS + A8-1 groups (1.83 vs.
1.26, P = 0.004; 1.76 vs. 1.26, P = 0.011). TNF-α expression was
decreased in both groups without statistical difference (1.36 vs.
1.09, P = 0.4059; 1.36 vs. 0.84, P = 0.1784). Those results showed
that A8-1 could reduce the secretion of IL-8 and increase the
secretion of IL-10 and TNF-α in response to LPS stimulation
in Caco-2 cells.

Safety Evaluation of A8-1
Susceptibility of E. durans A8-1 to antibiotics was determined
by measuring MICs, and the results were compared to the
cutoff values for Enterococcus species as defined by EFSA
and CLSI. E. durans A8-1 was found to be resistant only
to clindamycin but was susceptible to penicillin, ampicillin,
high-level gentamicin (synergistic), high-level streptomycin,
ciprofloxacin, levofloxacin, moxifloxacin, erythromycin,
quinupristin/dalofopine, linezolid, vancomycin, tetracycline,

tigecycline, and nitrofurantoin (Table 2). A8-1 showed no
hemolytic activity (Supplementary Figure 1A) and no gelatin
hydrolysis activity (Supplementary Figure 1B). It was identified
as a weak biofilm producer (++). In the nine tested virulence
related genes, there showed only asa1 gene positive in A8-1.

For the virulence assay with G. mellonella larvae, after
72 h injection, except the 108 CFU/mL group of E. faecalis
ATCC29212, all larvae had a 90% survival rate in both the
107 and 108 CFU/mL groups. All larvae survived in the control
and the 106 CFU/mL groups. The survival curves were analyzed
statistically using Log-rank (Mantel-Cox) Test, and there were no
statistical differences in E. durans A8-1 and B. infantis CICC6096
within 107 and 108 CFU/mL groups (P > 0.05). Apparently, A8-1
could be considered safe (Figure 5).

Whole-Genome Sequence of A8-1
The circular chromosome of E. durans A8-1 contains
2,877,218 bp, 37.92% GC-content, and 56 tRNA genes
(Table 3). Genome annotation at the RAST server showed
that the C-1 genome encodes 2,752 proteins, and the
corresponding functional categorization by COG annotation is
in Supplementary Table 2. The sequence data of the E. durans
A8-1 genome were deposited into NCBI and can be accessed via
accession number PRJNA769572. The GO function annotation
map of genome is shown in Supplementary Table 3. There
were 1,123 genes related to biological process (BP), 590 genes
related to cell composition (CC), and 757 genes related to
molecular function (MF). Among the genes involved in BP,
there were two bio-adhesion–related genes (A8-1_0276, Zinc-
binding lipoprotein adcA; A8-1_2290, Metal ABC transporter
substrate-binding lipoprotein), 85 cell colonization–related
genes, 268 binding ability genes, and four antioxidant genes
(A8-1_0078, Glutathione peroxidase; A8-1_2302, Manganese
catalase; A8-1_2334, carboxymuconolactone decarboxylase;
A8-1_2613, peroxiredoxin).

The probiotic-related genes in the genome were also analyzed.
The cholylglycine hydrolase (EC 3.5.1.24) gene responsible for
bile salt hydrolysis action was identified in one copy within
the A8-1 genome (A8-1_2053). Fibronectin/fibrinogen-binding
protein (A8-1_2247) and collagen-binding protein (A8-1_0314)
were found in the genome allowing them to bind the GI tract,
suggesting an important role in adhesion and colonization in
intestinal mucosal surfaces. Also, the resistance to hydrogen
peroxide is imparted by genes alkyl hydroperoxide reductase
(ahp, A8-1_2612, A8-1_2613) and NADH peroxidase (npr,
A8-1_1888, A8-1_2186, and A8-1_2466) that were found
in the genome. For the polysaccharide biosynthesis–related
genes, there were eight genes located in the genome, including
A8-1_ 0155 (polysaccharide biosynthesis glycosyltransferase),
A8-1_0235 (polysaccharide core biosynthesis protein RfaS), A8-
1_0854 (polysaccharide transport system ATP-binding protein),
A8-1_1612 (sugar transferase), A8-1_1617 (polysaccharide
cholinephosphotransferase), A8-1_1621 (polysaccharide
core biosynthesis protein RfaS), A8-1_1639 (polysaccharide
chain length determining protein CapA), and A8-1_1764
(polysaccharide biosynthesis protein). In addition, based on the
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FIGURE 5 | Survival curves of Galleria mellonella larvae were recorded for 72 h after injection with 10 µL of Enterococcus durans A8-1, Enterococcus faecalis
ATCC29212, and Bifidobacterium infantis CICC6096 at concentrations of 1 × 106, 1 × 107, and 1 × 108 CFU/mL, respectively, and the 10 µL of MRS medium was
used as negative controls.

TABLE 3 | Genomic analysis of A8-1.

Characteristic Number Characteristic Number

Genome size (bp) 2,877,218 CRISPR 2

Scaffolds 102 tRNA 56

GC content (%) 37.92 Transposon PSI 17

Code genes 2,752 GIs 15

previous studies, we also screened for a set of genes involved in
imparting important probiotic functions as described in Table 3.

The drug-resistance and virulence genes were annotated by
database of CARD and VFDB. Two aminoglycoside resistance–
related genes AAC (6′)-IIH and AAC (6′)-IID; three β-lactam
resistance genes mecC, mecB, and mecA; and one fluoroquinolone
resistance gene mfd were predicted in CARD. Regarding the
possibility of acquired resistance by horizontal gene transfer
(HGT), there was no detection of any acquired antibiotic
resistance genes. In addition, efaA/scbA was found in virulence
gene prediction (A8-1_2290, endocarditis specific antigen);
however, the similarity score was only 50.1%. Meanwhile, the
asa1 gene detected by PCR was not found in the genome
sequencing results, which may explain the non-toxic activity to
the G. mellonella larvae. In addition to the above genes, there
predicated some genes responsible for the secondary metabolites,
such as bsh (A8-1_2053, bile salt hydrolase), which may be related
to the bile salt tolerance and survival in the intestinal tract

for A8-1; cap8E (A8-1_1630, capsular polysaccharide synthesis
enzyme), cap8E (A8-1_1631, capsular polysaccharide synthesis
enzyme), cas4J (A8-1_1631, capsular polysaccharide biosynthesis
protein) genes related to capsular polysaccharide synthesis were
also found in the genome, which may contribute to protect
bacteria itself and resist the phagocytosis of host cells; fliN (A8-
1_1957, flagella motor switch protein), which is involved in
synthesis of flagellin, which could be recognized by Toll like
receptor TLR5, and activate innate immunity, upregulate the
expression of tight junction protein Occludin and mucin and
protect the intestinal barrier.

DISCUSSION

Probiotics, the microorganisms referred to are non-pathogenic
bacteria and are considered “friendly germs” due to the
benefits they offer to the gastrointestinal tract and immune
system. Probiotic Enterococcus spp. are mainly from the
gut of human and animal and can be detected in fecal
samples, which are more competitive than isolates from other
environments and deserve more attention for probiotic screening
(Rodríguez et al., 2015; Zheng et al., 2015). Except the origin
host, in the screening for new probiotic strains, probiotic
characteristics of the isolates should be analyzed, including
stress tolerance, adhesion, antibacterial ability, anti-inflammatory
ability, antibiotic resistance, and toxicity (AlKalbani et al., 2019).
Our study aimed to assess the potential probiotic properties
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and safety of an E. durans strain A8-1 isolated from feces of a
healthy Chinese infant.

In our results, A8-1 grew faster and showed higher antistress
ability. By simulating the gastrointestinal environment,it was
found that, under the aerobic conditions of pH 5.0, 3% bile salt,
and 7% NaCl, the growth of E. durans A8-1 could reach more
than 50% of the control group, and this indicated that A8-1 has
the potential to pass through the intestinal contents and reach
the intestinal colonization site. Bile salt tolerance has generally
been considered more important during probiotic selection than
that of other properties, such as gastric and pancreatic tolerance
(Masco et al., 2007). The growth of the strain was stimulated
under bile salt and NaCl, which suggested that we can optimize
the fermentation conditions to promote better growth and faster
enrichment of bacteria cells. In the genome of A8-1, the bile
salt hydrolase–related gene bsh was found, and the presence of
bile salt hydrolase in probiotics renders them more tolerant to
bile salts (Hussein et al., 2020), which may interpret the better
tolerance of A8-1 to higher concentration of bile salt.

The first step for good probiotics to exert probiotics in the
host is to adhere to the cell surface, which is also the basis
for probiotics to show the barrier protection function. Also, for
probiotic enterococci, it is an important factor in colonization
and competitive exclusion of enteropathogens (Nueno-Palop
and Narbad, 2011). The stronger the adhesion ability of the
bacteria, the higher the probability of colonization and survival
in the intestinal tract. Compared with L. rhamnosus BL379,
A8-1 had higher adhesion ability to the tested proteins of
mucin, BSA, and collagen. The human intestinal epithelial-like
Caco-2 cell line is often used as an intestinal epithelial cell
model (Jose et al., 2017). The adhesion rate of A8-1 to Caco-
2 cells was 30%, and this result showed that the adhesion
performance of the A8-1 to various proteins and cells was
different. Also, the considerably high level of hydrophobicity,
auto-aggregation, and co-aggregation of A8-1 could enable
the bacterial cell to adhere to host epithelial cells and allow
the formation of a barrier to prevent the colonization of
pathogens on surfaces of the mucosa (Nami et al., 2020;
Fonseca et al., 2021). Similarly, whether the strain has the
same adhesion ability in vivo and in vitro also needs to
be considered (Banwo et al., 2013). Metabolites produced by
probiotics have antibacterial activities, such as organic acids,
hydrogen peroxide, and bacteriocin (İspirli et al., 2015). A8-
1 has a better antibacterial effect on G− than G+, which
may be related to the similar bacterial structure of A8-1 (G+)
and two G + indicator bacteria (E. faecalis ATCC 29212 and
S. aureus ATCC 5923). Moreover, bacteriocin showed a narrow
antibacterial spectrum against the same related strains. In this
study, the growth of the indicator bacteria was used to determine
the antibacterial ability of Enterococcus isolates, but the specific
types and production of antibacterial active substances were not
discussed. To further analyze the bacteriostatic mechanism of A8-
1, the eight specific polysaccharide biosynthesis–related genes,
which were annotated in the genome sequence of A8-1, deserve
more attention.

Lipopolysaccharide is often used as a substance to induce
an inflammatory reaction, which can make cells produce

inflammation and stimulate the expression of inflammatory
cytokines (Drakes et al., 2004). Our results show that the
inflammatory response induced by LPS could be alleviated and
IL-8 mRNA could be reduced after being pretreated with A8-
1. The expression of TNF-α mRNA was decreased, but there
was no significant change in the supernatant of each treatment
group (P > 0.05). A8-1 may have the potential to inhibit
inflammatory response. When inflammation occurs, A8-1 can
reduce the expression of cytoinflammatory factors to reduce the
inflammatory response of cells to LPS. It is worth noting that
probiotics have highly diverse effects on the level of immune
regulatory cytokines, mainly related to the specificity of strains
and cell lines (Kook et al., 2019).

Enterococcus, as the original symbiotic bacteria in the
intestine, has dual characteristics of probiotic function and
potential pathogenicity. Therefore, it is necessary to compare
and analyze the functional characteristics and safety at the strain
level (Klimko et al., 2020). To evaluate the safety of A8-1,
susceptibility to antibiotics, hemolytic activity, gelatin hydrolysis
activity, virulence-related genes, and the virulence assay were all
carried out. In the antibiotic susceptibility test, A8-1 was only
resistant to clindamycin, which may be related to the inherent
resistance of enterococci, which was verified in E. durans KLDS
6.0930 (Li et al., 2018). Antibiotics linezolid and vancomycin
are often used as the last resort for G+ pathogen infection. β-
lactams (penicillin, ampicillin), and aminoglycoside antibiotics
are generally the preferred drugs for the treatment of enterococci
infection, which may make the strains more resistant to such
antibiotics (Tsai et al., 2012). A8-1 was sensitive to the above
antibiotics. Bacterial toxicity should be evaluated by phenotype
and genotype. The esp gene may be involved in the formation of
biofilm, but it is not the only factor determining the producing
of biofilm (Fallah et al., 2017; Kook et al., 2019). No esp gene
was detected in A8-1. The ability of producing biofilm was
considerate lower, which may be related to the lack of esp gene.
A8-1 was gleE gene negative with no gelatin hydrolase (Popović
et al., 2018). Furthermore, there were no obvious pathogenicity
or virulence genes found in A8-1. This correlates with the
observed phenotype in the G. mellonella model due to the low
mortality rates that were obtained, which is similar behavior to
the larvae inoculated with L. lactis strains reported by Martino
(Martino et al., 2018).

The whole-genome sequencing of bacteria is a convenient
way to determine antibiotic-resistant genotypes and predict
the corresponding resistance phenotypes, and the phenotype
does not always completely reflect the genotype. Through
comparative analysis of ARDB, it predicted aminoglycosides, β-
lactam antibiotics, and fluoroquinolone-related genes in A8-1,
but A8-1 had no corresponding resistance phenotype. It may be
because the expression of the drug-resistant gene was silenced
or the transcription process was not completed, resulting in the
absence of resistance phenotype. A8-1 is resistant to clindamycin,
which is usually an inherent antibiotic resistant to Enterococcus,
and the predicted lasA, lmrB, lmrC, and lmrD genes contributed
to the clindamycin-resistance through the efflux pump function
(Hollenbeck and Rice, 2012). However, antibiotic resistance may
have a positive effect on probiotics. For some antibiotic-resistant
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enterococci, it can effectively maintain the natural
balance of intestinal flora in the process treatment
(Strompfová et al., 2004).

In the current research, we only explored the impact of
potential probiotic A8-1 on intestinal epithelial cell membranes
and the regulation of cell inflammation. In the follow-
up experiments, the transepithelial electrical resistance (TER)
should be measured, and the cell tight junction protein can
be further detected to explain the effect of A8-1 on the
maintenance of gut permeability and intestinal barrier function
and interpret the mechanism of inflammation suppression
through the inflammatory response-related signal pathways.
Furthermore, animal models will be established to evaluate the
safety and functionality of E. durans A8-1 before potential use
in applications.

CONCLUSION

In summary, we have identified a strain of E. durans that
is able to tolerate and survive the simulated gastric and
intestinal juices and has the potential to colonize the intestinal
epithelial cells. Furthermore, we also showed that it contains
no obvious pathogenicity or virulence genes. Taken together,
our findings suggest the efficacy of probiotic E. durans A8-
1 in exerting an adherence to the cell surface to show
the barrier protection function and competitive exclusion of
enteropathogens with reductions in the levels of inflammatory
cytokines. According to the results of these evaluated attributes,
E. durans strain A8-1 could be a promising probiotic candidate
for applications.
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Inflammatory bowel disease (IBD) is a chronic intestinal disease associated with the 
inflammatory gastrointestinal tract and microbiome dysbiosis. Probiotics are a promising 
intervention, and several probiotics have been reported to positively affect IBD remission and 
prevention, particularly on ulcerative colitis (UC). However, there is still a limitation in the 
knowledge of effectiveness and safety of probiotics therapies for IBD. Exploring more potential 
probiotics helps to find extensive evidence for probiotic intervention. This study established 
a rapid method for probiotics candidate screening and finally screened out one strain with 
the best protective effect. Forty strains isolated from four different sources were used for this 
screening. Hemolysis tests and acute toxic test evaluated strain safety. Zebrafish were first 
treated with dextran sodium sulfate (DSS) for colitis induction, and every bacteria were 
individually added to the fish water subsequently. Results showed eight strains could lower 
the larvae mortality within 3 days under a 0.6% DSS concentration, including Lacticaseibacillus 
rhamnosus GG, L. rhamnosus NBRC3425, Bacillus smithii DSM4216, B. smithii XY1, Bacillus 
coagulans NBRC12583, Bacillus coagulans XY2, Lactobacillus parafarraginis XYRR2, and 
Bacillus licheniformis XYT3. Among eight, B. smithii XY1 was the only strain having the equal 
ability to alleviate neutrophil infiltration in the larvae intestine with that ability of prednisolone 
under a 0.5% DSS concentration. Bacillus smithii XY1 restored intestinal epithelial cell integrity 
after DSS damage, as well as regulated the gene expression inflammation-related factors, 
indicating its bio-function of inflammatory response alleviation.

Keywords: inflammatory bowel disease, ulcerative colitis, probiotics, Bacillus smithii, lactic acid bacteria, zebrafish 

INTRODUCTION

Inflammatory bowel diseases (IBD), types of chronic intestinal diseases characterized by immune-
mediated intestinal inflammation of the gastrointestinal tract, affect millions of people every 
year (Ng et  al., 2017). In recent decades, an increasing incidence rate has been characterized 
in newly industrialized countries, especially those transforming a western lifestyle, indicating 
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that IBD has become a global disease in the 21st century 
(Ananthakrishnan et  al., 2020). Due to the burden of the 
continuous rising IBD cases and growing health care costs, 
future therapeutics are suggested to achieve sustained durability 
of benefit and prevention and global sustainability, which is 
cost-effective, safe, and simple (Ananthakrishnan et  al., 2020).

Probiotics are considered experimental interventions for 
functional symptoms of IBD (Colombel et  al., 2019). Until 
now, the cause of the disease has still been hard to clarify. 
However, dysbiosis in the microbiota, mucosal immune system, 
and genetic factors play essential parts in the IBD’s pathogenesis 
(Fritsch and Abreu, 2019). Normal intestinal microbial flora 
is vital for the host to maintain the gut’s well-being and integrity 
of gut immunity (Zareef et  al., 2020). In human subjects, the 
gut microbiome is different in patients with IBD compared 
with that in healthy control subjects (Glassner et  al., 2020). 
The alteration of normal gut microbiota in the patients contributes 
to IBD incidence (Zareef et  al., 2020). The host-microbial 
relationships lead to a sight of viable therapeutic approaches 
(Ni et  al., 2017). Fecal microbiota transplantation (FMT) has 
been proved available not only in Clostridium difficile infection 
but also in some IBD clinical trials (Friedman et  al., 2014; 
Browne and Kelly, 2017). Further evidence is needed before 
FMT or probiotics could be  used in practice treatment, and 
probiotic or prebiotic therapies could be the next step (Friedman 
et  al., 2014).

Contrary to most other therapeutics, multiple agent 
interventions in probiotics therapy show a low risk of harm 
(Colombel et  al., 2019). Probiotics have succeeded widely in 
several IBD cases, especially in ulcerative colitis (UC), one of 
the two main entities of IBD (Basso et  al., 2018). According 
to two double blind trials and mice model experiments, Escherichia 
coli Nissle 1917 has the equal ability of remission and prevention 
with mesalamine (Kruis et  al., 1997; Rembacken et  al., 1999; 
Kruis et  al., 2004; Souza et  al., 2020). Multiple lactic acid 
bacteria (LAB) and probiotic mixture also show positive effects, 
like Lactobacillus acidophilus, Lacticaseibacillus rhamnosus GG, 
Bifidobacterium longum 536, and VSL#3 (Zocco et  al., 2006; 
Sood et  al., 2009; Tursi et  al., 2010; Wildt et  al., 2011; Tamaki 
et  al., 2016). Some strains have succeeded in some cases, while 
some strains are reported failed in clinical UC trials. The 
conclusion that extensive probiotics have beneficial effects on 
IBD patients is still controversial (Ng et  al., 2010; Petersen 
et al., 2014). These failures suggest that the functional properties 
may be  strain determined, encouraging establishment of new 
probiotics screening work and efficient methods for evaluating 
functions of different strains (Geier et  al., 2007). Most research 
focuses on verifying the function of familiar strains like VSL#3 
or E. coli Nissle (Kruis et  al., 2004; Sood et  al., 2009; Matthes 
et  al., 2010). However, beneficial bacteria could come from 
various resources like food, air, soil, and animals (Zielińska 
and Kolożyn-Krajewska, 2018), though probiotics are initially 
believed to originate from the gastrointestinal tract of a healthy 
individual (Guarner et  al., 2005). This study tried to isolate a 
wider range of anti-inflammatory bacteria from diverse resources, 
especially fermented foods. Fermented foods are promising 
bio-resources, especially those rich in multiple LAB. LAB are 

one of the most popular probiotics pools of probiotic therapies 
for diseases. For example, Lactobacillus and Bifidobacterium 
have been proved to be  effective in clinical trials. So we  used 
one commercialized probiotic, L. rhamnosus GG, to compare 
with the effect of other isolated strains on IBD improvement.

Multiple processing is required to finally define a microbe 
as a probiotic (Pereira et  al., 2018). In vitro and in vivo safety 
test is the first step (Sanders et al., 2010). Using high-throughput 
experimental animal models with low cost is encouraged in 
screening lots of bacteria. Zebrafish has become one of the 
most common vertebrate models in cellular microbiology because 
of its benefits such as high throughput and ease of operation 
with simple immersion (Flores et  al., 2020). The zebrafish 
gastrointestinal (GI) systems are highly homologous in functions 
and genes with the mammalian GI system. Over 100 IBD 
susceptibility genes found in IBD and zebrafish share homologous 
genes like NOD1, NOD2, e-cadherin, hnf4a, and ttc7a, suggesting 
it is a suitable animal model (Oehlers et  al., 2011; Jostins 
et  al., 2012; Zhao et  al., 2018). Intestinal epithelial damage 
induced by chemical dextran sodium sulfate (DSS) mimics 
one of the critical features of IBD pathology. A DSS-induced 
IBD zebrafish model successfully represents the neutrophils 
infiltration at a medium 0.5% DSS concentration and high 
mortality at a high 0.6% DSS concentration (Oehlers et  al., 
2013, 2017). Acute mortality and the level of colitis inflammation 
set a scale for evaluating strains’ effectiveness.

In this study, we constructed a rapid isolating and screening 
method to efficiently isolate novel strains and expand the 
probiotics library for IBD remission or prevention. One novel 
strain with the best protective effect was discovered and 
underlying mechanisms were further investigated.

MATERIALS AND METHODS

Bacterial Strains and Culture
Bacteria Strains and Culture
Forty Bacillus strains and LAB strains newly isolated and 
preserved in the laboratory were used. Twenty-one strains were 
isolated from fermented coffee grounds in Hangzhou, China. 
Seven strains were introduced by China Center of Industrial 
Culture Collection (CICC). Four strains were introduced by 
China General Microbiological Culture Collection Center 
(CGMCC). Three strains were isolated from dairy products 
and four from an “Effective Microorganisms” EM bacteria 
product (Supplementary Table S1). The isolation method is 
described in Supplementary Table S1. Lactobacillus rhamnosus 
GG, a strain widely used as a commercialized probiotic, was 
used as the reference strain.

Culture of Strains
Strains were grown for 18 h in suitable media and conditions 
in which they were isolated (Supplementary Table S1). All 
of the bacteria were subcultured three times before their use 
in the experiments. The bacterial broth was centrifuged at 
12,000 rpm for 1 min at 4°C. Then, the precipitation was washed 
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twice and resuspended with sterile PBS buffer. The suspension 
concentration was calculated with the Helber bacteria counting 
chamber (Auvon Helber Thoma; Rea et al., 2015, pp. 127–128).

Identification of the Strains by 16S-rRNA
Genomic DNA of the novel bacteria was extracted with TaKaRa 
No.9164, Japan, and 16S rRNA gene was amplified with Vazyme 
2 x Phanta Max Master Mix, China. Sanger sequencing was 
conducted through the commercial service of Qingke, China. 
Gene sequences were analyzed in the BLAST Gene database. 
Phylogenetic analysis was constructed based on the 16S rRNA 
gene sequence through the neighbor-joining method by MEGA 
X software. The phylogenetic tree was plotted using EvolView.1 
The 16S rRNA sequences have been deposited under GenBank 
NCBI (accession numbers and all strains used are shown in 
Supplementary Table S2). The number on a branch is the 
bootstrap value that indicates the extent of relatedness between 
two subjects.

Zebrafish Manipulations
Adult zebrafish lines wild-type (WT: TU) and Tg (mpx:eGFPil14) 
were from core facilities, Zhejiang University school of medicine 
(CFZSM), and were kept there at a 14:10 light: dark cycle at 
28°C. Fertilized embryos collected following natural spawning 
were cultured at 28.5°C in E3 water (5 mM NaCl, 0.17 mM 
KCl, 0.33 mM CaCl2, and 0.33 mM MgSO4) containing methylene 
blue (0.002 g/L). To observe fluorescent better at Tg (mpx:eGFPil14) 
fish line, an additional 75 μM 1-phenyl 2-thiourea was added 
into E3 water 24 h post-fertilization to prevent the pigment-cell 
formation. Methylene blue was removed 1 day before live 
imaging. Batches of 200 larvae were kept in sterile fish boxes 
in 80 ml E3 water, which was changed every day to 3 days 
post-fertilization (dpf). The Zhejiang University Laboratory 
Animal Center approved the protocols.

The protocol of DSS-induced intestine injury models was 
adapted and modified from Oehlers et  al. (2013) and Chuang 
et  al. (2019, p.  7). Fresh 0.6 and 0.5% (w/v) colitis grade DSS 
(36,000–50,000 MW) was prepared to induce high and medium 
levels of enterocolitis of 3 dpf larvae. All analyses were performed 
at 6 dpf unless otherwise noted.

Safety Assessment of Strains
Hemolysis tests were used to do in vitro safety evaluation of 
the strains. Colonies were streaked on blood agar (10 g/L of 
tryptone, 10 g/L of NaCl, and 5 g/L of yeast extract; 100 ml/L 
of sterile defibrinated sheep blood was added after sterilization 
of the other medium components) plates with aseptic processing. 
Results were observed after 24 h of cultivation. γ hemolysis 
(lack of hemolysis; Savardi et  al., 2018) means safe. For the 
in vivo safety test, the bacteria virulence assessment adapted 
from Ran et  al. (2018, p.  3452) was done. Zebrafish larvae 
(4 dpf) were placed into 12-well plate (10 larvae per well) with 
2 ml bacteria suspension (concentration of 1 × 106 CFU/ml) of 
each bacteria strain for 3 days. Escherichia coli DH5α was used 

1 https://www.evolgenius.info/evolview/

as a negative control. The larvae mortality was recorded after 
3 days. Dead fish were removed from the wells during the 
experiments. Each experiment had three biological replications.

Bacteria Screening
Each strain’s liquid culture was diluted into the same OD600 
aseptically. Then, 100 μl of the culture dilution was inoculated 
into a 5 ml medium. After incubation, one strain with the 
highest final OD600 was selected from strains belonging to the 
same species isolated from the same sample. The strain culture 
was prepared at a concentration of 1 × 106 CFU/ml. Prednisolone, 
an anti-inflammatory drug commonly prescribed for IBD 
treatment, was used as a positive control. Batches of 10 TU 
3 dpf larvae were placed into each well (24-well plate) at a 
total volume of 2 ml 0.6% DSS E3 water with a final bacteria 
concentration of 1 × 106 CFU/ml or 25 μg/ml positive drug 
prednisolone. A hit was defined as the higher mean value of 
survival compared to water control group. All first-round hits 
were rescreened with an inflammation assessment. Batches of 
6 Tg (mpx:EGFP)i114 3 dpf larvae were placed into 0.5% DSS 
E3 water. After 2 days of incubation, the 5 dpf larvae were 
washed with E3 water once and placed into bacteria or 
prednisolone dilution (same final concentration as above) for 
24 h. The significant reduction of neutrophils infiltration was 
defined as a hit.

Gene Expression Analysis
Total RNA used for real-time PCR from dissected intestines 
was isolated using RNAiso Plus (TaKaRa, Japan). Six larvae 
were used for one RNA extract. cDNA synthesis was performed 
using Prime Script™ RT reagent Kit with gDNA Eraser (TaKaRa, 
Japan). Real-time PCR was performed with the SYBR green 
method using TB Green Premix Ex Taq™ (TaKaRa, Japan). 
Triplicate PCRs were carried out for each sample analyzed. 
The data obtained were analyzed using StepOne Software v2.3. 
Modification of gene expression is reported concerning the 
control sample. The relative abundance of mRNA was determined 
by normalization to rpl13 levels, and the results were expressed 
as relative expression levels. The data were quantified by the 
comparative threshold cycle (ΔΔCt) method.

The primer sequences are rpl13 forward TCTGGAGGAC 
TGTAAGAGGTATGC, rpl13 reverse TCAGACGCACAATCTT 
GAGAGCAG, IL-1β forward GAGACAGACGGTGCTGTTTA, 
IL-1β reverse GTAAGACGGCACTGAATCCA, TNF-α forward 
CAGAGTTGTATCCACCTGTTA, TNF-α reverse TTCACGCT 
CCATAAGACCCA, IL-6 forward TCAACTTCTCCAGCGT 
GATG, IL-6 reverse TCTTTCCCTCTTTTCCTCCTG, NOD2 
forward AGTTTCTGGGATTATGGGGT, an NOD2 reverse 
ACTGCCCACACCATTATCCA (Qin et al., 2018; Yi et al., 2019).

Analysis of Neutrophilic Infiltration by Live 
Imaging
Six dpf larvae were anesthetized with 120 μg/ml tricaine for 
30 s, mount larvae in 3% (w/v) methylcellulose for live imaging 
by epifluorescent microscopy (Oehlers et al., 2013). Inflammation 
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FIGURE 1 | Source of strains and the screening method of candidate probiotics for inflammatory bowel diseases.

level was indicated by the number of neutrophils congested 
in the intestine. Fluorescent neutrophils around the larval 
intestine were enumerated by manual counting. Larvae images 
were taken using a Nikon SMZ18 stereoscope.

Hematoxylin and Eosin Staining
Zebrafish larvae were fixed in 4% paraformaldehyde overnight 
at 4°C and then dehydrated and embedded according to standard 
protocols. Transverse sections were prepared with LEICA RM2235 
paraffin slicing machine and stained by auto Hematoxylin and 
Eosin (H&E) staining with Thermo GEMINI AS.

Statistical Analysis
All analyses were performed using IBM SPSS Statistics 22. 
Differences were considered statistically significant when at 
p < 0.05. The mean ± SEM are used to display data. Neutrophil 
quantification data were analyzed using one-way ANOVA. 
RT-PCR data were analyzed using two-tailed Student’s t-tests 
for comparisons between the control group with other groups.

RESULTS

Construction of a Strain Library
The strains isolation strategy and the potential probiotics strain 
library were constructed as the implementation:

 a. Bacteria isolation (Figure 1). More strains and more sources 
need to be  considered. In this study, 29 novel strains were 
isolated from food samples (e.g., dairy products and fermented 
coffee grounds) and EM products (product contains multiple 
bacteria for agricultural usage; Table  1). Eleven other 
commercialized strains (from culture centers) were also 
included in the preliminary strain library.

 b. Hemolysis test. Safety assessment of potential probiotics is 
vital. Hemolysis-positive strains are considered to have safety 
risks. In very rare immunosuppression, chronic diseases, or 
surgical interventions cases, several LAB strains of L. 
rhamnosus and some other Lactobacillus species, which 
caused human infection were detected to be  hemolysis 
positive (Baumgartner et  al., 1998; Figure  1). Among the 
preliminary strain library, 34 strains were hemolysis-negative 
(γ-lysis). The other six strains were hemolysis-positive (α-lysis 
or β-lysis; Table  1). All food samples and EM product 
isolates were hemolysis-negative, while nearly half of the 
strains from the culture centers were hemolysis-positive.

 c. Acute toxic test. Being proved in vivo safety is another 
requirement of probiotics for medicine and food use. The 
high throughput zebrafish larvae model, a time-efficient and 
low-cost in vivo vertebrate model, was used to evaluate 
each strain’s virulence (Figure  1). Three-day exposure to 
1 × 106 CFU/ml bacteria suspension of eight strains from 
coffee grounds resulted in larvae death. Other strains resulted 
in no mortality at the concentration of 1 × 106 CFU/ml. The 
number of candidate strains in the lists was reduced to 26.

 d. Growth ability test. All strains found in vitro and in vivo 
safety in this study were sequenced based on 16S rRNA. 
Most novel strains belonged to the genus Lactobacillus and 
Bacillus. Several new isolates from the same sample were 
also identified as the same species (Figure  2). These were 
defined as one group. One strain with the highest final 
concentration (represented by OD600) after incubation among 
the group was particularly picked out as a representative 
strain (Figures  1, 2). Strains with higher growth ability are 
prone to be  easier to be  commercialized. After the test, the 
probiotic strains in the library were reduced from 26 to 
18. They are four from EM products, six from coffee grounds, 
five from culture center, and three from dairy products.
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Strains Screening for Mortality Reduction 
of Acute Colitis
The DSS-induced zebrafish acute colitis model has a dose-effect 
relationship for different mortality levels and intestinal 
inflammation (Oehlers et  al., 2013). A high concentration of 
0.6% DSS was first added to record the survival of larvae 
because acute mortality is more straightforward to observe 
than live imaging (Figure  3A). The 0.6% DSS dose results in 
62.5% mortality in larvae after 3 days of exposure (Figure  3B). 
Prednisolone, the commercial drug for the treatment of IBD, 
reduces the mortality of larvae. The first anti-inflammatory 
test identified eight hits with higher survival and causing no 
malformation of larvae compared to the negative control, namely, 
L. rhamnosus GG, B. smithii DSM4216, B. smithii XY1, L. 
parafarraginis XYRR2, L. rhamnosus NBRC3425, B.s coagulans 
NBRC 12583, B. coagulans XY2, and B. licheniforms XYT3. 

Other strains may have side effects like edema (or different 
deformation results) or severe toxicity, causing greater mortality. 
Among them, two strains (L.s plantarum CICC20022 and B. 
subtilis XYT2) independently caused malformations. One strain  
(B. subtilis subsp. CICC20643) increased mortality. Furthermore, 
six strains (L. paracasei XYRR3, B. licheniformis XY16, L. lactis 
subsp. hordniae XYR, L. buchneri XYB, B. coagulans XYHYN, 
and B. subtilis XY12) caused both side effects (Figure  3B).

Effects of Different Strains on Medium 
Intestinal Inflammation Alleviation
The eight hits from the first anti-inflammatory test were 
subsequently further screened. Larvae were kept under a 
condition at a lower concentration of 0.5% DSS, which caused 
lower mortality (less than 2%) and a medium level of intestinal 
inflammation (Figure  4A). The localization of neutrophils in 
the intestine was assessed by live imaging of Tg (mpx:EGFP)i114 
larvae (Figure 4B). Among the strains that increased the survival 
rate of zebrafish damaged by a relatively high dose DSS, Bacillus 
smithii XY1 was the only one to significantly reduce neutrophil 
mobilization. Its improvement effect is equivalent to prednisolone 
(Figure  4C). Other strains have no significant impact on 
inflammation alleviation.

Bacillus smithii XY1 Rescues Abnormal 
Intestinal Features in the IBD Zebrafish 
Model
Exposure to DSS for 2 days has been documented to cause 
gross changes to intestinal morphology. Zebrafish sections were 
taken longitudinally along the zebrafish mid and posterior 
segments of the 6 dpf larval intestines. Sections were assessed 
for villus structure, a clear and discernable epithelial monolayer, 
intestinal epithelial cell integrity, and the presence of mature 
goblet cells with large secretory vesicles (Jardine et  al., 2019). 
Abnormal intestinal phenotypes, such as shorter and thinner 
villi, were observed in the DSS-induced model, resulting in 
apparent gaps. Other abnormal intestinal phenotypes include 
smaller goblet cells and signs of apoptosis (Figure 5A). Rescue 
of these changes with B. smithii XY1 and prednisolone 
was observed.

Bacillus smithii XY1 Effects on Disturbed 
Innate Immune Genes Expression
Expression levels of the inflammatory cytokine gene IL-1β and 
TNF-α in the DSS group were significantly higher than in 
the negative control. The expression of the two genes was not 
significantly different in B. smithiii XY1, LGG, and prednisolone 
intervention compared with the control (Figure 5B). IL-6 gene 
expression was not significantly different in the treatment groups 
and the control group. NOD2 is a vital gene that is closely 
related to IBD pathogenesis. The NOD2 gene was highly 
expressed in the DSS group but similarly expressed in B. smithiii 
XY1, LGG, and prednisolone intervention groups. Though the 
TNF-α and NOD2 gene expression of the B. smithiii XY1 
group was not significantly different from and LGG group, 

TABLE 1 | Result of in vivo and in vitro safety assessment of strains.

Source Strain ID Hemolysis tests
Acute toxicity 
(survival %)

Coffee grounds XY1 − 100 ± 0
XY2 − 100 ± 0
XY3 − 100 ± 0
XY4 − 100 ± 0
XY5 − 100 ± 0
XY6 − 100 ± 0
XY7 − 100 ± 0
XY8 − 100 ± 0
XY9 − 100 ± 0
XY10 − 100 ± 0
XY11 − 100 ± 0
XY12 − 3 ± 1
XY13 − 3 ± 1
XY14 − 3 ± 1
XY15 − 3 ± 1
XY16 − 100 ± 0
XY17 − 90 ± 0
XY18 − 90 ± 0
XY19 − 90 ± 2
XY20 − 73 ± 3
XY21 − 100 ± 0
XY22 − 100 ± 0

Culture Collection LGG − 100 ± 0
CICC 20022 − 100 ± 0
NBRC 3425 − 100 ± 0
CICC 10309 + −
CICC 23632 + −
CGMCC 1.4261 + −
CICC 10580 + −
CICC 23057 + −
CICC 10061 + −
NBRC 12583 − 100 ± 0
DSM 4216 − 100 ± 0

EM product XYB − 100 ± 0
XYR − 100 ± 0
XYT3 − 100 ± 0
XYT2 − 100 ± 0

Fermented dairy 
product

XYRR3 − 100 ± 0

XYRR2 − 100 ± 0
XYHYN − 100 ± 0
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the mean of the LGG group is higher than the mean of the 
B. smithii XY1 group, which may relate to the result of the 
difference in Figure  4C.

DISCUSSION

A rapid and preliminary bacteria screening approach for IBD 
remission was designed for this work. The methodology involves 
six main steps: isolation, hemolysis test, acute toxic test, growth 
ability test, lethality reduction test for acute colitis, and reducing 
inflammation test. It takes care of both safety and function, 
and more safety assessments should be included in the screening 
process when considering uncommon bacteria species (Pereira 
et  al., 2018). The approach is exceptionally suitable for labs 
possessing zebrafish infrastructure. Screening work, especially 
the acute toxic and anti-inflammatory tests, consumes many 
model animals. The high-throughput characteristic of the 
zebrafish larvae model meets the need. When we were conducting 
the methodology, coffee grounds were presented to be a promising 
bio-resource. Among the 22 novel strains isolated from coffee 

grounds, 14 were proven preliminary in vitro and in vivo safe, 
and 50% of best-grown strains passed the first screening to 
reduce acute colitis mortality. Although only Bacillus smithii 
XY1 isolated from coffee grounds passed the final screening, 
others are still worth further exploitation, especially those 
Generally Recognized as Safe (GRAS) or the qualified 
presumption of safety (QPS) recommended strains. Baciillus 
smithii XY1 also shows good tolerance to acid, especially bile 
(Supplementary Figure S1), suggesting that Bacillus smithii 
XY1 is prone to survive well in the intestine environment. It 
is better to include the acid and bile tolerance assessment 
after the growth ability test, but it is unnecessary. Live or 
dead bacteria may both have functions.

As a food-originated bacteria pool, dairy products present 
one strain of L. parafarraginis XYRR2, reducing mortality of 
acute colitis. EM products and their bacteria may not be suitable 
for anti-inflammation use because no strain from EM products 
presents effectiveness in the final two screening steps. This 
study also suggests fermented foods are treasuries for finding 
new IBD remission probiotics, though the number of tested 
sample strains was limited. Searching for candidates in a culture 

FIGURE 2 | Phylogenetic relatedness of 16S rRNA between in vivo and in vitro safe strains isolated from different sources. Bold fonts mean strains used in this 
test. The circle indicates that the strain has the best growth ability from the same species and is isolated from the same sample. The colors of squares represent the 
sources of strains. Green, EM products; Red, dairy products; Yellow, culture centers; and Blue, coffee grounds.
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A

B

FIGURE 3 | First hits on reducing mortality of acute colitis. (A) Schematic depicts the screening methodology to reduce the mortality of 0.6% dextran sodium 
sulfate (DSS) induced acute colitis. (B) Survival of larvae after 1-day immersion of bacteria suspension, data are presented as mean ± SEM, n ≥ 8 biologically 
independent animals from three independent experiments. Strain is considered an effective candidate when the mean survival rate exceeds water control (gray). 
Values indicated by the bars with different letters are significantly different (p < 0.05, one-way ANOVA).

A

B C

FIGURE 4 | Second hits on reducing intestinal inflammation. (A) Schematic depicts the screening methodology to suppress neutrophilic inflammation. 
(B) Representative images of live imaging in 6 days post-fertilization (dpf) Tg (mpx:EGFP)i114 larvae exposed to 0.5% DSS at 3 dpf and treated with a drug and 
bacteria at 5 dpf. The area of the intestine is illustrated by a white dotted line, scale bars, 500 μm. (C) The number of neutrophils in the intestine per larvae, data are 
presented as mean ± SEM. Values indicated by the bars with different letters are significantly different (p < 0.05, one-way ANOVA). n ≥ 8 biologically independent 
animals from three independent experiments.
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center is also a good option. Bacteria from the culture centers 
may be  another probable candidate probiotic resource for IBD 
remission, particularly LAB species like L. rhamnosus, B. smithii, 
and B. coagulans, except some L. licheniformis strains. 
Nevertheless, an effort is needed to draft lists, which could 
be  more costly in expense and time.

Protective effects of bacteria in the IBD zebrafish model 
are found to be  strain-determined. Over 50% of bacteria 
used in the first anti-inflammatory test were beneficial. However, 
the other seven strains do not have anti-inflammatory effects 
and even result in harmful effects like lower survival and 
deformation. The inner differences within the strains also 
exist. For species like B. coagulans and L. licheniformis, B. 
coagulans XY2 and L. licheniformis XYT3 have positive effects 
on reducing acute colitis mortality in zebrafish models, but 
B. coagulans XYHYN and L. licheniformis XY16 could result 
in lower survival and deformation. There is a risk to using 
probiotics casually in the host with a damaged gut without 
testing first. This suggests that probiotics treatment should 
be  more careful and we  should regulate the specific strains 
used in IBD therapies.

Lactic acid bacteria were presented to be  beneficial in anti-
inflammation function again. Active strains like L. rhamnosus 
and B. coagulans were found to be  anti-inflammatory in mice 
models already (Yan et  al., 2017; Shinde et  al., 2020). In this 
experiment, we  confirmed their anti-inflammatory function in 
the DSS-induced acute colitis zebrafish model. On the other 

hand, L. parafarraginis and B. smithii are rarely reported as 
anti-inflammatory bacteria. This study provides evidence for 
these two species in exploring their bio-functions.

Bacillus smithii XY1 is found to be  especially effective in 
anti-inflammation compared with any other strain. In this 
study, B. smithii XY1 is the only strain that could both 
reduce the mortality in acute colitis zebrafish models and 
significantly relieve inflammation in the intestine. Bacillus 
smithii XY1 used to be  classified as B. coagulans until the 
late nineteenth century, suggesting that characteristics like 
oral safe and some immunomodulatory function of B. coagulans 
could also come from B. smithii (Nakamura et  al., 1988). 
Species B. smithii has been added to the list of 
QPS-recommended biological agents intentionally added to 
food or feed as notified to EFSA since 2017 (Ricci et  al., 
2017). Another B. smithii strain has also been reported to 
present some anti-inflammatory function on animal models 
recent years. Bacillus smtihii TBMI 12 is proved to protect 
against C. difficile infection in mice, and its spores protect 
against the Salmonella serotype enteritidis in mice, though 
its protective mechanisms have not been described (Jõogi 
et  al., 2007; Suitso et  al., 2007). Combining the former 
research on B. smtihii TBMI 12 and our study, we  found 
that B. smithii show its probiotics potential on 
anti-inflammation.

Bacillus smithii XY1 might be involved in immune regulation. 
RT-qPCR analysis shows gene expression of pro-inflammatory 

A

B

FIGURE 5 | Bacillus smithii XY1 protects the intestine epithelium. (A) Hematoxylin and eosin (H&E) staining of a longitudinal section of zebrafish larvae intestine, 
scale bars, 50 μm, and yellow arrows indicate the length of the villi. Blue arrows indicate obvious gaps because of the thinner mucosal layer. (B) The mRNA level of 
immune-related genes including IL-1β, NOD2, IL-6, and TNF-α in the 6 dpf larvae. Data are presented as mean ± SEM. *p < 0.05 and **p < 0.01, analyzed by two-tail 
test. Every character represents the significance of a treatment group compared to the control group. n = 6 from three independent experiments.
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cytokines IL-1β and TNF-α could be  restored to normal level 
after B. smithii XY1 intervention. The two cytokines are 
involved in NF-κB and IRF pathways. Unmoral high expression 
of these two genes reflects the inflammation in the host. 
However, whether B. smithii XY1 reduces inflammation levels 
by downregulating these genes expression directly is still 
unverified, and this needs further study. NOD2 also participates 
in the NF-κB signaling pathway. NOD2 is an innate immune 
sensor. It encodes a protein that helps NF-κB be  responsive 
to bacterial lipopolysaccharides (Ogura et  al., 2001; Strober 
and Watanabe, 2011). The changes of NOD2 gene expression 
levels may suggest that lipopolysaccharides change in the 
inner gut microbiome, which may lead a way to explore the 
mechanism of anti-inflammatory function of B. smithii XY1. 
Moreover, B. smithii XY1 helps the host to restore the intestinal 
epithelial cell integrity after DSS damage. Integral intestinal 
epithelial construction helps the host to insulate harmful 
microbes from the body.

As a promising and sustainable potential therapy of IBD, 
probiotics therapies still need efforts to find more effective 
strains and study the relationship between the probiotics, the 
host, and the gut microbiomes. Conventionally, human 
gastrointestinal is recommended as the source of probiotics 
by FAO and WHO. However, probiotics may also be  isolated 
from unconventional sources. The physiological structure of 
zebrafish still differs from rodents and humans, so it is better 
to confirm strains’ beneficial effects in other models. Broader 
species screening would help set up a larger potential IBD 
remission probiotics library. Not only LAB but also some 
uncommonly used Bacillus like B. smithii and B. licheniformis 
presented to be  anti-inflammatory. For specific strains, the 
mechanisms that their better anti-inflammatory effects differ 
from other strains of the same species are worth studying.

