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Synergistic effects of Ligilactobacillus salivarius
LiO1 and psyllium husk prevent mice from
developing loperamide-induced constipationt
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Constipation is a gastrointestinal (Gl) condition marked by difficulty in defecation, abdominal pain and dis-
tension, significantly impacting both physical and mental health. Ligilactobacillus salivarius LiO1 (LiO1) is a
probiotic known to prevent constipation in mice, while psyllium husk (PSH) is a dietary fiber with high
water retention, acting as an intestinal lubricant. This study investigates the effects of a combined treat-
ment of Li01 and PSH on mice with loperamide-induced constipation. The combination treatment
improved Gl transit rates, increased the water content of feces, and regulated serum concentrations of Gl
hormones more effectively than either LiO1 or PSH alone. The beneficial effects were linked to higher
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levels of butyric acid and a greater proportion of non-12-OH bile acids (BAs) in the Gl tract. These protec-
tive effects were not influenced by changes in gut microbiota. Additionally, LiO1 produced butyric acid
and fermented PSH in vitro. Our findings suggest that the probiotic LiO1 and the prebiotic PSH synergisti-
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1. Introduction

Constipation is a common gastrointestinal (GI) complication
that affects about 15% of the global population,” presenting as
difficulty in defecation, abdominal pain, and distension.”?
This condition significantly impacts both the quality of life
and psychological well-being of those affected.* Constipation
results from smooth muscle dysfunction of the colon or neuro-
pathy, causing delayed stool transmission.* Treatment
methods typically include lifestyle changes, dietary adjust-
ments, and medication.® But laxatives can lead to side effects
such as increased abdominal distension and diarrhea.®’
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cally protect against constipation in mice, highlighting their potential as functional food components.

Hence, microbiota-related therapies are emerging as a prefer-
able alternative.®

Gut microbiota, an essential component of the intestinal
environment, collaborates with the nervous and immune
systems to regulate intestinal movements, thus playing a role
in constipation.”'® Dysregulation of the microbiota is associ-
ated with constipation,'’ as evidenced by lower levels of
Firmicutes in elderly patients with the condition.’* Gut micro-
biota also influences the metabolism of short-chain fatty acids
(SCFAs) and bile acids (BAs),"*™® which are crucial for diges-
tion, absorption, and the interaction between host and micro-
biome through farnesoid X receptors.'” SCFAs, produced from
fermented dietary fiber, provide energy for colonic epithelial
cells and regulate intestinal peristalsis.’® Imbalances in SCFAs
and BAs are common in those suffering from constipation."*

Probiotics, especially those belonging to Bifidobacterium
and Lactobacillus have been shown effectiveness in alleviating
constipation.” For instance, Lactiplantibacillus plantarum
GUANKE alleviated constipation in mice,>" and clinical studies
have demonstrated that Bifidobacterium animalis subsp. lactis
HNO019, L. plantarum P9, and Bacillus subtilis (BG01-4TM) alle-
viate constipation.”*>* Ligilactobacillus salivarius Li01 (Li01), a
probiotic isolated from feces of healthy adults, was previously
shown to alleviate constipation in mice by regulating micro-
biota and altering the 5-HT signaling pathway.>”

Psyllium husk (PSH) is a natural dietary fiber with prebiotic
potential which mainly consists of soluble fiber in the form of
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arabinoxylan.”®*” PSH is highly viscous and has a hydrophilic
mucopolysaccharide composition,®® facilitating GI motility
through considerable water absorptive and retentive pro-
perties.”® PSH has been shown to alleviate constipation and
cholesterol levels.?**® Some bacteria, such as
Lactobacillus spp., can depolymerize dietary fibers, promoting
their own growth while also benefiting the health of their
host.>! An example being the fermentation of polysaccharides
from Momordica charantia by L. plantarum in rats.*> These
studies indicate that PSH with probiotics may synergistically
facilitate prevention of constipation, however, studies of their
combined effects are limited.

In this study, we investigated the potential of a Li01 and
PSH combination treatment on loperamide-treated C57BL/
6 mice to prevent constipation by evaluating fecal water
content, GI transit rates, and concentrations of constipation-
related hormones. To further evaluate possible mechanisms of
action, we analyzed gut microbiota composition, diversity, and
metabolic potential as well as the metabolic and fermentative
capacities of Li01. Our study aims to provide new insights for
future constipation prevention and treatment strategies.

lower

2. Materials and methods

2.1. Bacterial cultures

Ligilactobacillus salivarius Li01 (CGMCC 7045) was cultivated by
using de Man, Rogosa, Sharpe (MRS) Broth (OXOID, Hampshire,
UK). Inoculation and incubation of Li01 were carried out under
anaerobic conditions at 37 °C for 20 h. Following incubation,
the bacterial culture was centrifuged at 6000 rcf for 5 min by
using a 5810R benchtop centrifuge (Eppendorf, Hamburg,
Germany). The pH of the supernatant was measured with an
FE20K pH meter (Mettler Toledo, Ziirich, Switzerland). The bac-
terial pellet was washed with phosphate-buffered saline (PBS)
and then resuspended in PBS to achieve a Li01 solution concen-
tration of approximately 10'® CFU per mL. The inactivated Li01
solution was prepared by boiling for 5 min.