In conclusion, we firstly established a rapid method for choosing 
suitable bacteria and screened out one novel strain Bacillus smithii 
XY1 that successfully worked against DSS-induced intestinal damage 
in zebrafish larvae. Bacillus smithii XY1 intervention alleviated 
inflammatory response including neutrophil mobilization reduction, 
abnormal intestinal phenotypes rescue, and downregulation of 
inflammatory cytokine genes’ expressions. The present work has 
demonstrated the excellently protective effects of Bacillus smithii 

XY1 on intestinal inflammation recovery in the zebrafish model, 
which is meaningful for application in IBD therapy.
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Probiotics for food or supplement use have been studied in numerous clinical trials,
addressing a broad variety of diseases, and conditions. However, discrepancies were
observed in the clinical outcomes stemming from the use of lactobacillaceae and
bifidobacteria strains. These differences are often attributed to variations in the clinical
trial protocol like trial design, included target population, probiotic dosage, or outcome
parameters measured. However, a contribution of the methods used to produce the
live bioactive ingredients should not be neglected as a possible additional factor in the
observed clinical outcome variations. It is well established that manufacturing conditions
play a role in determining the survival and viability of probiotics, but much less is
known about their influence on the probiotic molecular composition and functionality.
In this review, we briefly summarize the evidence obtained for Lacticaseibacillus
rhamnosus GG and Lactiplantibacillus plantarum WCFS1, highlighting that expression
and presence of probiotic niche factor (NF) and/or effector molecules (EM) may be
altered during production of those two well-characterized lactobacillaceae probiotic
strains. Subsequently, we summarize in more depth what is the present state of
knowledge about bifidobacterial probiotic NF and EM; how their expression may be
modified by manufacturing related environmental factors and how that may affect
their biological activity in the host. This review highlights the importance of gathering
knowledge on probiotic NF and EM, to validate them as surrogate markers of probiotic
functionality. We further propose that monitoring of validated NF and/or EM during
production and/or in the final preparation could complement viable count assessments
that are currently applied in industry. Overall, we suggest that implementation of
molecular level quality controls (i.e., based on validated NF and EM), could provide
mode of action based in vitro tests contributing to better control the health-promoting
reliability of probiotic products.
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INTRODUCTION

Initially formulated by the World Health Organization in 2002
(Joint Fao/Who Working Group Report on Drafting, 2002) and
slightly corrected by experts in the field in 2014 (Hill et al., 2014),
probiotics are today defined as “live microorganisms that, when
administered in adequate amounts, confer a health benefit to
the host.” Overall, probiotic bacteria for food or supplement use
(mainly lactobacillaceae and bifidobacteria) have been studied in
a large number of clinical trials, targeting a wide array of diseases
and conditions (Dronkers et al., 2020).

Two distinguishable classes of health benefits are attributed
to probiotics: a “general” class of effects that groups beneficial
effects exerted by various well-studied microbial species; and a
“strain-specific” class of effects that are expected to be driven
by specific probiotics strains. An expert panel convened in 2013
has acknowledged those two classes, concluding that “general”
benefits such as “creating a more favorable gut environment”
and “supporting a healthy digestive tract” (regrouping a diversity
of clinical end points such as diarrhea, antibiotic-associated
diarrhea (AAD), gut transit, abdominal pain, bloating, and
necrotizing enterocolitis) are displayed by a large number of
probiotic strains representing various commonly studied species.
The mechanisms of action supporting those “general” probiotic
beneficial effects (e.g., probiotic and/or microbiome mediated
SCFA production, regulation of intestinal transit, competitive
exclusion of pathogens) are similarly believed to be shared by a
large number, if not all, of the probiotic strains (Hill et al., 2014).
Furthermore, “general” benefits (e.g., AAD prevention) provided
by the commonly used Lacticaseibacillus rhamnosus GG strain
have be shown to be relatively consistent throughout different
clinical trials in children (Szajewska and Hojsak, 2020).

In contrast, “strain-specific” benefits are defined as effects
that are likely exerted by a limited number of strains,
such as “prevention of allergic disease,” “downregulation of
inflammation,” “enhancement of anti-infection activities,” or
“support of specific organs health” (e.g., reproductive tract, lungs)
(Hill et al., 2014). Those beneficial effects are believed to be driven
by specific molecules present within or at the surface of the
probiotic bacterial cells (Lebeer et al., 2008; Remus et al., 2012;
Lee et al., 2013). In the last decade, it was shown that a range of
molecules produced by probiotic contribute to their robustness
and stress tolerance, supporting their survival and establishment
when they transit through the gastro-intestinal tract (i.e., so-
called niche factors; NF). In addition, various probiotic effector
molecules (EM) have been identified to drive in situ host-
microbe interactions, thus determining the specific health benefit
of different probiotic strains (Lebeer et al., 2018). Disentangling
the NF or EM role of specific probiotic molecules is not trivial,
especially when adhesive-like phenotypes are affected. Adhesion
to the host cells or to the intestinal mucus can be regarded as
a factor promoting the bacterial colonization but could as well
contribute to the exposure of different structures present on the
bacterial cell envelope.

Variability in health effects is not uncommonly observed
in clinical trials with probiotic for food or supplement use
(Osborn and Sinn, 2007; Johnston et al., 2011; Guo et al., 2019).

The inconsistency in results is usually attributed to variations
in the design of the clinical studies, including differences in
dosage of the probiotic, selection of different target population
(i.e., inclusion and exclusion factors at enrollment), powering of
the studies according to the primary and secondary objectives,
duration of the studies, probiotic delivery format and schedule,
data collection, and further analysis performed. Indeed, these
factors have been suggested to explain part of the discrepancies
observed in the reported clinical health-outcomes (Forssten
et al., 2020). Furthermore, probiotics need to exert their
effects in the complex microbiome. Inter-individual microbiota
variability represent hence a challenge in ensuring probiotic effect
consistency in different populations, and new stratification as
well as personalized nutrition approaches have been recently
proposed to improve the situation (Veiga et al., 2020). Moreover,
the way the probiotic strains themselves are produced and
formulated is often not well-described in clinical trial studies,
while it could play an important role in the health-promoting
efficacy that a product elicits. This is well illustrated by
the discrepancies observed in randomized clinical trials using
L. rhamnosus GG targeting the prevention of allergic disease,
which are summarized by Segers and Lebeer (2014). Initially,
Kalliomaki et al. (2001, 2007) showed in a landmark study
that L. rhamnosus GG treatment significantly lowered the risk
of eczema in young children belonging to families with a
history of atopic disease. However, in a subsequent attempt to
reproduce this Finnish study protocol, Kopp et al. (2008) failed
to detect similar beneficial effects in a German cohort. Population
(Finnish vs. Germans) and dosage differences (2E10 vs. 1E10 CFU
daily) are potential confounding factor in those two studies,
but it is important to note that the source (and possibly the
manufacturing process) of L. rhamnosus GG in the studies by
Kalliomaki et al. (2001, 2007) and Kopp et al. (2008) was different,
which deserves attention because it may have as well contributed
to the differences in clinical outcomes (Tripathi et al., 2012).
At present, probiotic manufacturing procedures remain largely
unexplored as a potential source of variation in probiotic clinical
trials outcomes and hence deserves to be studied in more details
(Sanders et al., 2014; Brussow, 2019), especially in the light of the
increasing knowledge about specific NF and EM that play a role in
the efficacy of intestinal delivery and health promotion following
consumption of the product.

Production of dried probiotic supplements consists generally
of (a) a series of fermentations of different scale where
bacterial biomass is produced using specific media and growth
conditions, (b) a centrifugation step to remove the culture
supernatant and concentrate the biomass, (c) a mixing step
where protectants are added, followed by (d) a drying step
(Fenster et al., 2019). Throughout these manufacturing stages,
probiotics encounter a range of different stress conditions,
including variations in temperature, acid exposure, osmotic and
oxidative stress, all of which can modulate their physiology
and molecular composition. These modulations may impact
their survival during manufacturing as well as their fitness
during gastrointestinal tract transit (Corcoran et al., 2008;
Gaucher et al., 2019). We suggest that not only the expression
of NF (e.g., proteins that contribute to robustness and stress
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tolerance) can be affected by the production conditions, but
also effector molecule expression levels may differ, leading
to variable presence of molecules that have been shown to
mediate the health-benefit elicited by the strain. The required
presence of NF and/or EM is further supported by the fact
that probiotic cells rendered metabolically inactive by the mean
of heat-treatment can still elicit beneficial health effects (Pique
et al., 2019), highlighting the potential limitation of using
live cells enumeration alone to ascertain efficacy of probiotic
preparations. Therefore, monitoring the expression of validated
NF as well as EM during probiotic manufacturing may enable
better control of product properties at a molecular level, which
goes beyond the traditionally used colony forming units (CFU),
and could contribute to an increased robustness of clinical
outcomes (Figure 1).

In this review, we first briefly highlight that expression
and presence of probiotic EM may be altered during
production using two well-characterized examples among
the lactobacillaceae probiotic, i.e., Lacticaseibacillus rhamnosus
GG and Lactiplantibacillus plantarum WCFS1 (Figure 2).
Subsequently, we focus with more depth on bifidobacteria and
their probiotic NF and EM, summarizing what is the present
state of knowledge about bifidobacterial NF and EM; how
their expression may be modified by manufacturing related
environmental factors and how that may affect their biological
activity in the host (Table 1). Overall, this review highlights the
importance of gathering knowledge on probiotic NF and EM, to
validate them as surrogate markers of probiotic functionality. We
further hypothesize that understanding the dynamics of these

molecules during production could contribute to better control
the health-promoting reliability of dried probiotic products.
Hence, NF/EM based in vitro assays represent molecular-level
quality controls that adds to the limited information coming
from viable count assessments that are currently applied in
industry and research.

MODIFICATION OF
LACTICASEIBACILLUS RHAMNOSUS
GG EFFECTOR MOLECULES BY
PROCESSING

L. rhamnosus GG is among the probiotic strains with the
best described set of EM, several of which play diverse roles
in the probiotic activity of this strain as assessed mainly in
preclinical models. Those include the major secreted proteins p40
and p75 that prevent cytokine-induced inflammatory damage,
lipoteichoic acid (LTA) that negatively modulate colitis, CpG-rich
DNA motifs that dampen allergen-specific IgE, and exopoly-
saccharides (EPS) that reduce adipogenesis in high-fat-diet
fed mice (Lebeer et al., 2018). L. rhamnosus GG spaCBA
encoded sortase-dependent pilin anchored at the surface of
the bacteria are important NF as they are involved in the
mucus and intestinal epithelium adhesion capacity of the strain.
However, they were also shown in vitro to act as EM as
they contribute to the immunomodulatory capacities of the
strain when incubated with monocytes and dentritic cells

FIGURE 1 | Stepwise approach leveraging probiotic niche factors (NF) and effector molecules (EM) knowledge to improve probiotic supplements consistency. As a
first step, a robust link between the presence of probiotic NF or EM and the desired clinical outcome needs to be established. This step will also allow the
development of sets of molecular analytics that can be used in the subsequent steps. Then, the different manufacturing steps need to be evaluated to understand
their contribution to NF or EM expression and function. Finally, the NF/EM molecular analytics developed earlier can be used as quality control (QC), complementing
traditional CFU/live cells measurements, which overall should enable production of probiotic supplements with increased consistency in their attributed health
benefits.
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FIGURE 2 | Overview of potential effects of manufacturing on lactobacillacae NF and EM. L. rhamnosus GG spaCBA pili has been shown to be at least partially
removed by centrifugation (8,000 g, 30 min) or spray-drying. StsP has been shown to be predominantly produced in the stationary growth phase of L. plantarum
WCFS1, and is regulated in response to intestinal conditions (Bron et al., 2004; Marco et al., 2010; Remus et al., 2012). In analogy to what has been shown in
L. casei and L. plantarum, it can be proposed that lipoteichoic acid (LTA) and exopolysaccharides (EPS) structures of L. rhamnosus GG can be modified by cations
and/or other positively charged compounds.

(Lebeer et al., 2012; Vargas Garcia et al., 2015), and stimulate
cell proliferation that protects against radiologically induced
intestinal epithelial damage (Ardita et al., 2014). Nevertheless, the
regulation of expression and functional properties of the pili as
well as the other EM during manufacturing of L. rhamnosus GG
remains largely unexplored.

For example, the regulation of the genes encoding p40 and
p75 remains unknown. Additionally, these bioactive molecules
are derived from cell wall associated muramidases and are
at least partially secreted in the culture supernatant (Yan
et al., 2013), which is usually removed during dried probiotic
manufacturing (Fenster et al., 2019), raising doubts about
their functional availability in supplement products. Similarly,
although the role of specific genes involved in LTA biosynthesis
in lactobacilli (including L. rhamnosus GG) has been studied
(Debabov et al., 1996, 2000), their regulation by environmental
conditions remains largely unknown. For example, Dlt mediated
LTA D-alanylation has been long recognized as an important
modulator of the host-effects elicited by LTA (Claes et al.,
2012), but we do not know whether dlt expression is regulated
by environmental conditions in L. rhamnosus GG. Notably,

it has been demonstrated that the dlt gene of Staphylococcus
aureus, is regulated by cations levels in the medium [Na+,
Mg(2+), Ca(2+)] (Koprivnjak et al., 2006), and in L. casei (a
close relative of L. rhamnosus) is regulated by the presence of
charged molecules like antimicrobial peptides (Revilla-Guarinos
et al., 2013). These findings suggest that dlt regulation in
lactobacilli may be coordinated similarly to what was observed
in S. aureus, and that the concentrations of positively charged
components in the growth medium may affect D-alanylation of
LTA. A specific galactose-rich exopolysaccharide in L. rhamnosus
GG has been previously identified to play a role in the adhesion
capacity of the strain (Lebeer et al., 2009). Although regulation
of the production of this EPS in L. rhamnosus GG has not
been studied in detail, recent studies in L. plantarum VAL6
indicated that expression of eps genes eliciting structural changes
of the polysaccharides produced in this species is regulated by
pH and sodium chloride induced stress (Nguyen et al., 2021),
conditions that may occur during industrial growth. Importantly,
manufacturing was demonstrated to influence the presence of
the SpaCBA pili at L. rhamnosus GG’s surface and could thus
affect the presence and function of this important niche factor
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and effector molecule in preparations of this strain. It has
been shown that centrifugation at 8,000 g for 30 min was
sufficient to break and separate the pili from the surface of the
bacteria (Tripathi et al., 2012), while a specific type of drying
(spray-drying without addition of any protectants, which is not
a common manufacturing practice) diminished the adherence
capacity of L. rhamnosus GG correlated with the disappearance of
the SpaCBA pili (Kiekens et al., 2019; Figure 2). It is not known
today if the presence of this importance protein structure can be
influenced by other types of drying. However, freeze-drying was
shown to decrease the adherence capacity of L. rhamnosus GG,
while it did not exert the same effect on L. casei Shirota (du Toit
et al., 2013). Moreover, besides the physical presence or absence
of the pili structure in preparations of this strain, the genetic
region encoding the SpaCBA pili was shown to be relatively
unstable (Sybesma et al., 2013), which may also contribute to
variations in in vivo behavior of L. rhamnosus GG isolates
originating from different products (Grzeskowiak et al., 2011).
Altogether, these lines of evidence indicate that upstream (e.g.,
fermentation conditions) or downstream processing conditions
(e.g., centrifugation, type of drying) can play a role in the presence
and bioavailability of NF as well as EM of L. rhamnosus GG.
In vivo demonstration of the impact of those processing induced
modifications has not yet been pursued, but we hypothesize that
they may have contributed to the different outcomes obtained in
clinical trials like those reported by Kalliomaki et al. (2001, 2007)
and Kopp et al. (2008).

LACTIPLANTIBACILLUS PLANTARUM
WCSF1 GROWTH PHASE INFLUENCES
ITS HOST IMMUNODULATORY
CAPACITY

To the best of our knowledge, the only substantiated example
demonstrating that production parameters (i.e., growth phase
harvesting) can influence the way a probiotic can interact with
the human body has been obtained with the well-characterized
L. plantarum WCFS1 strain. Freeze-dried preparations of heat-
killed or live L. plantarum WCFS1 were administered to healthy
adults. In addition, the live preparations consisted of cells
harvested during mid-logarithmic or during the stationary phase
of growth. Following consumption of these distinct preparations
of the same strain, duodenal tissue biopsies were analyzed by
array-based transcriptomics, revealing that both live and dead
(heat treated) stationary phase harvested bacterial preparations
were able to modulate Nfκ-B responses in human duodenum
mucosal tissues, which were interpreted to play an important
role in the establishment of immune tolerance. Conversely,
the bacteria harvested mid-exponentially failed to induce such
responses, but modified the expression of human genes involved
in immune-suppressing activities such as BCL3, Iκ-B, and ADM,
as well as several functions involved in cell-cycle and metabolic
regulation (van Baarlen et al., 2009). As a follow-up, it was found
that the lp_0800 gene, coding for a serine- and threonine-rich
surface protein (StsP) that is anchored to the peptidoglycan by

sortase was shown to be expressed predominantly during the
stationary growth phase, albeit at low levels during growth under
laboratory conditions. Notably, previous studies of L. plantarum
had established that the expression of lp_0800 was in situ induced
during the transit through the murine and human intestinal
tract, supporting that specific environmental conditions can
modulate its expression (Bron et al., 2004; Marco et al., 2007,
2010). Importantly, using isogenic L. plantarum WCFS1 lacking
or overexpressing StsP, it was shown that StsP surface derived
peptides obtained by whole-cell trypsin-shaving could strongly
inhibit flagellin induced Nfκ-B activation in a CaCo-2-derived
reporter cell line. Finally, gel-purified StsP protein derived tryptic
peptides potently suppressed NFkB activation, unambiguously
pinpointing this activity to peptides derived from this surface
protein (Remus et al., 2012). These findings demonstrate that the
growth phase as well as specific growth conditions (i.e., gut-like
conditions) of L. plantarum WCFS1 can influence the expression
level or bioavailability of the important immunomodulatory StsP,
which was proposed to play a prominent role in the clinically
observed duodenal transcriptional responses (Figure 2).

Of note, the host responses were determined in the duodenum
of the participating volunteers. In fact, upon ingestion, the
relatively short transit time to reach the duodenal mucosa likely
allows a limited molecular adaptation of the probiotic bacteria.
At this moment it is unclear whether similar transcriptome
response differences would be observed in the colonic mucosa
when applying these distinct L. plantarum WCFS1 preparations.
One the one hand, the different molecular make-up of the
preparations may change during gastrointestinal transit, and on
the other hand it is known that stsP expression is induced in the
intestinal tract. We hence hypothesize that ensuring NF and EM
presence and function in probiotic products may be especially
relevant when the probiotic is expected to elicit its health benefit
in the proximal regions of the intestine.

Overall, the L. plantarum WCFS1 example strongly indicates
that upstream processing (e.g., harvesting time) can impact
probiotic bioactivities in vivo, and underlines the importance
of harvesting probiotic cells at stationary phase, which is
today a common practice in industry. Moreover, it supports
that quantification of StsP in preparations of L. plantarum
WCFS1 could serve as a molecular quality control parameter to
complement the traditionally used CFU enumeration.

AND WHAT ABOUT BIFIDOBACTERIUM?

Similar to probiotics belonging to the Lactobacillaceae family, we
propose that manufacturing procedures used for bifidobacteria
should be investigated for their possible contribution to the
discrepancies observed in clinical trial outcomes (Szajewska and
Hojsak, 2020). To date, there are only few studies focusing
on the effect of manufacturing on bifidobacteria bioactivities
and most focused on the potential impact of downstream
processing (i.e., drying). Moreover, the available studies did not
include an assessment of specific effector molecule presence and
bioavailability but were mostly driven by functional assays. For
example, Laconelli et al. (2015) showed that different drying
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TABLE 1 | Summary of known bifidobacterial NF and EM, their validation level and
related evidence supporting an effect of manufacturing.

Protein Bioactivity class and
validation level

Evidence of potential
manufacturing
Impact

Sortase dependent
pili

Niche factor; in vitro
(Turroni et al., 2013)

Growth phase
dependent transcription
in B. bifidum
(Westermann et al.,
2012)

Effector molecule;
in vitro and in vivo
(Turroni et al., 2013)

Carbohydrate regulated
transcription in
B. bifidum (Foroni et al.,
2011; Serafini et al.,
2014) and
B. adolescentis (Duranti
et al., 2014)

Lysine presence is
necessary for protein
production in B. bifidum
(Turroni et al., 2014)

Type IVb TAD pili Niche factor; in vivo
(O’Connell Motherway
et al., 2011)

Growth phase
dependent transcription
in B. bifidum
(Westermann et al.,
2012)

Effector molecule;
in vitro and in vivo
(O’Connell Motherway
et al., 2019)

Serpin Niche factor; in vitro
(Ivanov et al., 2006)

Carbohydrate substrate
controls protein
presence in B. longum
(Duboux et al., 2021)

Effector molecule;
in vivo (McCarville et al.,
2017)

Protease presence
controls expression in
B. breve (Turroni et al.,
2010; Alvarez-Martin
et al., 2012)

Moonlighting
proteins
(transaldolase,
enolase, DnaK)

Niche factor; in vitro
(Candela et al., 2007;
Gleinser et al., 2012;
González-Rodríguez
et al., 2012)

Unknown metabolite
presence during growth
enhance extracellular
vehicle production in
B. longum (Nishiyama
et al., 2020)

EPS Niche factor; in vitro
(Wu et al., 2010; Xu
et al., 2011; Amiri et al.,
2019)

Carbohydrate substrate
modified transcription
(Audy et al., 2010) and
yield in B. longum
(Roberts et al., 1995)

Effector molecule;
in vitro (López et al.,
2012;
Hidalgo-Cantabrana
et al., 2013, 2016) and
in vivo (Xu et al., 2017),
but lack
structure/function
relationship

Growth conditions
modulate EPS yield in
B. animalis (Amiri et al.,
2019) and B. longum
(Ninomiya et al., 2009)

procedures (air-, freeze-, spray-drying) impacted on the anti-
inflammatory properties of B. bifidum, as determined by cytokine
production profiling in Peripheral Blood Mononuclear Cells

(PBMC) following co-incubation with the differently processed
bacterial preparations of the same strain. In addition, this study
demonstrated that different down-stream process may affect the
hydrophobicity of the strain, which is indicative of changes
in cell-surface properties (Laconelli et al., 2015). Conversely,
similar analyses showed that spray-drying did not alter the
immunomodulatory potential of two B. animalis subsp. lactis
strains (INL1 and BB12), nor did it modify their preventive
effect on colitis in vivo (Burns et al., 2017). Similarly, although
freeze-drying was proposed to enhance the adherence capacity
of B. animalis subsp. lactis BB12, increasing its capacity to
outcompete C. difficile in vitro (du Toit et al., 2013), these
effects were not observed for other strains of B. animalis
subsp. lactis (Charnchai et al., 2016). These studies illustrate
the rather limited information concerning the potential impact
of manufacturing on bifidobacteria bioactivity, and highlight
the contradictory findings described to date on the potential
role of downstream processing (e.g., drying) in influencing
Bifidobacterium probiotic functionality. However, these studies
mostly addressed the consequences of different downstream-
processing conditions (i.e., drying procedures) on in vitro
outcomes (O’Connell Motherway et al., 2011; Westermann
et al., 2016), whereas the upstream processing (e.g., fermentation
parameters) effects on the expression of NF and/or EM in these
bacteria remain to be deciphered.

Metabolic Regulation of Pili Production
Two types of pili have been described in bifidobacteria to act as
NF and EM, the sortase dependant pili and the Type IV TAD
pili. Sortase dependent pili gene clusters consisting of major
(fimA or fimP) and minor (fimB or fimQ) subunit structural
proteins are widely distributed amongst Bifidobacterium species
(Foroni et al., 2011). However, their genetic distribution among
strains and species within this genus appears quite disperse.
For example, B. adolescentis contains five distinct pili encoding
gene clusters, while other bifidobacteria, like B. bifidum, contains
“only” three of these clusters. Out of the three pili gene clusters
found in B. bifidum PRL2010, only pil2 and pil3 were found to be
functional, and pil1 being disrupted by a frameshift (Foroni et al.,
2011; Turroni et al., 2013; Duranti et al., 2014). Importantly, and
analogous to what was shown for L. rhamnosus GG, the sortase
dependent pili of B. bifidum PRL2010 were demonstrated to play
a role in both adhesive and anti-inflammatory properties of the
strain using recombinant L. lactis harboring the pil2 or pil3 gene
clusters. While Pil2 was shown to act as a NF and mediated
binding to extracellular matrix, Pil3 was also able to modify both
in vitro and in vivo inflammatory responses (Turroni et al., 2013).

Similarly to the sortase dependent pili, type IVb TAD pili are
also conserved and widely distributed in both gram positive and
gram negative bacteria (Pu et al., 2018), and has been identified in
multiple B. breve and B. bifidum strains (O’Connell Motherway
et al., 2011; Westermann et al., 2012). It was demonstrated
that the Type IVb TAD pili of B. breve UCC2003 act as NF,
as disruption of the ATPase encoding gene tadA2003, which is
essential for its assembly, resulted in a decreased capacity of the
strain to colonize the mouse intestine (O’Connell Motherway
et al., 2011). Additionally, using a set of recombinant B. breve
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UCC 2003 strains it was shown that the same pilin structure
(and particularly its TadE pilin subunit) could contribute to
the maturation of the naïve gut, since it promoted epithelial
proliferation both in vitro and in vivo (O’Connell Motherway
et al., 2019), demonstrating its additional EM role.

Limited information is available about the regulation of
production of the various pili that are encoded by bifidobacteria.
In B. bifidum S17 it was demonstrated that sortase-dependent
pili encoded by the pil2 and pil3 clusters were higher expressed
during exponential growth as compared to the stationary phase
of growth (Westermann et al., 2012). In another strain of the
same species, B. bifidum PRL2010, the pil2 and pil3 clusters were
transcribed both during growth in laboratory medium (MRS) as
well as in the mouse cecum, whereas transcription of the pil1
cluster could not be detected under either of these conditions
(Turroni et al., 2013). Culturing of this strain in bovine milk led
to activation transcription of the pil1 cluster genes, indicating that
growth (i.e., production) conditions can influence the repertoire
of pilin produced by B. bifidum PRL2010. This observation was
expanded by demonstrating that the other pil clusters in this
strain were subject to substrate regulation, which is exemplified
by the induction of transcription of the pil2 cluster during growth
on fructo-oligosaccharides (FOS) and the induction of the pil3
cluster during both growth on bovine milk or polysaccharides
derived from kefir (Foroni et al., 2011; Serafini et al., 2014).
Analogously, the expression of pil gene clusters was also regulated
by the carbon source used for growth in B. adolescentis 22L, where
maltodextrin or cellobiose as substrates for growth resulted in
an increase of gene expression (compared to growth on glucose)
for pil3, pil4, and pil5, which coincided with increased adhesion
of the strain to laminin, fibrinogen, and fibronectin, albeit that
direct relatedness of these observations remains to be established
(Duranti et al., 2014). Besides the carbon source for growth, also
the available nitrogen source in the medium has been reported
to control pilin expression. For example, the presence of lysine
in the growth medium appeared to be essential for Pil2 and Pil3
production by B. bifidum PRL2010 (Turroni et al., 2014).

In both B. breve and B. bifidum, part of the genes encoding the
Type IVb TAD pili were found to be expressed during standard
growth conditions in the laboratory (O’Connell Motherway et al.,
2011; Westermann et al., 2012). However, the transcriptional
levels of the Type IVb TAD pilus encoding genes in B. breve
were strongly induced (25–62-fold) when the bacteria were
inhabiting the murine intestinal tract. This was further supported
by immunogold staining demonstrating that the pili structures
could only be observed when the strain was harvested from
the murine gut (O’Connell Motherway et al., 2011). Even
though the Type IVb TAD pili protein presence was not
assessed in laboratory-grown (MRS) B. bifidum S17, the encoding
genes (tadZ, tadA, and tadB) were expressed in a growth
phase dependent manner, with higher transcriptional levels
in the exponential phase compared to the stationary phase
(Westermann et al., 2012).

Although, the specific environmental factors that regulate
pili production of specific bifidobacterial pili are quite diverse
(e.g., carbon source, nitrogen source, “intestinal conditions,”
etc.) and/or remain unknown, it is clear from the observations

presented above that pilin expression by Bifidobacterium
probiotics may be modulated by the growth conditions (e.g.,
substrate) employed during production. In addition, more work
deserves to be pursued to decipher the role of downstream
processing, as analogous to what has been described for the pili
of L. rhamnosus GG, we can hypothesis that the presence of the
pili on the cell-surface of the bifidobacteria may be impacted by
drying procedures.

Environmental Factors Regulating Serine
Protease Inhibitor Production
The serine protease inhibitor (serpin) of pancreatic and
neutrophilic elastases was has initially described in B. longum
NCC 2705 (Ivanov et al., 2006). This protein was shown to
be conserved in a broad range of bifidobacteria and has been
proposed to protect them against host produced proteases, thus
providing them with a survival and colonization advantage
(Ivanov et al., 2006; Turroni et al., 2010). The serpin’s capacity
to inhibit the Human Neutrophil Elastase (Ivanov et al., 2006)
may also be involved in the immunomodulatory capacities of
the strain (Riedel et al., 2006) as elastase is released by activated
neutrophils at the sites of intestinal inflammation in the gastro-
intestinal tract (Burg and Pillinger, 2001). In line with this role
in dampening innate immunity, serpin was demonstrated to play
a key role in the anti-inflammatory effect of B. longum NCC
2705 in a mouse model of gluten sensitivity (McCarville et al.,
2017). In addition, it was recently reported that the serpin of
the NCC 2705 strain prevented enteric nerve activation in vitro,
which was proposed to potentially play a role in pain reduction
in Irritable Bowel Syndrome (IBS) patients (Buhner et al., 2018).
These findings indicate that analogous to the bifidobacterial
pili, the role of the serpin is dualistic in the sense that it acts
as both NF and EM.

Transcriptional regulation studies of the B. breve UCC2003
serpin-encoding gene showed that it involves a protease inducible
two-component system encoded directly adjacent to the serpin
encoding operon, which was shown to activate serpin production
upon exposure of the strain to proteases (e.g., papain) (Alvarez-
Martin et al., 2012). However, a similar two-component system
appears to be absent in B. longum subsp. longum strains
(including NCC 2705), and variable gene-syntenies encountered
in the serpin encoded region in different bifidobacterial (sub-
)species suggests that serpin regulation may involve (sub-)species
specific mechanisms (Turroni et al., 2010). This notion is
further confirmed by our recent study that demonstrated that
in B. longum subsp. longum, serpin production is regulated by
the carbohydrate-substrates used for growth, revealing galactose
and fructose (or galacto- or fructo- di/oligo-saccharides) as
inducing substrates, while the presence of glucose repressed
serpin production almost completely (Duboux et al., 2021). These
studies illustrate the diverse environmental factors and regulatory
mechanisms involved in controlling serpin production in
Bifidobacterium (sub-) species, indicating that growth conditions
(e.g., substrate) could be tailored to ensure, or even enhance
the production and function of this NF and/or EM in the final
probiotic preparation.
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Bifidobacterial Exopolysaccharides
Biosynthesis and Potential Link to
Bioactivities
Exopolysaccharides (EPS) are extracellular carbohydrates
polymers synthesized by a vast variety of micro-organisms,
including gram positive bacteria. In bifidobacteria, EPS can
be covalently or non-covalently bound to the cell surface
(sometimes referred to as capsular polysaccharides; CPS), or can
be predominantly secreted. The EPS produced by bifidobacteria
are heteropolysaccharides (HePS) that have been reported to
vary in molecular weight (between 4.9 × 103 and 3 × 106 Da)
(Leivers et al., 2011) and monosaccharide composition and
linkage (Hidalgo-Cantabrana et al., 2012). The synthesis of
HePS by Bifidobacterium strains involves gene clusters (eps
clusters) and biosynthesis mechanisms that are similar to those
described for other microbes, involving a membrane associated
synthesis machinery that utilizes cytoplasmic sugar nucleotides
as building blocks for the assembly of repeating units that are
exported and polymerized to form the HePS (Altmann et al.,
2016; Schiavi et al., 2016; Castro-Bravo et al., 2017). Most of the
bifidobacterial HePS are predominantly composed of D-galactose
and D-glucose, but can also contain other monosaccharides like
L-rhamnose, D-mannose, L-arabinose, or D-fructose in ratios
that can vary between species and likely also between strains
of the same species (Xu et al., 2011; Amiri et al., 2019). This
notion is supported by the fact that eps gene clusters are highly
variable between different species and strains of bifidobacteria
(Hidalgo-Cantabrana et al., 2014; Altmann et al., 2016; Schiavi
et al., 2016; Castro-Bravo et al., 2017).

Purified EPS produced by B. longum BCRC14634 showed an
anti-microbial effect on four pathogenic and three food spoiling
bacteria (Wu et al., 2010), which could provide a competitive
advantage to the strain in the complex gut ecosystem, supporting
its role as NF. In addition, bifidobacterial EPS has also been
proposed to affect host responses, suggesting that these molecules
may also act as EM in bifidobacteria. Firstly, EPS produced
by two B. animalis strains (B. animalis RH and B. animalis
subsp. lactis BB12) was shown to possess anti-oxidant capacities
in vitro (Xu et al., 2011; Amiri et al., 2019), which could
be relevant in order to alleviate intestinal oxidative damages.
Then, the EPS produced by different B. longum and B. animalis
strains has been proposed to modulate the immune response
of the host based on the role of these molecules in inducing
immune cell proliferation and modulating cytokine production
in peripheral blood mononuclear cells (PBMCs) (López et al.,
2012; Xu et al., 2017). Notably, the immunomodulatory effect
of EPS observed in this study was shown to be strain specific,
which was exemplified by the finding that out of eight strains
of B. longum and B. animalis tested, only the EPS produced
by B. animalis A1 and B. longum NB667 elicited a significant
increase of PBMC proliferation (López et al., 2012). The
immunomodulatory capacities of specific bifidobacterial EPS
molecules has been reported to be quite diverse, including reports
on the induction of pro-inflammatory profiles in vitro (López
et al., 2012; Hidalgo-Cantabrana et al., 2016) or in vivo (Xu et al.,
2017) but also cases where anti-inflammatory responses were
detected (Wu et al., 2010; Schiavi et al., 2016). However, these

studies provided very limited information on the physical and
chemical characteristics or the monosaccharide composition of
the EPS molecules produced by these different bifidobacterial
strains, leaving the relationships of EPS structure and its
immunomodulatory function unaddressed. A study by Hidalgo-
Cantabrana et al. (2013) partly elucidated how EPS characteristics
might affect its biological activity. In this study they used
B. animalis subsp. lactis A1 and two mutant derivatives (A1dO
and A1dOxR) that produce EPS with distinct monosaccharide
composition and molecular size characteristics compared to the
wild-type strain. Strain A1dOxR harbored a mutation in the
Balat_1410 tyrosine kinase encoding gene (Hidalgo-Cantabrana
et al., 2015) and expressed the enzyme dTDP-glucose 4,6-
dehydratase that catalyzes the production of dTDP-rhamnose at
an elevated level, leading to the production of a high molecular
weight, rhamnose-rich EPS. The changes in polymer length
and monosaccharide composition in this mutant strain were
associated with increased production of the anti-inflammatory
cytokine IL-10 by PBMCs exposed to the A1dOxR strain relative
to its parental strain (Hidalgo-Cantabrana et al., 2013). To the
best of our knowledge this is one of the few studies where the
EPS structure-function relationship is investigated in the context
of immunomodulatory capacities, illustrating that there is a large
gap in our mechanistic understanding of the postulated role of
EPS as EM in bifidobacteria.

Several studies have demonstrated that growth conditions
modulate both the level of production as well as the structural
properties of EPS produced by bifidobacteria. As an example, the
carbon substrate applied during growth influences the expression
of eps related genes in B. longum CRC002 (Audy et al., 2010),
which is potentially influencing the EPS produced by the strain.
Indeed, the carbon source used for growth of B. longum BB79
affected the level of EPS produced, with lactose leading to the
highest level of production when compared to glucose, fructose,
or sucrose (Roberts et al., 1995). Besides the influence of the
carbon source, differences in concentration of yeast extract,
growth temperature and incubation time modulated the EPS
production by B. animalis BB12 (Amiri et al., 2019), and the
level of dissolved oxygen and CO2 concentrations affected EPS
production in B. longum JBL05 (Ninomiya et al., 2009). Although
these studies did not investigate the potential compositional
changes in the EPS that was produced, they do highlight
that various growth conditions can influence EPS production.
In this context, it should be noted that in L. rhamnosus
E/N, the carbon source used for growth did not only affect
the quantity of EPS produced but also its monosaccharide
composition (Berecka et al., 2013). Taken together, the existing
information illustrates the limited and scattered knowledge of the
regulatory mechanisms underlying the production of (different)
EPS molecules in bifidobacteria. Especially when the role of EPS
as a NF or EM is to be further substantiated, better understanding
of the regulation of EPS production and composition will
be required to reliably investigate the role played by these
molecules in Bifidobacterium probiotics. Such knowledge would
also be required to design manufacturing procedures that aim to
improve the presence and abundance of bioactive EPS molecules
in Bifidobacterium probiotic products, in order to enhance their
health benefit reliability as we propose in this review.
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Environmental Regulation of Surface
Enzymes Involved in Adhesion
Different cytoplasmic enzymes are also found on the surface of
bacterial cells, such as transaldolase, enolase, and DnaK. These
surface attached proteins were suggested to act as bifidobacterial
NF, based on their in vitro demonstrated role in the adhesive
properties of Bifidobacterium strains. The example proteins
mentioned serve typical cytoplasmic functions in glycolysis
(transaldolase and enolase) or stress response (DnaK is a
chaperonin), but were suggested to be secreted via a yet unknown
non-classical secretion mechanism (González-Rodríguez et al.,
2012). This class of surface exposed cytoplasmic proteins is
often referred to as moonlighting proteins (Candela et al., 2007;
Gleinser et al., 2012) defined by the fact that they can perform
two or more physiologically relevant biochemical or biophysical
functions (Jeffery, 1999). It could be that these proteins become
deposited on the cell surface upon lysis of surrounding bacteria
that release their cytoplasmic content in the environment.
Alternatively, it was recently proposed that in B. longum NCC
2705 those type of surface exposed cytoplasmic (moonlighting)
proteins could be excreted through the formation of extracellular
vesicles (Nishiyama et al., 2020), of which the formation was
shown to occur through membrane bubbling upon peptidoglycan
damage in Bacillus subtilis (Toyofuku et al., 2017).

Modulation of the expression of these cytoplasmic proteins
could also affect their surface exposure levels. Although such
relation has to the best of our knowledge not been investigated
in detail, it has been reported that different environmental
factor (pH, bile salts) or mild stress conditions (Sánchez et al.,
2007; Candela et al., 2010) can increase expression levels of
moonlighting proteins. Finally, extracellular vesicles are one
of the purported export-mechanism for adhesive proteins and
may be modulated during growth as the presence of yet
unidentified gut microbiota derived metabolites (in in vitro
fecal fermentations) increased their formation (Nishiyama
et al., 2020). More work is required to understand how these
proteins are ending up on the cell surface, and if different
manufacturing steps (e.g., steps inducing lysis of cells or
growth condition inducing extracellular vesicles formation)
might influence this process.

CONCLUSION AND DISCUSSION

Discrepancies in clinical trial outcomes stemming from the use
of probiotics belonging to the Lactobacillaceae family or the
Bifidobacterium genus has been previously reported. Variations in
trial design (population, dose, outcome measurement, etc.) have
been advocated to at least in part explain the differences in the
outcomes. However, the information summarized in the present
review indicates that manufacturing conditions can influence on
the presence and/or function of probiotic molecules that play
critical roles in the survival of the bacteria in the intestinal tract
(NF) and/or their interaction with host cells (EM), which may in
turn be an additional cause for the observed variations in clinical
outcomes. This review argues that knowledge of probiotic NF
and/or EM molecules can provide means to assess the impact
of manufacturing conditions on the functionality of the studied

strain. Ensuring the presence of validated NF and EM in the
final probiotic product could ultimately contribute to improve
the consistency of the probiotic’s clinical effect.

As mentioned above, ensuring the presence and function
of NF and EM during manufacturing could be particularly
relevant for upper-gastrointestinal tract mediated health-benefits.
An interesting example supporting this hypothesis is the serpin
produced by B. longum NCC 2705 that was shown to reduce
gliadin-induced immune responses in a mouse model, which was
proposed to compensate the duodenal serine protease inhibitor
decrease observed in active celiac disease. Recently, it was shown
that the level of serpin production by this strain can be strongly
modulated by the carbon source applied for growth, which
allows the production of serpin-rich and serpin-poor probiotic
preparations that can subsequently be evaluated in vivo. Such
approach could establish the relevance of EM presence and
function in the probiotic product for health benefits elicited in the
proximal region of the intestine. Conversely, the Type IVb TAD
pili of B. breve UCC 2003 was demonstrated to act as EM in the
promotion of colonic epithelial cell proliferation. In this case, it
would be interesting to study if the presence or absence of those
EM in the initial preparation influences their mediated effect in
the distal regions of the intestine, as pili expression was shown to
be induced during intestinal transit.

Overall, this review highlights that beyond an improvement
of the current clinical trial designs, there is a need to better
understand the impact of manufacturing on clinical efficacy
of probiotic products. First, NF and EM molecules have to
be established as surrogate markers for probiotic functionality,
linking their presence or absence to functional readouts. Work
around this topic is relatively advanced for Lactobacillaceae (e.g.,
with the cases of L. plantarum WCFS1 and L. rhamnosus GG).
However, for Bifidobacterium probiotics, only a few molecules
were identified to act as EM in preclinical animal studies, like
the sortase dependant pili of B. bifidum PRL2010, the Type IVb
TAD pili of B. breve UCC 2003 and the serpin of B. longum NCC
2705. Overall, additional work, including in vivo demonstrations,
is needed to identify and validate the molecules driving the
host-bifidobacteria interactions. Once NF or EM established as
surrogate markers of functionality, implementation of molecular
level quality controls (i.e., based on NF and EM), could nicely
complement the traditional live cells (e.g., CFU) enumeration in
the final probiotic preparation, hence providing more insight on
the functional consistency of dried probiotics.
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Osteoporosis is a metabolic inflammatory disease, an imbalance occurs between

bone resorption and formation, leading to bone loss. Anti-inflammatory diet is

considered having the potential to ameliorate osteoporosis. Heat-killed probiotics

exhibit health benefits in relation to their immunomodulatory effects, but the detail

mechanism involved in gut microbiota balance, host metabolism, immunity, and bone

homeostasis remains unclear. In this study, we evaluated the antiosteoporotic effects of

heat-killed Lacticaseibacillus paracasei GMNL-653 in vitro and in ovariectomized (OVX)

mice. Furthermore, whole-genome sequencing and comparative genomics analysis

demonstrated potentially genes involved in antiosteoporotic activity. The GMNL-653

exerts anti-inflammatory activity which restored gut microbiota dysbiosis and maintained

intestinal barrier integrity in the OVX mice. The levels of IL-17 and LPS in the sera

decreased following GMNL-653 treatment compared with those of the vehicle control;

mRNA levels of RANKLwere reduced and TGF-β and IL-10 enhanced in OVX-tibia tissue

after treatment. The levels of IL-17 were significantly associated with gut microbiota

dysbiosis. Gut microbial metagenomes were further analyzed by PICRUSt functional

prediction, which reveal that GMNL-653 intervention influence in several host metabolic

pathways. The analysis of whole-genome sequencing accompanied by comparative

genomics on three L. paracasei strains revealed a set of GMNL-653 genes that are

potentially involved in antiosteoporotic activity. Our findings validated antiosteoporotic

activity of heat-killed GMNL-653 using in vitro and in vivo models, to whole-genome

sequencing and identifying genes potentially involved in this gut microbiota–bone axis.

Keywords: Lacticaseibacillus paracasei, gut microbiota, dysbiosis, whole-genome sequencing, gut-bone axis,

IL-17A, RANKL (receptor activator for nuclear factor k B ligand), antiosteoporotic effects
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INTRODUCTION

Environmental factors influence host health through gut
microbiota (1). Gut microbial communities can tune host
immunity, modulate gut endocrine function and neurological
signaling, and produce vital metabolites that influence the host
(2). Gut dysbiosis is associated with many diseases, including
metabolic liver diseases, cardiometabolic diseases, obesity, and
type 2 diabetes (1). Moreover, studies and emerging evidence
have indicated that dysregulated gut microbiota correlate with
decreased bone density, and inflammatory bowel disease (IBD)
(3–5). A close relationship between bone health and gut
microbiota exist that may involve in calcium absorption, bone
mineralization, and immune signaling (6, 7). Osteoporosis, a
commonmetabolic inflammatory disease, is characterized by low
bone density and the destruction of bone tissue; an imbalance
occurs between bone resorption and formation, leading to
bone loss. Osteoporosis-induced fractures of the femur and
vertebrae profoundly affect the life quality and mortality of aging
populations, representing a serious public health problem, and
incurring high medical care costs. Postmenopausal osteoporosis
increases the expression of proinflammatory and osteogenic
cytokines, including interleukin 1 (IL-1), interleukin 6 (IL-
6), tumor necrosis factor-alpha (TNF-α), macrophage colony
stimulating factor (MCSF), and the receptor activator of nuclear
factor kappa-light-chain-enhancer of activated B cells ligand
(RANKL) from osteoblasts, T cells, and B cells (8–11). Gut
dysbiosis not only induces local or systemic inflammation but
also dysregulates nutrients and calcium across the intestine and
into systemic circulation. Several drugs (e.g., bisphosphonates,
denosumab, teriparatide, and abaloparatide) are used to treat
osteoporosis through the blocking of bone reabsorption,
stimulating of bone formation, or both (12). Combined use of
drugs and probiotic supplementation may represent a safe and
potentially effective therapy strategy for osteoporosis.

Although probiotics are considered non-pathogenic live
microorganisms, the safety profile of live probiotic supplement
remains unclear in certain circumstances, particularly in regard
to the translocation of bacteria from intestinal tissue to systemic
circulation (13). Hence, the utilization of nonviable heat-killed
probiotics has drawn increased attention. Several studies have
reported that heat-killed probiotics exhibit health benefits in
terms of their immunomodulatory effect (14, 15) in in vitro and
in vivo models. Furthermore, inactivated Lactobacillus decreases
the production of IgE in an ovalbumin (OVA) mice model (16),
mediates the Th1/Th2 switch, and exhibits potential protective
effects in food allergies (17). The structural components of
probiotics, particularly the cell envelope, capsule, and cell
wall components, may play a role in these immunological
effects (18, 19). However, the possible mechanisms underlying
the influence of heat-killed probiotics on gut microbiota
balance, host metabolism, immunity, and bone homeostasis
remain undetermined.

In the present study, we investigated the antiosteoporotic
effects of three heat-killed Lacticaseibacillus paracasei (previously
classified as Lactobacillus paracasei) strain GMNL-653 in vitro
and in ovariectomized (OVX) mice. First, we observed that

one L. paracasei GMNL-653 strain reduced lipopolysaccharide
(LPS)-stimulated IL-6 and NO production in the mouse
macrophage RAW264.7. Heat-killed GMNL-653 also increased
calcium mineralization in human osteosarcoma MG63 cells
mineralizing in culture and protected the OVX mice from
bone loss, including increasing bone volume over tissue
volume (BV/TV) and bone mineral density (BMD). Our results
revealed that GMNL-653 restored ovariectomy-induced gut
microbiota dysbiosis and maintained intestinal barrier integrity.
Additionally, in the OVX mice, GMNL-653 treatment reduced
the IL-17 and LPS levels compared with those of the vehicle
control group, reduced the mRNA levels of RANKL, and
increased the anti-inflammatory cytokines TGF-β and IL-10
in tibia tissue. We applied the whole-genome sequencing
technique and comparative genomics analysis to further examine
these three L. paracasei. Our results indicated that the genes
related to carbohydrate transport/metabolism and the cell
wall/membrane/envelope biogenesis of GMNL-653 are worthy of
future investigation. In summary, our results revealed that heat-
killed GMNL-653 exhibited antiosteoporotic activity through the
gut microbiota–bone axis.

EXPERIMENTAL PROCEDURES

Bacterial Culture and Heat-Inactive
Preparations
Lactobacilli were cultured in 1mL of MRS broth at 37◦C for
20 h, and subcultured at a 1:100 ratio in fresh MRS medium.
After 20 h of subculture, the bacteria were centrifuged at 13,000
rpm for 1min, and the bacterial pellet was then washed twice
with PBS. The bacteria were suspended in PBS, with the
bacterial concentration adjusted to 1 × 1010 cells/mL. The
heat-killing method was performed at 90◦C for 30min or
through autoclaving at 121◦C for 15min. Lactobacilli used in
this study were Limosilactobacillus reuteri (previously classified
as Lactobacillus reuteri; CCTCC M 209263), Lacticaseibacillus
rhamnosus (CCTCC M 203098), Lacticaseibacillus salivarius
(GMNL-678), and five Lacticaseibacillus. paracasei strains
(#1:CCTCC M 204012; #2: CCTCC M 2011331; #3: GMNL-
653/BCRC-910721; #4: GMNL-855; and #5: BCRC-16100/ATCC
11582) were provided by GenMont Biotech (Tainan, Taiwan).

Cell Culture
The RAW264.7 cells were cultured inDulbecco’smodified Eagle’s
complete medium (DMEM) and supplemented with 10% fetal
bovine serum (FBS; Invitrogen,MA, Unites States) and 20µg/mL
gentamicin. The cells were seeded with 4× 105 cells/well in a 24-
well plate and then incubated in a humidified atmosphere at 37◦C
with 5% CO2. The supernatant was removed, and the adhered
cells were washed twice with sterile PBS. Next, fresh DMEM
without FBS was added for 2 h of starvation. The cells were
treated with or without heat-killed bacteria for 2 h, and then LPS
(Escherichia coli O111:B4; SI-L4391, Sigma-Aldrich, St. Louis,
MO, United States) was added to yield a final concentration of
100 ng/mL for a further 20 h of incubation. The supernatant was
collected for cytokine and NO measurement.
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In vitro Model for Calcium Mineralization
Mineralization was induced on confluent monolayers
through the addition of osteogenic culture medium (OIM)
containing 10% (v/v) FBS, 10mM glycerol-phosphate, 100mM
dexamethasone, and 0.05mM vitamin C. Human osteosarcoma
osteoblastic MG63 cells were cultured in a 24-well plate (3 ×

104 cells/well) with DMEM containing 10% FBS. Heat-killed
GMNL-653 were adjusted to an appropriate density using OIM
medium, and MG63 cells were added. Alizarin red S (ARS)
staining was employed to evaluate calcium deposits. The cultures
were incubated at 37◦C with 5% CO2 with changes of OIM
medium every 7 days. After 28 days, the cells were washed twice
with PBS and then fixed with 70% acetic acid for 1 h. The cells
were stained with 2% ARS (pH 4.1–4.5) at room temperature for
30min with gentle shaking. Following the removal of the ARS
dye, the cells were washed with H2O five times. Excess water
was removed from the plates, which were then stored at −20◦C
prior to dye extraction. For quantification of the ARS staining,
200 µL of 10% (v/v) acetic acid was added to each well in the
24-well plate, and the plate was incubated at room temperature
for 30min with gentle shaking. The cells were then scraped from
the plate and transferred into a 1.5-mL microcentrifuge tube.
After being vortexed for 30 s, the tubes were heated to 85◦C
for 10min and then placed into ice for 5min. The tubes were
centrifuged at 20,000 g for 15min, and 200 µL of the supernatant
was transferred into a new 1.5-mLmicrocentrifuge tube. Next, 75
µL of 10% (v/v) ammonium hydroxide was added to neutralize
the acid. Aliquots (50 µL) of the supernatant and standard were
measured at 405 nm in a 96-well format.

Enzyme-Linked Immunosorbent Assay
Levels of IL-6 and interleukin 17 (IL-17A) were measured
through enzyme-linked immunosorbent assay (BioLegend)
according the instructions of the manufacturer. Sera LPS
was detected using a Pierce LAL Chromogenic Endotoxin
Quantitation Kit (Thermo Scientific, MA, United State).

Animals
Twenty-four female ICR mice aged 8 to 10 weeks were housed
in standard cages, maintained under specific pathogen-free
conditions, and fed sterilized food and autoclaved water. The
mice were either OVX or sham-operated with an intraperitoneal
injection of anesthetic following standard protocol and were
divided into three categories with eight mice in each group
(sham, OVX + H2O, and OVX + GMNL-653). Mice in OVX
+ GMNL653 received GMNL-653 treatment once per day after
the OVX or sham surgery for 28 days. At the end of experiment
(4 weeks), the animals were sacrificed for further analysis.

Micro-Computed Tomography Measures
The alterations in trabecular site of tibia were determined using
a high resolution tomography image system micro-CT (SkyScan
1076, kontizh, Belgiumm resolution 18µm per slice). After
positioning right tibia, parameters such as total volume (TV,
mm3), bone volume/total volume (BV/TV, %), apparent density
refer to bone mineral density (BMD) (mgHA·ccm-1) were

scanned. The locations of analysis were selected under proximal
to the growth plate 100 slices and excluded cortical bone.

RNA Isolation and Quantitative Real-Time
Reverse Transcription-Polymerase Chain
Reaction
The tibia from the OVX and sham mice were dissected, and
the soft tissue was removed. The sample was pulverized using
liquid nitrogen, and TRIzol reagent was added for RNA isolation.
The purified RNA concentration was measured and stored
at −80◦C, and cDNA was synthesized with the total RNA
(5 µg). Quantitative real-time reverse transcription-polymerase
chain reaction (PCR) was used to measure TGF-β , RANKL,
IL-10, bone morphogenetic proteins 2 (BMP2), tartrate-resistant
acid phosphatase 5b (Trap-5), and glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) expression, with the assays performed
using 2× Rotor-Gene SYBR Green PCR Master Mix (204076;
QIAGEN). The reaction mixtures were prepared by mixing
aliquots of cDNA, 3 µL of forward and reverse primer, and 5
µL of 2× Rotor-Gene SYBR Green PCR Master Mix to obtain
a final volume of 10 µL. The reaction mixtures were analyzed on
a Rotor-Gene Q 2plex system. Quantitative values were obtained
from the threshold cycle (Ct) number. The relative mRNA levels
of the target genes were derived using the equation 2 – 1Ct,
where 1Ct is Cttargetgene − CtGAPDH. Data were presented as the
fold relative to the control value.

16S Ribosomal RNA Gene Amplicon
Sequencing
Fecal samples were collected after 28 days of GMNL-653
treatment, and all specimens were extracted using a QIAGEN
DNA kit according to the manufacturer’s instructions. DNA
samples were analyzed with a 260/280 OD in the range of
1.8 to 2.0. 16S ribosomal RNA (rRNA) PCR was performed
using metagenomic DNA as a template, which was amplified
with the bacterial-specific primers S17 (5′-TCG TCG GCA GCG
TCA GAT GTG TAT AAG AGA CAG CCT ACG GGN GGC
WGC AG-3′) and A21 (5′-GTC TCG TGG GCT CGG AGA
TGT GTA TAA GAG ACA GGA CTA CHV GGG TAT CTA
ATC C-3′). The amplified DNA sizing was verified using a
fragment analyzer (5300; Agilent Technologies), and sequencing
was conducted using a Illumina MiSeq platform. DNA samples
were assigned indices and Illumina sequencing adapters with the
Nextera XT Index Kit v2. After library construction, the samples
were mixed using a 600-cycle MiSeq Reagent Kit v3 at a final
concentration of 4 pM, loaded onto a MiSeq cartridge, and then
transferred onto the instrument. Automated cluster generation
and a 2 × 300 bp paired-end sequencing run was performed.
The sequences generated passed through a filtering process to
obtain the qualified reads. The total reads were merged, low-
quality and chimera sequences were removed, andOTUs at a 97%
similarity with the Greengenes database (v13.8) were clustered.
We employed the QIAGEN CLC Microbial Genomics Module
(v10.1.1) for further analysis.
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Processing and Statistical Analysis of
Metataxonomic Data
The alpha diversity of taxonomic composition was measured
using the Shannon diversity index, which evaluates the overall
diversity of each group including the number of observed
species (richness) and the evenness of the observed taxonomic
composition. Beta diversity was measured using PCoA-Weighted
UniFrac to determine the difference in microbial composition
among groups. The OTU table was generated using the
QIAGEN CLC Microbial Genomics Module combined with
linear discriminant analysis effect size (LEfSe). LEfSe was
performed using the Galaxy/Hutlab webtool to identify specific
microbial markers among groups, with an 0.05 alpha value for
the factorial Kruskal–Wallis test and pairwise Wilcoxon test and
a linear discriminant analysis (LDA) score cutoff of 2.0. The
results revealed that the functional pathways had a significantly
different abundance at level 3 among the groups. Additionally,
Spearman’s correlation (calculated using the corrplot package
v0.84) and principal component analysis (PCA; performed using
the ade4 package v1.7-16) were applied through the use of R
language (v4.0.2). A comparison of the groups was undertaken
through two-tailed t-test analysis, and a p < 0.05 was considered
statistically significant. We used GraphPad Prism 8 (GraphPad
Software, San Diego, CA, USA) to identify taxonomic differences
and generate relative abundance plots.

Library Preparation and Sequencing on the
Illumina Platform
For the L. paracasei strain GMNL-653, library preparation was
conducted in accordance with the Illumina TruSeq Nano DNA
Sample Preparation Kit protocol. First, 200 ng of genomic DNA
was sonicated to approximately 550 bp. Fragmented DNA was
processed to convert the overhangs into blunt ends, and the
library size was selected using beads. After ends repair, a single
“A” nucleotide was added to the 3′ ends of the blunt fragments,
and the corresponding single “T” nucleotide on the adapter with
index was ligated to the fragments. The library size was verified
through electrophoresis, and the quantification was validated
with the NanoPhotometer. All validated libraries were mixed,
denatured, and diluted to the appropriate concentration for pair-
end 250-cycle sequencing on MiSeq.

For the GMNL-855 and BCRC-16100 strains, 1 µg DNA
per sample was used as the input material for the DNA
sample preparations. Sequencing libraries were generated using
NEBNext Ultra DNALibrary Prep Kit for Illumina (New England
Biolabs, Ipswich, MA, USA) following the manufacturer’s
recommendations, and index codes were added to attribute
sequences to each sample. In brief, the DNA sample was
fragmented through sonication to the size of 350 bp, and DNA
fragments were then end-polished, A-tailed, and ligated using
the full-length adaptor for Illumina sequencing with further PCR
amplification. The PCR products were purified (AMPure XP);
the libraries were then analyzed for size distribution by using
an Agilent 2100 Bioanalyzer and quantified using real-time PCR.
The clustering of the index-coded samples was performed on a
cBot Cluster Generation System according to the manufacturer’s

instructions. After cluster generation, the library preparations
were sequenced on an Illumina NovaSeq 6000 platform, and
paired-end reads were generated.

Sample Preparation and Sequencing on
Oxford Nanopore Technologies GridION
DNA extraction was conducted in accordance with the
EasyPure Genomic DNA Kit protocol (TransGen Biotech).
Library preparation was performed following Oxford Nanopore
Technologies (ONT) protocols in the form of native barcoding
genomic DNA (with EXP-NBD103 and SQK-LSK108). Next,
400 ng of genomic DNA was fragmented with transposome
randomly, with a barcode added at the same time. DNA
was subsequently purified using AMPureXP beads and ligated
using motor protein-complexed adapter to DNA ends. The
library was quantified using the Qubit Fluorometer, and the
prepared library was loaded onto a running buffer-primed flow
cell for sequencing. Sequencing of the native genomic DNA
was performed on a single R9.4/FLO-MIN106 flow cell on
the GridION.

Hybrid Assembly and Genome Annotation
Genomes were constructed through a hybrid assembly method
of low-coverage ONT long-read (approximate mean of 6.2,
7.8, and 7.8 kbp for GMNL-653, GMNL-855, and BCRC-
16100, respectively), sequencing for generating scaffolds and
high-coverage Illumina short-read (550 bp) sequencing for
determining the consensus sequence. The de novo hybrid
genome assembly approach was applied using the MaSuRCA
v3.3.1 assembler (20). Specifically, the MaSuRCA assembler first
reduces high-coverage Illumina reads to long super reads and
then aligns them with long ONT reads to generate even longer
super reads (21). Illumina short reads and ONT long reads were
input into the MaSuRCA assembler without any preprocessing,
as recommended in the MaSuRCA documentation. In addition,
the MaSuRCA uses a high coverage of error-prone long
reads generated by ONT to construct consensus sequences for
regions not captured by the short Illumina reads. Consequently,
this approach combines the advantages of the accuracy of
Illumina short reads and the coverage of ONT long reads.
Furthermore, Benchmarking Universal Single-Copy Orthologs
(BUSCO; v.4.0.0) (22) was used for genome completeness
assessment through comparison with the lactobacillales_odb10
gene database, which contains 402 orthologs of 304 species
(23). The comparison of each chromosome with the reference
sequences was conducted using BLASTN and visualized with
Easyfig (24).

The genome was annotated through a multipronged approach
consisting of the use of Prokka software (25) and a combination
of ab initio and evidence-driven gene prediction, including
protein-coding regions and RNA genes (i.e., tRNA, rRNA). Then,
functional classification of these annotated genes was carried out
using eggNOG-mapper (26, 27) for annotation and classification
in conjunction with the database of Clusters of Orthologous
Groups (COGs) of proteins. The CRISPRFinder program was
employed to search for CRISPR direct repeats and spacers
(28). Mobile genetic elements such as conjugative plasmids,
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bacteriophages, and transposons are regarded as a determinant
force of horizontal gene transfer. Plasmid identification and
typing were conducted using PlasFlow (29), and the genomes
were screened for prophages using the PHASTER tool (30);
transposon sequences were predicted using RepeatMasker
software. Additionally, genes related to the production of
bacteriocins were predicted using BAGEL4 (31). Following
annotation, the circular genome atlas was generated using the
Circos visualization tool (32).

16S rRNA Phylogenetic Analysis
To evaluate the quality of genome assembly, we compared
the genome sequence of our strains with that of 12 reported
Lacticaseibacillus strains from four L. paracasei species. The
publicly available 16S rRNA sequences of Lacticaseibacillus spp.
(L. acidophilus, L. amylovorus, L. casei, L. crispatus, L. delbrueckii,
L. fermentum, L. gasseri, L. johnsonii, L. plantarum, L. reuteri, L.
rhamnosus, and L. salivarius) were retrieved from the National
Center for Biotechnology Information nucleotide database
(https://www.ncbi.nlm.nih.gov/nuccore/?term=Lactobacillus).
Then, the phylogenetic tree was constructed using Molecular
Evolutionary Genetics Analysis (MEGA X) software (33). In
addition, the multiple sequence alignment program ClustalW
was employed to reconstruct the molecular evolution tree
using the maximum-likelihood estimation method, with genetic
distances computed using the Kimura two-parameter model.
Confidence values for the phylogenetic trees were estimated
through bootstrap analyses with 1,000 replicates.

Whole-Genome Average Nucleotide
Identity Analysis
Although the 16S rRNA sequence-based division into higher taxa
is the most widely used classification system for prokaryotes,
the sequence of 16S rRNA genes is too conservative to
distinguish between closely related species. Hence, tomeasure the
nucleotide-level genomic similarity between our strain and other
related Lactobacillus genomes, the OrthoANI (34), regarded as
the gold standard for prokaryotes at the genomic level, was
calculated using the BLASTN program based on the modified
algorithm of average nucleotide identity (ANI) (35).

Determination of Virulence Factors and
Antimicrobial Resistance Properties
After genome annotation, each homolog of the L. paracasei
genes was searched in the BLAST database against the
Integrated Microbial Genomes and Microbiomes database
v.5.0 (36), Virulence Factor Database (VFDB) (37), and
Comprehensive Antibiotic Resistance Database (CARD) (38)
to identify candidate virulence genes and antibiotic-resistant
genes using genotypic methods. The protein-coding gene was
submitted into the Resistance Gene Identifier in the CARD for
identification of antimicrobial resistance genes under the default
settings (perfect/strict option). The BLAST hit cutoff values,
and an E < 1E-30 were used to identify the possible virulence
genes and antibiotic-resistant genes for further investigation of
mobile genetic elements such as bacteriophages, plasmids, naked
DNA, or horizontal transposons. In addition, the BlastKOALA

(39) search tool v.2.2 in the Kyoto Encyclopedia of Genes and
Genomes (KEGG) database (https://www.kegg.jp/) was used for
the investigation of undesirable genes.

RESULTS

Heat-Killed L. paracasei (GMNL-653)
Reduced Levels of IL-6 and NO in
LPS-Stimulated Mouse RAW 264.7
Macrophages
The inflammation and bone cells are highly related. We used
the macrophage in vitro model to screen a variety of strains
of heat-killed probiotics with anti-inflammatory activity, namely
L. reuteri, L. rhamnosus, L. salivarius, and L. paracasei. These
bacteria were inactivated at 90 ◦C for 30min and then added to
mouse RAW264.7macrophages with or without LPS stimulation.
Our results revealed that only L. salivarius GMNL-678 and
L. paracasei GMNL-653 (Figure 1A, column 5 and 8) reduced
LPS-induced IL-6 production in the macrophages. The other
Lactobacilli had no inhibitory effect on the production of IL-6
and NO in LPS-stimulated macrophages (Figure 1A). GMNL-
653 inhibited IL-6 and NO production under LPS stimulation in
a dose-dependent manner (Figures 1B,C).

Heat-Killed GMNL-653 Increased Calcium
Mineralization in Human Osteosarcoma
MG63 Cells in Osteoinduction Medium
Bone is a mineralized tissue that continuously undergoes
remodeling, with homeostasis achieved through the balance
of osteoblasts and osteoclasts (40). First, we employed ARS
staining to evaluate calcium deposits using in vitro culture
(41), demonstrating that a high dose (1 × 108/mL) of
GMNL-653 markedly increased calcium deposits in the MG63
cells (Figure 2). Furthermore, we investigated whether heat-
killed GMNL-653 triggered the differentiation of macrophages
into osteoclasts. Acid phosphatase-positive multinucleated (>3
nuclei) cells were counted as osteoclasts, revealing that GMNL-
653 did not influence osteoclast differentiation under RANKL
stimulation in vitro (Supplementary Figure 1).

GMNL-653 Protects Mice From
Ovariectomy-Induced Bone Loss
To determine the effect of heat-killed probiotic GMNL-653
treatment on OVX-induced bone loss, 8-week-old ICR mice
were treated with a vehicle (H2O), GMNL-653, and GMNL-
678 once a day following OVX or sham surgery for 28 days.
Alendronate treatment acted as a positive control to treat and
prevent osteoporosis in OVX mice (Table l). We performed high
resolution micro-computed tomography for evaluation right
tibia bone morphology and architecture with treatment GMNL-
653 in OVX mice. The result showed that GMNL-653 enhances
bonemicroarchitecture in OVXmice (Supplementary Figure 2).
In the vehicle-treated mice, OVX decreased BV/TV and
BMD, whereas the GMNL-653-treated mice exhibited increased
BV/TV and BMN. The effects of GMNL-678 were not as
obvious as those of GMNL-653. Decreased mRNA levels of
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FIGURE 1 | Heat-killed probiotics reduced IL-6 and NO levels through LPS stimulation in mouse RAW 264.7 macrophages. An appropriate number of cells were

seeded in a 24-well plate. Probiotics (L. reuteri, L. rhamnosus, L. salivarius, and five strains of L. paracasei) were cultured in MRS broth for 20 h, with the bacterial

concentration adjusted through centrifugation. These bacteria were heat killed (90◦C for 30min) and then added to cells with or without LPS stimulation. After 20 h,

the culture supernatant was collected for measurement of the IL-6 production (A,B) and NO (C). *P < 0.05, **P < 0.01, and ***P < 0.001 compared with the group

treated with LPS alone.

TGF-β and IL-10 and increased RANKL in the tibia were
observed in the OVX mice treated with H2O (Figures 3A–C).
However, GMNL-653 restored the TGF-β and IL-10 levels and
decreased the RANKL mRNA levels in the OVX mice. We also
detect mRNA levels of bone morphogenetic proteins 2 (BMP2)
and tartrate-resistant acid phosphatase 5b (TRAP-5) in OVX
mice (Supplementary Figure 3). BMP-2 plays a critical role in
osteoblast differentiation (42). TRAP-5 has been used as a reliable
biomarker of bone resorption and osteoclast number (43). There
has been an increasing trend in mRNA levels of BMP-2 in
GMNL-653 treatedOVXmice. TheGMNL-653 decreasedTRAP-
5 levels in OVXmice. In the OVXmice, IL-17A, and LPS levels in
the sera also increased, though GMNL-653 decreased these levels
(Figures 3D,E). These data indicated that GMNL-653 protects
mice from ovariectomy-induced bone loss and enhances gut
barrier integrity.

GMNL-653 Modulated Gut Microbiota
Composition in OVX Mice
Because gut barrier integrity may have been affected in the OVX
mice, we further analyzed the gut microbiota compositions.

Relative abundance (Figure 4A) and diversity (Figure 4B)
of the fecal microbiota in the sham and OVX mice treated
with either the vehicle (H2O) or GMNL-653 are depicted;
at the genus level, the dominant gut microbiota were rc4-4,
Ruminococcus, Lachnospiracear, Mucispirillum, Oscillospira,
Parabacteroides, Ruminococcaceae, Bacteroides, S24-7, and
Clostridiales (Figure 4A). The results of the PCoA plot of beta
diversity (Figure 4B) indicated that the microbial community,
compared with the sham, OVX, and GMNL-653-treated OVX
mice groups, exhibited a significantly distinct cluster that was
separate from the other groups.

The differential microbiota from the three groups
were identified through LEfSe analysis (Figure 5A), which
demonstrated that Tenericutes (phylum) and Mollicutes (class)
were enriched in the OVX group and Lachnospiraceae (family),
Rhizobiales (order), Aeromonadaceae (family), Bifidobacteriales
(order), Bifidobacterium (genus), Bifidobacteriaceae (family), and
Rikenellaceae (family) were enriched in the OVX+GMNL-653
group. A PCA biplot was generated to investigate the microbial
composition differences between the sham, OXV, and OVX
+ GMNL-653 groups (Figure 5B). This biplot revealed that
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FIGURE 2 | Heat-killed L. paracasei (GMNL-653) increased calcium

mineralization in human osteosarcoma MG63 cells mineralizing in culture. (A)

Human osteosarcoma MG63 cells are incubated with heat-killed GMNL-653 in

osteoinduction medium for 28 days. Following fixation, the cells are stained

with Alizarin Red S to measure calcium deposits. (B) Quantification of Alizarin

Red S stain by the absorbance (405 nm) of the red extracts according to the

manufacturer’s instructions. ***P < 0.001 compared with the control group.

TABLE 1 | Heat-killed L. paracasei (GMNL-653) protect mice from

ovariectomy-induced bone loss.

Control OVX +

H2O

OVX +

GMNL-653

OVX +

GMNL-678

OVX +

alendronate

BV/TV (%)

42.12 ± 2.4** 30.9 ± 1.1 36.80 ± 1.6** 32.38 ± 0.8* 34.88 ± 0.9**

BMD (g/cm3)

0.502 ± 0.04** 0.344 ± 0.04 0.444 ± 0.043** 0.38 ± 0.027* 0.426 ± 0.02*

*P < 0.05 and **P < 0.01 compared with the OVX+H2O group.

dimension 1 and dimension 2 explained 51.6 and 20.7% of the
variation in gut microbiota composition, respectively. Obvious
intergroup distances tended to form distinct clusters between the
OVX group and the other two groups, indicating dissimilar gut
microbiota. These results suggested that dysbiosis occurred in
the OVX mice, which was then modulated through GMNL-653
intervention, leading to a similar configuration to the sham
control group. The relative abundance of gut bacteria indicated
that the enrichment of Tenericutes (phylum) and Mollicutes
(class) in the OVX mice could be reduced through GMNL-653
supplementation. Likewise, the decreased Bifidobacteriales
(order), Bifidobacteriaceae (family), and Rikenellaceae (family)
abundance in the OVX mice was enriched by GMNL-653
(Figure 5C).

GMNL-653 Intervention Influenced the
Relative Abundance of the PICRUSt
Functional Prediction of Colonic
Microbiota in OVX Mice
To investigate the effect of GMNL-653 on the functional profiles
of microbiome communities in the OVXmice, we used PICRUSt
to predict metagenomes based on 16S rRNA marker gene
sequences and the KEGG database. The results revealed that
the relative abundance of several metabolic pathways associated
with pathways of cancer, pyruvate metabolism, carbohydrate
digestion and absorption, nitrogen metabolism, and geraniol
degradation in the colon of OVX mice were altered through
GMNL-653 treatment (Figure 6A). The relative abundance of the
functional pathways in carbohydrate digestion and absorption,
fatty acid biosynthesis, ion channels, nitrogen metabolism, and
other ion-coupled transporters as well as the pathways of
cancer, phenylalanine, tyrosine, and tryptophan biosynthesis, and
pyruvate metabolism were downregulated in the OXV group
compared with those in the sham group; they were, however,
upregulated through GMNL-653 treatment (Figure 6B).

Correlation Between Gut Microbiota
Composition and Sera Concentrations of
IL-17 and LPS in OVX Mice
Our results indicated that sera IL-17 and LPS increased in
the OVA mice, implying that gut microbiota composition may
be associated with immune responses to osteoporosis. Because
GMNL-653 intervention could reverse the dysbiosis of gut
microbiota, we further investigated the associations between gut
microbiota composition and IL-17 and LPS levels in the OVX
mice. We then assessed which specific species were enriched
or depleted in the OVA mice and whether this correlated
with the cytokine and LPS concentrations. Using Spearman’s
correlation coefficient, we also investigated the correlation
strength of the phylum counted in the OVX mice (Figure 7A),
with the results demonstrating that the enriched Bifidobacteriales
(order), Rikenellaceae (family), Bifidobacteriaceae (family), and
Bifidobacterium spp. in the OVX + GMNL653 group had
significantly negative correlations with sera IL-17. Moreover, the
enriched Tenericutes (phylum) andMollicutes (class) in the OVX
group exhibited positive correlations with sera LPS, whereas the
enriched Aeromonadacae (family) in the OVX + GMNL-653
group was negatively correlated with sera LPS (Figure 7B).

General Genome Features and
Comparative Genome Analysis
Whole-genomic DNA–DNA hybridization (DDH) is the gold
standard for bacterial species delineation (44). NGS-based
genome sequencing has also been widely applied to the
taxonomy of microorganisms and was successfully used to
distinguish between L. casei and L. paracasei strains (45).
However, these technologies are time intensive, costly, and
difficult to use routinely in laboratories. Comparison of the
DNA sequences of protein-encoding genes is an alternative
approach to the analysis of whole-genome relatedness and
has become increasingly critical in the use of these sequences
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FIGURE 3 | (A–C) The mRNA levels of TGF-α, RANKL, and IL-10 in the tibia. (D,E) The IL-17A and LPS levels in the sera of ovariectomized (OVX) mice treated with

either the vehicle (H2O) or heat-killed L. paracasei (GMNL-653). qRT-PCR analysis of the expression of genes known to promote bone formation, TGF-β and IL-10

(A,C), and bone resorption, RANKL, in the tibia of OVX mice. The levels of IL-17A and LPS in the sera are measured through ELISA. *P < 0.05, **P < 0.01, and

***P < 0.001 compared with the OVX+H2O group.

as molecular targets for microbial species identification. We
identified and verified the distinct nature of the three strains of L.
paracasei (GMNL-653, GMNL-855, and BCRC-16100) by using
SEM, RAPD analysis, and carbohydrate fermentation features
(Supplementary Figure 4). Furthermore, we performed genome
sequencing and characterization of the strains to identify genes
potentially involved in probiotic activity.

Three L. paracasei strains (GMNL-653, GMNL-855, and
BCRC-16100) were characterized at the genotypic and
phenotypic level (Figure 8). High-molecular-weight DNA
from three isolates of the L. paracasei strain was sequenced using
ONT long reads and Illumina short reads for the hybrid assembly
of their genomes using the MaSuRCA assembler v3.3.1 (20). As
detailed in Table 2, the assembly of the GMNL-653 draft genome
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FIGURE 4 | Relative abundance and diversity of stool microbiota in the sham and OVX mice treated with either the vehicle (H2O) or heat-killed GMNL-653. (A) Each

column in the stacked histogram represents one sample; the differently colored bars are proportional to the percentage of relative bacterial abundance of each taxon

within the sample (summing up to 100%). (B) Principal coordinate analysis of the beta diversity among the three groups.
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FIGURE 5 | Taxonomic differences and relative abundance of fecal microbiota in the sham and OVX mice treated with either the vehicle (H2O) or heat-killed

GMNL-653. (A) Linear discriminant analysis and cladogram revealed the phylogenetic distribution of fecal microbiota associated with the sham, OVX, and OVX +

GMNL-653 groups. The biplot of the principal component analysis (B) and relative abundances (C) of bacterial communities in the sham, OVX, and OVX+GMNL-653

groups.
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FIGURE 6 | Predicted function of the involved gut microbial using the phylogenetic investigation of communities by the reconstruction of unobserved states 2

(PICRUSt2) in the sham and OVX mice treated with either the vehicle (H2O) or heat-killed GMNL-653. (A) Pairwise comparison showed that five function pathways

were significantly increased in mice treated with GMNL-653 vs. OVX mice. Among them, 4 of 5 function pathways were included in the metabolism of pyruvate,

carbohydrate, nitrogen, and geraniol. (B) There were nine function pathways overlapped between OVX vs. GMNL-653 and Sham vs. OVX and were significantly

decreased in the OVX mice as compared to the Sham group, but further increased upon GMNL-653 treatment. It is noted that only Lysine degradation pathway was

overlapping between OVX vs. GMNL-653 and Sham vs. GMNL-653 and was significantly increased in the OVX mice as compared to the Sham group, but was further

increased when treated with GMNL-653. p < 0.05 is considered as statistically significant.
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FIGURE 7 | Correlations between the gut microbiota composition and plasma concentrations of IL-17 and LPS in the sham and OVX mice treated with either the

vehicle (H2O) or heat-killed GMNL-653. (A) Spearman’s correlation coefficient strength of the phylum counts from the OVX mice. Correlations with P < 0.05 are

indicated, and the strength of the coefficient is represented by the change in color intensity. (B) The enriched Bifidobacteriales (order), Rikenellaceae (family),

Bifidobacteriaceae (family), and Bifidobacterium spp. in the OVX + GMNL653 group exhibited a significant negative correlation with sera IL-17. (C) The enriched

Tenericutes (phylum) and Mollicutes (class) in the OVX group were positively correlated with sera LPS. The enriched Aeromonadacae (family) in the OVX + GMNL-653

group exhibited a negative correlation with sera LPS.

sequence consists of three contigs amounting to 3,329,730 bp.
The first contigs (3,121,847 bp) were regarded as a circular
chromosome predicted using PlasFlow (29), with a GC content
of 46.19%. Prokka (25) software was used to annotate 3,375
protein-coding genes and identify 60 tRNA genes and five rRNA
operons. The genetic organization of GMNL-653 was illustrated
as a genome atlas constructed with Circos software (Figure 8A)

(32). For completeness assessment for genomics data quality
control, BUSCO analysis was employed, revealing that 400 of
the 402 reference genes were complete (99.5%, 391 single-copy
and 9 duplicated), 2 (0.5%) were fragmented, and none were
missing in the draft assembly; thus, the assembly represents most
of the genomic content (Supplementary Figure 5). One separate
CRISPR loci (Table 2, Supplementary Table 1) was discovered
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FIGURE 8 | Circular genome graph (A–C) of the L. paracasei strain. (A) The GMNL-653, (B) GMNL-855, and (C) BCRC-16100 genome. The outer to inner circles

depict the (1) DNA coordinates; (2) function-based color-coded mapping of the genes, colored according to the COG category whose code and meaning is provided

in the table below the plot; (3, 4) coding sequences predicted on the forward (red) and reverse (blue) strands, respectively; (5) GC skew (G – C/G + C), calculated for a

window of 4,000 bp and shifted by 1,000 bp over the genome sequence, with the above- and below-average regions indicated in green and purple; (6) GC content

(black); and the (7) RNA genes (tRNA, blue; rRNA, red; other RNAs, black).

in the genome of GMNL-653 by using the CRISPRFinder
(28). Additionally, eight prophage regions were identified,
of which four regions were intact, two were incomplete, and
two were questionable (Supplementary Table 2); a type IIa
bacteriocin operon (Supplementary Table 3) was also identified
in GMNL-653.

The complete genome sequence of GMNL-855 and BCRC-
16100 comprised a circular chromosome (3,118,787 and
3,029,023 in contigs 1, respectively), with average GC values
of 46.4 and 46.19%, respectively. Figures 8B,C illustrates the
orthologous genes shared among strains, presenting the position
and color-coded function of each specific gene. Through BUSCO
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TABLE 2 | General features of L. paracasei genomes.

GMNL-653 GMNL-855 BCRC 16100

Size (bp) 3,329,730 3,307,405 3,029,023

G + C content (%) 46.19 46.19 46.4

Total genes 3,375 3,328 2,902

Coding content (%) 88.82 86.27 85.88

Gene average length (bp) 852 857 896

Genes assigned to COGs 2,627 (77.8%) 2,669 (80.2%) 2,387 (82.2%)

Chromosome 1 1 1

rRNA operons 5 5 5

tRNA 60 60 62

Plasmids 0 0 0

Transposases 16 104 13

CRISPR loci 1 1 2

Prophage-Like clusters 4 5 0

Bacteriocin 3 3 2

analysis, we determined that 99.5% of reference genes were
complete in both strains, 2 (0.5%) were fragmented, and none
were missing (Supplementary Figure 5). In total, over 99%
of complete BUSCOs were present in the three L. paracasei
strains, indicating high-quality assemblies. Of the 3,328 and
2,902 genes that were predicted in GMNL-855 and BCRC-
16100, respectively, 86.27 and 85.88% were protein-coding genes,
respectively. Gene prediction demonstrated the presence of the
following putative genes: three CRISPR/CRISPR-associated (cas)
gene loci (type I and IIA; Supplementary Table 1), five intact
prophage-like regions (Supplementary Table 2), and several type
IIb bacteriocin operons (Supplementary Table 3).

Genotypic Identification of the L. paracasei

Strain
The beneficial health attributes and safety concerns of probiotic
cultures are closely related; thus, categorical identification of
the probiotic strain is paramount (46). A maximum-likelihood
tree of four L. paracasei genomes and 12 reported Lactobacillus
strains (L. acidophilus, L. amylovorus, L. casei, L. crispatus, L.
delbrueckii, L. fermentum, L. gasseri, L. johnsonii, L. plantarum,
L. reuteri, L. rhamnosus, and L. salivarius) was created based on
16S rRNA gene sequences. Genome-wide phylogenetic analysis
in combination with alignment fraction analysis indicated
that GMNL-653, GMNL-855, BCRC-16100, and L. casei spp.
were grouped together (Supplementary Figure 6). Another work
documented an approximately 90% sequence identity among
L. casei, L. paracasei, and L. rhamnosus (47). Furthermore,
to measure genomic similarity at the nucleotide level between
GMNL-653 and other Lactobacillus genomes, the average
nucleotide identity (ANI) was calculated using an improved
algorithm (34). The ANI values were calculated and revealed
that three L. paracasei strains were most closely related to
L. paracasei LC2W in terms of their nucleotide sequences
(ANI > 98%; Supplementary Figure 7). The values between
the two strains were extracted from the junction point of

the diagonals departing from each strain. The critical ANI
value aligned to other species was between 64.94 and 79.55%.
A BLAST comparison of GMNL-653 against the GMNL-
855 and BCRC-16100 strains was performed using Easyfig
(Supplementary Figure 8). Genome-wide comparison indicated
a high degree of synteny among the characterized L. paracasei
GMNL-653, GMNL-855, and BCRC-16100 strains, with only a
few regions disrupted throughout the chromosome. Therefore,
the whole-genome data verified that the GMNL-653 strain
belongs to the species L. paracasei. The functional classification
of Clusters of Orthologous Groups (COGs) predicted using
eggNOG-mapper (26, 27) revealed that 2,627 (77.8%) putative
coding sequences were homologous to known gene families.
The distribution of genes into COG functional categories is
summarized in Table 3. Functional analysis of GMNL-653 genes
revealed that, in addition to hypothetical proteins, a relative
abundance of the gene was involved in the basic mechanisms of
DNA replication and recombination, carbohydrate metabolism,
and cell wall/membrane/envelope biogenesis. Additionally, in the
putative regions of genomic coding, 2,669 (80.2%) and 2,387
(82.2%) genes were attributed to a COG family (Table 3). A core-
and pan-genome analysis indicated that 72, 40, and 34 genes
were specific to GMNL-653, GMNL-855, and BCRC-16100,
respectively (Supplementary Table 4).

Cell wall components are key mediators influence on
the interactions between host and associated microbiota.
Lacticaseibacillus not only utilize and metabolize a variety of
carbohydrates but also synthesized extensive exopolysaccharides
which may affect other commensal bacteria resulting in health
benefits in host. Therefore, genome sequencing of many
Lactobacillus strains have revealed many genes involved in
the metabolism of carbohydrate. Based on our results, we
proposed that the bacterial cell wall components or carbohydrate
metabolism exclusively expressing in GMNL-653 may be
involved in the antiosteoporotic activity. We compared genes
related to carbohydrate transport and metabolism (Figure 9A)
and cell wall/membrane/envelope biogenesis (Figure 9B) among
the three L. paracasei strains. Thirteen genes were annotated to
carbohydrate transport and metabolism, which are sucrose-6-
phosphate hydrolase, phosphotransferase (PTS) system, glycerate
kinase, sucrose phosphorylase, phosphotransfer between the C1
and C5 carbon atoms of pentose, glycoside hydrolase family
4, repressor, ORF, kinase (ROK) family, glycosyl hydrolase
family 1, and sugar kinase (Table 4). Six genes were related
to cell wall/membrane/envelope biogenesis, which are phage
tail tape measure protein, udp-galactopyranose mutase, glycosyl
transferase, licD family, and catalyzes the conversion of a
range of fructosamine 6-phosphates to glucose 6phosphate,
and a free amino acid (Table 4). According to the KEGG
BRITE database, these thirteen genes annotated to carbohydrate
transport andmetabolism have functional hierarchy classification
of starch and sucrose metabolism, fructose-specific II-like
component, biosynthesis of secondary metabolism, pentose
phosphate pathway/purine metabolism, mitochondrial DNA
transcription and translation factors, fructose like PTS system
EIIA component, and fructoselysine 6-kinase. Six genes related
to cell wall/membrane/envelope biogenesis have functional
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TABLE 3 | COG functional categories of L. paracasei strain.

COG class Description GMNL-653 GMNL-855 BCRC 16100

J Translation, ribosomal structure, and biogenesis 107 (4.1%) 157 (5.9%) 149 (6.2%)

L Replication, recombination, and repair 304 (11.6%) 258 (9.7%) 135 (5.7%)

K Transcription 209 (8.0%) 212 (8.0%) 201 (8.4%)

D Cell cycle control, cell division, chromosome partitioning 29 (1.1%) 28 (1.1%) 25 (1.0%)

V Defense mechanisms 104 (4.0%) 103 (3.9%) 81 (3.4%)

T Signal transduction mechanisms 60 (2.3%) 62 (2.3%) 64 (2.7%)

M Cell wall/membrane/envelope biogenesis 129 (4.9%) 136 (5.1%) 138 (5.8%)

N Cell motility 2 (0.1%) 1 (0.1%) 1 (0.1%)

U Intracellular trafficking, secretion, and vesicular transport 20 (0.8%) 24 (0.9%) 16 (0.7%)

O Post-translational modification, protein turnover, and chaperones 71 (2.7%) 65 (2.4%) 61 (2.6%)

C Energy production and conversion 107 (4.1%) 113 (4.2%) 110 (4.6%)

G Carbohydrate transport and metabolism 270 (10.3%) 314 (11.8%) 307 (12.9%)

E Amino acid transport and metabolism 207 (7.9%) 203 (7.6%) 196 (8.2%)

F Nucleotide transport and metabolism 88 (3.3%) 88 (3.3%) 87 (3.6%)

H Coenzyme transport and metabolism 47 (1.8%) 46 (1.7%) 47 (2.0%)

I Lipid transport and metabolism 55 (2.1%) 54 (2.0%) 52 (2.2%)

P Inorganic ion transport and metabolism 113 (4.3%) 113 (4.2%) 114 (4.8%)

Q Secondary metabolites biosynthesis, transport, and catabolism 18 (0.7%) 13 (0.5%) 16 (0.7%)

S Function unknown 687 (26.2%) 676 (25.4%) 587 (24.6%)

hierarchy classification of glycan biosynthesis and metabolism,
lipopolysaccharide cholinephosphotransferase and fructoselysine
6-phosphate deglycase.

DISCUSSION

In present study, we observed that one L. paracasei GMNL-653
strain reduced LPS-stimulated IL-6 and NO production in the
mouse macrophage RAW264.7. GMNL-653 increased calcium
mineralization in human osteosarcoma MG63 cells mineralizing
in culture and protected the OVXmice from bone loss, including
increasing bone volume over tissue volume (BV/TV) and bone
mineral density (BMD). Our results revealed that GMNL-
653 restored ovariectomy-induced gut microbiota dysbiosis
and maintained intestinal barrier integrity. Additionally, in
the OVX mice, GMNL-653 treatment reduced the IL-17
and LPS levels compared with those of the vehicle control
group, reduced the mRNA levels of RANKL, and increased
the anti-inflammatory cytokines TGF-β and IL-10 in tibia
tissue. Furthermore, we applied the whole-genome sequencing
technique and comparative genomics analysis to further examine
these three L. paracasei. Our results indicated that the genes
related to carbohydrate transport/metabolism and the cell
wall/membrane/envelope biogenesis of GMNL-653 are worthy of
future investigation. In summary, our results showed that heat-
killed GMNL-653 exhibited antiosteoporotic activity through the
gut microbiota–bone axis (Supplementary Figure 9).

Many studies have explored the potential role of the intestinal
microbiome and its associated metabolomics in metabolic health
and disease. Several metabolic diseases have been linked to
altered gut microbiota, such as type 2 diabetes, cardiometabolic

diseases, and non-alcoholic fatty liver disease. Disruption of
gut microbiota, also called dysbiosis, is also related to multiple
host disorders and is closely associated with an increased risk
of bone loss (48), inflammatory bowel disease (49), diabetes,
and obesity (50). Although the potential causality between
various microbial components and diseases must be clarified,
the intervention of probiotics or prebiotics can still provide
beneficial metabolic health effects. In this study, we applied
in vitro and in vivo models to validate the antiosteoporotic
effect of heat-killed L. paracasei (GMNL-653) and employed
comparative genomics analysis to explore the potentially vital
genes involved.

Osteoporosis is mediated by a variety of inflammatory
mediators, including TNF-α, RANKL, interleukin 1 beta, IL-
6, and interferon gamma. Furthermore, chronic inflammatory
disease such as inflammatory bowel disease can affect bone
metabolism and is frequently associated with occurrence of
osteoporosis (5, 7, 51). Although our understanding of the
underlying mechanism of the relationship between inflammation
and osteoporosis is incomplete, increasing evidence continues
demonstrated that inflammation may intrinsically contribute to
osteoporosis. Based on these findings indicating the contribution
of inflammation to bone loss, we screened the anti-inflammatory
activity in various strains of heat-killed probiotics in RAW
264.7 macrophages under LPS stimulation. We observed that
one heat-killed L. paracasei GMNL-653 reduced macrophage
IL-6 secretion and NO production following LPS treatment.
RANKL is a key regulator of osteoclast activity and acts as a
therapeutic target in osteoporosis (52). Our results indicated that
the levels of RANKL mRNA increased in OVX mice, though
subsequent treatment with heat-killed GMNL-653 once per day
resulted in decreased RANKL mRNA expression in the tibia.