2.2. Growth curve of Li01

To demonstrate that Li01 can ferment psyllium husk (PSH) and
utilize it as an energy source, we compared the growth curves of
Li01 in MRS Broth medium and a 2% PSH solution. We used
PBS buffer to dissolve PSH and thus acquired 2% PSH solution.
Li01 was inoculated into both MRS Broth medium and 2% PSH
solution and cultured anaerobically at 37 °C. Samples were
taken at 0, 2, 4, 6, 8, 10, 12, 15, 18, and 24 hours post-inocu-
lation. They were then serially diluted and plated on MRS agar
(OXOID) plates. After 24 h of incubation at 37 °C, colonies were
counted to determine the viable cell count at each time point.
This allowed us to assess the growth kinetics of Li01 in both
media, confirming its ability to ferment PSH.

2.3. Whole-genome sequencing of Li01

Genomic DNA of Ligilactobacillus salivarius Li01 was extracted
by using the SDS method.** Libraries for sequencing were pre-
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pared for both the PacBio Sequel and Illumina NovaSeq plat-
forms. For the PacBio Sequel platform, library was constructed
by using the single-molecule real-time (SMRT) bell™ template
kit (version 1.0). For the Illumina NovaSeq platform, the
NEBNext® Ultra™ DNA library prep kit (NEB, USA) was used
to construct the sequencing libraries. Preliminary assembly of
the genomic data was performed by using SMRT Link v5.0.1.
After a series of corrections, gene sequences were screened,
and functional predictions were analyzed.

2.4. Mouse experiments

2.4.1 Treatment of mice with loperamide-induced consti-
pation. Seven-week-old male C57BL/6 mice (Ziyuan,
Hangzhou, China) were maintained at room temperature with
free access to food and water. After a one-week adaptation
period, they were divided into five groups: control (Ctrl), loper-
amide (LOP), LOP + Li01 (LOPL), LOP + PSH (LOPP), and LOP +
Li01 + PSH (LOPLP) (Fig. 1A). Mice were weighed daily. Mice in
the LOPL and LOPLP groups were administered 0.2 mL of a
suspension containing approximately 10'° CFU per mL of Li01
by gavage for 14 days, while the other groups received 0.2 mL
of PBS. Mice in the LOPP and LOPLP groups were fed an AIN93
diet supplemented with 0.04% PSH, whereas the other groups
received a standard AIN93 diet (SYSE BIO, Jiangsu, China).
From day 8 to day 14, all groups except the Ctrl group received
10 mg kg ' loperamide hydrochloride (Sigma-Aldrich,
St Louis, Missouri, USA) by gavage to induce constipation. On
day 14, after fasting overnight for 12 h, the mice were sacri-
ficed to collect serum, colon tissue, colonic contents, and
cecal contents. Constipation symptoms were assessed based
on low fecal water content, reduced defecation frequency, and
decreased GI transit rate. An experiment with a similar process
was used to examine the effect of Li0O1 after inactivation
(Fig. 10). All animal-related procedures were under the guide-
lines for Care and Use of Laboratory Animals of Zhejiang
University and approved by the Animal Ethics Committee of
the First Affiliated Hospital, Zhejiang University School of
Medicine (reference number: 2023-1334).

2.4.2 Treatment of mice with disruption of microbiota and
loperamide-induced constipation. To further investigate the
effects of Li01 and PSH, an experiment was conducted on mice
with disrupted microbiota. The mice were divided into six
groups: control (Ctrl), antibiotics (Abx), loperamide (LOP), LOP
+ Lio1 (LOPL), LOP + PSH (LOPP), and LOP + Li01 + PSH
(LOPLP) (Fig. 4A). For 14 days, mice in all groups except the
Ctrl group were given drinking water containing a combination
of antibiotics consisting of 1 g L' ampicillin sodium, 1 g L™
neomycin sulfate, 1 g L~' metronidazole (Sigma-Aldrich,
St Louis, Missouri, USA), and 0.5 g L' vancomycin hydro-
chloride (Sangon, Shanghai, China). Following the antibiotic
treatment, mice in the LOPL and LOPLP groups received
0.2 mL of Li01 suspension daily, while mice in the LOPP and
LOPLP groups were fed an AIN93 diet supplemented with
0.04% PSH. From day 18 to day 21, mice in the LOP, LOPL,
LOPP, and LOPLP groups were given 10 mg kg~ loperamide
hydrochloride by gavage to induce constipation. On day 21, all
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Fig. 1 The effects of treatment with LiO1 and psyllium husk (PSH) were investigated in mice with loperamide-induced constipation. (A) Mice divided

into five groups (n = 8) were administered PBS (Ctrl), loperamide (LOP),

LOP and LiO1 (LOPL), LOP and PSH (LOPP), or LOP, Li01, and PSH (LOPLP)

separately for 14 days according to the schematic. (B) The body weight change, (C) water content of feces at day 12, (D) shape of feces collecting in
2 h, (E) defecation frequency in 2 h, (F) gastrointestinal (Gl) transit rates, and (G—L) serum concentrations of substance P (SP), gastrin (GAS), acetyl-
choline (ACH), vasoactive intestinal peptide (VIP), 5-hydroxytryptamine (5-HT), and somatostatin (SST), (M and N) and colon tissue concentrations of
TNF-a and IL-6 in the mice were measured. (O) The effects of inactivated LiO1 on mice with loperamide-induced constipation were evaluated by
measuring: (P) body weight change (Q), defecation frequency in 2 h (R), water content of feces at day 12, (S) and Gl transit rates. Data are presented

as mean + SEM.

mice were sacrificed, and samples of serum, colon, and intesti-
nal contents were collected for further analysis.

2.5. Water content of feces of loperamide-treated mice

Feces were collected from the mice, weighed, and then de-
hydrated in a drying oven (Boxun, BZF-50) at 80 °C for approxi-
mately 24 h until a constant weight was achieved. The water

1936 | Food Funct., 2024, 15, 11934-11948

content of the feces was calculated using the following
formula:

wet weight — dry weight
wet weight
x 100%.