Frontiers in Nutrition | www.frontiersin.org 15 February 2022 | Volume 9 | Article 804210142

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


Jhong et al. Lacticaseibacillus paracasei Regulate Gut–Bone Axis

FIGURE 9 | Comparison of the genes related to (A) carbohydrate transport and metabolism and (B) cell wall/membrane/envelope biogenesis among the three L.

paracasei strains.

Furthermore, GMNL-653 increased TGF-β and IL-10 mRNA
levels in the OVX mice. These results demonstrated that GMNL-
653 exhibits anti-inflammatory effects, with anti-inflammatory
cytokines potentially enhancing gut epithelial barrier function
(53, 54) and proinflammatory cytokines attenuating intestinal
barrier dysfunction (55).

IL-17A is also a vital mediator of bone absorption in
inflammatory diseases associated with osteoporosis, and elevated
serum concentrations of IL-17A have been observed in
patients with postmenopausal osteoporosis (56). We determined
that elevated IL-17A was downregulated through GMNL-653
treatment in OVX mice and that IL-17 can also promote
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TABLE 4 | EggNOG functional annotations of L. paracasei (GMNL-653).

Functional

categories

Predicted

gene name

eggNOG annot KEGG brite

Carbohydrate

transport and

metabolism

(G)

SACC Sucrose-6-phosphate

hydrolase

Starch and sucrose

metabolism

FRYC PTS System Fructose-specific II-like

component

GLXK Glycerate kinase Biosynthesis of

secondary metabolites

AMYA Sucrose phosphorylase Starch and sucrose

metabolism

YHFW Phosphotransfer

between the C1 and

C5 carbon atoms of

pentose (By similarity)

Pentose phosphate

pathway/Purine

metabolism

MALH Glycoside hydrolase

family 4

Starch and sucrose

metabolism

SP_2163 PTS system

GATC PTS system,

galactitol-specific IIc

component

Mitochondrial DNA

transcription and

translation factors

SP_2142 ROK family

GMUD Glycosyl hydrolase

family 1

Starch and sucrose

metabolism

FRVA PTS system Fructose-like PTS

system EIIA component

MANP PTS system

FRLD Sugar kinase Fructoselysine 6-kinase

Cell wall/

membrane/

envelope

biogenesis

(M)

ELI_1307 Phage tail tape

measure protein

GLF udp-galactopyranose

mutase

Glycan biosynthesis

and metabolism

RFAB Glycosyl transferase

(Group 1 family protein)

Glycan biosynthesis

and metabolism

LSGF Glycosy ltransferase

LICD3 licD family lipopolysaccharide

cholinephosphotransferase

FRLB Catalyzes the

conversion of a range

of fructosamine

6-phosphates to

glucose 6-phosphate

and a free amino acid

(By similarity)

fructoselysine

6-phosphate deglycase

osteoclast differentiation and RANKL secretion. Our results
indicated that elevated IL-17 may enhance RANKL expression
in OVX mice. Blocking the IL-17A pathway may have a
positive effect on bone and cartilage damage in inflammatory
disease (57). Furthermore, GMNL-653 may reduce IL-17A
production, preventing bone loss in OVX mice. In terms
of the influence of GMNL-653 osteoblast and osteoclast
differentiation, we discovered that GMNL-653 does not influence

osteoclast differentiation under RANKL stimulation. These
results demonstrated that GMNL-653 can promote osteoblast
differentiation leading to mineralization. The use of the OVX
mice model verified that the GMNL-653 protects mice from
ovariectomy-induced bone loss.

In the OVX mice, gut integrity was also altered, leading to
elevated LPS in the sera. Notably, the gut microbiota composition
changed in the OVX group. The PCoA plot of our beta
diversity analysis indicated that the microbial communities in
the OVX mice exhibited a significantly distinct cluster separate
from the sham and OVX + GMNL-653 groups. Accumulated
evidence revealed that the gut microbiome was associated with
specific dysbiosis in osteoporosis, though the causal mechanism
remains unclear. Epidemiological study also reported that the
gut microbiome was altered in postmenopausal women with
osteoporosis and osteopenia (58). A potential mechanism is that
dysbiosis of gut microbiota may increase the permeability of the
intestinal cell, increasing LPS levels in the circulation system.
LPS can upregulate the inflammatory mediators in bone tissue
(59). LPS has identified as the vital factor in inflammatory-
induced osteoclast differentiation leading to bone loss (60, 61).
Levels of sera IL-17A and LPS correlated with certain gut
microorganisms in the OVX mice, indicating a link between
immune responses and changes in gut microbiome composition.
In addition, gut microbiota may be involved in the regulation of
IL-17A production and functions (62). Therefore, we speculated
that GMNL influences gut microbiota, leading to decreased IL-
17A and LPS production in OVX mice.

The enriched Bifidobacteriales (order), Rikenellaceae (family),
Bifidobacteriaceae (family), and Bifidobacterium spp. in the
OVX + GMNL653 group exhibited significantly negative
correlations with sera IL-17A. GMNL-653 intervention can
enhance the abundance of these microorganisms, resulting in
decreased IL-17A production. Our results demonstrated that
GMNL-653 modulated gut microbiota composition in OVX
mice. This result implied that the interactions of Rikenellaceae
(family), Bifidobacteriales (order), Bifidobacteriaceae (family),
Bifidobacterium spp. may be highly associated with IL-17.
These subset of gut microbiota may have selective effects on
IL-17. Previous study reported that Bifidobacterium suppress
IL-17 production in murine splenocytes and dextran sodium
sulfate-induced intestinal inflammation (63). However, whether
the alterations in the abundances of Bifidobacterium and
Rikenellaceae contribute to the functional consequence on the
homeostasis of osteoblast and osteoclast development are issues
that need further clarified. Our finding is consistent with a study
reporting that gut Rikenellaceae involved in Th17 development
(64). The enriched Tenericutes (phylum) andMollicutes (class) in
OVX group have positive correlations with sera LPS. Tenericutes
has been reported as one of biomarkers in rat model of senile
osteoporosis (65). Our result indicated that enriched Tenericutes
was highly associated with gut barrier integrity which may
result from intestinal inflammations. We further investigated the
effect of GMNL-653 on the functional profiles of microbiome
communities in the OVX mice and used PICRUSt to predict
metagenomes mapped to the KEGG database. Carbohydrate
digestion and absorption, fatty acid biosynthesis, ion channels,
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nitrogen metabolism, other ion-coupled transporters, pathways
in cancer, phenylalanine, tyrosine, and tryptophan biosynthesis,
and pyruvate metabolism were all downregulated in the OXV
group compared with those in the sham group but were
upregulated following GMNL-653 treatment. Several pathways
have been associated with bone homeostasis; for example,
essential fatty acids have been demonstrated to increase calcium
absorption from the gut, reducing the urinary excretion of
calcium, enhancing calcium deposition in bones, and improving
bone strength (66). The dysfunction of various of ion channels
is connected to perturbations in osteoblast bone formation
and osteoclast bone resorption (67). Hence, ion channels play
critical roles in sustaining bone homeostasis. A cohort study
reported that amino acid metabolism, such as tyrosine and
tryptophan metabolism, was significantly related to gut dysbiosis
and osteoporosis (68). Pyruvate also plays a pivotal role in
various physiological processes as a counterion and could affect
the absorption and availability of calcium through the epithelial
cells (69).

Our comparative genomics analysis classified genes of GMNL-
653 dependent on functional categories to explore potential vital
genes involved in anti-osteoporotic effects. Scanning electron
microscope analysis showed that GMNL-653 has a unique
longer rod-shape which may result from multicell aggregates.
The carbohydrate structure and components influence bacterial
adhesion and colonization. Bacterial glycans are typically display
at the cell surface and interact with environment, so they
have significant biomedical importance. Moreover, cell wall
components are key mediators influence on the interactions
between host and other microbiota. Lacticaseibacillus not only
utilize and metabolize a variety of carbohydrates but also
synthesized extensive exopolysaccharides which may affect
other commensal bacteria resulting in health benefits in host.
Therefore, we focus on genes exclusive express in GMNL-
653 categorized as carbohydrate transport and metabolism and
cell wall/membrane/envelope biogenesis. Nineteen unique genes
were responsible for carbohydrate transport and metabolism
and cell wall/membrane/envelope biogenesis in GMNL-653.
Four genes (SACC, AMYA, MALH, and GMUD) involved in
starch and sucrose metabolism. SACC, annotated as sucrose-
6-phosphate hydrolase, participate in glucose 6-phosphate and
fructose production. Fructooligosaccharides (FOS) are polymers
of fructose with a prebiotic activity (70) which may facilitate
maintaining gut barrier integrity. It was reported that FOS from
Stevia rebaudiana roots enhanced the growth of specific strains
of both Bifidobacteria and Lactobacilli (70, 71). AMYA gene
encode a sucrose phosphorylase, which is a glucosyltransferase
transferring glucose from sucrose to acceptor molecules further
production of glucose-1-phosphate and fructose (72). The
MALH gene was annotated as glycoside hydrolase, which
allows the utilization of different oligosaccharides with prebiotic
properties (73). Meanwhile, FRYC and FRVA gene were
annotated as fructose-specific II-like component and Fructose-
like PTS system EIIA component. FRLD gene classified as
fructoselysine 6-kinase, which catalyzed the ATP-dependent
phosphorylation of fructoselysine to fructoselysine 6-phosphate.
The function of FRLB catalyze the conversion of fructoselysine to

fructoselysine 6-phosphate and lysine. Lysine has been reported
to enhance osteoblast proliferation, Ca2+ absorption and healing
of bone fracture (74, 75). Therefore, GMNL-653 has sophisticated
and complex genes participated in metabolisms of sucrose and
fructose which may play important roles in maintaining gut
barrier, symbiosis and bone metabolism.

The genes of GLF and RFAB were classified in glycan
biosynthesis and metabolism. The predicted gene GLF of
GMNL-653 was annotated as udp-galactopyranose mutase,
which is involved in the biosynthesis of the cell wall
residue of d-galactofuranose (76). The RFAB and LSGF genes
were predicated as glycosyl transferase, which is responsible
for exopolysaccharide production, cell aggregation, and bile
resistance in Lactobacillus probiotic strains (77). We proposed
that several bacterial cell wall components, such as lipoteichoic
acids, peptidoglycans, and exopolysaccharides, may be involved
in the antiosteoporotic activity of heat-killed GMNL-653.
Peptidoglycan accounts for ∼90% of the cell wall component
of Gram-positive bacteria and is largely composed of glycan
strands and pentapeptides, which present as strain-specific for
Lactobacilli (78). Purified peptidoglycans from L. salivarius Ls-
33 exhibited anti-inflammatory properties through the induction
of IL-10 production (79).

CONCLUSION

In summary, we demonstrated that heat-killed L. paracasei
(GMNL-653) exerts antiosteoporotic effects by restoring
the gut microbiota dysbiosis in ovariectomized mice. The
possible mechanism of this antiosteoporotic activity involves
the reduced production of inflammatory mediators (RANKL
and IL-17A) and gut microbiota dysbiosis through GMNL-
653 treatment. We also clarified that fluctuation in gut
microbiota is closely associated with sera IL-17A and LPS
levels in OVX mice. Metagenomes mapped to the KEGG
database revealed that bone homeostasis is affected by
gut microbial function pathways, including carbohydrate
digestion and absorption, fatty acid biosynthesis, ion channels,
phenylalanine, tyrosine, and tryptophan biosynthesis,
and pyruvate metabolism. Whole-genome sequencing
and comparative genomics analysis revealed that genes
related to carbohydrate transport and metabolism and cell
wall/membrane/envelope biogenesis may be associated with
antiosteoporotic activity of GMNL-653. To the best of our
knowledge, this is the first study linking antiosteoporotic activity,
as validated using in vitro and in vivo models, to whole-genome
sequencing and identifying genes potentially involved in
antiosteoporotic activity.
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Probiotics have been shown to be effective against infectious diseases in clinical trials,
with either intestinal or extraintestinal health benefits. Even though probiotic effects are
strain-specific, some “widespread effects” include: pathogen inhibition, enhancement
of barrier integrity and regulation of immune responses. The mechanisms involved
in the health benefits of probiotics are not completely understood, but these effects
can be mediated, at least in part, by probiotic-derived extracellular vesicles (EVs).
However, to date, there are no clinical trials examining probiotic-derived EVs health
benefits against infectious diseases. There is still a long way to go to bridge the gap
between basic research and clinical practice. This review attempts to summarize the
current knowledge about EVs released by probiotic bacteria to understand their possible
role in the prevention and/or treatment of infectious diseases. A better understanding
of the mechanisms whereby EVs package their cargo and the process involved in
communication with host cells (inter-kingdom communication), would allow further
advances in this field. In addition, we comment on the potential use and missing
knowledge of EVs as therapeutic agents (postbiotics) against infectious diseases. Future
research on probiotic-derived EVs is needed to open new avenues for the encapsulation
of bioactives inside EVs from GRAS (Generally Regarded as Safe) bacteria. This could be
a scientific novelty with applications in functional foods and pharmaceutical industries.

Keywords: probiotics, GRAS, postbiotics, extracellular vesicles, membrane vesicles, infectious diseases

INTRODUCTION

Infectious diseases are disorders caused by organisms such as viruses, bacteria, fungi, or parasites.
Could probiotics deal with infectious diseases? A lot of clinical trials have brought this question
to the forefront with positive effects on prevention and/or treatment of infectious diseases. In this
review, we conducted a search for probiotic bacteria utilized for treatment of infectious diseases and
then discussed the current knowledge about extracellular vesicles (EVs) released by these probiotic
species. It is important to highlight that according to the generally accepted definition of probiotic,
probiotic effects are strain-specific. However, various effects of probiotics can be ascribed to the
species level (Hill et al., 2014). Moreover, the study of EVs released by the probiotic strains is still
in its infancy and has not been widely analyzed so far. For these two reasons, to collect the current
evidence of probiotic-derived EVs we decided to extrapolate our search to the species level. In this
line, EV-producing strains were shown to mediate beneficial effects both in vitro and in vivo models,
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but human trials (a requirement for probiotic claim) are still
pending.

PROBIOTICS

Definition
Probiotics are defined as “live microorganisms that, when
administered in adequate amounts, confer a health benefit on
the host” (Hill et al., 2014). In a position statement an expert
panel of the International Scientific Association for Probiotics
and Prebiotics (ISAPP) set four minimum criteria for probiotic
claims (Binda et al., 2020). Probiotics must: (1) be identified to
the genus, species and strain level, (2) be safe for the intended
use, (3) have demonstrated health benefits in at least one clinical
trial, and (4) have a suitable viable count at end of shelf life.

Before clinical trials are conducted, potential probiotics must
be selected by a comprehensive approach including multiple
steps. According to the “Guidelines for the Evaluation of
Probiotics in Food” (FAO/WHO, 2002), candidate strains are
suggested to be assessed for their stress tolerance, antimicrobial
properties, epithelium adhesion ability, and safety. At the same
time, in vitro and in vivo experiments should be performed
to evaluate probiotic effects (de Melo Pereira et al., 2018;
Santos et al., 2020).

As stated above, for validation of treatment safety and efficacy,
probiotics must be subjected to at least one clinical trial,
which must be conducted based on generally accepted scientific
standards (Binda et al., 2020). In general, the weight ascribed
to a trial result is higher when sources of bias are avoided
(Higgins et al., 2019), and therefore randomized controlled
trials are usually considered the most appropriate methodology
for validating a probiotic health claim (Tamayo, 2008). In the
last decades, there has been a rapid growth in the number of
clinical trials for the use of probiotics for prophylactic and/or
therapeutic applications in various fields: infectious diseases,
cancer, depression and obesity (Zommiti et al., 2020).

Even though probiotics must be identified to the strain level,
various meta-analyses indicate that “shared benefits” are achieved
by many different strains of the same species, due to similar
biological pathways (Sanders et al., 2018). In that regard, the
ISAPP panel considered that well-studied beneficial species may
be considered as “probiotics” even in the absence of randomized
controlled trials that support this claim (Hill et al., 2014).
Although clinical trials rarely compare different strains of the
same species, certain health effects such as immunomodulation
have been ascribed to many strains of the same species (Zhao
et al., 2020, 2021).

Many probiotic lactic acid bacteria have long been used in
dairy products, being awarded the status of GRAS (Ghosh et al.,
2019). The projection of the global probiotics market is expected
to grow at a compound annual growth rate of 7.2% from 2021 to
2028 (Grand View Research, 2021). The popularity of probiotic
use has increased dramatically in the last decades, not only
for their clinical use, but also in healthy individuals wishing
to maintain a healthy gut microbiota (Fleming et al., 2016;
Su et al., 2020).

Probiotics and Microbiota:
Inter-Kingdom Communication
Our bodies are composed of human cells and microbiota, which
is composed of viruses, bacteria, fungi and parasites (Cao and
Mortha, 2020). These complex and dynamic populations of
microorganisms are crucial for maintaining health and playing
a decisive defensive role against pathogens (Sokol, 2019). Inside
the human body there exist different microbiotas according
to their localization: skin, lung, urethra, vagina, etc. In the
last decade, organs that had been previously considered sterile
today are hypothesized to have a microbiota. For example,
despite it was always thought that the fetus was developed
under sterile conditions, recent data suggested the presence of
microorganisms in the uterus and placenta (Agostinis et al.,
2019; Tang et al., 2020). Moreover, contrary to a long-held
dogma, today we know that human milk is not sterile (McGuire
and McGuire, 2017). The hypothesis of how bacteria from the
maternal gastrointestinal tract (GIT) are translocated to human
milk is that dendrites from dendritic cells (DCs) could cross
the gut epithelium and transport gut lumen bacteria to the
mammary gland through the lymphoid system (Olivares et al.,
2015; Demmelmair et al., 2020).

Nowadays, the gut microbiota is considered a new “vital
organ” of the human body and is connected with other
organs through different axis via neural, endocrine and immune
interactions (Ding et al., 2019; Ahlawat et al., 2021). In this
line, the consumption of probiotics has been reported to have
beneficial effects on the gut–brain axis, the gut–skin axis, etc.
(Banfi et al., 2021; Park et al., 2021). In addition, it has
recently been demonstrated that the consumption of probiotics
can modulate other microbiotas too, e.g., vaginal microbiota
(Silvia Ventimiglia et al., 2021).

Fermented foods and probiotics (these terms should not be
confused) increase gut microbiota diversity with benefits on
human health (Aljutaily et al., 2020; Vinderola and Pérez-Marc,
2021). Frequently, a disruption in the microbiota composition
results in a less diverse or less “rich” microbiota, which is
often linked to a leaky gut syndrome, higher gut inflammation
and more oxidative stress. This microbiota imbalance is
linked to various diseases including obesity, diabetes, irritable
bowel syndrome, inflammatory bowel disease, depression, and
cardiovascular disease (Hills et al., 2019).

It is important to emphasize that many probiotic strains do
not colonize the gut and are no longer recoverable in stool
1–4 weeks after stopping their consumption. For example, the
probiotic-containing fermented milk Activia did not change
the bacterial composition in the gut, but instead altered gene
expression patterns that are relevant to carbohydrate metabolism
in the gut microbiota. These changes in the gut function
were confined only to the time of probiotic consumption
(Maguire and Maguire, 2019).

Probiotics for Infectious Diseases
In the context of probiotics against infectious diseases,
widespread effects or “shared benefits” of probiotics include
mechanisms that act directly by inhibiting pathogens and
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FIGURE 1 | Species that comprise probiotic strains assessed for the prevention or treatment of infectious diseases in clinical trials.

indirectly by reinforcing the host epithelial barrier function
and immune responses (Lebeer et al., 2010; Sassone-Corsi and
Raffatellu, 2016; Raheem et al., 2021). Even though probiotic
effects are strain-specific, in this review we collected a series
of clinical trials where probiotic species benefits were assessed
against infectious diseases (Figure 1). According to our search,
nearly 50% of these species were reported to release EVs
(Table 1). Seven out of 24 strains released EVs that have had
beneficial effects against pathogens in in vitro, ex vivo or in vivo
models (Table 1, indicated by asterisks). In fact, some of these
strains are well-known probiotics: i.e., Escherichia coli Nissle
1917 and Lacticaseibacillus rhamnosus GG. We limited our
search to bacteria, although some fungi are also considered
to be probiotics.

Probiotic bacteria with successful results against infectious
diseases mainly include bifidobacteria and lactobacilli, which
represent the most studied probiotics (Stavropoulou and
Bezirtzoglou, 2020), and other Gram (+) bacteria belonging
to the genera Streptococcus, Bacillus, Propionibacterium and
Clostridium. On the other hand, to our knowledge the only Gram
(−) bacterial strain that was found to be effective in clinical trials
is E. coli Nissle 1917. E. coli Nissle 1917 has been considered a
probiotic for over a century and used to treat intestinal diseases.
However, the strain contains a pathogenicity island (pks) that
codes for colibactin, a genotoxin that mediates anti-inflammatory
effects (Olier et al., 2012) and is now linked to causative mutations
found in human colorectal cancer (Nougayrède et al., 2021).

Probiotics are commonly consumed in food or supplements
(Hill et al., 2014; Figure 2). Oral administration, which is the
most usual route of administration of probiotics, has resulted in
satisfactory outcomes in clinical trials, even when the beneficial
effect occurred in extraintestinal sites (Maldonado-Lobón et al.,
2015; Panigrahi et al., 2017; Vladareanu et al., 2018; Lazou Ahrén
et al., 2021). Possible mechanisms by which oral administration

of probiotics may have extraintestinal and systemic effects on the
host will be discussed in the following sections. However, there
are many possible routes of administration of probiotics, such
as mouth rinses and lozenges for periodontal disease (Tsubura
et al., 2009; Invernici et al., 2018), vaginal suppositories for
trichomoniasis, bacterial vaginosis and recurrent urinary tract
infections (Stapleton et al., 2011; Sgibnev and Kremleva, 2020),
intranasal administration for upper respiratory tract infections
(Passali et al., 2019), and topical application for skin wounds
(Peral et al., 2009). In the case of respiratory and skin infections,
although topical administration could be advantageous (Lopes
et al., 2017; Spacova et al., 2021), their study in clinical trials is
currently underrepresented.

It is important to note that many clinical trials examine the
use of probiotics as a supplementation to conventional therapy
against infectious diseases, such as antibiotic and antifungal
agents (Shi et al., 2019; Joseph et al., 2021). In general terms,
probiotics have shown effectiveness in preventing infectious
diseases in different organ systems, from the respiratory and
gastrointestinal tracts to the female urogenital system, among
others. As regards gastrointestinal diseases, probiotics were
effective in reducing frequency and duration of diarrhea
(Francavilla et al., 2012; Park et al., 2017; Sharifi-Rad et al., 2020),
reducing symptoms of gastroenteritis and H. pylori gastritis
(Shafaghi et al., 2016; Shin et al., 2020), and preventing
necrotizing enterocolitis (Chang et al., 2017). In respect of
respiratory diseases, the benefit of probiotics has been mostly
associated with prevention of infections, especially in the upper
respiratory tract (Aryayev et al., 2018; Anaya-Loyola et al.,
2019; Lazou Ahrén et al., 2021). Finally, certain probiotics were
successful in reducing symptoms and frequency of recurrent
vulvovaginal candidiasis, bacterial vaginosis and urinary tract
infections (Laue et al., 2018; Russo et al., 2019; Sgibnev and
Kremleva, 2020), possibly mainly by restoring the normal vaginal
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FIGURE 2 | Schematic representation of the interactions between probiotics, pathogens and the host. Probiotics in various dosage forms were shown to exert
beneficial effects on different human organ systems for the prevention or treatment of infectious diseases. These effects are exerted indirectly or directly through
pathogen inhibition and may be mediated, at least in part, by probiotic-derived EVs.

microbiota. Other benefits of probiotics demonstrated in clinical
trials involve other organ systems, such as skin and the nervous
system (Kotzampassi et al., 2015; Xia et al., 2018). Further high-
quality clinical trials and meta-analyses should be undertaken to
provide stronger evidence for the therapeutic use of probiotics
(Stavropoulou and Bezirtzoglou, 2020).

EXTRACELLULAR VESICLES

Bacterial Extracellular Vesicles
Probiotics seem to act through a wide repertoire of mechanisms
but the specific pathways and key regulatory molecules
underlying their beneficial effects are largely unknown (Plaza-
Diaz et al., 2019). In this line, EVs have been associated with
diverse functions in cell-to-cell communication and appear to
be a common language between kingdoms (i.e., bacteria and
eukaryotic cells) (Ñahui Palomino et al., 2021).

Extracellular vesicles are produced by all domains of life:
archaea, bacteria and eukarya. To this day it has been seen
that EVs appear to be produced by all cell types of all studied
organisms. All EVs are composed of a lipid bilayer with
membrane proteins and contain DNA, RNA and proteins (Théry
et al., 2018). The level of knowledge about bacterial EVs is lower
than eukaryotic EVs, but the number of studies is continuously
increasing (Ñahui Palomino et al., 2021). In particular, EVs from
Gram (+) bacteria have been less studied, and our understanding
of their biogenesis and interaction with host cells is just being
started (Briaud and Carroll, 2020).

The size of bacterial EVs is in the nanoscale (below 500 nm),
and has been related to bacterial physiology including probiotic
and pathogenic effects. In the case of Gram (+) bacteria, EVs are
called membrane vesicles (MVs) and the lipid bilayer encloses
cytosolic material. In contrast, in the case of Gram (−) bacteria,
EVs are called outer-membrane vesicles (OMVs) and the lipid
bilayer encloses periplasmic material. Gram (+) and Gram (−)
bacterial EVs are also different in their surface composition for
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TABLE 1 | Biological effects of EVs released by species that comprise probiotic strains.

Genus and
species

Strain Current evidence Pathogen
inhibition

Barrier
function

Immune
system

Composition Transport Other
biological

effects

References

Escherichia coli Nissle 1917 EVs improved epithelial barrier function in intestinal epithelial
cells (T-84 and Caco-2)

• Alvarez et al.,
2016

Escherichia coli Nissle 1917 EVs protected barrier function in human intestinal epithelial cells
(T-84 and Caco-2) infected with E. coli (EPEC)

• Alvarez et al.,
2019 *

Escherichia coli Nissle 1917 EVs were endocytosed in a clathrin-dependent manner by
human intestinal epithelial cells (HT-29)

• Cañas et al.,
2016

Escherichia coli Nissle 1917 EVs incubation with human intestinal epithelial cells (Caco-2)
activated NOD1-signaling cascades and NF-κB, and increased
IL-6 and IL-8 levels

• Cañas et al.,
2018

Escherichia coli Nissle 1917 EVs increased TNF-α, IL-6, IL-8, IL-10 and MIP1α levels in
PBMC, human intestinal epithelial cells (Caco-2)/PMBCs
co-culture and ex vivo colonic mucosa explants

• • • Fábrega et al.,
2016

Escherichia coli Nissle 1917 EVs improved clinical symptoms and histological scores,
protected intestinal epithelial barrier function, and mediated
anti-inflammatory effects in a dextran sulfate sodium-induced
colitis mouse model

• • Fábrega et al.,
2017

Escherichia coli Nissle 1917 EVs incubation with mouse macrophage cells (RAW264.7)
increased TNF-α, IL-4, IL-6, IL-10 and IL-12 levels, and
stimulated bacteria-killing ability against E. coli, S. typhimurium,
and S. aureus

• Hu et al., 2020
*

Escherichia coli Nissle 1917 Vaccination with engineered EVs (modified bacteria that
express the enterotoxin ClyA) had a strong adjuvant capability
on the immune response in mice

• Rosenthal
et al., 2014

Bacillus subtilis 168 EVs were transported across human intestinal epithelial cells
(Caco-2)

• Domínguez
Rubio et al.,
2020

Bifidobacterium
bifidum

LMG13195 EVs incubation with human dendritic cells induced Treg
differentiation and increased IL-10 levels

• López et al.,
2012

Bifidobacterium
longum

NCC2705 EVs contained several mucin-adhesion proteins • Morishita et al.,
2021

Bifidobacterium
longum

– EVs incubation with mouse macrophage cells (RAW264.7) and
dendritic cells (DC2.4) increased TNF-α and IL-6 levels

• • • Morishita et al.,
2021

Clostridium
butyricum

– EVs incubation with mouse macrophage cells (RAW264.7) and
dendritic cells (DC2.4) increased TNF-α and IL-6 levels

• • • Morishita et al.,
2021

Lacticaseibacillus
casei

ATCC 393 EVs contain the protein p75 associated with probiotic effects • Dean et al.,
2019

Lacticaseibacillus
casei

ATCC 393 EVs incubation with human intestinal epithelial cells (Caco-2)
decreased TLR9 gene expression and IFN-γ levels, and
increased IL-4 and IL-10 levels

• Vargoorani
et al., 2020

Lacticaseibacillus
casei

BL23 EVs contain proteins p40 and p75 associated with probiotic
effects

• Domínguez
Rubio et al.,
2017
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TABLE 1 | (Continued)

Genus and
species

Strain Current evidence Pathogen
inhibition

Barrier
function

Immune
system

Composition Transport Other
biological

effects

References

Lacticaseibacillus
casei

BL23 EVs increased NF-κB levels and induced phosphorylation of
epidermal growth factor receptor (EGFR) in human intestinal
epithelial cells (HT-29 and T-84, respectively)

• • Bäuerl et al.,
2020

Lacticaseibacillus
paracasei

– EVs decreased NF-κB levels and mRNA levels of TNFα, IL-1α,
IL-1β and IL-2, and increased mRNA levels of TGFβ and IL-10
in LPS-induced inflammation in human intestinal epithelial cells
(HT-29) and reduce inflammation symptoms of dextran sulfate
sodium-induced colitis in mice.

• Choi et al.,
2020

Lactiplantibacillus
plantarum

APsulloc
331261

EVs increased IL-10, IL-1β and GM-CSF levels in ex vivo human
skin cultures, and induced monocyte-to-macrophage transition
and polarization to M2b in human monocytic cells (THP-1)

• Kim et al., 2020

Lactiplantibacillus
plantarum

BGAN8 EVs were endocytosed in a clathrin-dependent manner by
human intestinal epithelial cells (HT29)

• • Bajic et al.,
2020

Lactiplantibacillus
plantarum

KCTC
11401BP

EVs decreased IL-6 levels and protected cell viability against
treatment with S. aureus EVs in human epidermal keratinocytes
(HaCaT), and reduced skin inflammation in S. aureus
EV-induced atopic dermatitis in mice

• Kim et al., 2018
*

Lactiplantibacillus
plantarum

KCTC
11401BP

EVs increased Brain Derived Neurotrophic Factor (BDNF) levels
in mouse hippocampal neurons (HT22) and produced
antidepressant-like effects in mice with chronic restraint stress

• Choi et al.,
2019

Lactiplantibacillus
plantarum

WCFS1 EVs prolonged the survival of C. elegans infected with
vancomycin-resistant enterococci

• • Li et al., 2017 *

Lactiplantibacillus
plantarum

WCFS1 EVs incubation with mouse macrophage cells (RAW264.7) and
dendritic cells (DC2.4) increased TNF-α and IL-6 levels

• • • Morishita et al.,
2021

Lacticaseibacillus
rhamnosus

GG EVs decreased TNF-α, IL-1β, IL-6 and MCP-1 levels in
LPS-induced inflammation in mouse macrophage cells
(RAW264.7), increased IL-22 levels and decreased hepatic
bacterial translocation by reinforcing the intestinal barrier
function in alcohol-associated liver disease in mice

• • • Gu et al., 2021

Lacticaseibacillus
rhamnosus

GG EVs increased apoptosis in human hepatic cells (hepG2) • Behzadi et al.,
2017

Lacticaseibacillus
rhamnosus

GG EVs decreased IFN-γ and IL-17A levels in S. aureus-stimulated
human PBMC

• Mata Forsberg
et al., 2019 *

Lacticaseibacillus
rhamnosus

GG EVs inhibited TLR4-NF-κB-NLRP3 axis activation in colonic
tissues, and decreased TNF-α, IL-1β, IL-2 and IL-6 levels in
dextran sulfate sodium-colitis in mice

• Tong et al.,
2021

Lacticaseibacillus
rhamnosus

JB-1 EVs increased IL-10 and HO-1 levels via Dectin-1, SIGNR1,
TLR-2 and TLR-9 activation in dendritic cells, and increased
Treg cells in Peyer’s patch from mice

• Al-Nedawi
et al., 2015

Lacticaseibacillus
rhamnosus

JB-1 EVs appeared in blood 2.5 h after oral consumption and
contained bacteriophage DNA

• • • Champagne-
Jorgensen
et al., 2021a
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TABLE 1 | (Continued)

Genus and
species

Strain Current evidence Pathogen
inhibition

Barrier
function

Immune
system

Composition Transport Other
biological

effects

References

Lacticaseibacillus
rhamnosus

JB-1 EVs were endocytosed in a likely
clathrin-dependent manner by mouse (MODE-K)
and human intestinal epithelial cells (HT-29) and by
mouse intestinal epithelial cells in vivo. They expose
lipoteichoic acid that activated TLR2 and increased
IL-10 levels

• • • Champagne-
Jorgensen
et al., 2021b

Lactobacillus
acidophilus

ATCC 53544 EVs contain bacteriocins • • Dean et al.,
2019

Lactobacillus
acidophilus

ATCC 53544 Bacteriocin-enriched EVs fused with other bacteria • • Dean et al.,
2020

Lactobacillus
crispatus

BC3 EVs protected human cervico-vaginal and tonsillar
tissues, and human CD4+ T cell lines (MT-4 and
Jurkat-tat) from HIV-1 infection by decreasing viral
attachment

• • Ñahui Palomino
et al., 2019 *

Lactobacillus
gasseri

BC12 EVs protected human cervico-vaginal and tonsillar
tissues, and human CD4+ T cell lines (MT-4 and
Jurkat-tat) from HIV-1 infection by decreasing viral
attachment

• • Ñahui Palomino
et al., 2019 *

Lactobacillus
gasseri

JCM 1131 EVs expose lipoteichoic acid on the surface during
logarithmic phase

• Shiraishi et al.,
2018

Lactobacillus
johnsonii

N6.2 EV expose proteins that are recognized by IgA and
IgG from plasma of individuals who had consumed
the probiotic

• Harrison et al.,
2021

Latilactobacillus
sakei

NBRC15893 EVs promoted IgA production by murine Peyer’s
patch cells via TLR2

• Yamasaki-
Yashiki et al.,
2019

Limosilactobacillus
reuteri

ATCC 23272 EVs contain no bacteriocins, even though this strain
produces high levels of these antibacterial
molecules

• Dean et al.,
2019

Limosilactobacillus
reuteri

BBC3 EVs decreased mRNA levels of TNF-α, IL-1β, IL-6,
IL-17 and IL-8, and increased mRNA levels of IL-10
and TGF-β in LPS-induced inflammation in chicken

• • Hu et al., 2021

Limosilactobacillus
reuteri

DSM 17938 EVs decreased IFN-γ and IL-17A levels in
S. aureus-stimulated human PBMC

• Mata Forsberg
et al., 2019 *

Limosilactobacillus
reuteri

DSM 17938 EVs mimicked the effect of the bacteria on gut
motility in mice

• West et al.,
2020

Propionibacterium
freudenreichii

CIRM-BIA 129 EVs decreased NF-κB and IL-8 levels in
LPS-induced inflammation in human intestinal
epithelial cells (HT-29)

• • Rodovalho
et al., 2020

EVs that have had beneficial effect against pathogens in in vitro, ex vivo, or in vivo models are indicated by asterisks.
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example the presence of lipopolysaccharide (LPS). The diversity
in cargo molecules contained in EVs might explain the variety
of described roles ranging from decoys for viral and antibiotic
attack, quorum sensing as well as regulation of host immune
defense (Kaparakis-Liaskos and Kufer, 2020).

Postbiotics, a New Concept
As mentioned before, probiotics comprise live microorganisms
that confer a health benefit on the host when administered in
adequate amounts. At the same time, there is increasing evidence
of the health effects of non-viable microorganisms and their
bioactive compounds (metabolites that they can produce by
fermentation or by their action on food components) (Collado
et al., 2019). An expert panel of ISAPP defined a postbiotic
as a “preparation of inanimate microorganisms and/or their
components that confers a health benefit on the host” (Salminen
et al., 2021). In this line, EVs are secretory components associated
with probiotic bacteria health benefits and consequently could be
considered postbiotics (Wegh et al., 2019).

Extracellular vesicles play a central role in many physiological
and pathological processes due to their capacity to transport
biologically active macromolecules that can effectively alter
the biological properties of target cells. Due to this property,
they can be considered novel agents with different therapeutic
applications. There are many clinical trials investigating the use
of human EVs for various therapeutic approaches, including
pathogen vaccination, anti-tumor therapy, regenerative therapies
and drug delivery (Lener et al., 2015; Théry et al., 2018). In the
case of EVs against infectious diseases there exist two different
strategies: evaluation of EVs released naturally by the pathogen
or infected cells, and EVs from in vitro antigen-pulsed DCs
(Wahlund et al., 2017; Riley and Blanton, 2018; Santos and
Almeida, 2021). However, to our knowledge there are no clinical
trials related to the use of EVs from probiotic bacteria for the
prevention and/or treatment of any infectious disease.

EXTRACELLULAR VESICLES FROM
PROBIOTIC BACTERIA AND
INFECTIOUS DISEASES

In order to organize the information, we divided the current
evidence of the knowledge about the role of EVs as mediators of
probiotic beneficial effects into six categories. The first category
addresses the role of EVs against pathogens. The second and third
categories are related to their function in the host immune system
that can also be divided into three lines of defense: physical and
chemical barriers, innate immunity and adaptive immunity. The
last categories describe EVs composition, how EVs are uptaken
and transported across human cells and other functions.

Pathogen Inhibition
Probiotics can inhibit pathogens through production of
antimicrobial agents and through competitive exclusion
of pathogens by competing for adhesion or nutrients in
the GIT (Surendran Nair et al., 2017; van Zyl et al., 2020;
Raheem et al., 2021).

Antimicrobial agents mainly include reactive oxygen
species, lactic acid, and bacteriocins (Rajilić-Stojanović, 2013).
Bacteriocins are peptides with antimicrobial activity that have
shown to inhibit not only bacteria, but also viruses, fungi and
parasites (Dicks and Grobbelaar, 2021; Huang et al., 2021).
Furthermore, bacteriocins might be an interesting alternative to
the use of antibiotics for infectious diseases caused by antibiotic-
resistant bacteria due to their high potency and low toxicity (Cui
et al., 2021; Gradisteanu Pircalabioru et al., 2021).

Recent studies show that EVs released by L. acidophilus
ATCC 53544 could deliver bacteriocins and thus kill other
bacteria (Dean et al., 2019, 2020). Proteomic analyses revealed
bacteriocins are enriched in EVs. Even though bacteriocins
investigated by these authors are directed against a L. delbrueckii
strain (Dean et al., 2020), other bacteriocins synthesized by
probiotics are able to inhibit or kill pathogens, such as Listeria
monocytogenes, Staphylococcus aureus, Acinetobacter baumannii,
Gardnerella vaginalis, Streptococcus agalactiae, and Pseudomonas
aeruginosa, in both in vitro and in vivo models (Gaspar
et al., 2018; van Zyl et al., 2019; Hassan et al., 2020). It is
noteworthy that EVs may protect bacteriocins from proteases
and inactivation molecules that are normally present in the
intestine. Whether EVs from probiotics can deliver bacteriocins
to pathogens is still unknown and holds great potential for
future research.

Several clinical trials have shown that probiotics improved
vaginal microbiota composition (Ho et al., 2016; Laue et al., 2018;
Vladareanu et al., 2018) and it has been demonstrated that a
vaginal microbiota dominated by lactobacilli prevents infections
caused by various pathogens, including HIV-1 (Chee et al.,
2020). A possible relevant mechanism of EVs related to pathogen
inhibition is their ability to prevent pathogen interaction with
host cells. It has been demonstrated that some L. crispatus and
L. gasseri EVs reduced HIV-1 attachment to host cells and in this
way prevented infection in human cell lines and tissues (Ñahui
Palomino et al., 2019). This effect was associated with the reduced
accessibility of gp120 (a viral envelope protein) to host target cells
after incubating HIV-1 virions with EVs.

Regarding competitive exclusion, probiotics can compete
with enteric pathogens for adhesion sites on the mucus layer
or on intestinal epithelial cells, and hence prevent pathogen
colonization and infection (van Zyl et al., 2020). Competitive
exclusion of pathogens has been demonstrated in in vitro
models (Singh et al., 2017; Tuo et al., 2018), and possibly takes
place not only in the GIT but also in the oral cavity and
urogenital tract. Numerous authors have investigated the role
of pathogenic bacteria EVs in transporting virulence factors
and toxins into host cells (Macion et al., 2021). On the
other hand, to the best of our knowledge, the only existing
report of EVs from probiotics mediating the competition
between pathogenic and probiotic bacteria was published by
Kim et al. (2018). In this study, it was shown that EVs from
L. plantarum prevented skin inflammation in a murine model
of S. aureus EV-induced atopic dermatitis. Concerning the
GIT, EVs from probiotics expose adhesion proteins that may
interact with the mucus layer and human cells. Although it
is likely that this interaction may affect viral and bacterial
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attachment, there remains a need for in vitro and in vivo studies
addressing this question.

Barrier Function: Physical and Chemical
Defense
The intestinal epithelial barrier acts as the first line of defense by
avoiding the entrance of antigens and pathogens (Barbara et al.,
2021). The alteration of the gut microbiota is the most important
factor that disrupts the integrity of the intestinal epithelial barrier,
leading to intestinal inflammation and diseases (Gareau et al.,
2010). Probiotics, in this context, as transient constituents of
the microbiota, are able to improve barrier function by surface
components and secreted factors (postbiotics), among them, EVs
(Liu et al., 2020). Since the exposure to infection can lead to the
loss of epithelial integrity (König et al., 2016; Invernizzi et al.,
2020), probiotic EVs participation in the improvement of barrier
function could be an important point to regard them as potential
prophylactic or therapeutic agents against infections.

As for the physical barrier, in vitro and in vivo experiments
have demonstrated that EVs released by E. coli Nissle 1917
can mediate anti-inflammatory effects and protect the intestinal
epithelial barrier function (Alvarez et al., 2016; Fábrega et al.,
2016, 2017). A key role in the maintenance of intestinal epithelial
barrier integrity is played by tight junctions, which are composed
of a network of proteins that regulate paracellular permeability,
such as claudins, zonula occludens (ZO) and occludin (Barbara
et al., 2021). EVs released by E. coli Nissle 1917 have been shown
to upregulate ZO-1 and claudin-14, downregulate claudin-2 (a
gene that codes for a leaky protein), and in turn improve
epithelial barrier function in an in vitro intestinal epithelium
models (T-84 and Caco-2 cell lines) (Alvarez et al., 2016). This
function of EVs has also been reported in these same cell
lines infected with enteropathogenic E. coli (EPEC), an enteric
pathogen that disrupts tight junctions as a way to increase
invasion. In this work, EVs released by E. coli Nissle 1917
were able to counteract EPEC-altered mRNA levels of claudin-
14 and occludin, preserve subcellular localization of ZO-1 and
occludin, and maintain F-actin at the intercellular junctions.
Barrier integrity restoration was further confirmed by measuring
transepithelial electrical resistance (TEER) and the flux of FITC-
dextran (Alvarez et al., 2019). In addition, restoration of epithelial
integrity by EVs has been observed in an in vivo model of
experimental colitis (Fábrega et al., 2017). In this regard, these
authors demonstrated that oral administration of EVs from E. coli
Nissle 1917 increased: trefoil factor 3 (TFF-3) mRNA levels,
a marker of intestinal barrier function; and decreased MMP-9
mRNA levels, a protein involved in tissue injury.

Regarding the intestinal chemical defense, antimicrobial
peptides and the mucus layer (mainly produced by the goblet
cells) are further key factors that maintain intestinal barrier
integrity by protecting epithelial cells from bacteria and other
challenges (Hansson, 2020; Yong et al., 2020; Barbara et al., 2021;
Fusco et al., 2021). In an in vivo model of experimental colitis,
treatment with EVs from E. coli Nissle 1917 resulted in the
restoration of the mucin content in goblet cells and in a smaller
ulceration surface, as evidence of barrier integrity (Fábrega

et al., 2017). On the other hand, a recent study conducted
by Gu and colleagues showed that EVs from L. rhamnosus
GG increased nuclear factor erythroid 2-related factor 2 (Nrf2)
expression and, in turn, increased tight junction proteins and
antimicrobial peptide Reg3 levels, which is involved in the
prevention of Listeria monocytogenes and Salmonella enteritidis
infections (Loonen et al., 2014; Gu et al., 2021). Furthermore,
mRNA Reg3 levels increased after incubation of Caco-2 cells
with EVs from L. plantarum WCFS1 (Li et al., 2017). In an
in vivo model, the administration of these EVs prolonged the
survival of Caenorhabditis elegans infected with vancomycin-
resistant enterococci. In this line, EV-mediated protection against
antimicrobial resistant pathogens could be useful to limit the
development of antibiotic resistance that results from the
widespread use of antibiotics.

Innate and Adaptive Immunity
As mentioned before, intestinal epithelial cells provide a physical
barrier that separates the host from the external environment
and form not merely static physical barriers: on the contrary,
intestinal epithelial cells engage in a complex dynamic crosstalk
between the microbiota and the intestinal immune system
(Takiishi et al., 2017). Both bacteria and host-derived EVs are
key players of such inter-kingdom crosstalk. There is now an
accumulating body of evidence that bacterial EVs regulate the
innate and adaptive immune system of the host. Consequently,
EVs released by the gut microbiota may have great influence
on human health and disease. EVs also carry a set of molecules
known as microbe-associated molecular patterns (MAMPs) that
are recognized by specific receptors expressed by host epithelial
and immune cells. These pattern recognition receptors (PRRs),
such as TLR2 and NOD1, are key components of innate
immunity and mediate host responses (Lebeer et al., 2010; Díaz-
Garrido et al., 2021).

Maintaining the proper balance of immune responses at
mucosal surfaces is critical for maintaining homeostasis and
successfully clearing pathogens. Epithelial cells have been
identified as key players in the development of elaborate
immune responses that discriminate between non-pathogenic
and pathogenic microorganisms. In this regard, intestinal
epithelial cells contribute to delaying and dampening infections
by initiating the development of an immune response and
attracting immune cells to the infectious site (Pellon et al.,
2020). Among intestinal epithelial cells, enterocytes are the
most abundant cells and represent approximately 90% of the
total number. To study absorption and immune responses
there are different in vitro models of cell lines: Caco-2, HT-29,
and T-84. The remaining 10% of the cells consist of mucus-
producing goblet cells, enteroendocrine cells, antimicrobial
peptide-producing Paneth cells and others (Jochems et al., 2018).

In vitro and in vivo experiments with intestinal epithelial
cells have demonstrated that EVs released by E. coli, L. casei,
L. paracasei, P. freudenreichii, and L. rhamnosus can modulate
NFκB levels (Cañas et al., 2018; Bäuerl et al., 2020; Choi et al.,
2020; Vargoorani et al., 2020; Tong et al., 2021). NF-κB is a family
of transcription factors and has an essential role in a variety of
aspects related with human health including the development
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of both innate and adaptive immunity. EVs from L. paracasei
and P. freudenreichii decreased NF-κB levels in LPS-induced
inflammation in HT-29 cell line (Choi et al., 2020; Rodovalho
et al., 2020). At the same time, L. rhamnosus EVs had the same
effect in an in vivo model of dextran sulfate sodium-induced
colitis in mice (Tong et al., 2021). On the other hand, EVs from
E. coli and L. casei increased NF-κB levels per se in Caco-2 and
HT-29 cell lines (Cañas et al., 2018; Bäuerl et al., 2020). This
opposite modulation of NFκB levels, in the presence or absence
of LPS, was also observed for pro-inflammatory cytokines like
IL-8 in both Caco-2 and HT-29 cell lines, and in ex vivo
human colonic explant (Fábrega et al., 2016; Choi et al., 2020;
Vargoorani et al., 2020).

On the contrary, in the presence or absence of LPS, L. casei and
L. paracasei EVs always increase the levels of anti-inflammatory
cytokines like IL-10. The inhibition of the NF-κB pathway and
the increase of IL-10 by EVs have been extensively reported
for probiotic bacteria in both in vitro and in vivo models
of infection and/or inflammation (Liu et al., 2017; Bhardwaj
et al., 2020). Moreover, Fábrega and colleagues demonstrated in
an in vivo model of dextran sulfate sodium-induced colitis in
mice that E. coli Nissle 1917 EVs decreased COX-2 and iNOS
mRNA levels that encode important inducible enzymes for the
synthesis of prostaglandins and nitric oxide, respectively. This
decrease in COX-2 and iNOS levels leads to inflammation and
tissue damage, and correlated with the reduced expression of
the pro-inflammatory cytokines TNF-and IFN-γ, lower colon
inflammation and tissue damage in EV-treated mice (Fábrega
et al., 2016, 2017). This evidence suggests that EVs could
mediate, at least in part, the beneficial effect of probiotics against
infectious diseases.

With regard to immune cells, EVs from different species
increase per se the levels of pro-inflammatory cytokines like TNF-
alpha and IL-6 (Fábrega et al., 2016; Hu et al., 2020; Gu et al., 2021;
Morishita et al., 2021) and, at the same time, increase the level
of anti-inflammatory cytokines like IL-10 and IL-22 produced
by macrophages, DCs and peripheral blood mononuclear cells
(PBMC) (López et al., 2012; Al-Nedawi et al., 2015; Fábrega
et al., 2016; Hu et al., 2020). In agreement with this effect, it
has been reported that different probiotic bacteria stimulate pro-
inflammatory and/or anti-inflammatory cytokines in different
immune cells (Ren et al., 2016; Cristofori et al., 2021).

Modulation of the immune system by bacterial EVs has
also been studied against pathogens in in vitro models. EVs
from L. rhamnosus GG and L. reuteri DSM 17938 decreased
inflammatory mediators like IFN-γ and IL-17A in S. aureus-
stimulated human PBMC (Mata Forsberg et al., 2019), while
EVs from the probiotic strain E. coli Nissle 1917 improved
the antibacterial activity of macrophages against three bacterial
pathogenic strains of E. coli, S. typhimurium, and S. aureus
(Hu et al., 2020).

Regarding macrophage differentiation, L. plantarum APsulloc
331261 EVs induced monocyte-to-macrophage transition and
polarization to M2b in human THP-1 (Kim et al., 2020). M2b,
a subtype of M2 macrophages, has attracted increasing attention
due to its strong immunoregulatory and anti-inflammatory effect
(Wang et al., 2019). Probiotic bacteria are reported to have a

beneficial effect on the host immune status through their ability
to modulate macrophage polarization. Some probiotic strains
are reported to activate macrophages to M1 phenotype to kill
intracellular pathogens, while some other probiotics can induce
M2 macrophages to exert an anti-inflammatory effect. Similarly,
another strain of the same species (L. plantarum CLP-0611) also
ameliorated colitis in mice by polarizing M1 to M2-like mouse
peritoneal macrophages (Jang et al., 2014).

In line with the anti-inflammatory effects of bacterial EVs,
L. paracasei and L. reuteri BBC3 EVs increased mRNA levels
of TGF-β in a model of LPS-induced inflammation in human
intestinal epithelial cells (HT-29) and jejunum tissues from
chicken (Choi et al., 2020; Hu et al., 2020). TGF-β plays a critical
role in the development of Treg cells (Zhao et al., 2017). At the
same time, B. bifidum LMG13195 and L. rhamnosus JB-1 EVs
incubation with human DCs induced differentiation to Treg cells
and increased IL-10 levels (López et al., 2012), and L. rhamnosus
EVs increased the number of Treg cells in Peyer’s patch from
mice (Al-Nedawi et al., 2015). While in some instances Treg cells
appear to limit the efficiency of antiviral protective immunity, in
other cases they reduce the level of tissue damage caused by a
virus infection (Veiga-Parga et al., 2013).

Regarding adaptive immunity, vaccination with engineered
EVs from the probiotic strain E. coli Nissle 1917 in mice increased
the levels of IgG against a recombinant antigen comparable to
the “gold standard” adjuvant (alum) (Rosenthal et al., 2014).
This strong adjuvant capability of EVs from probiotic strains
provides evidence that engineered EVs could be a useful platform
for vaccines in humans. On the other hand, it is interesting
to note that L. johnsonii N6.2 EVs are recognized by IgA
and IgG from the plasma of individuals who had consumed
the probiotic. In particular, the increase of IgA occurs as a
result of a specific response to EV components: Sdp_SH3b2
and Sdp_SH3b6 (Harrison et al., 2021). Although the function
of bacterial SH3b domains is not completely known, they are
proposed to be cell wall binding domains in prokaryotes. In
a previous work, the authors had shown that L. johnsonii
N6.2 increased circulating levels of IgA (Marcial et al., 2017).
Moreover, it has been demonstrated that L. sakei EVs enhanced
IgA production by murine Peyer’s patch cells (Yamasaki-Yashiki
et al., 2019). A similar study found that commensal bacteria
increase the serum levels of IgA, providing a protective effect
against polymicrobial sepsis (Wilmore et al., 2018). Therefore,
serum IgA concentrations depend on the interaction with the gut
microbiota and these effects could be mediated, at least in part,
by EVs.

It is interesting to note that L. plantarum KCTC 11401BP EVs
decreased IL-6 levels, protected cell viability of human epidermal
keratinocytes (HaCaT) incubated with S. aureus EVs and reduced
skin inflammation in S. aureus EV-induced atopic dermatitis in
mice (Kim et al., 2018). Moreover, L. plantarum EVs increased
IL-10 and granulocyte Macrophage Colony-Stimulating Factor
(GM-CSF) levels in ex vivo human skin cultures (Kim et al.,
2020). These findings suggest that oral administration of bacteria
could have a preventive effect on skin inflammation and these
effects could be mediated by EVs. As mentioned below in Section
“Uptake and Transport,” L. rhamnosus JB-1 EVs appeared in
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blood after oral consumption and consequently the presence
of EVs in the bloodstream could in part explain the benefit of
probiotics in extraintestinal tissues and organs (Stentz et al., 2018;
Champagne-Jorgensen et al., 2021a).

Composition
Throughout the years, it has been shown that the supernatant
from probiotic bacteria exert beneficial effects in both in vitro
and in vivo models (De Marco et al., 2018; Mantziari et al., 2020).
For instance, the culture supernatant from L. rhamnosus GG
induces resistance to Escherichia coli K1 infection by enhancing
intestinal defense in neonatal rats (He et al., 2017). In recent
years, with the discovery of EVs from probiotics, we can speculate
that at least part of these beneficial effects could be mediated
by EV components.

As far as we know, there are differences in EV metabolite,
nucleic acid and protein content compared with that of the
bacterial cell (Briaud and Carroll, 2020). The relative abundance
of certain components suggests not only a possible sorting
mechanism to package EV cargo, but also a special biological
role for EVs (Kim et al., 2018; Huang et al., 2021). For
example, EVs from L. rhamnosus GG contain high levels of
tryptophan metabolites that lead to an improved barrier function
(Gu et al., 2021).

In the last few years, “omics” approaches, such as
proteomics, transcriptomics and metabolomics, have enabled
a comprehensive characterization of probiotics and their EVs,
allowing us to gain a deeper understanding of their mechanisms
of action (Cunningham et al., 2021). Proteomic analyses showed
that EVs from Lacticaseibacillus genus (including L. casei
and L. rhamnosus species) contain p40 and p75, two proteins
associated with probiotic effects (Domínguez Rubio et al., 2017;
Dean et al., 2019; Gu et al., 2021). In particular, p40, when
administered in early life, increased TGF-β levels in mice and
consequently prevented intestinal inflammation in adulthood
(Gu et al., 2021). These proteins, p40 and p75, are able to induce
the phosphorylation of the epidermal growth factor receptor
(EGFR), and thus have anti-apoptotic effects, as demonstrated
in intestinal epithelial cells (Zhang et al., 2020). For p40, this
effect was also observed in a murine model of colitis (Yan et al.,
2011). EGFR activation can also be triggered by L. casei EVs,
which expose p40 and p75 at the surface (Bäuerl et al., 2020).
Intriguingly, EVs from L. rhamnosus GG were shown to
have apoptotic effects in hepatic cancer cells by the intrinsic
pathway of apoptosis (Behzadi et al., 2017). Therefore, apoptotic
effects seem to depend on the dose of EVs and on the model
used. On the other hand, p40 and p75 were able to prevent
the disruption of tight junctions by protein kinase C (PKC)-
dependent mechanisms in Caco-2 cell monolayers (Seth et al.,
2008). Anti-apoptotic effects and protection of tight junctions
in intestinal epithelial cells are related to an enhancement of
intestinal epithelial integrity, a key factor in the maintenance
of barrier function, the first line of defense. On the other hand,
p40 was proven to increase IgA levels. As mentioned in Section
“Innate and Adaptive Immunity,” IgA further contributes to the
protection of the host against infections (Ho et al., 2016; Wang
and Jeffery, 2016).

It has been shown that EVs from probiotics contain proteins
that could mediate pathogen inhibition, and in this way could
possibly compete with pathogens for colonization in the intestine
(Domínguez Rubio et al., 2017; Bajic et al., 2020; Bäuerl
et al., 2020; Nishiyama et al., 2020). Proteomic analyses of
EVs from three different lactobacilli strains showed that protein
composition of EVs can be very different among species (Dean
et al., 2019). Interestingly, antimicrobial bacteriocins are enriched
in EVs from L. acidophilus ATCC 53544. These EVs can fuse
with other bacteria and thus may constitute a useful platform
for the delivery of antimicrobial compounds (Dean et al., 2020).
On the other hand, it would be interesting to investigate the
occurrence of moonlighting proteins in EVs. Moonlighting
proteins are proteins that have different functions according
to their cellular location (Wang and Jeffery, 2016; Jeffery,
2018). For example, glyceraldehyde-3-phosphate dehydrogenase
(GAPDH), a well-known cytoplasmic metabolic protein, is
exposed at the surface of the bacterial cell and performs
adhesion functions. Further analyses are necessary to confirm the
localization of these proteins within EVs to better understand
their multiple functions.

Indeed, EV composition is relevant to understand their
biological function, even in the context of infections. EVs from
L. crispatus BC3 and L. gasseri BC12, but not EVs from other
strains, were capable of protecting vaginal tissues from HIV-
1 infection ex vivo, suggesting virus inhibition was due to
the presence of specific components of EVs (Ñahui Palomino
et al., 2019). Regarding immunomodulatory effects of EVs from
probiotics, EVs from Propionibacterium freudenreichii contain
surface-layer protein B (SlpB), which effectively mitigated NF-κB
activation (Rodovalho et al., 2020).

Lipoteichoic acid (LTA) has been found on the surface of EVs
from L. gasseri JCM 1131, L. casei BL23 and L. rhamnosus JB-
1 (Shiraishi et al., 2018; Champagne-Jorgensen et al., 2021b).
LTA is a ligand for TLR2 in a heterodimer with TLR6, and
it seems to induce immune tolerance in intestinal epithelial
cells (Lebeer et al., 2010). In agreement with this, EVs from
L. rhamnosus JB-1 expose LTA, which was responsible for TLR-2
activation and increase of IL-10 production by bone marrow-
derived DCs (Champagne-Jorgensen et al., 2021b). LTA from
probiotics could play a role in attenuating infections. In this
regard, it has been shown that L. plantarum LTA inhibits
virus-induced inflammatory responses in porcine intestinal
epithelial cells and reduced Enterococcus faecalis biofilm in vitro
(Kim et al., 2017, 2020).

As mentioned before, peptidoglycan contained in EVs from
Gram (+) and Gram (−) probiotics is also an important factor
in the enhancement of innate immunity and the maintenance
of intestinal homeostasis (Cañas et al., 2018; Morishita et al.,
2021). In fact, EVs from Bifidobacterium longum, Clostridium
butyricum, and L. plantarum WCFS1 have been proposed as a
novel immunotherapy formulation that would be advantageous
over bacterial lysates due to protection from degradation of
bioactives within EVs (Morishita et al., 2021).

As aforesaid, EVs from the Gram (−) probiotic strain E. coli
Nissle 1917 were shown to have a strong adjuvant capability.
The authors ascribed this result to LPS, proteins and glycosyl
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composition (Rosenthal et al., 2014). The presence of LPS and
other MAMPs, such as flagellin and mannose, may be responsible
for the strong immune response when applying these EVs as
vaccine platforms.

Previous work has established that bacterial EVs contain DNA
and RNA (Koeppen et al., 2016; Bitto et al., 2017; Li and Stanton,
2021). Regarding EVs from probiotics, little is known about their
nucleic acid cargo. Even though DNA and RNA were found in
EVs from L. reuteri BBC3 and L. casei BL23 (Domínguez Rubio
et al., 2017; Hu et al., 2021), the characterization of nucleic acids
from probiotics remains to be studied. Small RNA contained in
EVs from probiotics might possibly regulate gene expression in
host cells, as it is the case for EVs from pathogenic bacteria,
and this interaction could have implications in preventing and
treating infections (Lee, 2019; Munhoz da Rocha et al., 2020).

Extracellular vesicles from probiotics have shown to contain
phage nucleic acids (Domínguez Rubio et al., 2017; Champagne-
Jorgensen et al., 2021b; Gu et al., 2021) and phage proteins
(Domínguez Rubio et al., 2017; Gu et al., 2021). EVs can even
transmit phage receptors to phage-resistant bacteria, which in
turn become phage-sensitive (Tzipilevich et al., 2017). Both phage
nucleic acid and phage-receptors transmission would lead to a
broadened phage host range with potential applications in the
treatment of infections (Liu et al., 2018).

Uptake and Transport
The communication between bacteria and the host could in
part occur through bacterial EVs and other soluble factors
(postbiotics). EVs are able to transport diverse bioactive
molecules to host cells and trigger different effects such as the
modulation of immune responses. It is generally accepted that,
due to their nanosize, bacterial EVs can overcome epithelial
barriers and migrate long distances in the human body (Macion
et al., 2021). In fact, bacterial EVs have been demonstrated to
enter host cells by several routes, including clathrin, caveolin
or lipid raft mediated endocytosis, and membrane fusion
(O’Donoghue and Krachler, 2016). Even though much research
in the last decades has focused on the study of uptake and
transport of EVs released by pathogenic bacteria (Bielaszewska
et al., 2017; Bitto et al., 2017), few researchers have addressed
these issues for EVs released by non-pathogenic bacteria.
However, in the last years there has been an increase in research
trying to understand the way that EVs from probiotics are
internalized by host cells, or even more, transported through the
intestinal barrier and delivered to different tissues and organs.

Before being uptaken by intestinal cells, EVs must also diffuse
through the mucus layer. In this regard, EVs from E. coli
Nissle 1917 were able to diffuse through the mucus layer in
the mucin-producer HT29-MTX cell line (Cañas et al., 2016).
Although there is no direct evidence of EV diffusion through
the mucus layer in vivo, this event can be assumed from the
fact that EVs can reach the bloodstream after oral administration
(Champagne-Jorgensen et al., 2021a).

Extracellular vesicles from probiotics were proven to be
internalized by intestinal epithelial cells in several studies
(Fábrega et al., 2016; Bajic et al., 2020; Domínguez Rubio
et al., 2020; Champagne-Jorgensen et al., 2021b). Although

there are several routes of entry for EVs from pathogens
into epithelial cells, clathrin-mediated endocytosis has been
the most widely reported route among EVs from probiotics
so far. Inhibitors of clathrin-mediated endocytosis, such as
chlorpromazine and the dynamin dynasore, blocked the uptake
of EVs by intestinal cells cultivated in vitro (Cañas et al.,
2016; Bajic et al., 2020; Champagne-Jorgensen et al., 2021b).
Additionally, EVs from L. rhamnosus JB-1 were shown to be
internalized by intestinal epithelial cells in an in vivo model
within 2 h after oral consumption (Champagne-Jorgensen et al.,
2021a). It is likely that EVs are internalized simultaneously
by different endocytic pathways depending on their size
(El-Sayed and Harashima, 2013).

With respect to intracellular trafficking, colocalization
analyses showed that EVs from E. coli Nissle 1917 are present
in early endosomes and, once inside the cell, EV peptidoglycan
interacts with NOD1 that leads to the activation of the immune
system (Cañas et al., 2016, 2018; Fernández-García et al., 2021).
Moreover, EVs can also fuse with lysosomes (Cañas et al.,
2016). On the other hand, it was demonstrated that EVs from a
pathogenic E. coli strain can deliver toxins to other subcellular
compartments including the cytosol, nucleus and mitochondria
(Bielaszewska et al., 2017). Bacterial EVs can deliver DNA or
RNA to host cells (Bitto et al., 2017; Lécrivain and Beckmann,
2020), and there is evidence that nucleic acid cargo of EVs
from pathogens may enter the nucleus of eukaryotic host cells
(Blenkiron et al., 2016; Bitto et al., 2017). Furthermore, EVs
from pathogens contain small RNA that might regulate gene
expression in host cells (Koeppen et al., 2016). Although little
studied to date, these mechanisms may be also applicable to EVs
from probiotics.

While a portion of EVs may act in intestinal cells, another
portion is possibly transported through the intestinal epithelium,
either by paracellular or transcellular transport, to finally
reach extraintestinal tissues and organs (Jang et al., 2015;
Stentz et al., 2018; Jones et al., 2020). Park et al. (2017)
revealed EVs from intestinal bacteria reach the bloodstream
in a mouse model, where blood EV diversity was directly
linked to intestinal microbiota diversity. Regarding probiotics,
a proportion of CFSE-labeled EVs from Bacillus subtilis were
transported through a monolayer of polarized epithelial cells
in a transwell system. Transcellular transport resulted in the
detection of intact EVs in the lower chamber in 60–120 min
(Domínguez Rubio et al., 2020). Alternatively, EVs could possibly
be transported through the intestinal epithelium via DCs, goblet
cells or M-cells. On the other hand, microbiota EV transport
through the epithelium can occur by paracellular transport
when the intestinal epithelial barrier integrity is compromised
(Chronopoulos and Kalluri, 2020).

The transport of EVs across the intestinal epithelium implies
that EVs could reach the lamina propria, where they are able
to interact with immune cells. EV uptake by immune cells
has been described in a few studies. In vivo studies showed
that EVs from L. rhamnosus JB-1 were uptaken by DCs in
the lamina propria (Champagne-Jorgensen et al., 2021b). This
internalization was thought to occur via clathrin-mediated
endocytosis, as it was prevented by dynasore, even though
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phagocytosis cannot be ruled out since dynamin is required
for this process. In another study, probiotic-derived EVs were
uptaken by mouse macrophage-like and DCs via clathrin-
mediated endocytosis and macropinocytosis, as demonstrated in
the presence of endocytosis inhibitors (Morishita et al., 2021).

Different studies support EVs distribution and delivery to
distal body sites. For example, EVs from L. rhamnosus JB-
1 were present in the bloodstream of mice fed with the
bacteria (Champagne-Jorgensen et al., 2021a), as demonstrated
by the detection of DNA from prophages in EVs. What is
more, oral administration of EVs from L. plantarum reduced
skin inflammation in mice with S. aureus EV-induced atopic
dermatitis (Kim et al., 2018). In humans, microbiota-derived
EVs were able to reach urine. In fact, urine-EVs were
proposed as a useful assessment method of microbiota profiles
(Li et al., 2017). In another study, intraperitoneally injected EVs
from L. plantarum increased brain-derived neurotrophic factor
(BDNF) mRNA levels in the hippocampus of mice and produced
antidepressant effects (Choi et al., 2019). This increase in gene
expression in the brain suggests that EVs might possibly cross
the brain blood barrier. Indeed, EV transport could be one of
the reasons why probiotics consumption exerts not only local but
also systemic effects, since it is likely that EVs are released by
probiotics in the GIT after the consumption of these bacteria.

Other Biological Effects
As it can be inferred from probiotic beneficial effects, modulation
of symptoms is one important factor that explains the clinical
efficacy of probiotics in the treatment of infectious diseases.
It is often observed that EVs mimic the effect of the parent
bacteria. For example, L. reuteri DSM 17938 clinical efficacy
has been demonstrated for the treatment of colic, diarrhea and
constipation (Coccorullo et al., 2010; Chau et al., 2015; Dinleyici
et al., 2015). Accordingly, EVs from this strain could reproduce
the bacteria beneficial effects on gut motility in jejunum and
colon explants from mice (West et al., 2020). Therefore, EV
release could be one mechanism whereby probiotics mediate their
beneficial effects.

In relation to stress and immunity, chronic stress leads
to constantly high corticosteroid levels in blood, an impaired
immune function, and an increased susceptibility to infections
and other health disorders (Bae et al., 2019). At the same time,
exposure to stress can cause a decrease in the expression of BDNF
in humans, a molecule with antidepressant-like effects (Yang
et al., 2015). Some probiotics were shown to be antidepressants
in patients and animal models, and even though the gut–
brain axis is involved in this effect, the mechanisms of action
are not completely understood (Yong et al., 2020). EVs might
come into play here. In this regard, EVs from L. plantarum
KCTC 11401BP counteracted the decreased levels of BDNF
mRNA in the hippocampus of corticosteroid treated mice and
also blocked the decrease in the levels of BDNF mRNA in
corticosteroid post-treated mice, which was further evidenced
in mice antidepressant behavior (Choi et al., 2019). If the
anti-depressant effects of EVs are proven, they could possibly
participate in preventing and/or treating infections given that

immune function may be impaired in patients with depression
(Andersson et al., 2016).

DISCUSSION

Potential Use of Extracellular Vesicles
The use of EVs as delivery systems could provide several
advantages including their nanosize, their biocompatibility in
comparison to synthetic drug delivery systems (low toxicity), the
ability to cross biological barriers, their ability to protect their
cargo from unfavorable environmental conditions (pH, enzymes,
oxidative stress) and the possibility of engineering parent cells
to modify EV composition (Figure 3). There is still a huge
gap between basic research and clinical trials as far as bacterial
EVs are concerned.

Postbiotics are a novel clinical strategy to consider for
the treatment of infections in absence of cells. For example,
in diabetic foot ulcers, skin barrier is impaired and thus
administration of live bacteria is not a safe approach (Nam
et al., 2021). Here is where probiotic-derived EV administration
could fall into place and replace probiotic beneficial effects like
pathogen inhibition and immunomodulation.

To prevent infectious diseases, only Gram (−) pathogenic
bacterial EVs have been used as vaccines up to now, showing
to be safe and efficacious on several occasions, while others
are under evaluation (Behrens et al., 2021). For example,
there are clinically available EV-based vaccines against Neisseria
meningitidis, a causative agent of meningitis. The development
of EV-based vaccines is a promising field for the prevention of
infections. However, the isolation of EVs from several pathogenic
microorganisms for vaccine design may have limitations. For
example, many pathogens like bacteria, fungi and parasites
cannot be cultured in the laboratory (Li et al., 2014; Roig
et al., 2018). In the case of viruses, which do not produce
EVs, cell cultures are necessary for the design of EV-based
vaccines (Shehata et al., 2019; Yang et al., 2021). In this line,
vaccination with engineered EVs from probiotic bacteria could

FIGURE 3 | Biological advantages and potential use of probiotic-derived EVs.
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be a useful platform to express pathogen antigens to be used as
vaccines without toxicity in humans. To our knowledge, E. coli
Nissle 1917 was the only strain assessed for this application
in an animal model (Rosenthal et al., 2014). Further studies
comparing Gram (−) and Gram (+) probiotic EVs would
be necessary to elucidate whether the presence of certain
components like LPS or LTA on the surface is important for
the enhancement of the immune response. It is important to
highlight that different chemical composition of LPS and LTA
induce differential inflammatory responses and this must be
taken into account to enhance EV immunogenicity (Migale et al.,
2015; Jastrząb et al., 2021).

On the other hand, to treat infectious diseases, genetic
engineering could be exploited for pathogen inhibition by
increasing the expression of antimicrobial peptides and further
encapsulation in EVs (Dean et al., 2020). Bacteriocins are potent
small antimicrobial peptides synthesized by certain bacteria
that may be appointed as alternatives to traditional antibiotics
(Gradisteanu Pircalabioru et al., 2021). Bacteriocins within EVs
turn them into potential candidates against infections, including
those caused by antimicrobial resistant pathogens. According to
WHO, antimicrobial resistance continues to be a global health
and development threat (World Health Organization, 2021).
Indeed, an important advantage of probiotic administration is the
reduction in the use of strong anti-inflammatory agents and/or
antibiotics that can be unfavorable in the long term (Kasatpibal
et al., 2017; Guo and Leung, 2020; Raheem et al., 2021). In this
regard, the indiscriminate use of antimicrobials leads not only
to the development of antimicrobial resistance in pathogens,
but also to the loss of our microbiota. The latter increases
the susceptibility to infections such as vaginal candidiasis (Xu
et al., 2008). Administration of probiotic EVs could be used not
only to treat and/or prevent infections, but also would decrease
antimicrobial use.

By taking advantage of EV versatility, other genetic
engineering approaches can be applied to modify EV cargo
or surface for the delivery of drugs to target cells. Genetic
engineering enables the overexpression of proteins or the
synthesis of small RNA that could silence target host genes
(Fantappiè et al., 2014; Koeppen et al., 2016). EV cargo could be
protected from harsh environmental conditions and additionally
surface molecules could direct EVs to target host cells. This
strategy could be relevant for the delivery of two or more
synergistic drugs and/or the delivery of compounds that have
difficulties in crossing the cell membrane (Liu et al., 2018).

Missing Knowledge and Challenges
As documented in several studies, probiotic-derived EVs could be
involved in the prevention and treatment of infectious diseases.
However, the protective capacity of probiotic bacteria EVs against
pathogen infections was only studied against one virus (HIV-1)
and a few bacteria (S. aureus, S. typhimurium and E. coli) (Mata
Forsberg et al., 2019; Ñahui Palomino et al., 2019; Hu et al., 2020).
Therefore, there is still no information on its beneficial effect
against fungal and parasitic infections.

To date, there are many unknowns regarding the use of
probiotics EVs as pharmaceutical agents. Current challenges

are the lack of standardized and cost-effective methods for EV
isolation, purification, characterization and upscale processing
(Gurunathan et al., 2021). Unlike human EV markers, specific
bacterial EV markers remain mostly unidentified (Ñahui
Palomino et al., 2021). Identifying these molecular markers could
not only optimize current characterization techniques, but also
improve our understanding about EV physiology and future
possible biomedical applications. For example, the probiotic
B. subtilis produced S. aureus intestinal decolonization by
inhibiting the pathogen quorum-sensing, and thereby produced
a general decolonization (including the nose) (Piewngam and
Otto, 2020). It would be interesting to study if probiotic
EV components can mediate the inhibition of quorum-
sensing among pathogenic bacteria. Even more, advances
in the understanding of the role of EVs in inter-kingdom
communication will almost certainly provide valuable insights
into the development of novel therapies against pathogens.

Regarding the use of probiotic bacteria to create engineered
EVs with vaccination purposes, the expression of antigenic
proteins from non-culturable eukaryotic pathogens (fungi and
parasites) has some limitations related to bacterial ability to
make post-translational modifications. In this case, expression of
antigens in eukaryotic probiotic organisms like yeasts would be a
better and low cost option.

One alternative to administering isolated EVs that remains
to be evaluated is whether it would be more advantageous to
administer functional food with probiotics as a platform for EV
delivery. As far as we know, EVs are constantly secreted by
metabolically active bacteria (Brown et al., 2015; Liu et al., 2018).
In a bacterial culture, EV release can vary depending on the
growth conditions, including pH, oxygen presence, and agitation
rate (Müller et al., 2021). For example, at pH 5 L. plantarum
released a smaller number of EVs than at pH 7. On the other
hand, there is recent evidence that L. rhamnosus JB-1 EVs can
reach the bloodstream of mice after oral administration of the
probiotic (Champagne-Jorgensen et al., 2021a). This outcome
strongly suggests in situ EV release in the GIT. Whole cells would
resist better than EVs to conditions during storage and transit
through the GIT. In the case of spore-producing probiotics
(e.g., B. subtilis), spore administration would be a cost-effective
option. In this way, problems concerning EV stability would be
avoided. Another strategy to consider is the microencapsulation
of probiotics contained in food matrices to improve their viability
during storage and in the GIT (Qi et al., 2020). Besides, if the
encapsulating agent is mucoadhesive, a longer residence time in
the GIT may allow a sustained release of EVs over time (Yao
et al., 2020). Another microparticle-based delivery system could
be a particle with coupled EVs on the surface to achieve high
concentrations of EVs, maximizing EV effects as demonstrated
in in vitro models (Kuhn et al., 2020).

CONCLUSION

The new era of postbiotics has brought a new point of view
on the beneficial effects of probiotics. Probiotic-derived EVs
could be mediating, at least in part, the beneficial effects of
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probiotics against infectious diseases via: inhibition of pathogens,
enhancement of epithelial barrier function and modulation of
the immune system. Remarkably, EVs can reach the bloodstream
and consequently be delivered to extraintestinal organs, where
probiotics were shown to have beneficial effects. Future studies
should be focused on the characterization of EV active
components and their interaction with the host. Novel EV-based
technologies are promising for the design of therapies and/or
vaccines against infections. Moreover, probiotics contained in
food matrices could be used as EV-releasing devices in the GIT
with potential applications in the functional food industry.
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The metabolites of lactic acid bacteria (LAB) and bifidobacteria (Bb) have recently
received a lot of attention due to their ability to protect interactions in blood
and tissues, as well as their biodegradability and biocompatibility in human tissue.
Exopolysaccharides (EPS) derived from bacteria have a long history of use in therapeutic
and other industrial applications with no adverse effects. In this regard, EPSs were
isolated and characterized from LAB and Bb culture supernatants to determine their
antioxidant, antitumor, and periodontal regeneration properties. The antioxidant capacity
of the EPSs varied with concentration (0.625–20 mg/ml). The highest antioxidant
activity was found in LAB: Streptococcus thermophiles DSM 24731-EPS1, Lactobacillus
delbrueckii ssp. bulgaricus DSM 20081T-EPS5, Limosilactobacillus fermentum DSM
20049-EPS6, and Bb; Bifidobacterium longum ssp. longum DSM 200707-EPS10.
Human breast cancer cells (MCF7), human colon cancer cells (CaCo2), human liver
cancer cells (HepG2), and human embryonic kidney 293 (HEK 293) cells were used
as controls to assess the antitumor properties of the selected EPSs. According to the
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium-bromide (MTT) assay, EPS5 had the
highest cytotoxicity against MCF7, CaCo2, and HepG2, with IC50 values of 7.91, 10.69,
and 9.12 mg/ml, respectively. Lactate dehydrogenase (LDH) activity was significantly
higher in cell lines treated with EPS5-IC50 values compared to other EPSs-IC50 values
(p < 0.05). Real time (RT)-PCR results showed that EPS5 treatment increased Bax,
Caspase 8, Caspase 3, and p53 gene expression. The expression of the BCL2, MCL1,
and Vimentin genes, on the other hand, was reduced. The MTT test was used to
examine the effect of EPS5 on the viability of human periodontal ligament fibroblast
cells (hPDLFCs),
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GRAPHICAL ABSTRACT | Therapeutic applications of exopolysaccharides derived from lactic acid bacteria and bifidobacteria.

and it was discovered that EPS5 increased hPDLFC viability. According to high-
performance liquid chromatography (HPLC) analysis, galactose made up 12.5% of
EPS5. The findings of this study pave the way for the use of EPS, which hold great
promise for a variety of therapeutic purposes such as antioxidant, antitumor, and
periodontal regeneration.

Keywords: lactic acid bacteria, bifidobacteria, exopolysaccharide, RT-PCR, MCF7, CaCo2, HepG2, therapeutic
agent

INTRODUCTION

Bacteria are recognized for their ability to produce a wide variety
of polysaccharides. These polysaccharides may either be tightly
attached to the cell surface as capsular polysaccharides (CPS) or
they can be released as exopolysaccharides (EPSs). Many bacterial
taxa, particularly lactic acid bacteria (LAB) and bifidobacteria
(Bb), produce a wide range of carbohydrate polymers during
fermentation (Sanalibaba and Cakmak, 2016). LAB are generally
considered as safe microorganisms (GRAS—generally recognized
as safe) and also capable of creating EPSs with many different
structures without any health risks (Surayot et al., 2014). LAB
refers to Gram-positive bacteria that are often isolated from
fermented natural products and are extensively employed in
industrial operations. LAB and their metabolic products have
been shown to enhance immunity, gastro-intestinal function,
resistance to obesity, antioxidant activity, and blood glucose
and cholesterol levels (Mathur et al., 2020; Wang et al., 2020).
Additionally, they also have potential health benefits such as
anticancer activity (Tukenmez et al., 2019), immunostimulatory

activity (Adebayo-Tayo et al., 2018), antibiofilm activity (Lakra
et al., 2020), and antiviral activity (Biliavska et al., 2019).

Exopolysaccharides have garnered significant interest in
recent years owing to their potential pharmacological and
biomedical uses (Barcelos et al., 2019). EPSs are classified into two
categories: homopolysaccharides (HoPs) are composed entirely
of single monosaccharides, heteropolysaccharides (HePs) are
composed of a polymer chain of monomer units composed
of two or more monosaccharides (Mende et al., 2016). High-
molecular-mass polysaccharides exhibit a variety of chemical
properties, including molecular weights, charges, side chains,
and rigidity (Sanalibaba and Cakmak, 2016; Wang et al., 2020).
Simultaneously, the growth conditions used to produce probiotic
bacteria alter the chemical structure of EPS (Zannini et al.,
2016). Additionally, experiments have demonstrated that the
composition and structure of EPSs are strain-dependent (Li
C. et al., 2014). Due to their chemical properties, including
molecular structures, chain linkage, and molecular mass, EPS
exhibit anticancer activity with minimal side effects. As a result,
EPS with a diverse chemical structure and property profile may
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be advantageous in a variety of therapeutic applications (Wang
et al., 2014; Hussain et al., 2017; Lin et al., 2018).

Concerns have grown about the safety and toxicity of synthetic
antioxidants, but researchers face a difficult task in identifying
natural antioxidants that are safe for human health (Adebayo-
Tayo and Fashogbon, 2020). It has recently been demonstrated
that LAB EPS have antioxidant properties and could be used
as potential antioxidants (El-Adawi et al., 2012; Adebayo-Tayo
et al., 2018). Lactobacillus helveticus MB2-1 EPS has significant
antioxidant and anticancer activity in colon cancer cells (Li
W. et al., 2014; Li et al., 2015). Adebayo-Tayo and Fashogbon
(2020) confirmed that EPS activity has pharmacological and
nutraceutical applications in wild-type and mutant Lactobacillus
delbrueckii. Furthermore, Joo Seo et al. (2015) established
that purified Lactiplantibacillus plantarum YML009-EPS had
high antioxidant activity. Lactobacillus acidophilus, Lactobacillus
gasseri, Lactiplantibacillus plantarum, and Lacticaseibacillus
rhamnosus were reported to have anticancer and antioxidant
properties (Sungur et al., 2017; Adesulu-Dahunsi et al., 2018).
The antioxidant activity of EPS extracted from fermented milk of
L. delbrueckii ssp. bulgaricus SRFM-1 has been demonstrated to
be acceptable (Tang et al., 2017). Additionally, EPS extracted from
L. plantarum ZDY2013 was shown to have increased antioxidant
activity following sulfonation (Zhang et al., 2016).

Periodontal diseases are noteworthy as a global “hidden”
epidemic in terms of disease burden and socioeconomic
consequences. Periodontal disease is caused by bacteria that
live in the gingiva and on the tooth and is characterized by
inflammation and destruction of the oral supporting tissue.
If the biofilm is not removed from the periodontal pocket,
it may induce an immune response and inflammation in
other periodontal tissues, resulting in progressive periodontitis.
Periodontitis left untreated may result in further bone loss
and, eventually, tooth loss (Nasajpour et al., 2018). While
dental scaling and open-flap surgery are effective at removing
biofilms and regulating inflammation in order to prevent disease
development, they are ineffective at regenerating periodontal
tissue (Iviglia et al., 2019). The identification of naturally
occurring biomaterials with multiple functions may hold
enormous promise for periodontal repair and regeneration, as
well as serve as a springboard for future research.

At the moment, researchers are investigating low-risk cancer
medications, and one of their areas of interest is the antitumor
properties of LAB (Norouzi et al., 2018). Cancer is a term
that refers to the uncontrolled proliferation of abnormal cells
that have the ability to invade and damage surrounding tissue.
According to the Global Cancer Center, cancer has surpassed
heart disease as the leading cause of death (Bray et al., 2018).
Surgical excision, radiation, and medication therapy are all
considered traditional cancer therapies (Qin, 2015). Drug therapy
can have a detrimental effect on normal organs and tissues,
including the bone marrow, kidneys, and oral mucosa, as well as
impair normal metabolism. Additionally, these three approaches
may result in inflammation and subsequent lymphedema
following therapy (Hu et al., 2017; Adebayo-Tayo and Fashogbon,
2020). As a result of their affordability, availability, and lack
of adverse effects, people prefer complementary and alternative

medications (Liu et al., 2019). As a result, there is an increasing
need for targeted therapies capable of successfully treating cancer
while having a negligible effect on normal tissues or at the very
least acting as adjuvants to reduce clinical doses and increase the
potency of conventional chemotherapy agents (Liu et al., 2021).

Lactobacilli are anticancer agents because they can induce
apoptosis in cancerous cells, differentiate them, and bind to
genotoxic substances (Wu et al., 2021). Due to the fact that LAB
EPS inhibits the growth of a variety of tumor cells, including
those from the stomach, liver, and breast, it may be used as
a complementary or alternative cancer treatment. These agents
have a variety of antitumor effects, including cell cycle arrest
and inducing apoptosis, as well as antimutagenic, antioxidative,
antiangiogenesis, and anti-inflammatory properties (Nazir et al.,
2018; Milner et al., 2021; Wu et al., 2021). Additionally, EPS has
a wide range of effects, including decreasing tumor-promoting
enzyme activity, increasing immune response, forming host-
supporting metabolites and resistant pathogens, and limiting
cell proliferation by inhibiting cancer cell spread via apoptosis
(Liu et al., 2021). Apoptosis (programmed cell death) occurs
at the molecular level via two distinct mechanisms, intrinsic
and extrinsic (Śliżewska et al., 2021). The BCl2 family of pro-
and anti-apoptotic proteins regulates intrinsic or mitochondrial
pathways. Exogenous apoptosis, alternatively referred to as the
cytoplasmic route, is mediated by the death receptor Fas, a
member of the tumor necrosis factor family (Zhao et al., 2019).
Numerous publications have demonstrated that EPSs possess a
variety of biologically active properties, including antioxidant,
immune-stimulating, and anticancer properties (El-Adawi et al.,
2012; El-Deeb et al., 2018; Angelin and Kavitha, 2020). In this
regard, EPSs from the marine bacterium L. plantarum 70810
have shown an anti-proliferative effect on a hepatocellular cancer
cell line (HepG2) (Yahya et al., 2019). Rajoka et al. (2018)
investigated the bioactivity of the cell-free culture supernatant
(CFCS) of Lactobacillus strains Lactobacillus casei SR1, L. casei
SR2, and Lactobacillus paracasei SR4 obtained from human
breast milk. They revealed that the CFCSs exhibited adequate
anticancer effects on cervical cancer (HeLa) cells by upregulating
the apoptotic genes BAX, BAD, Caspase 3, Caspase 8, and Caspase
9 and downregulating the BCl2 gene expression.

In terms of EPS’s unique properties and potential effects, we
hypothesized that it has a profound effect on periodontal repair
and regeneration, as well as on cancer cell growth inhibition and
apoptosis induction. To address this issue, we assessed the EPS’s
cytotoxicity against breast cancer (MCF7), colon cancer (CaCo2),
human liver cancer cells (HepG2), and human embryonic
kidney 293 (HEK 293) cells (control), as well as its antioxidant
capacity. Additionally, using a variety of cancer cell lines, the
current research examined their effect on apoptosis-related gene
expression. Additionally, the effect of EPS on the survival of
human periodontal ligament fibroblast cells (hPDLFCs) in vitro
was investigated.

Numerous research were performed recently to characterize
and comprehend the biotechnological application of EPS
produced from LAB and Bb. However, the tremendous
therapeutic potential of EPS, particularly in periodontal healing
and regeneration, is still unknown. Due to the wide range
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of uses for EPS and the rising demand for biopolymers, it
is vital to develop new EPS produced from LAB. To our
knowledge, the multifunctional therapeutic applications
of EPS produced by L. delbrueckii ssp. bulgaricus DSM
20081T have been emphasized for the first time. Under
this scope, this work aims to look into the antioxidant,
antitumor, and periodontal regeneration properties of
EPSs derived using LAB and Bb culture supernatants. As
a result, EPSs derived from L. delbrueckii ssp. bulgaricus
DSM 20081T may be a promising candidate for a variety of
therapeutic applications.

MATERIALS AND METHODS

Cell Culture
On Dulbecco’s Modified Eagle Medium (DMEM), non-cancerous
HEK 293 cells were grown. CaCo2 and HepG2 cells were grown
in DMEM; MCF7 cells were grown in Rosewell Park Memorial
Institute (RPMI) medium. All cells were cultured in a medium
containing 2 mM L-glutamine, 10% fetal bovine serum (FBS),
and 1% penicillin–streptomycin combination. The cultures were
incubated at 37◦C for 24 h in a humidified environment
containing 5% CO2 and 95% air.

Bacterial Strains
Lactic Acid Bacteria
Lactic acid bacteria (n = 9) including Streptococcus thermophiles
DSM 24731, Lactobacillus lactis ssp. cremoris DSM 20069T,
Lacticaseibacillus casei DSM 27537, Lactobacillus delbrueckii
ssp. bulgaricus DSM 20080, Lactobacillus delbrueckii ssp.
bulgaricus DSM 20081T, Limosilactobacillus fermentum DSM
20049, Lactobacillus acidophilus DSM 20079T, Lactobacillus
rhamnosus DSM 20021, and Lactobacillus plantarum ssp.
plantarum DSM 20174 were kindly obtained from the culture
collection of the Faculty of Agriculture Ain Shams University
and the Faculty of Science Tanta University (El-Adawi et al.,
2012). LAB strains were grown in De Man–Rogosa–Sharpe (MRS,
Biokar Diagnostics, Beauvais, France) broth [10.0 g/l peptone,
8.0 g/l meat extract, 4.0 g/l yeast extract, 20.0 g/l D (+)-glucose,
2.0 g/l dipotassium hydrogen phosphate, 5 g/l sodium acetate
trihydrate, 2.0 g/l triammonium citrate, 0.2 g/l magnesium sulfate
heptahydrate, 0.05 g/l manganous sulfate tetrahydrate, final pH
6.2] at 37◦C for 24 h anaerobically. However, Streptococcus
thermophilus, was cultured on M17 agar media and incubated at
37◦C under aerobic and anaerobic conditions.

Bifidobacterial Strain
Bifidobacterium longum ssp. longum DSM 200707 was provided
from Kafr El-Sheik University. Bifidobacterium was grown in
MRS medium supplemented with l-cysteine at 0.5 g/l (MRSc) at
37◦C in anaerobic environment.

Extraction of Crude Exopolysaccharides
The experimental setup for extracting EPS from a variety of
LAB is depicted in Figure 1. Centrifugation at 4◦C, 10,000 rpm,
for approximately 20 min was used to remove bacteria from

overnight cultures (Bajpai et al., 2016). The supernatant was
collected and diluted with 14% trichloroacetic acid (1:1), followed
by centrifugation (10,000 rpm at 4◦C for 20 min) to remove the
proteins. The clear supernatant was collected and concentrated
using a rotary evaporator. The EPS was precipitated by adding
double the amount of absolute cold ethanol and maintaining it
at 4◦C for 24 h, followed by 20 min of centrifugation at 4◦C,
10,000 rpm. After dilution with deionized water, the residue was
dialyzed for 48 h. The solution was concentrated and lyophilized
to obtain dry powdered crude EPS (mg/l). The total carbohydrate
content (%) of crude EPS was determined using the phenol-
sulfuric acid method, using glucose (2 mg/ml) as a standard
(Dubois et al., 1956). Approximately 0.5 ml of EPS solution
(100 mg/ml) was combined with 0.5 ml of phenol 6% (v/v)
in a test tube. A mixed solution of concentrated sulfuric acid
(2.5 ml) was added to the test tube. After 10 min, the mixture
was kept in a water bath (30◦C) for 20 min, and the absorbance
(Abs) at 490 nm was determined using a spectrophotometer.
By substituting Abs into the standard curve, the carbohydrate
content was determined. Simultaneously, the protein content of
EPS was determined using Bradford method (Bradford, 1976).
Protein reagent (2.5 ml, 50 ml containing 2.0 mg/ml Coomassie
Brilliant Blue G-250 in 95% ethanol and 100 ml 85% phosphoric
acid) was added to the polysaccharide solution (0.5 ml, 2 mg/ml).
Abs at 595 nm was determined using a spectrophotometer
following agitation. The protein content was determined by
substituting Abs into a standard curve.