Water content of feces(%) =

This journal is © The Royal Society of Chemistry 2024
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2.6. GI transit rates of loperamide-treated mice

To determine the GI transit rate in mice, a charcoal solution
was prepared as follows: first, 10 g of gum arabic (Sigma-
Aldrich, St Louis, Missouri, USA) was dissolved by boiling in
80 mL of water until the solution becomes transparent; then
5 g of activated charcoal (Sigma-Aldrich, St Louis, Missouri,
USA) was added to the solution and boil three times. Finally,
the mixture was diluted in water to 100 mL, cool, and stored at
4 °C for later use. Before sacrificed, all mice were fasted over-
night for approximately 12 h. Each mouse was then gavaged
with 0.2 mL of the charcoal solution. 20 min after the gavage,
the mice were sacrificed and their digestive tracts were
removed from the stomach to the cecum. The length of the
small intestine and the distance traveled by the charcoal were
measured and recorded. GI transit rates were calculated with
the following formula:

distance of charcoal powder in small intestine

View Article Online
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2.10. Transmission electron microscope (TEM) imaging of
colon tissue

Approximately 0.3 cm of distal colon tissue from the sacrificed
mice was fixed in 2.5% glutaraldehyde PBS buffer (Solarbio,
Beijing, China). The samples were prepared following a pre-
viously described method.** Briefly, the tissue was fixed with
1% osmic acid, then stained with 2% uranium acetate
aqueous solution. After dehydration, embedding, and section-
ing, the samples were visualized by using cryo-transmission
electron microscopy (Thermo FEI, Tecnai G2 Spirit 120 kV).

2.11. 16S rRNA gene sequencing of murine gut microbiota

Total DNA from the bacteria in murine colon contents was
extracted by using the DNeasy PowerSoil kit (Qiagen, Hilden,
Germany). The V3-V4 variable region of the 16S rRNA gene

Gl transport rate =

2.7. Quantification of GI hormones and inflammatory factors

The serum concentrations of gastrointestinal (GI) hormones
and inflammatory factors in the serum and colon tissue of
sacrificed mice were determined by enzyme-linked immuno-
sorbent assay (ELISA). For serum analytes, the following hor-
mones were measured by ELISA kits from Sangon (Shanghai,
China): substance P (SP); gastrin (GAS); acetylcholine (ACH);
intestinal peptide (VIP); 5-hydroxytryptamine
(5-HT). Somatostatin (SST) levels in the serum were measured
by an ELISA kit from Elabscience (Wuhan, China). Levels of
the inflammatory factors TNF-o and IL-6 in colon tissue were
determined by wusing ELISA kits from MultiSciences
(Hangzhou, China).

vasoactive

2.8. Hematoxylin-eosin (HE) staining of colon tissue

Approximately 0.6 cm of distal colon tissue was collected from
the sacrificed mice and placed in 4% paraformaldehyde
(Biosharp, Beijing, China) for fixation. The tissue was fixed for
24 h, embedded in paraffin wax, and then sectioned. The sec-
tions were stained with hematoxylin and eosin (HE). The
tissue structure was observed under a light microscope, and
images were processed by using CaseViewer.

2.9. Scanning electron microscope (SEM) imaging of PSH
gels

Li01 was incubated in PSH for 24 h. The gel-like PSH was then
collected and lyophilized for 72 h. After lyophilization, the
PSH samples were cut into thin slices and the surfaces were
coated with gold. The morphology of the PSH gels was com-
pared by using thermal field emission scanning electron
microscopy (Carl Zeiss, G300).

This journal is © The Royal Society of Chemistry 2024

x 100%.

length of small intestine

was amplified by using specific primers.>> The PCR products
were purified by using Agencourt AMPure XP beads (Beckman
Coulter Co., USA). Sequencing was performed on the Illumina
NovaSeq 6000 platform. The raw sequence data in FASTQ
format were then analyzed by using bioinformatics tools.

2.12. Ultra-performance liquid chromatography-electrospray
tandem mass spectrometry (UPLC-ESI-MS/MS) analysis

2.12.1 Quantification of SCFAs in murine cecal contents.
Murine cecal contents stored at —80 °C were dissolved in 300 pL
of a 50% acetonitrile aqueous solution, ground, sonicated in an
ice water bath, and centrifuged at 12 000 rpm for 10 min at 4 °C.
The supernatant was then collected and diluted in 50% aceto-
nitrile aqueous solution, after which quantification of short-
chain fatty acids (SCFAs) was performed by using UPLC-ESI-MS/
MS. The peak areas obtained from the analysis were used in the
regression equation derived from the standard curve to deter-
mine the quantities of SCFAs in the samples.

2.12.2 BAs in the cecal or colonic contents. Murine cecal
or colonic contents stored at —80 °C were dissolved in 100 pL
of precooled MeOH-water (1:1, v/v, containing IS) solution
and 2 steel balls, the beads were ground (60 Hz, 2 min). 500 pL
of ice-cold acetonitrile was added and extracted by sonication
in an ice water bath. After centrifugation for 10 min (4 °C,
13000 rpm), the supernatant was dried. Then it was redis-
solved in MeOH-water. The supernatant was removed after
centrifugation. We used UPLC-ESI-MS/MS analysis to quantify
them in the samples. Peak area of the them was brought into
the regression equation fitted from the standard curve to
obtain the quantity.