Antioxidant Activity of Crude
Exopolysaccharides
The 1,1-diphenyl-2-pyridyl-hydrazine (DPPH) assay was used to
investigate the antioxidant activity of EPSs (Kao and Chen, 2006)
and the total antioxidant capacity (TAC) (Dilna et al., 2015), as
shown in Figure 1.

1,1-Diphenyl-2-Pyridyl-Hydrazine Free Radical
Scavenging Assay
The ability of EPS to scavenge DPPH radicals was determined
using the procedures described by Kao and Chen (2006). Five
millimeters of 0.02 methanolic DPPH radical solution was
added to 5 ml of various EPS concentrations (0.625–20 mg/ml).
For 30 min, the reaction mixture was kept in a darkroom.
The Abs of the mixture was determined spectrophotometrically
at 517 nm using a Spectrophotometer UV-visible 2401PC
(Shimadzu, Japan). Three times for each measurement, the means
and standard deviations (SD) were computed. The following
equation was used to determine the capacity to scavenge the
DPPH radical:

Free radical scavenging% = [1 − (Ac− As)/Ac] × 100.

Ac, Absorbance of control (all reagents except the checked
substance is replaced by distilled water).

As, Absorbance of the sample/standard.
Ascorbic acid has traditionally been utilized as a free radical

scavenger.
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Figure 1 | Experimental setup for extraction and characterization of exopolysaccharides (EPS) by lactic acid bacteria (LAB) and bifidobacteria (Bb) exploring their
therapeutic potentials.

Total Antioxidant Capacity Assay
The TAC of the EPS samples was determined as described by
Dilna et al. (2015). To make the TAC reagent, mix 7.45 ml
sulfuric acid (0.6 M), 1.235 g ammonium molybdate (4 mM),
and 0.9942 g sodium sulfate (28 mM) in 250 ml distilled water.
After 15 min, 0.1 ml of various EPS concentrations (0.625–
20 mg/ml) were dissolved in 1 ml of total antioxidant reagent,
and the Abs at 695 nm was measured with a spectrophotometer.
Ascorbic acid served as a control substance. Additionally, the

most antioxidant-potent candidate EPSs (EPS1, EPS5, EPS6, and
EPS10) were chosen for future investigation.

Cytotoxicity Assay
The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium-
bromide (MTT) test was used to assess cytotoxicity (Sigma
Aldrich, St. Louis, MO, United States), as previously described
by Manivasagan et al. (2013) and Khalil et al. (2022). The
cells (100 µl, MCF7, CaCo2, and HepG2) were seeded at a
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density of 6 × 104 cells/ml in 96-well microplates and treated
with EPS1, EPS5, EPS6, and EPS10 at various concentrations
(0.625–20 mg/ml). The optical density of the formazan solution
was determined using a BIORAD Micro-Plate ELISA Reader
at 490 nm. Additionally, to ensure that the extracted EPSs are
safe for normal cells, their inhibitory effects on the normal HEK
293 cell line were determined. Because MTT decreases only in
metabolically active cells, activity is a proxy for cell viability.
The EPS extracts were tested in triplicate on the five cell lines,
and the viability of the cells was estimated using the following
equation: Viability % = Absorbance of sample/Absorbance of
control × 100. According to El-Deeb et al. (2018) and Khalil
et al. (2022), the IC50 values for EPS were calculated using the
graphpad prism 9 program and indicate a 50% reduction in
growth when compared to control cells (untreated cells).

Antitumor Activity
The annexin V test and the amount of lactate dehydrogenase
(LDH) leaking out of the cell were used to determine the
antitumor activity of EPSs (Gurunathan et al., 2013), as
represented in Figure 1.

Apoptosis Assessment
According to the manufacturer’s instructions, all cell lines
exhibited apoptosis as determined by a human Annexin V
platinum ELISA (eBioscience BMS252/BMS252TEN; Thermo
Fisher Scientific, Waltham, MA, United States). For 24 h in a
humidified incubator at 37◦C and 5% CO2, cell lines were grown
in 96-well flat-bottom culture plates with the IC50 concentrations
of EPS1, EPS5, EPS6, and EPS10. This assay is based on the fact
that human Annexin V present in the sample or standard will
bind to the Microwell Plate coating antibodies. As a result, a
biotin-conjugated anti-human Annexin V antibody was added,
which specifically recognizes the human Annexin V captured
by the first antibody. Following incubation, all unbound biotin-
conjugated anti-human Annexin V antibody was removed during
the washing step. Streptavidin horseradish peroxidase (HRP) was
used, which reacts with an anti-human Annexin V antibody
conjugated to biotin. It is possible to create a colored substance
that is proportional to the amount of human Annexin V in the
sample or standard. After adding acid to terminate the reaction,
the Abs at 450 nm is measured using a microplate reader. For the
standard curve preparation, seven human Annexin V standard
dilutions and seven human Annexin V sample concentrations
were calculated.

Lactate Dehydrogenase Assay
The amount of LDH leaking out of EPS-treated cell lines was
used to determine the plasma membrane integrity (Gurunathan
et al., 2013). The cells were exposed to various EPSs at their
IC50 concentrations for 24 h. LDH activity was determined in the
culture after 3 h of incubation under standard conditions (K726-
500) according to the manufacturer’s instructions (Biovision,
Mountain View, CA, United States). The quantification of LDH
is based on the color change caused by the reduction of NAD to
NADH by 450 nm of LDH using a microplate reader. The activity
of LDH was determined according to the following equations;

LDH Activity level (nmol/ml) = B/(1T × V) × sample dilution;
where B is the amount of NADH produced from 1T (T2 - T1),
T1 is the time of first reading (A1) (in min), T2 is the time of
second reading (A2) (in min), and V is the volume of pretreated
sample added into the reaction well (in ml).

Characterization of Crude LAB-EPS5
Fourier transform infrared (FT-IR) spectroscopy was used to
determine the major structural groups of the selected EPS5.
The KBr technique was used to determine the EPS spectrum.
Polysaccharide samples were crushed into KBr pellets at a sample
ratio of 1:100. The infrared Fourier transform spectra were
acquired using a Bruker Tensor 27 instrument with a resolution
of 4 cm−1 in the range 4,000–400 cm−1 (Fontana et al., 2015).
The monosaccharide content of EPS5 was determined using
high-performance liquid chromatography (HPLC) as described
by Yang et al. (2012). Briefly, the rehydrated EPS1 and EPS5
samples were derivatized with 1-phenyl-3-methyl-5-pyrazolone
and analyzed by HPLC using a four-unit pump (Agilent
Technologies, Wilmington, DE, United States) and a Shim-Pak
VPODS column (4.6× 150 mm) with Abs monitoring at 245 nm.
An integrator was used to compare different sugar standards to
the EPS sample’s retention time.

Gene Expression Analysis
RNA was isolated from all cancer cell lines using a MagJET RNA
purification kit, either untreated (negative control) or 24 h after
treatment with EPS5 IC50. The quality and quantity of extracted
RNAs were determined using 1% agarose gel electrophoresis
and Nanodrop (Thermo Fisher Scientific, Inc., Wilmington, DE,
United States). Quantitative real-time (qRT)-PCR was performed
according to the manufacturer’s protocol using the Sybr Green
Supermix RT-PCR kit, forward and reverse primers for each gene
(Supplementary Table 1), and SYBR green PCR master mixture.
The genes BCL2, MCL1, Bax, Caspase 3, Caspase 8, Vimentin,
and p53 were normalized with the housekeeping gene (GAPDH)
and expressed about untreated cells. Following amplification, the
obtained data were analyzed using the formula for relative gene
expression (Winner et al., 1999; Livak and Schmittgen, 2001).

Determination of the Proliferative Effect
Human periodontal ligament fibroblast cells (hPDLFCs) were
extracted and grown according to Arslan and Kantarcioglu
(2019). The Clinical Study Ethics Committee of Taif University
accepted the research on an ethical basis. To examine the impact
of various EPS5 concentrations on viability, hPDLFCs were plated
of 1 × 104 cells/well in 96-well plates, and viability was assessed
using the MTT assay.

Statistical Analysis
Minitab statistical software (17.1.0.0, Minitab Inc., Chicago,
IL, United States) and GraphPad Prism version were used to
interpret and process the data (9.0.0). To assess LDH activity
and relative gene expression, the means of the groups were
compared using an unpaired t-test. However, ANOVA single
factor was used to analyze the synthesis of crude EPS by different
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probiotic bacterial strains and antioxidant activities of EPS. All
measurements are presented as means ± SD. The one-way
ANOVA test for variance was used to compare two or more
groups, and the Tukey test was used for multiple comparisons.
A p-value less than 0.05 was considered significant.

RESULTS

Table 1 depicts the production of EPSs by LAB and Bb, as
well as their carbohydrate and protein contents. The amount
of EPS produced by various bacterial strains varied significantly
(p < 0.05). The EPS derived from bacteria ranged from 174.9 to
295.4 mg/l. L. delbrueckii ssp. bulgaricus DSM 20081T produced
the most EPS (EPS5, 295.4 ± 9.7), while L. plantarum DSM
20174 produced the least (EPS9, 174.9 ± 5.2). The carbohydrate
and protein content of crude EPS varied with strain (p < 0.05).
The total carbohydrate content ranged from 85.0 to 96.7%,
while the protein content ranged from 3.3 to 9.3%. The average
carbohydrate level for EPS5 is significantly higher (96.7 ± 0.3%)
than for the other strains (p < 0.05). Furthermore, in the final
lyophilized crude EPS samples, S. thermophiles DSM 24731-EPS1
had the lowest concentration of protein contamination.

As shown in Tables 2, 3, the antioxidant capabilities
of crude EPSs from 10 bacterial strains were evaluated
in vitro by evaluating the activity of radical scavengers (DPPH
and TAC, respectively). The DPPH free radical scavenging
potential of various EPS concentrations increased significantly
concentration-dependently (p < 0.05) (Table 2). At 20 mg/ml,
the capacity of EPS to scavenge DPPH radicals ranged from
33.3% to 77.0%. S. thermophiles DSM 24731-EPS1 had the highest
scavenging rate of all strains, at 77%, followed by L. delbrueckii
ssp. bulgaricus DSM 20081T-EPS5, B. longum DSM 200707-
EPS10, and L. fermentum DSM 20049-EPS6. L. acidophilus
DSMZ 20079T-EPS7 had the least amount of scavenging activity
(Table 2). The ability of a non-enzymatic antioxidant defense
mechanism is represented by TAC. Table 3 shows that the
antioxidant capacity ranged between 0.75 and 2.5%; the highest
rate of inhibition was 2.5% for L. delbrueckii ssp. bulgaricus
DSM 20081T-EPS5, followed by S. thermophiles DSM 24731-
EPS1, L. fermentum DSM 20049-EPS6, and B. longum ssp. longum
DSM 200707-EPS10, all of which had comparable degrading
capabilities, and L. acidophilus DSM 20079 T-EPS7 had the lowest
rate of inhibition at 23.95%. Because EPS1, EPS5, EPS6, and EPS10
exhibited significantly greater antioxidant activity than other
EPSs tested, they were chosen for subsequent assays in this study.

TABLE 1 | Production of crude EPS by different LAB and Bb strains.

EPS EPS yield (mg/l) Total carbohydrates content (%) Protein content (%)

Streptococcus thermophilus DSM 24731-EPS1 240.0 ± 3.3a 93.0 ± 0.4a 3.3 ± 0.1a

Lactobacillus lactis ssp. cremoris DSM 20069T-EPS2 189.72 ± 3.4b 89.1 ± 0.08b 7.4 ± 0.2b

Lacticaseibacillus casei DSM 27537-EPS3 245.6 ± 3.2a 85.0 ± 0.1c 9.3 ± 0.2c

Lactobacillus delbrueckii ssp. bulgaricus DSM 20080-EPS4 222.4 ± 7.1c 93.1 ± 0.3a 8.3 ± 0.3d

Lactobacillus delbrueckii ssp. bulgaricus DSM 20081T-EPS5 295.4 ± 9.7d 96.7 ± 0.3d 4.3 ± 0.2e

Limosilactobacillus fermentum DSM 20049-EPS6 255.3 ± 4.3e 95.1 ± 0.1e 6.1 ± 0.2f

Lactobacillus acidophilus DSM 20079T-EPS7 213. 4 ± 4.2c 91.4 ± 0.4f 7.3 ± 0.1b

Lacticaseibacillus rhamnosus DSM 20021-EPS8 214.5 ± 4.1c 92.1 ± 0.4f 5.5 ± 0.2g

Lactiplantibacillus plantarum ssp. plantarum DSM 20174-EPS9 174.9 ± 5.2f 87.5 ± 0.2g 6.6 ± 0.1h

Bifidobacterium longum ssp. longum DSM 200707-EPS10 260. 3 ± 7.1e 94.1 ± 0.4a 5.7 ± 0.1g

EPS, exopolysaccharide.
Means in the same column followed by different letters are significantly different at p < 0.05.

TABLE 2 | Antioxidant activities (%) of EPS derived from LAB and Bb using DPPH radical scavenging assay.

EPS DPPH scavenging rate (%) for different concentrations (mg/ml) of bacterial EPS

0.625 1.25 2.5 5.0 10.0 20

S. thermophilus DSM 24731-EPS1 0.00 ± 0.00a 14.3 ± 1.3a 31.3 ± 1.2a 41.8 ± 1.36a 56.4 ± 2.78a 77.0 ± 3.87a

L. lactis ssp. cremoris DSM 20069T-EPS2 0.00 ± 0.00a 10 ± 0.5b 18.0 ± 0.8b 24.4 ± 1.3b 27.6 ± 1.78b 34.5 ± 1.98b

L. casei DSM 27537-EPS3 10.05 ± 0.98b 11.04 ± 0.98b 12.0 ± 1.34c 19.0 ± 1.98c 25.5 ± 1.4c 35.5 ± 1.8b

L. delbrueckii ssp. bulgaricus DSM 20080-EPS4 17.10 ± 1.20c 33.2 ± 2.78c 37.8 ± 2.01d 48.5 ± 2.67d 50.4 ± 2.3a 56.3 ± 2.2c

L. delbrueckii ssp. bulgaricus DSM 20081T-EPS5 10.02 ± 2.13b 17.15 ± 2.67a 22.4 ± 1.43e 44.1 ± 2.54ad 65.0 ± 3.87d 75.2 ± 2.67a

L. fermentum DSM 20049-EPS6 16.04 ± 0.43c 17.06 ± 2.5a 18.0 ± 0.78b 29.1 ± 1.7e 55.1 ± 1.5a 60.2 ± 2.00c

L. acidophilus DSM 20079T-EPS7 14.03 ± 0.92d 17.08 ± 2.54a 23.0 ± 2.5e 30.0 ± 2.02e 33.0 ± 1.9e 33.3 ± 2.45b

L. rhamnosus DSM 20021-EPS8 10.02 ± 0.98b 11.01 ± 1.67b 12.0 ± 2.1e 19.1 ± 1.78c 25.5 ± 2.3bc 35.5 ± 2.02b

L. plantarum ssp. plantarum DSM 20174-EPS9 13.10 ± 0.78d 14.06 ± 2.99a 21.6 ± 2.0e 24.02 ± 2.88b 35.2 ± 2.65e 50.4 ± 2.78d

B. longum ssp. longum DSM 200707-EPS10 14.5 ± 2.24cd 23.04 ± 2.67d 31.4 ± 1.34a 42.0 ± 1.98a 54.0 ± 3.87a 65.3 ± 2.99e

EPS, exopolysaccharide; DPPH, 2, 2 diphenyl-1-picrylhydrazyl.
Each result is three times the mean ± SD. Means in the same column followed by different letters are significantly different at p < 0.05.
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TABLE 3 | Antioxidant activities (%) of EPS derived from LAB and Bb using total antioxidant capacity (TAC) scavenging assay.

EPS Total antioxidant capacity (%) for different concentrations (mg/ml) of bacterial EPS

0.625 1.25 2.5 5 10 20

S. thermophilus DSM 24731-EPS1 0.41 ± 0.1a 0.75 ± 0.3a 0.82 ± 0.5a 0.87 ± 0.1a 1.42 ± 0.1a 2.1 ± 0.2a

L. lactis ssp. cremoris DSM 20069T-EPS2 0.2 ± 0.1b 0.3 ± 0.1b 0.52 ± 0.1a 0.64 ± 0.1b 0.8 ± 0.1b 1.0 ± 0.1b

L. casei DSM 27537-EPS3 0.3 ± 0.2ab 0.42 ± 0.1ab 0.63 ± 0.2a 0.73 ± 0.1ab 0.85 ± 0.2b 1.3 ± 0.1c

L. delbrueckii ssp. bulgaricus DSM 20080-EPS4 0.37 ± 0.2ab 0.4 ± 0.3ab 0.55 ± 0.1a 0.65 ± 0.2ab 0.73 ± 0.3b 0.8 ± 0.1b

L. delbrueckii ssp. bulgaricus DSM 20081T-EPS5 1.21 ± 0.1c 1.47 ± 0.2c 1.64 ± 0.1b 1.75 ± 0.3c 1.8 ± 0.2c 2.5 ± 0.1d

L. fermentum DSM 20049-EPS6 1.1 ± 0.1c 1.3 ± 0.2c 1.5 ± 0.2b 1.62 ± 0.3c 1.73 ± 0.1c 1.87 ± 0.3a

L. acidophilus DSM 20079T-EPS7 0.23 ± 0.1ab 0.35 ± 0.1ab 0.45 ± 0.2a 0.5 ± 0.2b 0.64 ± 0.3b 0.75 ± 0.2b

L. rhamnosus DSM 20021-EPS8 0.1 ± 0.1b 0.21 ± 0.1b 0.47 ± 0.1a 0.6 ± 0.2ab 0.8 ± 0.3b 0.9 ± 0.2b

L. plantarum ssp. plantarum DSM 20174-EPS9 0.3 ± 0.2ab 0.4 ± 0.2ab 0.6 ± 0.1a 0.73 ± 0.1ab 0.9 ± 0.1b 1.23 ± 0.1c

B. longum ssp. longum DSM 200707-EPS10 0.5 ± 0.2a 0.8 ± 0.2a 1.1 ± 0.2b 1.4 ± 0.1c 1.55 ± 0.3ac 1.73 ± 0.2a

EPS, exopolysaccharide.
Means in the same column followed by different letters are significantly different at p < 0.05.

As illustrated in Figure 2, MCF7, CaCo2, and HepG2 cells
all responded differently to the MTT cytotoxicity experiment.
All of the EPSs inhibited cells in a concentration-dependent
manner, with varying effects on various cell lines. After 24 h
of treatment with the highest doses (20 mg/ml) of EPS1, EPS5,
EPS6, and EPS10, the viability percentages for HEK 293 cells were
93.07, 96.3, 93.05, and 90.07 mg/ml, respectively (Figure 2A);
MCF7 cells were 55.9, 52.1, 85.52, and 75.01 mg/ml, respectively
(Figure 2B); CaCo2 cells were 68.69, 67.0, and 87.59 mg/ml,
respectively (Figure 2C) and HepG2 cells were 62.0, 59.5, 83.86,
and 72.66 mg/ml, respectively (Figure 2D). As indicated in
Figure 2A, the impact of the chosen EPSs on viability (%) of
HEK 293 cells showed that at 0.625 mg/ml (98.9%), the viability
rate of HEK 293 cells was not significantly different (p = 0.1340).
When the growth rate of HEK 293 cells was compared to that
of cells treated with EPS at doses of 0.125 mg/ml (p = 0.0027),
2.5 mg/ml (p = 0.0021), 5 mg/ml (p = 0.0090), 10 mg/ml
(p = 0.0037), and 20 mg/ml (p = 0.0012), a significant difference
was observed. At 20 mg/ml, MCF7 viability decreased by more
than 30% as compared to control viability, a significant difference
of p = 0.0066. On the other hand, at EPSs concentrations of
0.625 (p = 0.1340), the MCF7 viability rate was not significantly
different (Figure 2B). A significant difference was detected when
the CaCo2 viability% of the control was compared to cells treated
with EPSs concentrations of 5 mg/ml (p = 0.0022), 10 mg/ml
(p = 0.0019), and 20 mg/ml (p = 0.0038) (Figure 2C). When
the HepG2 viability% of the control was compared to cells
treated with EPSs doses of 2.5 mg/ml (p = 0.0007) and 5 mg/ml
(p = 0.0010), a very significant difference was seen (Figure 2D).
Generally, according to the obtained data for EPS1 and EPS5, the
extract’s potency was in the order MCF7 > HepG2 > CaCo2
at various concentrations; however, EPS6 and EPS10 had a
strong inhibitory rate in the order HepG2 > MCF7 > CaCo2.
Furthermore, EPSs were found to have a minimal cytotoxic effect
on HEK 293 cells. According to the findings, EPS greatly reduced
the viability of different cancer cells while having no impact
on normal cells.

As shown in Figure 3, the IC50 values of EPS1, EPS5, EPS6, and
EPS10, for MCF7 cells were 8.06, 7.91, 22.97, and 12.36 mg/ml,

respectively; for CaCo2, they were 10.69, 11.22, 25.85, and
15.23 mg/ml, respectively; and for HepG2 cells, they were 9.12,
9.37, 20.40, and 12.54 mg/ml, respectively. EPS5 had the most
active components and exhibited the highest cytotoxicity with the
lowest IC50 values on MCF7, CaCo2, and HepG2 (7.91, 10.69,
and 9.12 mg/ml, respectively). EPS6, on the other hand, had
the highest IC50 values against MCF7, CaCo2, and HepG2 at
12.36, 15.23, and 12.54 mg/ml, respectively. It is worth noting
that untreated control cells retained a high viability. While EPS
decreased the viability of normal HEK 293, their IC50 values
of 29.26–85.7 mg/ml were significantly greater than those of
cancerous cells (Figure 3). These results demonstrated that
different EPSs may have a significant influence on EPS biological
activities and that the inhibitory feature differed with human cell
strains and produced severe cytotoxicity at large doses.

Annexin V has been shown to attach to apoptotic
phosphatidylserine-releasing cells and decrease their pro-
coagulant and pro-inflammatory activity. The obtained results
showed that cellular apoptosis was triggered in MCF7, CaCo2,
and HepG2-treated cells following the IC50 value treatment of
the selected crude EPSs, as shown in Figure 4. In MCF7, CaCo2,
and HepG2 cells treated with EPS5-IC50 values, the greatest
Annexin V quantities (18.4, 10.28, and 16.30 ng/ml, respectively)
were observed in comparison to other EPS treatments. On the
other hand, apoptosis assays after EPS6 treatment revealed that
total endogenous Annexin V levels were low in a variety of
cancer cells, suggesting that EPS6 is an ineffective anticancer
agent. Generally, the total endogenous Annexin V levels in cells
treated with various EPSs indicated that the concentrations of
Annexin V were not significantly different (p = 0.2002, 0.1077,
0.7084, and 0.5011) in cells treated with EPS1, EPS5, EPS6, and
EPS10 compared to control cells (untreated) (Figure 4).

The quantity of LDH released, a soluble cytoplasmic enzyme,
was utilized to determine the degree of degradation and
leakage in cell membranes impacted by the IC50 of EPS1,
EPS5, EPS6, and EPS10 (Figure 5). Regarding MCF7, LDH
activity in EPS1 and EPS5-treated cells significantly increased
by 2.36 and 2.58 times, respectively, related to the control
(untreated) MCF7 cells (p < 0.0001) as illustrated in Figure 5.
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Figure 2 | Cytotoxicity assessments of exopolysaccharides on different cancer cell lines using MTT assay. (A) On HEK293 cell line, (B) on MCF7 cell line, (C) on
CaCo2 cell line, and (D) on HepG2 cell line. EPS1, EPS derived from S. thermophilus DSM 24731; EPS5, EPS derived from L. delbrueckii ssp. bulgaricus DSMZ
20081T; EPS6, EPS extracted from L. fermentum DSMZ 20049, and EPS10, EPS derived from B. longum ssp. longum DSMZ 200707.

Furthermore, in the case of CaCo2, LDH activity increased
by 2.85- and 3.02-fold, respectively, in the cells treated with
IC50 values of each EPS1 and EPS5 relative to the untreated
CaCo2 cells. LDH activity was highest (670 nmol/ml) in HepG2
cells treated with EPS5. As illustrated in Figure 5, EPS5 had
a considerably higher LDH activity than EPS1 (p = 0.0001),
followed by EPS10 and EPS6. In comparison to the control

cell, LDH leakage concentrations in MCF7 cells treated with
various EPSs varied significantly (p = 0.0202). In general, EPS5
demonstrated significant antitumor activity in the three types of
cell lines analyzed in our research, based on the data obtained
on the antitumor abilities of the tested EPSs. As a result,
EPS5 will be further characterized and used in the following
biological applications.
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Figure 3 | Cytotoxicity of EPSs against HEK293, MCF7, CaCo2, and HepG2 using MTT assay. EPS1, EPS derived from S. thermophilus DSM 24731; EPS5, EPS
derived from L. delbrueckii ssp. bulgaricus DSMZ 20081T; EPS6, EPS extracted from L. fermentum DSMZ 20049, and EPS10, EPS derived from B. longum ssp.
longum DSMZ 200707.

Figure 4 | Apoptosis assessment using annexin V ELISA kit on cancer cell lines. EPS1, EPS derived from S. thermophilus DSM 24731; EPS5, EPS derived from
L. delbrueckii ssp. bulgaricus DSMZ 20081T; EPS6, EPS extracted from L. fermentum DSMZ 20049, and EPS10, EPS derived from B. longum ssp. longum DSMZ
200707.

Fourier transform infrared analysis showed a variation in the
functional groups formed in EPS5, as shown in Figure 6. There
were eight absorbance bands in the FT-IR spectrum of EPS5;
3410, 2931, 2502, 1650, 1381, 1136, 872, 620, and 530 cm−1.
Table 4 displays the retention period, area under the curve,
and monosaccharide composition of EPS5 samples as measured
by HPLC. The EPS samples’ sugar content varied substantially
(p < 0.05). EPS5 included a high concentration of sugars such
as rhamnose, mannose, ribose, glucose, and galactose. The sugar
concentrations in EPS5 varied from 1.7938 to 38.8584 mg/100 g,
with galactose being the greatest concentration. The ratio of
ribose, rhamnose, glucose, mannose, and galactose in EPS5
was 1:2.7:7.4:5.1:12.5. Consequently, the EPS5 samples were
heteropolysaccharides based on their sugar content.

For 24 h, we used quantitative real-time PCR to determine
the mRNA levels of apoptotic and cell cycle-related genes in
response to the IC50-EPS5 value (Figure 7). The data of gene

expression revealed that EPS5 with IC50 value was significantly
upregulated Bax gene expression in CaCo2 cells (p = 0.0065)
compared with that in control (Figure 7A). However, a marked
reduction in expression of the BCL2 and MCL1 (p = 0.0001) genes
were observed in treated CaCo2 cells (Figure 7A). Additionally,
the results indicated that EPS5 administration increased the
expression of apoptotic genes Caspase 3 and Caspase 8. The
most significant upregulation of the p53 gene was detected in
CaCo2 cells treated with IC50-EPS5 (p = 0.0001). In comparison,
the least significant upregulation of the Bax gene was found
in MCF7 cells treated with the same concentration of EPS5
(p = 0.0002) (Figure 7B). Additionally, in the treated MCF7 cells,
BCl2, MCL1, and Vimentin genes observed a downregulation
at their expression level (p < 0.0001). However, the Caspase 3,
Caspase 8, and Bax genes recorded upregulation of expression
(Figure 7B). As demonstrated in Figure 7C, BCL2 expression was
strongly downregulated in treated HepG2 cells, as has been the
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Figure 5 | Lactate dehydrogenase (LDH) activity in MCF7, CaCo2, and HepG2 treated with different EPSs. EPS1, EPS derived from S. thermophilus DSM 24731;
EPS5, EPS derived from L. delbrueckii ssp. bulgaricus DSMZ 20081T; EPS6, EPS extracted from L. fermentum DSMZ 20049, and EPS10, EPS derived from
B. longum ssp. longum DSMZ 200707.

Figure 6 | FTIR spectra of L. delbrueckii ssp. bulgaricus DSM 20081T-derived
EPS5.

case with MCL1 and Vimentin expression, dramatically lowering
the levels of the studied genes relative to control (p = 0.0001).
EPS5, on the other hand, resulted in a significant increase in the
expression of p53 (12.04) as compared to the control (p = 0.0001)
but had no influence on Bax expression.

Cultured hPDLFCs were successfully extracted from healthy
molar teeth (Figure 8). After 24 h of co-incubation with various
concentrations of crude EPS5, cell viability was determined
using the MTT assay. As illustrated in Figure 9, the viability
of hPDLFCs was significantly increased following exposure
to crude EPS. When hPDLFCs were treated with EPSs at
a concentration of 0.625 mg/ml, the viability rate was not

TABLE 4 | Determination of monosaccharide composition of L. delbrueckii ssp.
bulgaricus DSM 20081T-EPS5 using HPLC.

Monosaccharides EPS5

RT Area under curve

Ribose 8.788 1.6

Rhamnose 13.66 1.06

Glucose 16.067 1.34

Mannose 17.092 4.81

Galactose 18.058 6.52

RT, retention time.

significantly different from that of untreated cells (p = 0.1583).
When the viability percent of untreated hPDLFCs was compared
to cells treated with 2.5 mg/ml (p = 0.0003) and 5 mg/ml
(p = 0.0003) EPSs, a significant difference (p = 0.0001) was
observed (Figure 9).

DISCUSSION

In this study, LAB (n = 9) and Bb (n = 1) were used
to extract EPS, and their EPS yield was determined. The
EPS obtained demonstrated a high degree of concentration-
and strain-dependent variation (p < 0.05). When compared
to other tested strains, L. delbrueckii ssp. bulgaricus DSM
20081T produced the most EPS (295.49 ± 0.7). Tukenmez
et al. (2019) reported that L. delbrueckii ssp. bulgaricus B3
produced the highest amount of EPS (449.0 ± 0.4 mg/l).
According to Sungur et al. (2017), two strains of L. gasseri
produced 242 and 255 mg/l of EPS. Bifidobacterium bifidum
WBIN03 produced EPS at a concentration of 241.20 mg/l,
whereas L. plantarum R315 produced EPS at a concentration of
290.17 mg/l (Li S. et al., 2014).
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Figure 7 | Effect of L. delbrueckii subsp. bulgaricus DSM 20081T-EPS5 on
the relative expression of genes linked to apoptosis in different cell lines.
(A) MCF7, (B) CaCo2, (C) HepG2.

Reactive oxygen species (ROS) and oxygen-centered free
radicals are byproducts of a number of metabolic and
physiological processes in the body (Thibessard et al., 2004).
Increased levels of ROS degrade proteins, DNA, and lipids,
causing additional tissue damage and organ dysfunction. This

Figure 8 | Isolation steps of human periodontal ligament fibroblast cells
(hPDLF). (A) Healthy molar tooth, (B) scraping periodontal layers, (C,D)
mincing of the periodontal membrane.

causes serious side effects in humans, such as carcinoma,
arteriosclerosis, osteoarthritis, and neurodegeneration (Li C.
et al., 2014). Antioxidants are substances that prevent or
postpone oxidation. Tumor cells produce ROS as a result of
increased metabolic activity and a variety of other tumorigenic
processes, which promotes tumor cell proliferation and survival,
mesenchymal migration and penetration, genetic mutations,
and angiogenesis. Antioxidant-based therapy that reduces ROS
generation may be used to delay or even prevent tumor
development (Liou and Storz, 2010; Gurunathan et al., 2013).
Numerous research have been conducted on EPS derived from
probiotic bacteria, which may possess antioxidant activities
(Adebayo-Tayo and Fashogbon, 2020; Wu et al., 2021).
According to our findings, the radical scavenging capacity
of EPS1 (77%) and EPS5 (75.2%) significantly contributes
to antioxidant activity. Adebayo-Tayo and Fashogbon (2020)
evaluate the antioxidant activity of EPS produced by wild
type EPSWLD L. delbrueckii ssp. bulgaricus and mutant
EPSMLD L. delbrueckii ssp. bulgaricus using the DPPH
system and other biological tests. The antioxidant potential
of EPSWLD and EPSMLD was found to be between 1.21
and 1.80% and between 0.41 and 1.42% for their DPPH-
scavenging capacities (37.5–73.4% vs. 37.5–65.6%, respectively).
El-Adawi et al. (2012) reported that extracellular extracts of
B. longum and L. plantarum had a DPPH scavenging capacity of
89.8 and 89.8%, respectively. The entire culture of L. delbrueckii
ssp. bulgaricus DSM 20081T possessed the highest DPPH
radical scavenging activity. According to Li S. et al. (2014),
B. bifidum WBIN03 (B-EPS) and L. plantarum R315 (L-EPS)
both had a high DPPH scavenging potential that increased
with EPS concentration. Clearly, 70 mg/ml EPSs had a high
DPPH scavenging potential when they compared the DPPH
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Figure 9 | The effect of crude EPS5 derived from L. delbrueckii ssp. bulgaricus DSM 20081T on cell viability in hPDLF cells using MTT assay.

scavenging behavior of different concentrations of B-EPS
(30 mg/ml, 94.4%) and L-EPS (70 mg/ml, 94.49%). Recent
research has revealed that the antioxidant ability of EPS is
affected by a number of factors, including molecular weight,
monosaccharide composition, monosaccharide molar ratio, and
glycoside bonding (Wu et al., 2021). As a result, the significant
antioxidant activity of EPS could be attributed to its chemical
groups, which include the hydroxyl group, carbon-free radicals,
and the sulfated group (Wang et al., 2015).

Cancer is a disease that causes uncontrollable cell
proliferation, resulting in organ damage and, eventually,
death. The death toll from various types of cancer is steadily
rising year after year. Current chemo and radiation therapy for
cancer patients harms both tumor and normal cells (El Ghany
et al., 2015; Zhang et al., 2017). The current research aims to
produce antitumor agents that have fewer side effects than
currently available synthetic pharmaceuticals. As a result, the
antitumor properties of EPS are being investigated as a potential
cancer treatment in this study. The cytotoxicity of EPSs against
human breast, colon, and liver cancer cells was determined, as
well as their role in apoptotic gene expression. The majority
of anti-cancer medications have been shown to be cytotoxic to
healthy cells, highlighting the critical need for safe alternatives
in biomedicine (Zhang et al., 2017). Mohanta et al. (2017)
demonstrated that the MTT test is one of the most advanced
methods for determining the cytotoxic effects of cancerous
cells. It is based on the reduction of MTT into formazan by
mitochondrial succinate dehydrogenase in the mitochondria of
metabolically active cells. The results of the cytotoxicity tests
in this experiment revealed that treatment with EPSs elicited
different cellular responses depending on the cause of cell death
and the sensitivity of the treatment. Specifically, the IC50 values
for EPSs on normal mammalian cells (HEK 293) ranged from
85.7 to 29.68 mg/ml. Nami et al. (2015) found that Enterococcus
lactis IW5 secretions had no negative effects on normal cells,
with 95% of the cells developing normally. Furthermore, a

dosage of 2–5 mg/ml of new purified EPS L. acidophilus 20079 in
healthy mammalian cells was shown to have a selectivity index of
1.96–51.3 for destroying cancerous cells (El-Deeb et al., 2018).

Exopolysaccharides from L. plantarum has not been found to
be harmful in normal fibroblast cells L929 until a concentration
of 50 mg/ml is reached (Ismail and Nampoothiri, 2013). The
viability percentage of L929 is greater than 60 after treatment
with 40 mg/ml EPS from L. paracasei and Lactobacillus brevis
on L929 and HT29. On the other hand, HT29 has a survival
rate of less than 20% (Mojibi et al., 2019). Based on the
multiple cancerous cell death pathways and related sensitivity
to treatment, we can assume that cytotoxicity experiments
revealed the presence of non-identical cellular responses to EPS
treatment. EPS5 had the most active components and exhibited
the lowest IC50 values on MCF7, CaCo2, and HepG2 (7.91,
10.69, and 9.12 mg/ml, respectively, p < 0.05). Vidhyalakshmi
and Vallinachiyar (2013) demonstrated that EPS derived from
Bacillus sp. has a high potential for cytotoxicity against MCF7
cells at low concentrations while having no effect on normal
cells. Additionally, Liu et al. (2011) found that L. casei 01 EPS
inhibited HT29 growth at doses ranging from 5 to 100 µg/ml.
L. fermentum extracts inhibited colon cancer cell growth while
enhancing non-cancerous colon cell growth (Kahouli et al.,
2015). Their findings on cancer cells suggest that the presence of
propionate and butyrate may contribute to the probiotic bacteria’s
selectivity, as histone deacetylase inhibitors (HDACs) stimulate
proliferation in healthy colon cells but kill cancer cells (Kahouli
et al., 2015). Nami et al. (2015) reported that the E. lactis IW5
byproducts reduced the viability of several types of cancer cells,
including HeLa, MCF7, AGS, and HT-29, and that the primary
mechanism underlying this effect was the activation of apoptosis
in cancer cells.

Annexin V analysis revealed a decrease in the percentage
of viable cells in all investigated cell lines with increased
EPSs concentrations. A rise in the concentration of Annexin
V in treated cells indicates that EPS induces apoptosis. The
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Figure 10 | A possible mechanism for EPS5’s effect on the cell cycle and apoptosis in cancer cells.

investigation revealed that treatment with the IC50 of EPS5
resulted in a significantly increased number of apoptotic cells
(18.4, 10.28, and 16.3 ng/ml) on MCF7, CaCo2, and HepG2,
respectively, followed by treatment with EPS1, whereas treatment
with the IC50 of EPS6 resulted in a significantly decreased
number of apoptotic cells. Apoptosis is primarily defined by
changes in the morphology and biochemistry of the cells. EPS
of L. paracasei and L. brevis inhibited the proliferation of
HT29 cancer cells (Mojibi et al., 2019). When anti-proliferative

activity and cell growth are compared 24 h after treatment with
L. paracasei or L. brevis EPS at a concentration of 40 mg/ml,
anti-proliferative activity and cell death increase from 36 to 80%
and from 40 to 90%, respectively. S. thermophilus CH9-EPS-3a
demonstrated greater anticancer activity in vitro against human
liver cancer HepG2 cells, and the antitumor efficacy of EPS’s-
3a was associated with cell apoptosis in HepG2 cells (Liu et al.,
2019). Normal cells possess significantly fewer anti-proliferative
and inhibitory properties than cancerous cells. Increased LDH
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leakage into the culture supernatant is also indicative of EPS-
induced membrane damage (Deepak et al., 2016). LDH activity
was found to be significantly greater in cancer cells treated
with EPS5 than in cancer cells treated with EPS1 (p = 0.0001),
followed by EPS10 and EPS6, confirming disruption of the plasma
membrane and subsequent LDH dispersion into extracellular
space (Fotakis and Timbrell, 2006).

It has been demonstrated that EPSs perform a variety
of bioactive functions, and as a result, these functions are
typically influenced positively by the EPS’s physicochemical
properties (Wang et al., 2014; Li et al., 2016). This indicates
a distinction between the functional groups defined in EPS5
when discussing FT-IR results. The strongest bands in the
3,410 cm−1 region are indicative of the presence of the
EPS5 hydroxyl-stretching vibration (Abdhul et al., 2014).
The bands at 2,931 cm−1 are produced by CH2 stretching
vibrations, whereas the bands at 1,650 cm−1 are produced
by –OH bending vibrations. Absorption at 1,381 cm−1

may be due to symmetric CH3 bending. At 1,136 cm−1,
vibrations stretching the glycosidic bond (C–O–C) were
responsible for the strong absorption (Adebayo-Tayo and
Fashogbon, 2020). Additionally, strong infrared absorptions
at 872 cm−1 indicated that EPS5 was β-anomeric (Pan and
Mei, 2010). The monosaccharide of EPS5 was investigated
using HPLC. The EPS5 is primarily composed of various
sugars with molecular ratios 1:2.7:7.4:5.1:12.5, reflecting
ribose:rhamnose:glucose:mannose:galactose, respectively.

The most critical biochemical process that occurs during
early apoptosis is phosphatidylserine translocation. Several
biochemical pathways converge during apoptosis, resulting in the
activation of a family of cysteine-dependent aspartate-directed
proteases (caspases). Although caspase-dependent or caspase-
independent mechanisms can regulate apoptosis, the latter is
more prevalent because the majority of cells initiate apoptosis via
caspase activation (Gamal-Eldeen et al., 2009). We investigated
the effect of L. delbrueckii ssp. bulgaricus DSMZ 20081T-EPS5 on
apoptotic marker gene expression in MCF7, CaCo2, and HepG2
cells as a result of the antitumor data obtained. The relative
expression of the apoptotic genes Bax, BCL2, Caspase 3, Caspase
8, and MCL1 was determined in this experiment. Board proteins,
such as BCL2, regulate both cell damage and proliferation.
BCL2 family proteins are required for mitochondria-mediated
apoptosis, as they maintain the mitochondrial membrane’s
integrity (Aouacheria et al., 2017).

The mechanism by which polysaccharides induce apoptosis
in cancerous cells was investigated using BCL2 family proteins
such as BCL2, which inhibits apoptosis, and Bax, which induces
apoptosis. The results of the gene expression analysis indicated
that EPS5 increased Bax gene expression in the cell lines
examined. However, cells treated with EPS5 showed a significant
decrease in BCL2 gene expression. Numerous studies have shown
that tumor cells treated with LAB EPS expressed significantly
less BCL2. Tukenmez et al. (2019) found that L. delbrueckii ssp.
bulgaricus B3-EPS inhibited time-dependent proliferation and
induced apoptosis by increasing Bax, Caspase 3, and Caspase 9
expression and decreasing BCL2 and Survivin expression. Cell-
bound exopolysaccharides (cb-EPS) derived from L. acidophilus

606 inhibited the growth of colon cancer cells HT-29 by activating
the Bax gene (Yang et al., 2007). Additionally, the MCL1 gene,
a member of the BCL2 family of anti-apoptotic proteins that
promotes apoptosis activation via mitochondrial pathways in
C32 melanoma cells, inhibits apoptosis in a variety of cancers Bak
and Bax pro-apoptotic proteins (Beberok et al., 2020). Caspases
are involved in the regulation of the majority of molecules
involved in cell death. Caspases involved in apoptosis can be
classified as initiators (Caspases 2, 8, 9, and 10) or effectors
(Caspases 3, 6, and 7) (Wang et al., 2016).

Given the critical role of Caspase 3 in apoptosis and the
fact that many well-characterized breast cancer cell lines have
altered Caspase 3 expression, RT-PCR was performed using
Caspase 3-specific primers in treated MCF7 cells. Caspase 3 was
significantly overexpressed in treated MCF7 cells compared to
other cancer cells tested, according to our findings. Caspase
3 activity was detected in response to a variety of apoptotic
factors, including chemotherapeutic agents, radiotherapy, and
cytokines. Selective Caspase 3 inhibition, on the other hand, is
associated with cell death inhibition. It has been postulated that
a lack of Caspase 3 expression allows apoptosis-resistant breast
cancer cells to respond to apoptotic stimuli like chemotherapy
and radiotherapy. Several findings have significant clinical
implications for using Caspase 3 as a disease marker for breast
cancer as well as a potential therapeutic target (Devarajan
et al., 2002). Northern blot analysis was used to confirm the
absence of Caspase 3 expression in breast cancer cells. Caspase
3 mRNA levels in breast cancer cells were 10- to 50-fold lower
than in normal breast tissue. In drug-sensitive MCF7 cells,
Caspase 3 mRNA was truncated by a 125-bp transcript deletion.
Additionally, it was established that drug-resistant (MCF7/DOX)
MCF7 cells derived from continuous MCF7 cell culture had
a maximum Caspase 3 transcript duration in the presence of
doxorubicin (Devarajan et al., 2002). The significant increases
in Caspase 8 and Caspase 3 genes in treated cells in our
results are consistent with Chang et al. (2013). Caspase 3 was
expected to be an adequate death protease catalyzing protein
breakdown. Caspase 8 is found at the apex of an apoptotic
cascade, where it causes proteolytic activation of members of
the downstream caspase family, which contributes to apoptosis
(Chang et al., 2013). Two pathways triggered the initiator: the
first is regulated by Caspase 8. It includes the insertion of cell
death ligands, which then activates Caspase 8 and Caspase 3, and
the later involves apoptosis mediated by Caspase 9 mitochondria
(Karpel-Massler et al., 2017).

The p53 tumor suppressor can also regulate pro-apoptotic
genes related to both intrinsic and extrinsic pathways (Chipuk
et al., 2003). El-Deeb et al. (2018) observed that after treating
CaCo2 cells with L. acidophilus LA-EPS-20079 EPS, p53 gene
expressions increased. EPS5 increased the level of p53 transcript
in the tested CaCo2 cell line, implying that a p53-dependent
pathway is active in the apoptotic mechanism of CaCo2 cells.
To maintain cellular integrity and tolerance to stress, normal
mesenchymal cells produce Vimentin, a protein belonging to
the intermediate filament (IF) family (Chipuk et al., 2003).
Vimentin aberrant overexpression has been linked to a higher
level of aggressiveness in cancer cells, including melanoma, breast
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cancer, gastrointestinal cancers, and nervous system tumors.
Vimentin overexpression in cancer is linked to increased tumor
development, invasion, and a bad prognosis; nevertheless, the
function of Vimentin in the development of cancer is still
unknown. To our knowledge, no research on the effect of
EPS on Vimentin gene expression regulation in MCF7 has
been conducted. McInroy and Määttä (2007) demonstrated
that silencing Vimentin expression inhibits the migration and
invasion of colon and breast cancer cell lines. They demonstrated
that downregulation of Vimentin expression impairs migration
in both scratch wound experiments and invasion studies using
collagen-coated cell culture inserts.