2.13. Quantitative real time polymerase chain reaction
(qRT-PCR)

10 mg of liver tissue was used for RNA extraction by fast RNA
extraction kit (ABclonal, Wuhan, China). RNA was then reverse

Food Funct, 2024, 15, 11934-11948 | 11937
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transcribed into ¢cDNA using reverse transcription reagents
(ABclonal). Finally, universal SYBR green fast qPCR mix
(ABclonal) was used to examine the relative expression of
genes with QuantStudio 5 real-time PCR systems (Thermo
Fisher Scientific). Gapdh was used as the control. The primer
sequences used were listed in Table S1.1°

2.14. The activity of bacterial bile salt hydrolase (BSH) in
feces

According to the ref. 37, we determined the activity of BSH in
mice feces. In brief, approximately 50 mg of feces was col-
lected, and the supernatant was removed after centrifugation
of the homogenate. Protein concentration was determined by
the BCA assay. The protein concentration was diluted to 1 mg
ml™ with 3 mM sodium acetate solution. 10 pl of the protein
working solution was taken and 20 pl of 1 mM TCA solution
and 170 pl of 3 mM sodium acetate buffer were added to a con-
stant volume of 200 pl. The reaction was stopped after incu-
bation at 37 °C for 30 min. After centrifugation, 20 pl of the
supernatant was taken, and 80 pl of pure water and 1.9 ml of
ninhydrin working solution were added. The absorbance was
measured at 570 nm after cooling.

2.15. Liquid chromatography-tandem mass spectrometry
(LC-MS/MS) analysis of Li01 metabolites

The levels of metabolites in solutions of 2% PSH were com-
pared before and after inoculation with Li01 by first dissolving
PSH in PBS at a concentration of 2%. Li01 was then inoculated
in the PSH solution and cultured anaerobically at 37 °C for
24 h. The supernatants were collected before and after fermen-
tation at 0 h and 24 h, respectively. Samples were prepared
with methanol and other reagents according to a previously
established method.*® Next, the metabolomic profiles of super-
natants were determined by an LC-MS system consisting of
ACQUITY UPLC I-Class (Waters Corporation, Milford, USA)
fitted with a Q-Exactive mass spectrometer (Thermo Fisher
Scientific, Waltham, MA, USA).

2.16. Statistical analysis

One-way ANOVA analysis was used compare sets of normally
distributed data with homogeneous variance. For sets not ful-
filling these criteria, Kruskal-Wallis testing was used.
Correlation between microbiota and metabolites was analyzed
by Spearman correlation analysis. P-Values less than 0.05 were
considered significant. All hypothesis testing was performed
by using IBM SPSS Statistics 27 and GraphPad Prism 8 was
used to visualize the data.

3. Results

3.1. Li01 and PSH treatment protect mice from constipation

We investigated whether the combination of Li01 and PSH
facilitates prevention of constipation in mice compared to Li01
or PSH alone (Fig. 1A). The effects were evaluated by measur-
ing body weight, fecal water content, defecation frequency, GI
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transit rate, and serum concentrations of GI hormones and
neurotransmitters. During the experiment, the body weight
change of the mice was recorded (Fig. 1B). On the 12 day, the
fecal water content in the LOPLP group was significantly
higher than in the LOP group (P = 0.006), LOPP group (P <
0.001), and LOPL group (P = 0.041) (Fig. 1C).

Fecal consistency also varied among the groups, with the
LOP group having hard and dry fecal granules, while the LOPL
and LOPLP groups had relatively softer and wetter feces
(Fig. 1D). Defecation frequency within 2 h was significantly
higher in both the LOPL (P < 0.001) and LOPLP (P < 0.001)
groups compared to the LOP group (Fig. 1E). The GI transit
rate in the LOP group was significantly lower than in the Ctrl
group (P < 0.001), but it was higher in the LOPL (P = 0.020) and
LOPLP (P = 0.003) groups compared to the LOP group (Fig. 1F).
Notably, the GI transit rate in the LOPP group was significantly
lower than in the LOPLP group (P < 0.001).

Serum concentrations of GI hormones and neurotransmit-
ters were further measured in the sacrificed mice (Fig. 1G-L).
SP, GAS, ACH, and 5-HT promote GI motility, whereas VIP and
SST function as motility inhibitors.>*™*> SP levels were signifi-
cantly higher in the LOPLP group compared to the LOP group
(P =0.016) (Fig. 1G). GAS levels were lower in the LOP group (P
= 0.005) compared to the Ctrl group, but significantly higher
in the LOPL (P = 0.047) and LOPLP (P = 0.020) groups com-
pared to the LOP group (Fig. 1H). ACH levels were higher in
the LOP group compared to the Ctrl group (P < 0.001), but
lower in the LOPLP group compared to the LOPL group (P =
0.034) (Fig. 11I). VIP (P = 0.001) and 5-HT (P = 0.032) levels were
lower in the LOPLP group compared to the Ctrl group (Fig. 1]
and K). No significant differences were observed in SST levels
among any of the groups (Fig. 1L). Additionally, concentrations
of inflammatory factors in the colon were measured. TNF-a
levels were found to be higher in the LOP group compared to
the Ctrl (P = 0.038) and LOPLP groups (P = 0.021) whereas IL-6
levels were lower in the LOPL group compared to the LOP
group (P = 0.002) (Fig. 1M and N).

To determine whether viable Li01 are necessary for the
effect of prevention of constipation in mice, the experiment
was repeated with heat-inactivated Li01. The process and
weight changes during the experiment are shown in Fig. 10
and P. Inactivated Li01 did not significantly affect defecation
frequency, fecal water content, or GI transit rate in the when
comparing the LOPL group to the LOP group (Fig. 1Q-S), indi-
cating that inactivated Li01 does not have a significant protec-
tive effect against constipation.

3.2. Effects of Li01 and PSH on colon morphology and gut
microbiota composition

HE staining was utilized to visualize the distal colon tissue of
sacrificed mice (Fig. 2A) and the colonic muscle thickness was
found to be significantly thinner in the LOP group compared
to the LOPL (P = 0.003) and LOPLP groups (P = 0.002) (Fig. 2B).
TEM imaging revealed disrupted and sparse colonic microvilli
structures in the LOP group. In contrast, the colonic microvilli

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 Colonic morphology and composition of the gut microbiota were evaluated in mice in the different treatment groups. Colon tissues were
excised from sacrificed mice at the end of the experiment and visualized by (A) HE staining and transmission electron microscopy (TEM), and (B) the
thickness of the colon muscles was measured. The gut microbiota of the mice was evaluated by analyzing the (C) microbiota composition in colonic
contents at genus level, (D) Shannon a-diversity index of the microbiota, and the relative abundance of Desulfobacterota (E), Deferribacterota (F),
Proteobacteria (G), Lachnospiraceae NK4A136 group (H) and Bacteroides (l). Data are presented as mean + SEM.

in the LOPL and LOPLP groups were closely and neatly
arranged, similar to the Ctrl group (Fig. 2A).

Next, the microbiota composition in the colonic contents of
the mice was analyzed at the genus level (Fig. 2C). a-Diversity,
determined by Shannon index, was significantly lower in the
LOP group compared to the Ctrl group (P = 0.002) (Fig. 2D).
The relative abundance of Desulfobacterota (P = 0.040) and
Deferribacterota (P < 0.001) was significantly lower in the LOP
group compared to the Ctrl group, while the relative abundance
of Proteobacteria was significantly higher in the LOP group (P =
0.004) (Fig. 2E-G). Compared to the LOPP group, the relative
abundance of Lachnospiraceae. NK4A136_group was higher in
the LOPLP group (P = 0.066) (Fig. 2H). Both the LOPL and
LOPLP groups had significantly higher relative abundances of
Bacteroides compared to the Ctrl group (P < 0.001) (Fig. 2I).

This journal is © The Royal Society of Chemistry 2024

3.3. Effects of Li01 and PSH on gut microbiota metabolism
Metabolite production of the gut microbiota was evaluated by
quantification of SCFAs and BAs in the cecal contents of the
mice. For SCFAs, the levels of acetic acid (P < 0.001), propionic
acid (P = 0.019), and butyric acid (P = 0.001) were significantly
higher in the LOPLP group compared to the LOPP group
(Fig. 3A-C). In contrast, isovaleric acid levels were significantly
lower in the LOP group compared to the Ctrl group (P = 0.012)
(Fig. 3D). Additionally, isobutyric acid (P = 0.018) and pentanoic
acid (P = 0.012) levels were lower in the LOPP group compared to
the Ctrl group (Fig. 3E and F). No significant differences in hexa-
noic acid levels were observed among any of the groups (Fig. 3G).
As for BAs (Table S27), total BAs and secondary BAs were sig-
nificantly lower in both the LOPL (P = 0.018, P = 0.014) and LOPP

Food Funct., 2024, 15, 11934-11948 | 11939
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Fig. 3 Cecal concentrations of short-chain fatty acids (SCFAs) (A—G) and colon concentrations of total bile acids (BAs) (H), secondary BAs (I), non-
12-OH BAs through 12-OH BAs (J), hyodeoxycholic acid (HDCA) (K), murideoxycholic acid (MDCA) (L) were measured and evaluated in mice in the
different treatment groups. (M) The relation between microbiota and metabolite levels was assessed by Spearman’s correlation analysis. Red color

represents positive correlation; blue color represents negative correlation. The depth of the color represents the strength of the correlation.

0.05, "**" P < 0.01, "***" P < 0.001. Data are presented as mean + SEM.

groups (P = 0.006, P = 0.007) compared to the Ctrl group (Fig. 3H
and I). The proportion of non-12-OH-BAs was significantly
higher in the LOPL (P = 0.010) and LOPLP (P = 0.014) groups
compared to the LOPP group (Fig. 3]). Levels of hyodeoxycholic
acid (HDCA) and murideoxycholic acid (MDCA) were significantly
lower in the LOPP group compared to the Ctrl group (P < 0.001
for both), but higher in the LOPLP group compared to the LOPP
group (P = 0.030 and P = 0.036, respectively) (Fig. 3K and L).
Using Spearman’s correlation, the associations between gut
microbiota and metabolites were evaluated (Fig. 3M).
Lachnospiraceae_ NK4A136_group was found to be positively

1940 | Food Funct, 2024, 15, 11934-11948

" p <

correlated with butyric acid (P < 0.001), HDCA (P < 0.01), and
MDCA (P < 0.05). Additionally, Ruminococcus showed a positive
correlation with butyric acid (P < 0.001).