Recent research has established the efficacy of polysaccharides
in inducing apoptosis in cancer cells by focusing on signaling
molecules (Alwarsamy et al., 2016). As illustrated in Figure 10,
polysaccharides exert their antitumor activity via two distinct
mechanisms: the BCL2-regulated (also known as intrinsic,
mitochondrial, or stress) pathway, which is activated by cytokine
deprivation, ER stress, or DNA damage, and the death receptor
(also known as extrinsic) pathway, which is activated by ligation
of members of the tumor necrosis factor receptor (TNFR) family
bearing an intracellular death domain (Green, 2005; Czabotar
et al., 2014; Zhang et al., 2017). Overexpression of the pro-
apoptotic BH3-only members (BIM, PUMA, BID, BMF, BAD,
BIK, NOXA, and HRK) of the BCL2 protein family, which are
members of the pro-apoptotic BH3-only subfamily, promotes cell
death through the BCL2-regulated apoptotic pathway. The BH3-
only proteins interact with and block pro-survival BCL2 proteins
(BCL2, BCLXL, MCL1, BCLW, and A1/BFL1), hence activating
the cell death effectors BAX and BAK (the pro-apoptotic multi-
BH domain members of the BCL2 family that may also contain
BOK) (Ke et al., 2015; Llambi et al., 2016). Certain BH3-only
proteins have been shown to directly activate BAX/BAK (Green,
2005; Youle and Strasser, 2008). When BAX/BAK is activated,
the mitochondrial outer membrane (MOMP) is permeabilized,
triggering the activation of a cascade of aspartate-specific cysteine
proteases (Zhang et al., 2007) and its activator APAF-1 (Cecconi
et al., 1998) that dismantle cells (Figure 10). In comparison,
the downregulation system induces apoptosis by binding and
activating Procaspase-8 at ligated death receptors in the plasma
membrane via the adaptors FADD and, in rare cases, TRADD.
In so-called type 1 cells, activation of Caspase 8 followed by
activation of effector caspases (Caspases 3 and 7) is sufficient
to successfully induce apoptosis (e.g., thymocytes). On the
other hand, effective cell death in so-called type 2 cells (e.g.,
hepatocytes) requires caspase cascade amplification via crossover
activation of the BCL2-regulated apoptotic pathway, which is
accomplished through Caspase 8-mediated proteolytic activation
of the normally inert BH3-only protein BID (Figure 10; Zhang
et al., 2007, 2017; Fan et al., 2014).

Human periodontal ligament fibroblast cells (hPDLFCs)
are one of several cell types involved in periodontal tissue
regeneration (Son et al., 2019). In addition, few studies have been
published on the effect of EPSs on the viability of hPDLFCs. In
conclusion, EPS5 derived from L. delbrueckii ssp. bulgaricus DSM
20081T exhibits a range of bioactivities including antioxidant,
antitumor, and proliferative properties, thereby establishing it

as a possible natural agent for the development of novel
periodontal healing and regeneration strategies. Furthermore,
because of its extraordinary cytotoxic effect at the IC50 value
in cancer cells, EPS5 could be used in medical research as a
potential antitumor agent. As a result, the potential for EPS
to replace chemotherapeutic medications in the future must
be considered alongside their safety and public health issues.
Overall, the LAB EPS has significant therapeutic potential,
most notably in the antioxidant, antitumor, and periodontal
regeneration fields. However, additional research is necessary
to fully understand EPS5’s mechanism of action in periodontal
healing and tissue restoration.
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Microbial Environment
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and Jung-Lyoul Lee 

R & BD Center, hy Co., Ltd., Yongin-si, South Korea

Intestinal microbiota mediate the development and regulation of the intestinal immune 
system either directly or indirectly. Particularly, Bifidobacterium spp. play an important role 
in regulating the intestinal immunity and intestinal barrier. We  demonstrated that 
Bifidobacterium animalis ssp. lactis HY8002, selected from eight Bifidobacterium strains 
by in vitro experimentation, had exceptional resistance to digestive tract conditions and 
high adhesion to intestinal epithelial cells and a positive effect on immunoglobulin A (IgA) 
secretion by Peyer’s patch cells. Moreover, HY8002 restored the expression of tight 
junction-related genes, initially reduced by lipopolysaccharide treatment, to normal levels 
in human intestinal epithelial cells. Notably, HY8002 restored kanamycin-induced reduction 
in Peyer’s patch cell numbers, serum and fecal IgA levels, and zonula occludens 1 and 
Toll-like receptor 2 levels in the mouse small intestine. In addition, HY8002 restores 
microbiome composition disturbed by kanamycin, and these microbiome changes have 
been found to correlate with TLR2 levels in the small intestine. Moreover, the ability of 
HY8002 to enhance IgA in Peyer’s patch cells and ZO-1 levels in intestinal epithelial cells 
was significantly inhibited by a TLR2 blocking antibody, which suggests that the HY8002 
improve intestinal barrier function via TLR2. Finally, whole-genome sequencing of HY8002 
revealed that it did not possess any known virulence factors. Therefore, HY8002 is a 
promising, functional probiotic supplement to improve intestinal barrier function by 
improving intestinal immunity and microbiota balance.

Keywords: intestinal microbiome, Peyer’s patches, IgA, tight junctions, dysbiosis, antibiotics—immune effect

INTRODUCTION

The mucosal immune system protects the body from foreign substances, such as pathogens 
and food allergens, and is closely associated with homeostasis (Brandtzaeg et al., 1999; Holmgren 
and Czerkinsky, 2005; Levit et  al., 2017). In particular, mucosal immunity plays a crucial 
role in protecting intestinal mucosa, which has a large surface area that is exposed to the 
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external environment. Therefore, the mucosal-associated lymphoid 
tissue (MALT) forms a large area of the intestinal lymphoid 
tissue and consists of Peyer’s patches, lamina propria, and 
mesenteric lymph nodes (Hansen and Sams, 2018; Park et  al., 
2020). Peyer’s patches can be induced to secrete immunoglobulin 
A (IgA) to the mucosal surface; they play the most important 
role as an intestinal immune barrier (Fagarasan and Honjo, 
2003; Cerutti and Rescigno, 2008; Macpherson et  al., 2008; 
Hara et al., 2019). The IgA immunoglobulin accounts for nearly 
80% of all the antibodies produced in the mucosal tissues and 
prevents the absorption of antigens at mucosal surfaces by 
attaching to bacteria or viruses (Macpherson et al., 2000; Cerutti 
and Rescigno, 2008; Kim et  al., 2016). It is the first line of 
defense and ensures both immune exclusion and neutralization 
of the translocated bacteria. Thus, it is an important regulator 
of bacteria-induced inflammation and preserves the integrity 
of the intestinal barrier (Cunningham-Rundles, 2001; Macpherson 
et al., 2001; Boullier et al., 2009; Park et al., 2020). Intercellular 
movement of molecules in the intestine is regulated by complex 
interactions among numerous proteins in tight junctions, which 
connect intestinal epithelial cells. Therefore, tight junctions play 
an important role in maintaining the integrity of the intestinal 
epithelial barrier (Suzuki, 2013; Feng et  al., 2019). Proteins, 
such as zona occludens 1 (ZO-1) and occludin (OCLN), that 
constitute tight junctions are selectively regulated by protein 
kinase C and have also been reported to be  associated with 
Toll-like receptors (TLRs; Stuart and Nigam, 1995; Cario et  al., 
2004; Gu et  al., 2016). The TLR family of receptors regulate 
the immune system by recognizing and discriminating between 
foreign pathogens and endogenous molecules. Previously, TLRs 
were known to be  involved in innate immunity alone; however, 
studies have found that they play a key role in linking innate 
and acquired immunities. While 10 functional TLRs have been 
discovered in humans, research on each of their function and 
any related diseases is ongoing (El-Zayat et  al., 2019).

Bifidobacterium spp. are gut microbes that play an important 
role in promoting a favorable intestinal ecosystem, and they 
exhibit immunomodulatory effects in both animals and humans 
(Hill et  al., 2017; Shang et  al., 2020). Studies have found that 
some Bifidobacterium spp. coexist beneficially with commensal 
microbes in the gut and have positive effects on the immune 
system (Routy et  al., 2018; Bonfrate et  al., 2020; Shang et  al., 
2020). These positive effects are attributable to interactions 
between specific molecules expressed by the Bifidobacterium 
spp. and pattern recognition receptors, such as TLRs, present 
on intestinal epithelial and immune cells (Meng et  al., 2016; 
Ruiz et  al., 2017; Shang et  al., 2020). However, not all 
Bifidobacterium spp. exhibit identical immunoregulatory activities; 
rather, various strains of a single species may exhibit different 
immunoregulatory characteristics (Medina et al., 2007; Menard 
et  al., 2008; Ruiz et  al., 2017).

Broad-spectrum antibiotics promote intestinal bacterial 
imbalance, called gut dysbiosis, by dramatically reducing the 
diversity and taxonomic richness of the gut microbiota 
(Antonopoulos et  al., 2009; Rea et  al., 2011; Liu et  al., 2020). 
Gut dysbiosis impairs the integrity of the intestinal barrier by 
inhibiting tight junction-related protein synthesis in intestinal 

epithelial cells and IgA secretion in Peyer’s patches (Maruya 
et  al., 2013; Kim et  al., 2016; Feng et  al., 2019). Disrupting 
this integrity can ultimately lead to and exacerbate gastrointestinal 
diseases and systemic immune and metabolic disorders (Carding 
et  al., 2015; Feng et  al., 2019; Ferreira et  al., 2020). Of note, 
probiotics and prebiotics are being proposed as emerging dietary 
supplements that can prevent and improve gut dysbiosis by 
regulating the composition of the gut microbiota (Lee et  al., 
2006; Liu et  al., 2020; Shi et  al., 2020).

Several studies have attempted to use Bifidobacterium spp. 
to prevent and alleviate intestinal dysbiosis and dysbiosis-
associated diseases (Medina et  al., 2007; Meng et  al., 2016; 
Lee et  al., 2019; Invernici et  al., 2020). However, most of these 
studies have only validated the mechanism of action and disease 
improvement properties of the bifidobacterial strains. They have 
not evaluated the characteristics or the potential of the strains 
as probiotics. Therefore, in this study, we selected bifidobacterial 
strains that exhibited high potential as probiotics, had high 
cell viability in simulated digestive tract conditions, and had 
good adherence ability with the intestinal epithelial cells. In 
addition, we  selected a strain that could substantially induce 
IgA secretion in Peyer’s patch cells and promote the expression 
of tight junction-related genes in the intestinal epithelial cells. 
Eventually, the effect of this strain on intestinal integrity and 
microbiota restoration was measured in a mouse model with 
a kanamycin-induced disturbed intestinal microbial environment.

MATERIALS AND METHODS

Preparation of the Bifidobacterial Strains
Bifidobacterium (B) breve HY3016, B. breve HY8921, 
Bifidobacterium longum HY3090, B. longum HY3181, B. longum 
HY8805, Bifidobacterium animalis ssp. lactis HY8002, B. animalis 
ssp. lactis HY8901, and Bifidobacterium infantis HY8941 were 
isolated from the feces of only breastfed infants and stored 
in a seed cell library at Hy Co., Ltd. (Yongin, South Korea). 
The well-known probiotic B. animalis ssp. lactis BB12 (ATCC 
27536) was used as a reference strain for our in vitro experiments 
(Jungersen et  al., 2014). All strains were anaerobically cultured 
in a blood glucose liver (BL) medium (KisanBio, Seoul, South 
Korea) at 37°C for 18 h and passaged twice before the experiment. 
Thereafter, the cultured cells were centrifuged at 4,000 × g at 
4°C for 5 min and washed twice with saline. Subsequently, the 
cell pellets were resuspended in saline or phosphate-buffered 
saline (PBS) for in vitro and in vivo experiments.

Evaluation of Strain Viability in Simulated 
Gastrointestinal Tract Conditions
The probiotic potential of bifidobacterial strains were evaluated 
by measuring their survival rate in physiological conditions 
similar to those of the human gastrointestinal tract (GIT). 
This experiment was performed as previously reported (Kim 
et al., 2021). Briefly, 5 ml of the culture suspensions (1.0 × 109 CFU/
ml in saline) was poured into 50 ml conical tubes. Following 
this, 26 μl of 0.3 M CaCl2 solution and 4 ml of 6.55 mg/ml 
α-amylase solution were added to each suspension. 
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The physiological conditions of the oral cavity were simulated 
by adding 1 M NaOH to adjust the pH of the suspensions to 
7.0, followed by incubation at 37°C for 2 min. Subsequently, 
the conditions of the gastric tract were simulated by adding 
6 μl of 0.3 mol/L CaCl2, 694 μl water, and 9.1 ml of 0.07 mg/ml 
pepsin to the above mixture. The pH was adjusted to 3 by 
adding 1 M HCl to the mixture and incubating it at 37°C with 
continuous shaking for 2 h. Eventually, the intestinal conditions 
were simulated by adding 40 μl of 0.3 M CaCl2, 1.31 ml of distilled 
water, 2.5 ml of 160 mM bile extract, and 16 ml of 22 mg/ml 
pancreatic solution to the mixture. The pH of the mixture was 
adjusted to 7.0 using 1 M NaOH and incubated at 37°C for 
2 h. Aliquots of the mixture were collected at the end of each 
digestive step and subsequently determined the cell viabilities 
using BL agar plates (Difco, Sparks, MD, United  States).

Determination of Bifidobacterial Adhesion 
to Intestinal Epithelial Cells
The ability of Bifidobacterium strains to adhere to the human 
intestinal epithelial cells was evaluated by slightly modifying 
previously reported methods (Shang et  al., 2020; Kim et  al., 
2021). For this purpose, the human colorectal adenocarcinoma 
cell line Caco-2 was purchased from the American Type Culture 
Collection (Manassas VA, United  States) and was cultured in 
a Modified Eagle Medium (MEM; Thermo Fisher, Waltham, 
MA, United  States) supplemented with 10% heat-inactivated 
fetal bovine serum (FBS) at 37°C and 5% carbon dioxide 
(CO2). Subsequently, 1.0 × 105 Caco-2 cells/well were inoculated 
in a 24-well plate, and the medium was replaced with FBS-free 
MEM once the cells grew to a 100% confluency. The 
Bifidobacterium strains (test and reference strains) were diluted 
in PBS, inoculated at 1.0 × 108 CFU/ml of Caco-2 cells/well, 
and incubated in 5% CO2 at 37°C for 2 h. Post-incubation, 
the cells were washed four times with PBS and separated from 
the plate by treatment with 0.05% trypsin–EDTA (Sigma-Aldrich, 
St. Louis, MO, United  States) for 5 min. The Caco-2 cell count 
was obtained using an automated cell counter (Bio-Rad 
Laboratories, Hercules, CA, United States) and the cell viability 
of the Bifidobacterium spp. was estimated using BL agar plates.

Animals
Six-week-old specific pathogen-free male BALB/c mice were 
purchased from DooYeol Biotech (Seoul, South Korea) and 
maintained in a testing facility at Hy Co., Ltd. for 1 week 
before experiments were initiated. Animals were housed under 
controlled conditions: 23 ± 2°C temperature, 50 ± 5% humidity, 
and a 12-h light/dark cycle (7  am to 7  pm). The mice were 
fed with sterile AIN-93G (Dyets, Bethlehem, Palestine), and 
a UV sterilizer and an autoclave were used to sterilize the 
breeding materials before use. No abnormalities that could 
possibly affect the experimental outcomes were found in the mice.

Ethics Approval Statement
The animal study was reviewed and approved by the Institutional 
Animal Care and Use Committee of hy Co., Ltd. (approval 
number: AEC-2021-00008-Y).

Isolation of Peyer’s Patch Cells and 
Analysis of IgA Production
The BALB/c mice were sacrificed by CO2 overdose and their 
small intestines were removed. Thereafter, Peyer’s patches were 
separated using 4 μm micro-scissors. These patches were 
transferred to an RPMI 1640 medium (Thermo Fisher) 
supplemented with 1% antibiotic–antimycotic (Thermo Fisher) 
and were subsequently disrupted by a sterile 100 μm mesh to 
isolate Peyer’s patch cells. The dissociated cells were aspirated, 
washed twice with Hank’s balanced salt solution (Sigma-Aldrich), 
suspended in 10% RPMI 1640 medium, and eventually inoculated 
in a 96-well plate at a concentration of 1.0 × 106 cells/well. 
Thereafter, 1.0 × 108 CFU/ml/well of the Bifidobacterium strains 
were incubated at 37°C for 48 h to induce IgA secretion by 
Peyer’s patch cells. Lipopolysaccharide (LPS) was used as a 
positive control for the induction of IgA secretion (Kim et  al., 
2016; Park et al., 2020). Subsequently, the plates were centrifuged 
and the levels of IgA secreted into the medium were estimated 
using a mouse IgA ELISA kit (Abcam, Cambridge, 
United  Kingdom).

Analysis of Tight Junction-Related Gene 
Expression in CaCo-2 Cells
The expression of the tight junction-related genes, such as ZO-1 
and OCLN, was determined by quantitative PCR (qPCR), as 
follows. Caco-2 cells were cultured to 100% confluency in six-well 
plates. Next, Bifidobacterium strains were resuspended in an 
antibiotic-free MEM supplemented with 1 μg/ml LPS and incubated 
with Caco-2 cells at 37°C in a humidified incubator with 5% 
CO2 for 24 h. The Caco-2 cells cultured in MEM without microbial 
inoculation were designated as the control group. Post-incubation, 
total RNA was extracted from the CaCo-2 cells using the TRIzol 
reagent (Sigma-Aldrich) according to the manufacturer’s 
instructions. Subsequently, cDNA was synthesized using a reverse 
transcription kit (Qiagen, Hilden, Germany). The mRNA levels 
were measured using TaqMan Universal PCR Master Mix (Applied 
Biosystems, Foster, CA, United  States) and the QuantStudio 6 
Real-Time PCR System (Applied Biosystems). The TaqMan probes 
used to measure the mRNA expression levels are presented in 
Table  1. The mRNA expression of glyceraldehyde-3-phosphate 
dehydrogenase (GAPDH) was used to normalize the expression 
levels of each target gene (Kozera and Rapacz, 2013).

Design and Treatment for Animal 
Experiments
Seven-week-old male BALB/c mice were divided into four 
groups (n = 8 per group): normal group (N), 1,000 mg/kg/day 

TABLE 1 | TaqMan probes for human genes.

Gene name TaqMan® probe ID Dye Manufacturer

Human GAPDH (GAPDH) Hs02786624_g1 FAM Thermo Fisher 
ScientificHuman Zonula occludens 

1 (ZO-1)
Hs01551861_m1 FAM

Human occludin (OCLN) Hs05465837_g1 VIC

190

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


Kim et al. HY8002 Improves Intestinal Integrity

Frontiers in Microbiology | www.frontiersin.org 4 April 2022 | Volume 13 | Article 817591

kanamycin administration group (C), kanamycin with 
1.0 × 108 CFU/kg/day HY8002 administration group (8002L), 
and kanamycin with 1.0 × 109 CFU/kg/day HY8002 administration 
group (8002H). To induce intestinal dysbiosis, kanamycin was 
orally administered to all mice except the N group for 7 
consecutive days. On the other hand, mice in the normal 
group were administered with only physiological saline (0.9% 
NaC). After kanamycin treatment, HY8002 suspended in 
physiological saline was orally administered to the HY8002L 
and HY8002H groups for 4 weeks, and only physiological saline 
was administered to the N and C groups during the same 
period (Figure  1). No animals died or exhibited any abnormal 
characteristics during the experiment. Food intake and body 
weight of the mice were measured once per week until the 
mice were sacrificed.

Total Cell Count of Peyer’s Patches and 
Measurement of Intestinal IgA Levels
Post-treatment, mice were euthanized by CO2 overdose and 
their small intestines and cecum were dissected. Peyer’s patch 
cells were isolated from the dissected small intestine using 
the method specified in Animals section. Subsequently, the 
total cell count was determined using an automatic cell counter 
(Bio-Rad). Upon isolating Peyer’s patches, the remaining small 
intestines were stored at −80°C for mRNA analysis. Additionally, 
feces from the isolated cecum were collected, and the secreted 
IgA levels were measured using a mouse IgA ELISA kit 
(Abcam).

Measurement of Plasma Immunoglobulins 
and Cytokines
Before the mice were sacrificed, their blood was isolated from 
the abdominal vein using a syringe and isolated the plasma 
using EDTA tubes (BD, Franklin Lakes, NJ, United  States). 
Thereafter, the blood immunoglobulin (such as IgA, IgG2a, 
and IgE) concentration in the isolated plasma (Kim et  al., 
2016; Park et  al., 2020) was determined using an ELISA kit 
(Abcam) according to the manufacturer’s instructions. The levels 
of pro-inflammatory cytokines tumor necrosis factor alpha 
(TNF-α), interleukin 1beta (IL-1β) and interferon gamma 
(IFN-γ), and anti-inflammatory cytokine Interleukin 10 (IL-10) 
in plasma were measured using the Multiplex Cytokine Assay 
Kit (Mouse Luminex Discovery Assay, R&D systems, Minneapolis, 
MN, United  States).

Measurement of mRNA Levels in the 
Intestinal Tissue
The mRNA levels of ZO-1, OCLN, TLR2, and TLR4 were 
measured by qPCR. Briefly, total RNA was extracted from the 
small intestine tissues using the AllPrep RNA mini kit (QIAGEN 
Sciences Inc., Germantown, MD, United  States) as per the 
manufacturer’s instructions. Subsequently, cDNA synthesis and 
qPCR were performed as described in Analysis of Tight Junction-
Related Gene Expression in CaCo-2 Cells section. The TaqMan 
probes used to measure mRNA levels in the tissues of the 
small intestine are presented in Table  2.

Fecal Microbiota Analysis
The feces (0.3 g per mouse) of four different mice were randomly 
collected from each group prior to sacrificing the animals for 
gut flora analysis. Total DNA was isolated from the feces, and 
the microbiota composition was verified by 16S rDNA sequencing 
using a next-generation sequencing platform (Illumina, San 
Diego, CA, United  States). The universal primer pairs used 
for the sequencing were as follows: V3-F: 5′-TCGTCGGCA 
GCGTC AGATGTGTATAAGAGAC AGCCTACGGGNG 
GCWGCAG-3′ and V4-R: 5′-GTCTCGTGGGCTC GGAGATGT 
GTATAAGA GACAGGACTACHV GGGTATCTAATCC-3′. Next, 
DNA extraction, 16S rDNA sequencing, and bioinformatics 
analysis were performed at Macrogen (Seoul, South Korea). 
The operational taxonomic units were aligned with the NCBI 
16S microbial database, and all the taxonomic information 
was compiled using the BLAST+ database (v. 2.9.0; Lee et  al., 
2021). The Chao1 and PD_whole tree indices were analyzed 
using the QIIME program (Magoc and Salzberg, 2011). Any 
significant differences in genus levels between groups were 
analyzed by conducting Linear discriminant analysis Effect 
Size online.1 Correlation analyses were conducted and 
visualized using the FactoMineR package (available online: 
https://www.r-project.org accessed on September 10, 2021). 

1 http://huttenhower.sph.harvard.edu/galaxy

FIGURE 1 | Timeline and treatments of the animal experiments. N, normal 
group; C, kanamycin administration group; 8002L, kanamycin with 1.0 × 108 
CFU/kg/day HY8002 administration group; 8002H, kanamycin with 1.0 × 109 
CFU/kg/day HY8002 administration group.

TABLE 2 | TaqMan probes for mouse genes.

Gene name TaqMan® probe ID Dye Manufacturer

Mouse GAPDH 
(GAPDH)

Mm99999915_g1 FAM Thermo Fisher 
Scientific

Mouse Zonula 
occludens-1 
(ZO-1)

Mm01320638_m1 FAM

Mouse occludin 
(OCLN)

Mm00500912_m1 FAM

Mouse Toll-like 
receptor 2 (TLR2)

Mm01213946_g1 FAM

Mouse Toll-like 
receptor 4 (TLR4)

Mm00445273_m1 FAM
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Spearman’s correlation analysis was performed to analyze the 
results statistically by using FactoMineR (Lee et  al., 2021).

Safety Evaluation by Whole-Genome 
Sequencing
Gelatinase, hyaluronidase, aggregation substance, enterococcal 
surface protein, cytolysin, enterotoxin, non-hemolytic enterotoxin, 
hemolysin, cereulide, serine protease, and transposon-related 
enzymes are well-established as potential virulence factors of 
microorganisms (Di Cagno et  al., 2013; Kim et  al., 2021). 
Analysis of whether HY8002 expressed the genes pertaining 
to these enzymes was done by performing whole-genome 
sequencing and bioinformatics analyses in Chunlab (Chunlab 
Inc., Seoul, South Korea). All datasets have been deposited in 
NCBI GeneBank with the accession number PRJNA819830.

Statistical Analyses
Statistical results for our in vitro and in vivo experiments are 
expressed as mean ± SEM at the 95% confidence limit. Data 
were statistically compared by one-way ANOVA and a post-hoc 
Tukey test. All statistical analyses were performed using GraphPad 
Prism v5 (San Diego, CA, United  States).

RESULTS

Survival Rate of Bifidobacterial Strains 
Under Simulated Gastrointestinal Tract 
Conditions
Upon measuring the survival rate of the Bifidobacterium strains 
under simulated GIT conditions, the artificial saliva treatment 
was observed to have less effect on bacterial survival compared 
with the other two digestive juices. In fact, HY8002 exhibited 
a significantly higher gastric survival rate than the reference 
strain BB12, whereas HY3016 and HY8921 had survival rates 
that were similar to that of the reference strain. In contrast, 

HY3090 and HY8805 strains displayed relatively low resistance 
to intestinal conditions. Moreover, HY3181, HY8901, and 
HY8941 had a lower survival rate than BB12 under the simulated 
GIT conditions (Figure  2A).

Ability of Bifidobacterial Strains to Adhere 
to Caco-2 Cells
The in vitro test performed to estimate the ability of the 
bifidobacterial strains to adhere to the intestinal cells revealed 
that approximately 18 HY8002 cells adhered to the Caco-2 cells 
for 2 h. On the contrary, approximately only 10 BB12 adhered 
to the Caco-2 cells. Furthermore, HY3090, HY3181, HY8805, 
and HY8941 exhibited very low rates of adhesion to CaCo-2 
cells, whereas HY3016 and HY8921 had adhesion rates similar 
to that of BB12. Therefore, HY8002 was validated to display the 
highest ability to adhere to intestinal epithelial cells among all 
the tested strains, including the reference strain (Figure  2B).

Effects of Bifidobacterial Strains on 
Immunoglobulin A Production in vitro
To predict the effect of Bifidobacterium strains on intestinal 
immune regulation, the levels of IgA produced by Peyer’s patch 
cells were measured. Barring HY3081, HY8805, and HY8941, 
most strains were found to enhance IgA secretion in these cells. 
Notably, HY8002 was observed to significantly induce higher IgA 
secretion than the reference strain. Nonetheless, no strains induced 
higher IgA secretion than the positive control LPS (Figure  3).

Effects of Bifidobacterial Strains on Tight 
Junction-Related Gene Expression in 
Caco-2 Cells
The strains HY3016, HY3090, HY8002, and HY8921 were selected 
to determine the effect of bifidobacterial strains on tight junction-
related gene expression in intestinal epithelial cells. This was 
because these strains remarkably induced IgA secretion and had 
substantial cell viability under GIT conditions. Moreover, they 

A B

FIGURE 2 | (A) Survival rate of bifidobacterial strains in simulated gastrointestinal tract conditions. (B) The number of bacterial cells attached to one Caco-2 cell 
under co-culture conditions. “Bacteria/Caco-2 cells” indicates bacterial colony-forming units (CFU) per Caco-2 cell. Data are represented as mean ± SEM of three 
independent experiments. *p < 0.05 and **p < 0.01 as compared with BB12.
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A B

FIGURE 4 | Effect of Bifidobacterium strains on (A) zonula occludens-1 mRNA expression (B) and occludin mRNA expression in lipopolysaccharide (LPS)-treated 
Caco-2 cells. Each value is expressed as the mean ± SEM of three independent experiments. *p < 0.05 and **p < 0.01 compared with LPS-treated. ##p < 0.01 
compared with untreated control.

exhibited superior or similar magnitude of adherence to Caco-2 
cells than the reference strain. While LPS treatment significantly 
reduced the mRNA levels of ZO-1 and OCLN in Caco-2 cells, 
HY8002 and HY8921 considerably restored the mRNA levels of 
ZO-1 (Figure  4A). However, the mRNA levels of OCLN were 
increased only in the HY8002 treated groups (Figure  4B).

Effect of HY8002 on the Food Intake, Body 
Weight, and Spleen Indices of Mice
Since HY8002 had the highest cell viability under GIT conditions 
and the most adherence to Caco-2 cells and induced the highest 
IgA secretion among all the bifidobacterial strains, a follow-up 

experiment was conducted to investigate its effect on intestinal 
integrity. For this purpose, a kanamycin-treated mouse model 
was used, and high kanamycin concentration was observed to 
slightly reduce the mouse body weight (Figure  5A). However, 
HY8002 administration restored this weight loss; nonetheless, 
there was no significant difference between all the groups. 
Moreover, no significant difference in food intake was observed 
between the normal group, the kanamycin-treated control group, 
and the HY8002 administered groups (Figure  5B). Although 
the weight of the mouse spleen decreased in the kanamycin-
treated group and increased in the HY8002 treated groups, 
this difference was statistically insignificant (Figure  5C).

Effects of HY8002 on the Composition of 
Peyer’s Patches in the Small Intestine
As shown in Figure  6A, the number of Peyer’s patches in 
kanamycin-treated mice was significantly lower than that in 
normal mice. On the other hand, HY8002 administration was 
verified to increase the number of Peyer’s patches to a value 
similar to that observed in the normal group. The same trend 
was observed for the total number of Peyer’s patch cells 
(Figure  6B). However, no difference in the number of Peyer’s 
patches and the total number of Peyer’s patch cells between 
the 8002L and the 8002H groups was observed.

Effects of HY8002 on in vivo 
Immunoglobulin and Cytokine Production
Studies have reported that high-dose antibiotics treatment weakens 
the intestinal mucosal barrier by decreasing intestinal IgA levels. 
It also reduces plasma IgA and IgG2a levels and increases IgE 
levels, causing systemic immune dysfunction (Sudo et  al., 2002; 
Kim et  al., 2016). While kanamycin significantly decreased the 
plasma IgA levels, HY8002 administration recovered these levels 
to those in the untreated mice (Figure  7A). The same trend 
was observed for fecal IgA levels (Figure  7D). These effects 

FIGURE 3 | Effect of Bifidobacterium strains on immunoglobulin A (IgA) 
production by Peyer’s patch cells. Lipopolysaccharide was used as the 
positive control for induction of IgA secretion. The IgA concentration in the 
culture media was determined by ELISA. Each value is expressed as the 
means ± SEM of three independent experiments. *p < 0.05 and **p < 0.01 in 
comparison with the untreated control. #p < 0.05 compared with BB12 treated.
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exhibited a HY8002 dose-dependent trend. Additionally, the 
plasma IgE levels in the control group were significantly higher 
than those in the normal group, even 3 weeks post the final 
kanamycin administration. However, this elevation was significantly 
suppressed in the HY8002 groups (Figure  7B). On the other 
hand, there were no significant differences in IgG2a levels among 
all the treatment groups (Figure  7C). Cytokines may positively 
or negatively affect intestinal epithelial barrier integrity and may 
originate from innate or adaptive immune cells or from the 
intestinal epithelial cells (Andrews et  al., 2018). Blockade of the 
inflammatory cytokines TNF-α and IL-1β has been studied as 
a target for the treatment of inflammatory bowel disease (IBD) 
and ulcerative colitis (UC; Pizarro et  al., 2021). IL-10 is an anti-
inflammatory cytokine known to have a positive role in maintaining 
intestinal immune homeostasis, and it is known that intestinal 
inflammation occurs spontaneously in mice lacking the IL-10 
gene (Alfen et al., 2018). IFN-γ is an immunoregulatory cytokine 
involved in regulating macrophage activation and T helper cell 
differentiation. Levels of IFNγ are often elevated locally and 
systemically in chronic inflammatory diseases, including IBD, 
resulting in disruption of intestinal barrier function accompanied 

by decreased expression of the tight junction molecules 
ZO-1 and occluding (Smyth et  al., 2011). Concentrations of 
TNF-α and IL-1β in plasma were measured at similar levels 
of all groups including the kanamycin-treated group 
(Supplementary Figures 1A,B). IFN-γ increased in the kanamycin 
group and tended to decreased in the HY8002 administration 
group (Supplementary Figure  1C). In contrast, plasma IL-10 
levels tended to decrease in the kanamycin administration group 
and to increase in the HY8002 administration group 
(Supplementary Figure  1D). However, there was no statistical 
significance in IFN-γ and IL-10 levels between all treatment groups.

Effects of HY8002 on mRNA Levels of 
Tight Junction-Related Genes and 
Toll-Like Receptor Genes in the Small 
Intestine
The mRNA levels of the tight junction gene ZO-1 and the 
genes encoding the pattern recognition receptors TLR2 and 
TLR4 were significantly decreased by kanamycin treatment in 
the mouse small intestine (Figures 8A–D). However, the mRNA 

A B C

FIGURE 5 | Effect of HY8002 administration on (A) body weight, (B) food intake, and (C) spleen tissue mass in the kanamycin-treated mice. The results are 
expressed as the mean ± SEM. N, normal group (n = 8); C, kanamycin administration group (n = 8); 8002L, kanamycin with 1.0 × 108 CFU/kg/day HY8002 
administration group (n = 8); 8002H, kanamycin with 1.0 × 109 CFU/kg/day HY8002 administration group (n = 8).

A B

FIGURE 6 | Effect of HY8002 administration on the composition of Peyer’s patch structures, including (A) number of Peyer’s patches and (B) total number of 
Peyer’s patch cells in kanamycin-treated mice. The results are expressed as the mean ± SEM. *p < 0.05 and **p < 0.01 compared with kanamycin-treated control 
groups. ##p < 0.01 compared with normal groups. N, normal group (n = 8); C, kanamycin administration group (n = 8); 8002L, kanamycin with 1.0 × 108 CFU/kg/day 
HY8002 administration group (n = 8); 8002H, kanamycin with 1.0 × 109 CFU/kg/day HY8002 administration group (n = 8).
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levels of OCLN were not significantly reduced (Figure  8B). 
Notably, the mRNA level of ZO-1 was significantly upregulated 
in the 8002H group and the mRNA level of TLR2 was significantly 
upregulated in both the 8002L and 8002H groups (Figures 8A,C). 
In contrast, the mRNA levels of TLR4 were unaffected by 
HY8002 administration (Figure  8D).

Effect of HY8002 on Intestinal Microbial 
Diversity and Microbial Profiles in 
Kanamycin-Treated Mice
The effect of HY8002 on the intestinal environment was investigated 
by analyzing the differences in the intestinal microbial composition 
in each treatment group and comparing these differences within 
a specific microbial taxon. As shown in Figure  9A, Firmicutes 
comprised 28.1% and 35.5% of the total intestinal microbiome 
in the normal and control groups, respectively. Additionally, 
they amounted to 18.7% and 24.2% in the 8002L and 8002H 
groups, respectively. In contrast, kanamycin did not alter the 
percentage of Bacteroidetes in the microbiome (64% in the 
normal group and 63% in the control group). Proteobacteria 
were lower in number in the control, 8002L, and 8002H groups 

than in the normal group. Actinobacteria (the phylum that 
includes the Bifidobacterium spp.) were significantly decreased 
by kanamycin treatment; however, their numbers increased in 
a dose-dependent manner following HY8002 treatment. The 
α-diversity index, an indicator of microbial diversity within a 
group, was substantially lowered upon kanamycin treatment but 
was significantly improved upon HY8002 administration 
(Figures  9B,C). Notably, the Cho1 index was higher in the 
8002H group than that in the 8002L group (Figure  9C). The 
linear discriminant analysis (LDA) scores for differentially enriched 
taxa post-kanamycin and HY8002 treatments are presented in 
Figure  9D. While the relative abundance of the Oscillibacter 
genus was significantly decreased in the control group, high-
dose HY8002 administration significantly restored this abundance 
(Supplementary Figure 2A). In contrast, the relative abundances 
of the Clostridium and Blautia genera were significantly higher 
in the control group than that in the normal group. Moreover, 
HY8002 administration (at all doses) restored these levels to 
those in the normal group (Supplementary Figures  2B,C). 
Eventually, a Spearman correlation analysis between the mucosal 
integrity-related indicators of the intestine (e.g., intestinal immunity 
and tight junctions) and the genus-level taxa that contributed 

A B

C D

FIGURE 7 | Effect of HY8002 administration on plasma (A) IgA, (B) IgE, (C) IgG2a, and (D) fecal IgA in kanamycin-treated mice. The results are expressed as Box 
and Whisker Plots (median with minimum to maximum values). *p < 0.05 and **p < 0.01 compared with kanamycin-treated control groups. #p < 0.05 and ##p < 0.01 
compared with normal groups. N, normal group (n = 8); C, kanamycin administration group (n = 8); 8002L, kanamycin with 1.0 × 108 CFU/kg/day HY8002 
administration group (n = 8); 8002H, kanamycin with 1.0 × 109 CFU/kg/day HY8002 administration group (n = 8).
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the most to the LDA (except for Bifidobacterium spp.; Figure 9E) 
was performed. The Lachnoclostridium and Oscillibacter genera 
were observed to be  positively correlated with the ZO-1 and 
TLR2 mRNA levels and IgA secretion in the small intestine. 
On the contrary, the Beduini, Longibaculum, Ruthenibacterium, 
Erysipelatoclostridium, Clostridium, and Blautia genera were 
negatively correlated with the ZO-1 and TLR2 mRNA levels 
and IgA secretion in the small intestine. The Enterococcus and 
Terrisporobacter genera had positive and negative correlations 
with ZO-1 expression, respectively.

Effects of Toll-Like Receptors on 
HY8002-Induced IgA Secretion and ZO-1 
Expression
In the above in vivo experiment, it was confirmed that 
administration of HY8002 restored the levels of TLRs, especially 
TLR2, which were reduced by kanamycin treatment. It was 
also found that the intestinal microbiota affected by kanamycin 
and/or HY8002 correlated with IgA secretion and ZO-1 and 
TLR2 levels in small intestine. Therefore, whether HY8002 

directly affects IgA secretion and ZO-1 levels through TLR 
signaling was investigated using blocking antibodies. After 
treatment with 0.1 μg/ml of TLR2 and TLR4 blocking antibodies 
(InvivoGen, San Diego, CA, United  States) to Peyer’s patch 
cells isolated from the BALB/c mouse small intestine, the 
degree of IgA secretion by HY8002 was measured. As a 
result, IgA secretion was significantly reduced by the TLR2 
antibody. In contrast, IgA secretion by LPS was decreased 
by TLR4 blockade (Figure  10A). As a result of confirming 
the mRNA change of the tight junction molecules by HY8002 in 
Caco-2 cells pretreated with TLR2 and TLR4 blocking antibody, 
ZO-1 was significantly reduced by TLR2 blocking. The mRNA 
levels of OCLN tended to be  slightly decreased by TLR2 
and TLR4 blockade, but there was no statistical significance 
(Figure  10B).

Biological Safety Assessment of HY8002 
Based on Whole-Genome Sequencing
The total length of the HY8002 chromosomal DNA was 
1,944,140 bp with 60.5% GC content and 1,563 predicted open 

A B

C D

FIGURE 8 | The mRNA levels of (A) ZO-1, (B) occludin, (C) TLR2, and (D) TLR4 in small intestine. Data are represented as mean ± SEM. *p < 0.05 and **p < 0.01 
compared with kanamycin-treated control groups. #p < 0.01 and ##p < 0.01 compared with normal groups. N, normal group (n = 8); C, kanamycin administration 
group (n = 8); 8002L, kanamycin with 1.0 × 108 CFU/kg/day HY8002 administration group (n = 8); 8002H, kanamycin with 1.0 × 109 CFU/kg/day HY8002 
administration group (n = 8).
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reading frames. Additionally, genome annotation identified the 
major genes to be beta-galactosidase, beta-cylosidase, and gamma-
glutamylcysteine synthetase involved in glycoside degradation, 
carbohydrate metabolism, and glutathione synthesis, respectively 
(Supplementary Figure 3). A phylogenetic tree was constructed 
based on the average nucleotide identity value, and HY8002 
was confirmed to be similar to bifidobacterial probiotic strains, 
such as Bifidobacterium animalis ssp. lactis DSM10140 (Ehrmann 
et al., 2003), Bifidobacterium animalis ssp. lactis V9 (Sun et al., 
2010), and Bifidobacterium animalis ssp. lactis B420 (Stahl and 
Barrangou, 2012; Supplementary Figure  4). In addition, it 
was established that HY8002 expressed no commonly known 
virulence genes (data not shown).

DISCUSSION

Scientific evidence that symbiotic and probiotic bacteria play 
an important role in maintaining and promoting gut homeostasis 
and intestinal epithelial barrier function is steadily increasing 
(Lee et  al., 2019; Invernici et  al., 2020; Ojima et  al., 2020; 
Al-Sadi et  al., 2021). Recently, studies have indicated that the 
intestinal tight junction barrier and immune response are 
therapeutic targets for the management of several diseases (Lee 
et  al., 2018; Zeisel et  al., 2019; Sun and Zhou, 2020). Of note, 
among the various probiotic bacteria reported to date, 
Bifidobacterium spp. are among the most widely used probiotic 
bacteria. They colonize the human intestine approximately first 

A B C

D E

FIGURE 9 | Effect of HY8002 administration on the composition of bacterial taxa in mouse feces. (A) Relative abundance of phylum level in each treatment group. 
The α-diversity of each group: (B) PD_whole tree index and (C) Chao1 index. (D) Histogram of the linear discriminant analysis (LDA) scores for differentially abundant 
taxa following kanamycin treatment. (E) Correlation between bacterial genus-level taxa and measured intestinal integrity-related factors. Statistical analysis was 
conducted by the spearman correlation analysis. Data are represented as mean ± SEM. *p < 0.05 and **p < 0.01. ##p < 0.01 compared with 8002L groups. N, normal 
group (n = 4); C, kanamycin administration group (n = 4); 8002L, kanamycin with 1.0 × 108 CFU/kg/day HY8002 administration group (n = 4); 8002H, kanamycin with 
1.0 × 109 CFU/kg/day HY8002 administration group (n = 4).
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and account for approximately 80% of the gut microbiota of 
breastfed infants (Al-Sadi et  al., 2021). Their health-promoting 
activities range from modulating the host immune response, 
strengthening the intestinal barrier, inhibiting pathogenic bacteria, 
and maintaining gut homeostasis by building a healthy 
microbiome. Studies have demonstrated Bifidobacterium spp. 
to be innate and essential members of the human gut, necessary 
for maintaining the integrity of the intestinal epithelial barrier 
(Lee et  al., 2019; Invernici et  al., 2020; Ojima et  al., 2020; 
Shang et al., 2020; Al-Sadi et al., 2021). A recent study reported 
that gut microbiome profiles of patients with ulcerative colitis 
exhibited a significant reduction in Bifidobacterium spp. (Duranti 
et al., 2016). However, the beneficial effects of the Bifidobacterium 
genus in the treatment of various diseases remains a controversy 
(Al-Sadi et al., 2021). This is because there is a gap in scientific 
knowledge regarding which Bifidobacterium spp. is responsible 
for strengthening the intestinal barrier and which spp. or strain 
has the greatest effect. There is also a report that the effect 
of Bifidobacterium on immunomodulation differs depending 
on the strain, not the species (Medina et  al., 2007).

In this study, our primary aim was to identify specific 
Bifidobacterium strains that preserve intestinal integrity by 
enhancing intestinal mucosal immunity and tight junction 
barrier function and evaluate their potential as probiotics. The 
secondary goal was to analyze the effects of the selected 
Bifidobacterium strains on the total intestinal microbiota and 
to analyze the correlation between the microorganisms involved 
in maintaining intestinal integrity. To this end, we  evaluated 
the digestion resistance and IgA promoting activity of various 
bifidobacterial strains isolated from the feces of infants. 
Additionally, we  measured the effect of these strains on 
upregulating the gene expression of ZO-1 and OCLN in  vitro. 
Consequently, we selected HY8002 for subsequent experiments 
and determined its in vivo effect on antibiotics-disrupted 
intestinal mucosal immunity (IgA production), tight junctions 
(ZO-1, OCLN, and TLR2), and intestinal microbiome (fecal 
microbiota by 16 s sequencing analysis).

Although many Bifidobacterium strains are used as probiotics, 
all strains are not probiotics; rather, only strains with 
gastrointestinal stability and biosafety can be  proposed as 
probiotics (Izquierdo et  al., 2008; George Kerry et  al., 2018). 
In fact, the ability to survive in the gastrointestinal tract and 
attach to the intestinal epithelium is one of the key criteria 
for probiotic strain selection (Shang et  al., 2020; Kim et  al., 
2021). Orally ingested probiotics reach the intestines through 
stressful environments, such as saliva, gastric juice, and bile 
fluids. Therefore, an effective probiotic strain must have high 
a resistance to digestive conditions and the ability to adhere 
to the intestine epithelium (Shang et  al., 2020). We  simulated 
conditions of the GIT and determined that HY8002 exhibited 
very high cell viability, particularly in the gastric environment. 
Moreover, it displayed better digestive stability than the reference 
BB12 strain (Jungersen et  al., 2014) a well-known commercial 
probiotic strain (Figure  2A). Furthermore, HY8002 adhered 
well to Caco-2 cells, a human intestinal epithelial cell line 
(Figure  2B). Additionally, we  validated the genetic safety of 
this strain through whole-genome sequencing 
(Supplementary Figure  3).