3.4. The influence of gut microbiota disruption on the
protective efficacy of Li01 and PSH

To determine if the protective effects of Li01 and PSH against
constipation are mediated by gut microbiota, further experi-
ments were conducted on mice with microbiota disrupted by
antibiotics (Fig. 4A). Mice were administered antibiotics for two
weeks, after which their feces were collected, and total DNA

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 The effects of treatment with Li01 and PSH were investigated in mice with loperamide-induced constipation and with their microbiota dis-
rupted by antibiotic treatment. (A) Mice divided into 6 groups were administered either PBS (Ctrl) and no antibiotics, or antibiotics with normal diet
(Abx), PBS and loperamide (LOP), LOP and Li01 (LOPL), LOP and psyllium husk (LOPP), or LOP, Li01, and PSH (LOPLP), during three weeks as shown in
the schematic. (B) The gut microbiota composition of mice after exposure to antibiotics, (C) the change in body weight, (D) defecation frequency in
2 h, (E) and water content of feces on the 20th day were evaluated. (F) Colon tissues were excised from the mice at the end of the experiment and
visualized by HE staining. (G) The microbiota composition of the mice were analysed at the phylum level and (H) Shannon a-diversity index, and rela-
tive abundance of Firmicutes (1), Lactobacillus (J), Proteobacteria (K) and Enterobacteriaceae (L) in colonic contents were determined. Data are pre-

sented as mean + SEM.

was extracted and subjected to 16S rRNA gene sequencing. The
sequencing results confirmed that antibiotics had significantly
disrupted the normal gut microbiota (Fig. 4B).

Throughout the experiment, changes in body weight of the
mice were monitored and are shown in Fig. 4C. The defecation
frequency of mice within 2 h before sacrifice was found to be
significantly lower in the LOP group compared to the Abx
group (P < 0.001) and the LOPLP group (P = 0.006) (Fig. 4D).
Furthermore, fecal water content in the LOP group was signifi-
cantly lower than in the Abx group (P = 0.005) and the LOPLP
group (P = 0.005) (Fig. 4E).

Histological examination of the colonic tissue by using HE
staining revealed that the colonic muscle layer was thinner in
the LOP group compared to the LOPL (P = 0.003) and the
LOPLP groups (P = 0.008) (Fig. 4F). The composition of the gut
microbiota at the phylum level in the murine colonic contents

This journal is © The Royal Society of Chemistry 2024

is shown in Fig. 4G. Analysis of Shannon indices indicated
that the LOP group had significantly lower microbial diversity
than the Ctrl group (P < 0.001) (Fig. 4H). Furthermore, com-
pared to the LOP group, the LOPLP group exhibited a higher
relative abundance of Firmicutes (P = 0.003) and Lactobacillus
(P=0.011), and a lower relative abundance of Proteobacteria (P
= 0.026) and Enterobacteriaceae (P = 0.002) (Fig. 4I-L). These
findings suggest that the protective effects of Li01 and PSH
against constipation are likely mediated by their influence on
the gut microbiota composition and function.

3.5. Metabolism-related changes after Li01 and PSH
treatment in constipated mice with disrupted microbiota

To investigate the effects of Li01 and PSH on metabolites in
mice with their gut microbiota disrupted by antibiotics, con-

Food Funct., 2024, 15, 11934-11948 | 11941
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centrations of SCFAs and BAs were measured in the cecal
contents.

Total SCFA concentrations were significantly lower in the
LOP group compared to the Ctrl group (P < 0.001) and the Abx
group (P = 0.042) (Fig. 5A). Specifically, cecal levels of acetic
acid (P = 0.008), propionic acid (P = 0.012), and butyric acid (P
= 0.018) were significantly higher in the LOPLP group com-
pared to the LOP group (Fig. 5B-D).

Levels of total BAs (P < 0.001), primary BAs (P = 0.035), sec-
ondary BAs (P < 0.001), and the proportion of non-12-OH BAs
(P = 0.005) were found to be significantly higher in the LOPLP
group compared to the LOP group (Fig. 5E-H and Table S37).
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a-muricholic acid (MCA) (P = 0.002), p-MCA (P = 0.003), and
epiallo-lithocholic acid (LCA) (P = 0.001) were also significantly
higher in the LOPLP group than in the LOP group (Fig. 5I-L).

Spearman’s correlation analysis was conducted to explore
the relationship between gut microbiota and metabolite levels
(Fig. 5M). Lactobacillus was found to be positively correlated
with butyric acid (P < 0.010), pentanoic acid (P < 0.001), HCA
(P < 0.001), a-MCA (P < 0.001), and p-MCA (P < 0.001).
Additionally, Clostridium innocuum group (P < 0.050) and
Erysipelatoclostridium (P < 0.001) showed positive correlations
with butyric acid.

The activity of BSH in LOPLP group was significantly higher

Morganella

Additionally, levels of hyocholic acid (HCA) (P = 0.001), than the LOP group (Fig. 5N, P < 0.001 and P = 0.026).
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Fig. 5 Concentrations of SCFAs and BAs were measured in feces of mice gavaged with loperamide and with their microbiota disrupted by antibiotic
exposure. Cecal concentrations of (A) total SCFAs, (B) acetic acid, (C) propionic acid, (D) butyric acid, (E) total BAs (F) primary BAs, (G) secondary BAs,
(H) the ratio of non-12-OH BAs and 12-OH BAs, (I) hyocholic acid (HCA), (J) a-muricholic acid (a-MCA), (K) p-muricholic acid (3-MCA), and (L) epiallo-
lithocholic acid (Epiallo-LCA) were measured. (M) The relation between microbiota and metabolite levels was assessed by Spearman'’s correlation
analysis. Red color represents positive correlation; blue color represents negative correlation. The depth of the color represents the strength of the
correlation. (N) BSH activity of feces. “*" P < 0.05, “**" P < 0.01, "***" P < 0.001. Data are presented as mean + SEM.
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However, the relative expressions of bile acid synthesis related
enzymes were not changed (Fig. S17).

These results highlight the significant influence of Li01 and
PSH on the metabolic profiles of SCFAs and BAs in constipated
mice with depleted gut microbiota, indicating their potential
role in mediating the protective effects against constipation.

3.6. Invitro characterization of the Li01 metabolomic profile

Whole-genome sequencing of Li01 was performed to investigate
genes related to metabolism carried by the strain. By annotating
the predicted metabolic functions of the Li01 genome with the
KEGG database, 142 genes related to carbohydrate metabolism
and 86 genes related to amino acid metabolism were identified
(Fig. 6A). Further analysis with the Carbohydrate-Active enZYmes
Database revealed 30 genes encoding glycoside hydrolases,
another 30 genes encoding glycosyltransferases, and 13 genes
encoding carbohydrate-binding modules (Fig. 6B).

To further understand the metabolic changes in mice
induced by Li0O1 treatment, in vitro experiments were con-
ducted to evaluate acid production. After 24 h of Li01 incu-
bation, the pH in the MRS growth medium was observed to
have significantly decreased (P < 0.001) (Fig. 6C). Further ana-
lysis of the culture medium revealed significant increases in
propionic acid (P = 0.016), butyric acid (P = 0.002), isobutyric
acid (P = 0.008), and hexanoic acid (P = 0.014) (Fig. 6D) after
the incubation period, while no significant changes in concen-
trations of acetic acid, pentanoic acid, and isovaleric acid were
observed. These findings confirmed Li01’s capability to inde-
pendently produce SCFAs.

Furthermore, the growth profiles of Li01 in MRS culture
medium and 2% PSH gels were investigated. In MRS medium,
Li01 was found to reach the stationary phase after approxi-
mately 10 h of growth (Fig. 6E). The growth in PSH indicated
that Li01 can ferment PSH for energy. Scanning electron
microscopy (SEM) images of lyophilized PSH gels showed an
irregular and porous structure (Fig. 6F).

Metabolomic profiling of Li01 during fermentation in PSH
gels revealed significant metabolic changes after 24 h of incu-
bation. Of the detected metabolites, 9.46% were fatty acids
and conjugates, and 9.24% were amino acids (Fig. 6G).
Orthogonal partial least squares discriminant analysis
(OPLS-DA) of the two time points showed distinct metabolic
profiles (Fig. 6H). A total of 1223 metabolites were found to
significantly increase in concentration whereas 776 metabolites
significantly decreased (P < 0.050) after Li01 was allowed to
grow for 24 h (Fig. 6I). Metabolites with a fold change greater
than 2 are highlighted, and the 50 differentially expressed
metabolites with highest variable importance in projection
(VIP) scores are visualized in Fig. 6].

4. Discussion

Loperamide, a peripherally acting opioid agonist of p-opioid
receptors in the intestine, inhibits the release of acetylcholine
and slows intestinal peristalsis, making it a common model

This journal is © The Royal Society of Chemistry 2024
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for inducing constipation in research.**** In this study, lopera-
mide was employed to establish a murine model of consti-
pation to explore the therapeutic effects of Li01 and PSH. Our
findings demonstrate that the combination of Li01 and PSH
significantly improved fecal water content, defecation fre-
quency, GI transit rate, and altered levels of GI hormones. In
particular, the combination treatment increased levels of SP
and GAS, which promote GI motility, and decreased levels of
VIP, which inhibits GI motility. Histological analysis further
indicated that mice treated with Li01 and PSH had thicker
muscle layers and healthier morphology of colonic microvilli
compared to mice in the other groups. These findings suggest
that the combined treatment of Li01 and PSH yields a superior
preventative effect of constipation symptoms compared to
treatment with Li01 or PSH, solely.

Constipation is often associated with an altered gut micro-
biota composition.” In our study, constipated mice showed sig-
nificantly lower microbial diversity in their gut. However, mice
treated with the combination of Li01 and PSH showed a modu-
lated microbiota in their colonic contents. Specifically, the
relative abundances of Bacteroides and Lachnospiraceae
NK4A136 group were higher in the LOPLP group. Both of these
bacterial families are known producers of SCFAs.*>*® Previous
studies have shown that the abundance of Bacteroides can be
increased by treatment with Lacticaseibacillus rhamnosus
VHProbi M15 and dietary fiber inulin, which can relieve
constipation.””*® Similarly, Lachnospiraceae NK4A136 group
has been reported to increase in abundance in constipated
rats treated with Durio zibethinus rind polysaccharide.*®

Our results also revealed that mice in the LOPP group had
lower cecal concentrations of SCFAs (Fig. 3A-C), which have
been shown to accelerate colonic transit and are typically lower
in patients with slow-transit constipation.’®*" Similar results
findings have been presented in another study in which PSH
was shown to alleviate metabolic syndrome.>” There seems to
be a dilution effect. Interestingly, compared to mice in the
LOPP group, cecal concentrations of SCFAs, especially butyric
acid, were higher among mice in the LOPLP group. Butyrate
acid is known to have a potentially beneficial role in the treat-
ment of functional constipation.”® We speculate that
Lio1 might be essential for the fermentation of PSH in the gut.

In patients suffering from constipation syndrome, reduced
levels of total bile acids (BAs) and slower colonic transport are
often observed.’ Consistent with this, our study found lower
cecal BA levels in loperamide-treated mice. However, mice
which were treated with Li01 and PSH showed higher levels of
hyodeoxycholic acid (HDCA) and murideoxycholic acid
(MDCA). These two BAs are non-12-OH-BAs, which have been
shown to alleviate non-alcoholic fatty liver disease and exhibit
anti-inflammatory properties.*®**>¢ Correlation analysis indi-
cated that the combined treatment of Li01 and PSH reshaped
the gut microbiota under loperamide intervention, leading to
changes in SCFA and BA concentrations.