The gastrointestinal tract is the most common entry point 
for infectious agents, including pathogenic bacteria and viruses, 
from the mucosal surfaces. The IgA immunoglobulin is a 
key factor at the forefront of mucosal tissue immunity, 
including that of the intestine, and serves as a standard for 
evaluating mucosal immunity (Cunningham-Rundles, 2001; 
Boullier et  al., 2009; Park et  al., 2020). Recent studies have 
confirmed that high-dose broad-spectrum antibiotics reduce 
IgA secretion because of the death of commensal strains, 
including intestinal probiotics. This decreases the defense 
against certain pathogenic bacteria, such as Pseudomonas 
aeruginosa and Clostridium difficile (Dzunkova et  al., 2016; 
Robak et al., 2018). Our in vitro test determined that HY8002 
induced the highest IgA secretion among the five 
Bifidobacterium strains (including BB12) that increased IgA 
secretion by Peyer’s patch cells (Figure  3). In addition, our 

A B

FIGURE 10 | Effect of TLR2 and TLR4 blockade by antibodies on (A) IgA production levels in Peyer’s patch cells stimulated with HY8002 and (B) the mRNA levels 
of tight junction molecules in HY8002 treated Caco-2 cells. Data are represented as mean ± SEM. **p < 0.01 compared with antibody untreated groups.
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animal experiments confirmed that HY8002 restores the 
number of Peyer’s patches, total cell count of Peyer’s patches, 
and the IgA levels decreased by kanamycin treatment 
(Figures 6, 7A,D). Remarkably, HY8002 significantly reduced 
the IgE levels increased by kanamycin, suggesting that it 
modulates the antibiotics-induced TH1/TH2 immune 
imbalance (Figure 7B). Although previous reports have stated 
that probiotics regulate systemic TH1/TH2 balance (Kim 
et al., 2016), the overall immunomodulatory effect of HY8002, 
excluding intestinal immunity, could not be  deduced from 
this study and further studies are needed.

IgA plays a role in the front-line defense of the intestinal 
mucosa, whereas tight junctions play a role in maintaining 
a protective barrier in the posterior region in intestinal 
epithelium (Suzuki, 2013; Gu et  al., 2016; Kim et  al., 2016; 
Feng et  al., 2019). Tight junction complexes have been 
predicted to be  affected by TLRs, particularly by TLR2 that 
regulates ZO-1 gene expression (Cario et  al., 2004). Some 
probiotic strains of the Lactobacillus and Bifidobacterium 
genera increase the expression of tight junction-related genes 
(Kim et  al., 2016; Al-Sadi et  al., 2021); however, not all 
probiotic strains improve tight junction-related gene expression 
(Sultana et  al., 2013). In our study, HY8002 significantly 
increased the mRNA levels of ZO-1 and OCLN reduced by 
LPS in Caco-2 cells (Figures  4A,B). It also restored the 
mRNA expression of ZO-1 to normal levels in the small 
intestine of kanamycin-treated mice (Figure  8A). While 
kanamycin or HY8002 treatment did not cause a significant 
change in the mRNA levels of OCLN, these levels were 
higher in the HY8002 treatment groups than those in the 
control group (Figure  8B). In addition, we  observed that 
the mRNA levels of TLR2 and TLR4  in the mouse small 
intestine were significantly decreased upon kanamycin 
treatment. However, HY8002 administration restored the 
mRNA levels of TLR2 but not those of TLR4 (Figures 8B,C). 
Thus, we  inferred that HY8002 has a positive effect on the 
expression of tight junction-related genes in the intestinal 
epithelial cells by particularly increasing the gene expression 
of ZO-1, related to TLR2. When TLR2 signaling was blocked 
with a blocking antibody, IgA secretion in Peyer’s patch 
cells and ZO-1 expression in intestinal epithelial cells by 
HY8002 were significantly reduced. These results demonstrates 
that HY8002 enhances the intestinal immune response and 
tight junctions through TLR2 signaling (Figures  10A,B). 
This observation concurred with that of a recent study 
wherein a specific strain of Bifidobacterium bifidum relieved 
dextran sulfate sodium-induced colitis by strengthening the 
tight junction of intestinal epithelial cells through TLR2 
signaling (Al-Sadi et  al., 2021).

The microbiome plays a pivotal role in the development 
and maintenance of the mammalian immune system. The 
GIT has a total area of 400  m2 and along with an epithelial 
barrier forms a part of the human body that is greatly affected 
by the microbiome. It has a complex, open, and integrated 
ecology that is the most exposed to the external environment 
(Lazar et  al., 2018). Therefore, the intestinal microbiome 
regulates the intestinal immune response and tight junctions 

either directly or indirectly. Studies have reported that the 
strengthening effect that probiotics and prebiotics have on 
the intestinal mucosa is because of changes in the intestinal 
microbiome (Duranti et  al., 2016; Shi et  al., 2020). However, 
some conflicting reports claim that that the effects some 
probiotics have on relieving intestinal mucosal inflammation 
are not correlated with changes in the intestinal microbiome 
(Ojima et  al., 2020). In this study, we  demonstrated that in 
addition to significantly reducing the α-diversity of the mouse 
gut microbiota, antibiotics also altered the proportions of 
several microbial genera in the intestine. Notably, HY8002 
reversed some of these microbiome changes (Figures 9B–D); 
it restored the proportion of Oscillibacter genus that was 
sharply decreased by kanamycin treatment. In contrast, the 
intestinal abundances of the Clostridium and Blautia genera 
were greatly increased by kanamycin and decreased by HY8002. 
Recently, studies have reported that Oscillibacter are reduced 
in gastric cancer and Crohn’s disease, whereas Blautia are 
associated with diarrhea and rheumatoid arthritis (Zhai et al., 
2019; Ojima et  al., 2020). The bacterial genus Clostridium 
includes multiple pathogenic strains and is well associated 
with enteritis and antibiotic-induced diarrhea (Rea et  al., 
2011; Dzunkova et  al., 2016; Shao et  al., 2020). We  found 
that the Oscillibacter genus was positively correlated with 
intestinal IgA secretion and ZO-1 and TLR2 levels. In contrast, 
the Clostridium and Blautia genera had a negative correlation 
with IgA secretion and ZO-1 and TLR2 levels (Figure  9E). 
The correlation between the abundance of Oscillibacter and 
Blautia and intestinal TLR2 levels was first revealed in our 
study. From these results, it can be  inferred that HY8002 
itself not only strengthens the immune response and tight 
junction of the intestinal mucosa through TLR2 signaling, 
but also improves intestinal integrity by affecting the intestinal 
microbiome. Therefore, we confirmed that the bifidobacterial 
strain HY8002 exhibits excellent abilities to enhance intestinal 
immunity and strengthen the intestinal barrier. Moreover, 
it can improve the intestinal microbiota composition and 
has a high potential as a probiotic. Currently, we are planning 
a clinical trial to validate the effect of HY8002 on intestinal 
and systemic immune imbalance. Nevertheless, the limitation 
of this study is that the secretion of antimicrobial peptides, 
such as Reg3b and defensins that affects the homeostasis of 
the intestinal microbiota and the effect of HY8002 on individual 
immune cells present in Peyer’s patch were not confirmed. 
Therefore, further studies are needed to investigate the effect 
of HY8002 on the activation of immune cells, such as T 
cells and B cells, in MALT and the secretion of antimicrobial 
peptides from the intestinal epithelium.

CONCLUSION

This study validated the potential of Bifidobacterium animalis 
ssp. lactis HY8002 as a probiotic to help maintain intestinal 
integrity. In vitro, it displayed a positive tolerance toward 
simulated digestive tract conditions, adhered well with the 
intestinal epithelium, and induced high IgA secretion by 
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Peyer’s patch cells. In vivo, it restored tight junctions, enhanced 
systemic and intestinal IgA secretion, and improved the 
intestinal microbiota balance. In addition, HY8002 was 
genetically verified as a non-virulent or a safe strain. These 
results indicate that HY8002 can be  used as a beneficial 
probiotic strain in animals and humans because of its protective 
effect on intestinal integrity. It is evident that HY8002 is 
greatly promising for the maintenance of a healthy physiological 
state, as it enhances the immunity and adhesion margins of 
the intestinal mucosa. However, further studies are needed 
to elucidate the molecular communication mechanisms between 
HY8002 and the host immune system and their effects on 
the gut microbiome.
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Although fiber-rich diets have been positively associated with sperm quality, there have

not been any studies that have examined the effects of dietary fiber and its metabolites on

sperm quality in young or pre-pubescent animals. In this study, we aimed to explore the

effect of dietary fiber supplementation on semen quality and the underlying mechanisms

in a boar model. Sixty purebred Yorkshire weaning boars were randomly divided into the

four groups (T1–T4). Groups T1, T2, and T3 boars were fed diets with different levels of

fiber until reaching 160 days of age and were then fed the same diet, while group T4

boars were fed a basal diet supplemented with butyrate and probiotics. Compared with

T1 boars, sperm motility and effective sperm number were significantly higher among T3

boars. Meanwhile, at 240 days of age, the acetic acid and total short-chain fatty acid

(SCFA) contents in the sera of T3 and T4 boars were significantly higher than those in

T1 boars. The abundance of microbiota in T2 and T3 boars was significantly higher than

that in T1 boars (P < 0.01). Moreover, dietary fiber supplementation increased “beneficial

gut microbes” such as UCG-005, Rumenococcus, Rikenellaceae_RC9_gut_group and

Lactobacillus and decreased the relative abundance of “harmful microbes” such as

Clostridium_sensu_stricto_1, Romboutsia and Turicibacter. Collectively, the findings of

this study indicate that dietary fiber supplementation improves gut microbiota and

promotes SCFA production, thereby enhancing spermatogenesis and semen quality.

Moreover, the effects of dietary fiber are superior to those of derived metabolites.

Keywords: dietary fiber, growing boar, semen quality, gut microbiota, short-chain fatty acid

INTRODUCTION

In recent years, dietary fiber has played an increasingly important role in the treatment of diabetes,
obesity, colon cancer and other diseases by regulating the diversity and composition of intestinal
flora. Dietary fiber intake has been reported to enhance the reproductive performance of pregnant
women (Tomsett et al., 2020), rats (Lin et al., 2012), and sows (Zhou et al., 2017). However, a
few studies conducted on males have shown that dietary fiber either has some beneficial effect on
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testosterone secretion and semen quality or no effect at all.
Dorgan et al. (1996) found that plasma total testosterone and
sex hormone-binding globulin levels were 13 and 15% higher,
respectively, in the high-fat and low-fiber groups than in
the low-fat and high-fiber groups in healthy men. Moreover,
men with low-fat and high-fiber intake were reported to have
reduced serum and urine androgen levels (Wang et al., 2005).
Furthermore, studies in rabbits have shown that the addition
of dietary fiber improves semen quality (Pascual et al., 2016).
Thus, the findings of these studies have either directly or
indirectly revealed that dietary fiber can have an important
influence on reproductive hormone secretion and semen quality
in male animals.

The intestine is the largest habitat for microorganisms and
the composition and structure of the diet, especially fiber intake,
has an important impact on the composition of intestinal
flora (Mändar et al., 2015). Animals fed complex carbohydrate
diets have a high abundance and diversity of gut flora. Inulin,
composed of fructooligosaccharides, has been shown to increase
the abundance of Bifidobacteria and reduce the number of
total anaerobic bacteria and Clostridium in feces (Tian et al.,
2017). Hermes et al. revealed that pectin in high-fiber diets is
fermented by gut microbes, which increases short-chain fatty
acid (SCFA) content and decreases intestinal pH. This inhibits
the colonization and growth of certain pathogens and increases
the number of beneficial bacteria (Hermes et al., 2009). Wu
et al. (2018) fed weaned male piglets with different fiber sources
and found that cellulose significantly increased the abundance of
Lactobacillus, while xylan significantly increased the abundance
of Bifidobacterium. This indicates that dietary fiber can regulate
the structure of intestinal flora and that dietary fiber from
different sources operates through various actions.

In addition to their associations with metabolic disorders, it
is also well-established that components of the gut microbiota
contribute to the regulation of reproductive hormone secretion
(Hussain et al., 2021). For example, it has been demonstrated that
dietary supplementation with probiotic Lactobacillus reuteri can
increase and restore testosterone levels in aging mice; by using a
testicular injury model, it was found that Lactobacillus plantarum
TW1-1 has a regulatory effect on intestinal microbiota and can
effectively ameliorate di(2-ethylhexyl) phthlate (DEHP)-induced
testicular injury (Tian et al., 2019). Furthermore, exogenous
supplementation with lactic acid, bacteria and bifidobacteria has
been shown to enhance sperm motility and reduce the extent
of sperm DNA fragmentation in asthenozoospermic human
males (Valcarce et al., 2017), whereas in mice and broilers,
probiotic supplementation enhances semen quality and sperm
motility (Dardmeh et al., 2017; Inatomi and Otomaru, 2018).
The aforementioned studies, thus, provide convincing evidence
that gut flora has an important influence on the quality of semen
in both the humans and animals. However, whether an intake
of dietary fiber affects the composition of the gut microbiota
and semen quality in young male animals still remains to be
conclusively established.

Dietary fiber alters intestinal microorganisms, accompanied
by changes in SCFAs. The major SCFAs in the colon and
caecum of humans and pigs are acetic acid, propionic acid

and butyric acid. Hermes et al. (2009) found that dietary
fiber supplementation increased intestinal SCFA concentrations
in 35-day-old piglets. Maternal fiber intake not only affected
the production of SCFAs in sow feces, but also influenced
the concentrations of SCFAs in the neonatal colon (Li et al.,
2019a). In addition to providing energy, SCFAs are involved
in regulating reproductive performance (Lin et al., 2014).
Moreover, adding glyceride butyrate to the diet of cocks can
improve sperm volume, spermmotility, sperm concentration and
reduce abnormal sperm rates (Alhaj et al., 2018). Interestingly,
exposing germ-free (GF) mice to Clostridium tyrobutyricum
(CBUT), which secretes high levels of butyrate, increased their
serum levels of gonadotropins [luteinising hormone (LH) and
follicle-stimulating hormone (FSH)] (Al-Asmakh et al., 2014).
Meanwhile, butyrate supplementation in suckling goat kids
improved reproductive tract development and the total and
daily gain by improving their antioxidant status (Mohamed
et al., 2020). Therefore, we speculated that butyric acid, an
important component of SCFAs, may play a role in regulating
male reproduction.

We hypothesized that dietary fiber has beneficial effects on
boar reproduction by inducing SCFAs production and regulating
gut microbiota. Specifically, our objectives were to examine the
effects and underlying mechanism of different levels of dietary
fiber and their metabolites on semen quality in growing boars
to provide a theoretical basis for dietary fiber applications in
adolescent and immature male animals.

MATERIALS AND METHODS

Experimental Design and Animals Used
All the animal procedures used in this study were approved by
the Animal Care and Use Committee of Sichuan Agricultural
University (SAU-ANI-2020-117). Sixty weaned purebred
Yorkshire boars with similar weights were selected and randomly
divided into the four groups: T1, T2, T3, and T4 (n = 15 each).
The T1 group was fed a basic diet, whereas those in the groups
T2 and T3 were fed diets containing different levels of dietary
fiber; the T4 group was fed a basic diet supplemented with
probiotics and tributyrin. The basic diets for each stage of growth
for the boars were prepared according to the recommendations
of the Nutrient Requirement of Swine from the National
Research Council (NRC) (2012) and the nutrition levels are
shown in Table 1. The supplementary fibers used were inulin
and cellulose. In each stage, the amount of tributyrin (Perstorp,
Shanghai Chemical Products Trading Corporation, Ltd, China)
was added at a concentration of 0.6 g/kg of diet and Lactobacillus
and Bifidobacterium cultures [3 × 108 colony-forming unit
(CFU)/g] were both added at 1 g/kg of diet. The growing
boars received these diets until they reached an age of 160
days and then all the groups were fed the same diet. During
the experimental period, the boars were provided with food
and water ad libitum and their initial and final body weights
were recorded.

To determine the beneficial effects of dietary fiber
supplementation during the growing period, we assessed
the quality of adult boar semen. At 210 days of age, the boars
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were trained to mount an artificial sows and semen was
collected using the massage method from day 240 to day 330.
After collection, semen volume, sperm concentration, and
sperm motility were assessed according to previously reported
methods (Ren et al., 2015). To minimize the effects of individual
differences, eight ejaculations per boar were used to estimate
sperm production. For microbiota analysis, we also collected
fecal samples by massaging the rectum of boars to stimulate
defaecation. The samples were immediately stored at −80◦C
until used for subsequent analyses.

Growth Performance and Testicular
Development
The daily feed intake of each boar was recorded, boars were
weighed and the feed conversion ratio (F/G) was calculated
based on body weight and feed intake. Each boar was scored
for diarrhea at 08:00, 12:00, and 16:00 every day during the 0–
30 days of the experiment. The diarrhea index was calculated
as the sum of diarrhea scores of pigs per pen/(the number
of pigs per pen × total days) (Le Floc’h et al., 2014). In
addition, to assess the effect of dietary fiber supplementation on
testis development, we measured the long and short testicular
diameters on both the sides of each boar at 4-week intervals to
determine testicular volume.

Sexual Desire and Sperm Quality
The ejaculation response time and ejaculation duration of boars
were measured (Louis et al., 1994). The sperm motility rate,
sperm density and sperm motility characteristics of the filtered
semenwere determined using a computer-assisted sperm analysis
(CASA) (Minitube, Tiefenbach, Germany) system. The total
sperm count and effective sperm count per ejaculation were
calculated using the formula described by Ren et al., 2015.

Short-Chain Fatty Acid Measurement
The feces and serum of the boars were collected on the 120th
and 240th day of the experiment, respectively. The SCFA content
was determined by using a CP-3800 gas chromatography (Varian
Incorporation, Walnut Creek, California, USA) according to the
method described by Zhou et al., 2017.

Bacterial Community Analysis
We adopted 16S rDNA sequencing technology to determine
the microbial composition of feces collected on the 75th
day of boar growth. Thirty-two fresh fecal samples collected
from eight boars from the each treatment group were used
to evaluate their respective microflora communities. Microbial
community genomic DNA was extracted from the fecal samples
using the E.Z.N.A. R© Soil DNA Kit (Omega Bio-tek, Norcross,
Georgia, USA) according to the manufacturer’s instructions,
with concentrations and purities of the isolated DNA being
determined using a NanoDrop 2000 UV-Vis spectrophotometer
(Thermo Fisher Scientific, Wilmington, USA). Using this DNA
as a template, we amplified the V3–V4 hypervariable region
of the bacterial 16S rRNA gene via an ABI GeneAmp R© 9700
PCR Thermocycler (ABI, California, USA) using primer pair
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TABLE 2 | Effect of dietary fiber and metabolites on diarrhea and growth performance of boars.

Items T1 T2 T3 T4 P-value

Diarrhea index

0–14 d 0.34 ± 0.07 0.25 ± 0.05 0.16 ± 0.04 0.20 ± 0.05 0.096

15–30 d 0.30 ± 0.10 0.30 ± 0.08 0.20 ± 0.07 0.25 ± 0.09 0.818

0–30 d 0.32 ± 0.07 0.27 ± 0.05 0.18 ± 0.05 0.22 ± 0.06 0.153

Average daily gain, g

0–130 d 844.2 ± 21.2 839.6 ± 32 836.1 ± 30 860.3 ± 28.5 0.586

131–260 d 687.8 ± 25.8 649.9 ± 35.7 688.1 ± 24.3 685.0 ± 17.1 0.394

Average daily feed intake, g

0–130 d 1.75 ± 0.04 1.75 ± 0.12 1.71 ± 0.09 1.78 ± 0.02 0.322

131–260 d 2.60 ± 0.04 2.58 ± 0.04 2.59 ± 0.06 2.60 ± 0.03 0.922

Feed conversion ratio

0–130 d 2.07 ± 0.05 2.09 ± 0.10 2.04 ± 0.08 2.10 ± 0.07 0.322

T1, basal diet; T2, T3, basal diet supplemented with different fiber level; T4, basal diet supple mented with probiotics and butyrate. Values are means and SEMs, n = 15 per group.

338F (5′-ACTCCTACGGGAGGCAGCAG-3′) and 806R (5′-
GGACTACHVGGGTWTCTAAT-3′). The purified amplicons
were pooled in equimolar amounts and paired-end sequenced
on an Illumina MiSeq PE300 platform/NovaSeq PE250 platform
(Illumina, San Diego, California, USA) according to the standard
protocols recommended by Majorbio Bio-Pharm Technology
Corporation Ltd. (Shanghai, China).

The raw 16S rRNA gene sequencing reads, thus, obtained were
demultiplexed, quality-filtered using fastp version 0.20.0 (Chen
et al., 2018) and merged using FLASH version 1.2.7 (Magoč
and Salzberg, 2011). Operational taxonomic units (OTUs) with
a 97% similarity cutoff were clustered using UPARSE version
7.1 (Edgar, 2013) and chimeric sequences were identified and
removed. The taxonomy of the representative sequence of each
OTU was analyzed using RDP Classifier version 2.2 (Wang
et al., 2007) against the 16S rRNA database (Silva v138) with a
confidence threshold of 0.7. The Spearman’s correlation analysis
was used to assess the relationship between sperm quality
and microorganisms.

Statistical Analysis
Collected data were analyzed using the one-way ANOVA
procedure of the Statistical Product and Service Solutions (SAS)
statistical software (version 9.4; SAS Institute Incorporation,
Cary, North Carolina, USA), followed by a generalized linear
model (GLM) analysis. Values are expressed as mean ± SEM,
with differences being considered statistically significant at P
< 0.05 and a value of 0.05 ≤ P < 0.10 being indicative of
a “tendency.”

RESULTS

Growth Performance and Diarrhea
As shown in Table 2, the diarrhea indices of the T2, T3, and T4
groups were lower than those of the group T1 at all the stages,
but the differences were not statistically significant (P > 0.05).
Compared with the T1 boars, the diarrhea index of the T3 boars
on days 0 to 14 showed a decreasing trend (P < 0.1). During

the same period, the average daily feed intake of T4 boars was
found to be significantly higher than that of the T3 boars (P <

0.05). However, the differences were not significant throughout
the experimental period. Similarly, we detected no significant
differences in the average daily gain or feed conversion ratio (P
> 0.05).

Testicular Development
As shown in Figure 1, although the testicular volumes of the T3
and T4 groups on days 225 and day 260 were 11–18 and 13–
14% higher than those in the T1 group, respectively, there was
no significant difference in the testis volume of boars among the
groups at each stage (P > 0.05).

Sexual Desire of Boars
As shown in Table 3, compared with the T1 group, the sexual
desire of boars in the T4 group showed an increasing trend,
although the difference was not statistically significant (P =

0.120). There was no significant difference in the ejaculation
reaction time or duration among treatments (P > 0.05).

Semen Quality of Boars
Notably, we detected significantly higher sperm motility in T3
boars during weeks 1–4 compared to T1 boars (P < 0.05);
however, the proportion of immobile spermatozoa in T3 boars
was lower than that in T1 boars (Table 4). Furthermore, T4 boars
were found to have significantly higher sperm linear, oscillation,
and forward ratios than group T1 boars (P < 0.01). There was no
difference in the total sperm count per ejaculation during weeks
1–4 (Table 4). However, during weeks 5–8, there were marginally
significant increase in sperm motility in T3 and T4 boars (P =

0.057; Table 5). In addition, during the entire assessed period
(weeks 1–8), the motility of T3 boar sperm was significantly
higher than that in the T1 and T2 boars (P < 0.05) and the
effective sperm count per ejaculation showed an increasing trend
(P= 0.068; Table 6). In addition, the sperm linear and oscillation
ratios of T4 boars were significantly higher than those in T1 boars
(P < 0.05).
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FIGURE 1 | Effect of dietary fiber and metabolites on boar testicle volume. T1, basal diet; T2, T3, basal diet supplemented with different dietary fiber level; T4, basal

diet supplemented with probiotics and butyrate. Values are means and SEMs, n = 15 per group.

TABLE 3 | Effect of dietary fiber and metabolites on libido of boars.

Items T1 T2 T3 T4 P-value

Libido score, s 3.42 ± 0.33 3.04 ± 0.45 3.24 ± 0.35 2.33 ± 0.33 0.120

Ejaculation reaction time, s 116.54 ± 37.56 115.23 ± 28.19 120.15 ± 40.11 78.69 ± 18.67 0.832

Duration of ejaculation, s 343.76 ± 68.82 375.66 ± 35.87 340.56 ± 13.23 483.91 ± 72.43 0.209

T1, basal diet; T2, T3, basal diet supplemented with different fiber level; T4, basal diet supplemented with probiotics and butyrate. Values are means and SEMs, n = 6 per group.

TABLE 4 | Effect of dietary fiber and metabolites on semen quality of boars (1–4 weeks).

Items T1 T2 T3 T4 P-value

Semen volume (mL) 84.65 ± 6.96 93.90 ± 6.83 97.35 ± 7.22 96.47 ± 10.06 0.951

Sperm density, ×108 spz/mL 1.55 ± 0.11 1.53 ± 0.07 1.49 ± 0.12 1.47 ± 0.13 0.311

Sperm motility, % 87.38 ± 2.09 91.90 ± 1.27 94.46 ± 0.83 90.21 ± 2.53 0.028

Total sperm count/ejaculation, ×108 spz 131.20 ± 10.11 143.67 ± 12.26 145.05 ± 9.37 141.80 ± 11.39 0.402

Effective sperm count/ejaculation, ×108 spz 114.64 ± 6.16 132.03 ± 7.35 137.02 ± 8.24 127.92 ± 12.37 0.109

Immobile ratio, % 12.62 ± 2.09 8.10 ± 1.27 6.25 ± 1.06 9.79 ± 2.53 0.056

Linear ratio, % 33.16 ± 1.54a 33.24 ± 0.93a 30.69 ± 1.34a 39.00 ± 2.34b 0.005

Oscillation ratio, % 46.53 ± 1.23a 46.59 ± 0.75a 44.55 ± 1.07a 51.20 ± 1.88b 0.005

Forward ratio, % 70.57 ± 1.42ab 71.01 ± 0.87ab 68.33 ± 1.26a 75.31 ± 1.83b 0.009

T1, basal diet; T2, T3, basal diet supplemented with different fiber level; T4, basal diet supplemented with probiotics and butyrate. Values are means and SEMs, n = 6 per group. Data

with different letters are significantly different (p < 0.05).

Short-Chain Fatty Acids in Feces and
Serum of Boars
Analyses of the fecal contents of 120-day-old boars in each
group revealed no significant difference in SCFA levels (P

> 0.05; Table 7). However, we detected significantly higher

concentrations of acetic acid and total SCFAs in the sera of

240-day-old boars from the groups T3 and T4 compared with
those in T1 boars (P < 0.05). Furthermore, serum butyrate
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TABLE 5 | Effect of dietary fiber and metabolites on semen quality of boars (5–8 weeks).

Items T1 T2 T3 T4 P-value

Semen volume (mL) 113.70 ± 4.02 114.72 ± 5.68 125.60 ± 4.45 127.61 ± 6.73 0.174

Sperm density, ×108 spz/mL 1.98 ± 0.09 1.90 ± 0.08 1.86 ± 0.09 1.80 ± 0.15 0.264

Sperm motility, % 91.10 ± 1.70 94.16 ± 1.61 95.28 ± 0.74 95.95 ± 1.37 0.057

Total sperm count/ejaculation, x108 spz 225.39 ± 8.14 219.35 ± 9.75 233.61 ± 11.24 219.48 ± 7.48 0.162

Effective sperm count/ejaculation, ×108 spz 211.57 ± 6.73a 199.07 ± 8.33a 222.58 ± 10.05b 220.59 ± 8.27ab 0.148

Immobile ratio, % 5.84 ± 1.70 8.90 ± 1.61 4.72 ± 0.74 4.05 ± 1.37 0.059

Linear ratio, % 33.96 ± 0.99 32.81 ± 1.56 35.44 ± 1.37 36.00 ± 1.64 0.406

Oscillation ratio, % 47.17 ± 0.79 46.25 ± 1.25 48.35 ± 1.09 48.80 ± 1.31 0.406

Forward ratio, % 71.80 ± 0.89 70.16 ± 1.45 72.74 ± 1.13 73.20 ± 1.61 0.357

T1, basal diet; T2, T3, basal diet supplemented with different fiber level; T4, basal diet supplemented with probiotics and butyrate. Values are means and SEMs, n = 6 per group. Data

with different letters are significantly different (p < 0.05).

TABLE 6 | Effect of dietary fiber and metabolites on semen quality of boars (1–8 weeks).

Items T1 T2 T3 T4 P-value

Semen volume (mL) 99.17 ± 8.86 104.31 ± 6.36 116.47 ± 7.47 110.04 ± 7.58 0.414

Sperm density, ×108 spz/mL 1.65 ± 0.09 1.67 ± 0.08 1.57 ± 0.09 1.64 ± 0.15 0.180

Sperm motility, % 90.22 ± 1.62a 91.53 ± 0.64ab 94.89 ± 1.37b 92.84 ± 1.71ab 0.026

Total sperm count/ejaculation, ×108 spz 163.63 ± 7.05 174.20 ± 9.16 182.00 ± 11.13 180.46 ± 9.38 0.142

Effective sperm count/ejaculation, ×108 spz 147.63 ± 6.78 159.44 ± 11.06 173.89 ± 9.35 167.54 ± 12.31 0.068

Immobile ratio, % 9.78 ± 0.52b 8.47 ± 0.70b 5.47 ± 0.64a 7.16 ± 0.59ab 0.049

Linear ratio, % 33.50 ± 0.97a 33.04 ± 0.87a 33.13 ± 1.02a 37.62 ± 1.48b 0.018

Oscillation ratio, % 46.80 ± 0.78a 46.43 ± 0.70a 46.50 ± 0.82a 50.10 ± 1.18b 0.018

Forward ratio, % 71.09 ± 0.90ab 70.62 ± 0.81a 70.59 ± 0.91a 74.35 ± 1.23b 0.037

T1, basal diet; T2, T3, basal diet supplemented with different fiber level; T4, basal diet supplemented with probiotics and butyrate. Values are means and SEMs, n = 6 per group. Data

with different letters are significantly different (p < 0.05).

TABLE 7 | Effect of dietary fiber and metabolites on short-chain fatty acids (SCFAs) concentrations of boars.

Items T1 T2 T3 T4 P-value

Feces in 120 Days

Acetate, mg/g 2.99 ± 0.14 3.37 ± 0.28 3.68 ± 0.39 4.02 ± 0.47 0.233

Propionate, mg/g 2.02 ± 0.12 2.46 ± 0.30 2.41 ± 0.27 2.36 ± 0.16 0.574

Isobutyric acid 0.26 ± 0.01 0.37 ± 0.06 0.35 ± 0.05 0.38 ± 0.04 0.336

Butyrate, mg/g 1.44 ± 0.11 1.82 ± 0.28 1.80 ± 0.29 1.86 ± 0.12 0.055

Isovaleric acid, mg/g 0.45 ± 0.02 0.71 ± 0.13 0.65 ± 0.11 0.73 ± 0.10 0.062

Valeric acid, mg/g 0.38 ± 0.02 0.68 ± 0.18 0.52 ± 0.1 0.51 ± 0.05 0.318

Total SCFAs, mg/g 7.54 ± 0.35 9.03 ± 1.14 9.41 ± 0.86 9.86 ± 0.88 0.075

Serum in 240 days

Acetate, µmol/L 446.1 ± 49.3a 586.1 ± 22.0ab 687.3 ± 47.5b 660.8 ± 67.3b 0.014

Propionate, µmol/L 92.2 ± 6.1 87.79 ± 5.1 124.3 ± 20.4 101.1 ± 12.4 0.219

Butyrate, µmol/L 61.3 ± 13.7a 93.62 ± 10.7a 216.7 ± 39.7b 157.3 ± 27.9ab 0.003

Total SCFAs, µmol/L 599.7 ± 64.9a 767.6 ± 30.9ab 1028.0 ± 102.8b 919.1 ± 95.6b 0.008

T1, basal diet; T2, T3, basal diet supplemented with different fiber level; T4, basal diet supplemented with probiotics and butyrate. Values are means and SEMs, n = 6 per group. Data

with different letters are significantly different (p < 0.05).

Frontiers in Microbiology | www.frontiersin.org 6 May 2022 | Volume 13 | Article 863315208

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


Lin et al. Dietary Fiber Improve Semen Quality

FIGURE 2 | Alpha-diversity analysis of gut microbial community structure in each group. (A) Shannon index. (B) Chao index. (C) Sobs index. (D) Ace index. Red

represents the T1 group, blue represents the T2 group, green represents the T3 group and yellow represents the T4 group. *p < 0.05, and **p < 0.01.

contents in T3 boars were significantly higher than those in the
T1 and T2 boars (P < 0.05). However, no significant difference
was observed among the groups with respect to propionic acid
concentrations (P > 0.05).

Overview of 16S rRNA Sequencing Data
To examine the effect of dietary fiber on the gut microbiota,
stool samples were collected for 16S rRNA sequencing. A total of
1,400,127 sequences, with an average sequence length of 413 bp
and 579,184,699 bases, were obtained from the 31 stool samples.

Analysis of Microbial Diversity and
Community Composition
Alpha- and beta-diversity analyses revealed that compared with
group T1 boars, the Shannon, Ace, Chao, and Sobs indices were
significantly higher in T2 and T3 boars (P< 0.01; Figures 2A–D).
This indicates that there were higher levels of microbial richness
and diversity in the guts of boars fed a fiber-supplemented
diet. Comparatively, boars fed with diets supplemented with
butyrate and probiotic bacteria showed slight increase in gut

microbiota diversity, indicating that the effects of metabolite
supplementation are somewhat inferior to fiber supplementation.

To gain insight into the effects of dietary supplementation
on gut microbiota composition, we analyzed changes in
bacterial community composition at the phylum, order, and
genus levels (Figures 3A–F). Briefly, at the phylum level
(Figures 3A,E), we established that Firmicutes, Bacteroidetes
and Actinobacteriota were the three dominant phyla in all
the four groups and that the abundance of Cyanobacteria in
the guts of T3 boars (0.51%) was higher than that of T1
boars (0.190%). At the order level (Figure 3B), the abundances
of Clostridiales and Erysipelotrichales in T3 boars were lower
than those in T1 boars (P < 0.05), while the abundance
of Oscillospirales was significantly higher than in T1 and T4
boars (P < 0.01). At the genus level (Figures 3D,F), the
abundances of Clostridium_sensu_stricto_1, Romboutsia and
Turicibacter were lower in T3 boars than in T1 boars (P
< 0.05), while the abundances of UCG-005, Ruminococcus,
Rikenellaceae_RC9_gut_group and Lactobacillus were higher in
T3 boars (P < 0.05). Notably, the abundances of Lactobacillus
increased in response to fiber and metabolite supplementation
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FIGURE 3 | Effects of dietary fiber on fecal microbial composition. (A,E) The relative amounts of microbiota in feces at the phylum level. (B) The relative amounts of

microbiota in feces at the order level. (C) The relative amounts of microbiota in feces at the family level. (D,F) The relative amounts of microbiota in feces at the genus

level. Data were expressed as the mean ± SEM.

(P > 0.01), thereby providing evidence that dietary fiber has a
potentially significant effect on gut microbiota composition.

Differential Analysis of Gut Microbiota
Changed by Dietary Fiber and Metabolites
Supplementation
To further screen for significant differences in the gut
microbiota, differential analysis and linear discriminant analysis
effect size (LEfSe) analysis were conducted. As shown in
Figure 4, 213 taxa among the four groups were identified.
The results indicate that the dominant bacteria in the T1
group were Erysipelotrichales, RF39, and Romboutsia; those
in the T2 group were Acetitomaculum; those in the T3
group were Cyanobacteria, Desulfuromonadia, Oscillospirales,

Burkholderiales, and Rikenellaceae; and in the T4 group
was Clostridia.

Relationships Between Sperm Quality and
Intestinal Microbiota
The Spearman’s correlation analysis was used to study the
relationship between environmental factors and microbial
species richness and to study the relationship between
environmental factors and species. At the phylum level,
Firmicutes and Cyanobacteria were negatively correlated
with the sperm forward ratio and Spirochaetota (Figure 5A),
Proteobacteria, Firmicutes, and Cyanobacteria were negatively
correlated with the sperm oscillation ratio. At the genus
level (Figure 5B), Bacillus Candidatus_Soleaferrea and
dgA-11gut_group were positively correlated with sperm
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FIGURE 4 | The differently abundant taxa identified using linear discriminant analysis effect size (LEfSe) analysis. The LEfSe cladogram shows the most differentially

abundant taxa among the groups. Taxa enriched in the T1 group are red, taxa enriched in the T2 group are blue, taxa enriched in the T3 group are green and taxa

enriched in the T4 group are purple. The size of each dot is proportional to its effect size.

motility and Bacillus was positively correlated with sperm
motility, oscillation ratio and linear ratio. Furthermore,
Mogibacterium, Erysipelotrichaceae_UCG-006 and
norank_f_norank_o_RF39were negatively correlated with sperm
motility. The Lachnospiraceae_ND3007_group, Ruminococcus,
Marvinbryantia, and Eubacterium_xylanophilum_group were
negatively correlated with the sperm oscillation ratio.

DISCUSSION

In this study, dietary fiber supplementation had no significant
effect on the average daily gain, average daily feed intake
and feed conversion ratio of Yorkshire boars at each growth
stage. Although dietary fiber and metabolites tended to reduce
the rate of early diarrhea, they had no significant effect on
growth performance throughout the study period. This finding
is supported by Batson et al. (2021), who demonstrated that
piglets fed different fiber source had no change in growth
performance, but pigs fed added cellulose had increased fecal
DM. In addition, these findings suggest that DF treatment could
reduce the diarrhea rate in piglets, which is consistent with the
findings of Shang et al. (2021). The results of this study showed
that the testes exhibited temporal and spatial changes with the
development of growing boars.

Few studies have examined the effects of fiber on testicular
development. In this study, we also established that dietary
fiber supplementation was associated with the temporal and
spatial changes in the testicular development of growing boars.
On day 260, the testicular volumes of group T3 and T4
boars increased by 13–14% compared to the control group

boars, but were not significant. Our previous studies have
shown that maternal fiber intake can increase the number of
spermatogonial stem cells in postnatal boars (Lin et al., 2019),
indicating that appropriate dietary fiber levels may promote
testicular development; however, this needs to be verified by
further studies.

The sperm motility and effective sperm viability of boars
in the T3 group increased significantly after supplementation
with dietary fiber, while the sperm linear ratio and forward
ratio increased significantly after the addition of tributyrin
and probiotics. This suggests that dietary fiber and metabolite
supplementation before sexual maturation have an important
effect on spermatogenesis and sperm quality in adult boars. Very
few studies have demonstrated the direct effect of fiber on sperm
quality. Braga et al. (2012) observed that a diet comprising cereals
and vegetables was positively associated with man sperm quality.
Male rabbits fed a diet enriched with soluble fiber had less sperm
abnormalities and higher percentages of normal and motile
spermatozoa (Pascual et al., 2016). Moreover, study on women
showed that partially hydrolysed guar gum supplementation
helped to improve gut dysbiosis and pregnancy success in women
with infertility (Komiya et al., 2020). Consistently, dietary fiber
supplementation has been shown to improve the reproductive
performance of sows (Li et al., 2019b). Collectively, these
foregoing findings provide convincing evidence to indicate that
dietary fiber supplementation has potentially beneficial effects on
the reproductive performance of both the male and female boars.

Short-chain fatty acids are the main metabolites generated
from the microbial fermentation of dietary fiber in the gut.
In this study, total SCFAs, acetate and butyrate significantly
increased after dietary fiber or metabolite supplementation.
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FIGURE 5 | Heat map of correlation analysis between sperm quality and intestinal microbiota at the phylum (A) and genus (B) level. Spearman’s diagram showed that

the ordinate was environmental factor information and the abscess was species information. The value corresponding to the middle heat map was the Spearman’s

correlation coefficient r, which was between −1 and 1. r < 0 is negative correlation and r > 0 is positive correlation. *p < 0.05, **p < 0.01, and ***p < 0.001.

Butyrate is one of the main metabolites in the intestinal microbial
fermentation of dietary fiber. In addition, previous studies have
established that supplementing the diets of adult roosters with
sodium butyrate can improve semen volume and sperm motility
by enhancing antioxidant capacity and testosterone hormone
secretion (Alhaj et al., 2018). Butyric acid, which acts as a potent
inhibitor of histone deacetylase (HDAC), has been reported to
be involved in modulating sperm movement (Parab et al., 2015)
and is a key regulator of the transcriptional program during
the meiotic-to-post-meiotic transition in spermatogenesis (Yin
et al., 2021). Furthermore, butyrate plays an important role in
the redox balance (Lin et al., 2014), which is very important
for spermatogenesis (Sênos and Jones, 2021). In addition, SCFAs
have been found to exert notable immune and anti-inflammatory
effects. In mice, butyrate was shown to promote the secretion
of regulatory T cells (Tregs), interleukin-18 (IL-18) and the
production of interleukin-10 (IL-10) in intestinal epithelial cells
(Singh et al., 2014). SCFAs have also been demonstrated to
activate NLRP3 inflammasome and decrease the inflammatory
response in the gut (Macia et al., 2015). In this study, we observed
that although butyrate supplementation promoted increase in
the concentrations of total SCFAs, acetate and butyrate in group
T4 boars, the levels were lower than those recorded in T3

boars, which indicate that the beneficial effects of butyric acid
supplementation are less pronounced than diets supplemented
with fiber. An increasing number of studies have shown
that probiotics play a very important role in regulating body
health and reproduction. Rats supplemented with a prebiotic,
mannan-oligosaccharides (MOS), showed higher concentrations
of testosterone and increased spermatozoa relative scores of the
testicles (Rodrigues et al., 2021). Furthermore, supplementation
of a probiotic with a prebiotic improved the quality/quantity
of spermatozoa in infertile patients (Maretti and Cavallini,
2017). From the abovementioned results, it can be concluded
that dietary fiber supplementation has beneficial effects on
spermatogenesis and the actions of butyrate, Lactobacillus, and
Bifidobacterium supply are inferior to those of dietary fiber.

It has been reported that the gut microbiota thrives on fiber-
rich diets and, thus, the addition of fiber (or metabolites) to
diets has a great effect on microbiota composition in humans
and animals (Li et al., 2019b). In this study, the relative
abundance of Clostridium_sensu_stricto_1 decreased, whereas
that of Lactobacillus tended to increase with the addition of
dietary fiber. A previous study showed that high-purity insoluble
dietary fiber supplementation affected the proliferation of key
bacteria, such as Lactobacillus and Peptostreptococcaceae and
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then affected the synthesis of SCFAs in mice (Lyu et al., 2022).
Dietary fiber supplementation increased the abundance of UCG-
005 in sows (Yu et al., 2020) and Lactobacillus in rats (Hua et al.,
2021) and decreased the abundance of Turicibacter in sows (Yu
et al., 2021). Consequently, the addition of fiber to diets would
appear to contribute to maintaining and enhancing the balance
of intestinal bacterial numbers and diversity.

Moreover, the effects of Lactobacillus and Bifidobacterium
supplementation on flora composition and abundance were
inferior to those of dietary fiber supplementation. Study has
shown that supplementation with amixed prebiotic blend elicited
the most abundant changes in microbiota, fermentative end
products and immunoglobulin A (IgA) in dogs (Panasevich et al.,
2021). However, there is limited study on the effect of dietary fiber
supplementation on themicrobiota composition inmale animals.
A high-fat diet induces intestinal flora disorders, resulting in
testicular dysfunction and decreased spermatogenesis (Ding
et al., 2020). In addition to this, Lactobacillus species significantly
reversed testicular damage induced by gamma irradiation in
rats (Changizi et al., 2021). Lactobacillus casei and Lactobacillus
coagulans supplementation have protective effects against CCl4-
induced testicular toxicity, thereby increasing the rate of
spermatogenesis in rats (Keshtmand et al., 2021). Meanwhile,
probiotic supplementation has been reported to exert beneficial
effects on semen quality (Tomaiuolo et al., 2020). A 6-
week long period of supplementation with Lactobacillus and
Bifidobacterium in asthenozoospermic males increased sperm
motility and reduced the rate of sperm DNA fragmentation
(Valcarce et al., 2017). Moreover, a 6-month long treatment with
daily administration of Lactobacillus paracasei, arabinogalactan,
fructo-oligosaccharides and L-glutamine had a positive effect
on sperm count and motility (Maretti and Cavallini, 2017).
Furthermore, fecal microbiota transplantation (FMT) from
alginate oligosaccharide (AOS)-dosed animals improved mouse
sperm quality and spermatogenesis after busulfan treatment
(Zhang et al., 2021). As mentioned above, dietary fiber
and metabolites affect microbiota composition, diversity and
sperm quality; therefore, it seems that gut microbiota might
also be involved in the beneficial effects of dietary fiber
on spermatogenesis.

Due to the lack of study on the results so far, the effect of
microbiota on spermatogenesis is still unclear. In this study,
we found that there was significantly correlation between the
microbiota and sperm motility and oscillation ratio. Study
has shown that glyphosate-induced gut microbiota dysbiosis
changes the relative abundance of the phyla Bacteroidetes and
Firmicutes and reduces sperm motility, while increasing the
sperm malformation ratio in rats (Liu et al., 2022). With
the increase in the genera Bacteroides and Prevotella, semen
production decreased after the intake of a high-fat diet (Ding
et al., 2020). Lactobacillus seemed to play a beneficial role
in semen quality as Lactobacillus supplementation in rats
increased the rate of spermatogenesis, which was accompanied
by significant increase in the testicular spermiogenesis index
(Keshtmand et al., 2021). Collectively, these findings reveal

strong correlations between gut microbiota and spermatogenesis.
To the best of our knowledge, this study is the first study to
report that supplementing pig diets with fiber prior to sexual
maturity could represent an effective strategy for enhancing
spermatogenesis and sperm motility by improving the balance
of the gut microbiota and promoting SCFA production. Further
study is necessary to reveal the respective roles of the microbiota
and SCFAs in male reproduction.

CONCLUSION

In summary, we demonstrated that fiber supplementation
in boar diets prior to their sexual maturity improves semen
quality by favorably modifying gut microbiota composition
and promoting the production of SCFAs. Moreover, the
effects of dietary fiber were superior to those obtained by
diets supplemented with dietary fiber metabolites. Our
findings indicate that dietary fiber supplementation prior
to puberty should be considered a potential nutrition-
centered approach for improving animal reproduction and that
of humans.
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