Overall, our results demonstrate that the combined treat-
ment of Li01 and PSH provides significant protection against
constipation by modulating the composition and metabolic
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Fig. 6 Metabolomic features and characteristics of Li01 growing in vitro were determined. (A) A KEGG pathway analysis was performed to predict
genes in the Li0O1 genome involved in metabolism. Additionally, (B) the Carbohydrate-Active enZYmes Database was used to analysis the
Li01 genome for genes encoding glycosyltransferases (GT), glycoside hydrolases (GH), carbohydrate esterases (CE), and carbohydrate-binding
modules (CBM). After cultivation of Li01 at 0 h and 24 h, (C) the pH and (D) concentrations of SCFAs were measured. (E) LiO1 was cultivated in MRS
medium and in 2% PSH and viable counts were performed at 10 time points during 24 h. (F) The structure of lyophilized PSH gels was visualized by
scanning electron microscope imaging before and after Li01 fermentation. (G) Metabolite composition was analyzed at O h and 24 h of the fermen-
tation and (H) visualized with orthogonal partial least squares-discriminant analysis (OPLS-DA) imaging. (I) Metabolite fold changes were determined
and visualized by a volcano plot. Red dots denote an increase and blue dots denote a decrease in metabolites. The sizes of the dots indicate the vari-
able importance in the projection. (J) Significantly, differentially expressed metabolites with the 50 highest variable importance in the projection
were visualized with a heatmap. Data are presented as mean + SEM.

profile of the gut microbiota. Mice receiving the combination We further investigated the effects of Li01 and PSH treat-
treatment exhibited higher defecation frequency, GI transit ment on mice with antibiotic-disrupted gut microbiota. The
rates, and cecal concentrations of SCFAs and non-12-OH BAs combined treatment altered the microbiota composition in
compared to mice treated with PSH only, that Li01 and PSH the mice, leading to lower abundance of Proteobacteria and
together enhances gut motility. higher abundance of Firmicutes compared to mice in the
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Fig. 7 Schematic outlining the hypothetical mechanism by which Li01
and PSH protects mice treated with loperamide from constipation. Li01
ferments PSH and nutrients to produce butyric acid. Additionally, LiO1
and PSH synergistically modulate gut microbiota to increase gastrointes-
tinal concentrations of butyric acid and proportions of non-12-OH BAs,
leading to increased fecal water content and gastrointestinal motility,
alleviating constipation.

LOP group. Even after having their microbiota disrupted by
antibiotics, mice treated with the Li01 and PSH combination
treatment were protected from constipation, suggesting that
the therapeutic effect is not solely dependent on the preexist-
ing gut microbiota. Mice treated with Li01 and PSH dis-
played higher cecal concentrations of some SCFAs and BAs
compared to mice in the LOP group, further indicating the
beneficial effects of the combination treatment. Despite
observed differences in gut microbiota modulation between
mice in the experiments with and without antibiotic-dis-
rupted microbiota, the Li01 and PSH combination treatment
consistently resulted in elevated cecal concentrations of
butyric acid levels and non-12-OH BA proportions and pre-
venting constipation.

Mice in the LOPLP group had higher fecal BSH activity,
but their liver genes expressing enzymes related to bile acid
synthesis did not change significantly. Therefore, we specu-
late that the elevation of non-12-OH BA proportions might
be more closely related to the microbiota than to the altera-
tion of hepatic bile acid synthesis. However, this specu-
lation needs to be proved by further experiments in the
future.

Genome analysis of Li01 revealed functional genes with
roles related to lipid and carbohydrate metabolism. Li01, like
other Lactobacillus spp., can produce SCFAs®>”*® and consider-
ably reduce pH when cultivated in MRS medium. PSH, which
is rich in soluble fibers such as arabinoxylans, can be fermen-
ted by probiotics to produce SCFAs®® and has shown anti-
colitic properties and the ability to alleviate metabolic
syndrome.>*® In this study, we show in vitro that fermentation
of PSH by Li01 results in changes in levels of metabolites such
as fatty acids and amino acids, suggesting that combination
treatment with Li01 and PSH has potential metabolic regulat-
ory benefits.

This journal is © The Royal Society of Chemistry 2024
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5. Conclusion

Treatment with Li01 and PSH effectively protects against lopera-
mide-induced constipation in mice and modulates their gut
microbiota and metabolism, regardless of whether the original
microbiota is intact or disrupted. We propose that Li01 alleviates
constipation through two primary mechanisms: (1) by directly
fermenting PSH and various nutrients to produce short-chain
fatty acids (SCFAs), and (2) by working synergistically with PSH
to regulate gut microbiota, thereby increasing the concentration
of butyric acid and the proportion of non-12-OH bile acids (BAs)
(Fig. 7). Therefore, the combined treatment with Li01 and PSH
work together synergistically to prevent constipation.

However, the detailed mechanisms underlying this synergy
require further exploration. For example, it is essential to
identify other crucial metabolites produced when Li01 fer-
ments PSH in vivo and to understand how these metabolites
affect gastrointestinal motility in constipation. Additionally,
investigating the key enzymes that Li01 utilizes to ferment
dietary fiber could provide insights into the processes that
facilitate the alleviation of constipation.

In summary, our study supports the concept that the pro-
biotic Li01 and the dietary fiber prebiotic PSH function as a
synbiotic, offering a promising approach for the prevention
and treatment of constipation. Further research is needed to
elucidate the specific metabolic pathways and interactions
involved in this beneficial effect.
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