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Introduction

Bifidobacterium animalis subsp. lactis BLa80
alleviates constipation in mice through modulating
the stem cell factor (SCF)/c-Kit pathway and the
gut microbiotat

Zhaochun Zhang,? Jie Li,? Ziyi Wan,® Shuguang Fang, Yunjiao Zhao,® Qian Li ) *®
and Min Zhang () *@°

Probiotics, as health ingredients, have attracted widespread attention. However, due to the wide variety of
probiotic species, their laxative effects and the underlying mechanisms remain elusive. In this study, we
investigated the laxative effect of Bifidobacterium animalis subsp. lactis BLa80 (at concentrations of 1.0 X
108 2.0 x 108, and 4.0 x 10® CFU per mL, with a dosage of 0.2 mL each) in mice, utilizing a functional
constipation mouse model induced with loperamide hydrochloride (0.2 mL, 10 mg per kg BW) for 7 con-
secutive days. Meanwhile, a blank group (treated with 0.2 mL of 0.9% saline) and a positive control group
(treated with mosapride at a dose of 5 mg per kg BW) were also set up. The body weight, fecal water
content, intestinal propulsion rate, colon tissue histology, fecal microbial composition, serum indices, and
colon mRNA levels of the mice were measured, employing histological and biochemical assays, GC-MS,
RT-gPCR and 16S rRNA gene sequencing etc. Results showed BLa80 could accelerate intestinal peristal-
sis, maintain fecal moisture, prevent intestinal barrier disruption, increase short-chain fatty acid pro-
duction, prevent gut microbe dysbiosis and constipation in mice. It also helped to keep the levels of
5-hydroxytryptamine (5-HT), motilin (MTL), and substance P (SP) normal, up-regulated the mRNAs of
intestinal mucin 2 (MUC2), stem cell factor (SCF), and the tyrosine kinase receptor c-Kit, and down-regu-
lated the mRNA of aquaporins (AQPs), especially at a high-dose. This study indicated that BLa80 held the
potential to emerge as a novel ingredient in functional foods designed for constipation relief and as a
treatment alternative.

encephalopathy, abdominal hernia, and increase colorectal
cancer risk." Currently, constipation treatment is mainly

Constipation is a highly prevalent gastrointestinal disorder
globally, affecting all age groups.” The World Gastroenterology
Organization’s survey indicates that around a quarter of world-
wide consumers experience digestive problems. The incidence
of chronic constipation is notably high, up to 20% overall,
50% among the elderly, with 67% prevalence in those over 65.>
It can cause discomfort, pain, and difficulties in defecation.’
Frequent or chronic constipation may lead to depression,
cardiovascular disease, irritable bowel syndrome (IBS), hepatic
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pharmacological, including 5-HT4 receptor agonists as proki-
netic agents, lubiprostone and linagliptin as intestinal prose-
cretory agents, and laxatives like senna, bisacodyl, and mag-
nesium.® However, most medications may cause drug depen-
dence, diarrhea, and potential damage to the enteric nervous
system due to long-term toxic side effects and adverse reac-
tions.® Thus, finding safer and more effective therapies for
constipation relief is crucial.

In recent years, a multitude of studies have unearthed a
profound association between gut microbiota alterations and
constipation occurrence. The relationship between the gut
microbiota and constipation is complex and multifaceted, not
a simple cause-and-effect association but a sophisticated inter-
play of various microbial species and their metabolites within
the gut ecosystem.” For instance, certain microbial metabolites
may modulate neurotransmitters secretion and activity
involved in gut motility regulation, affecting intestinal propul-
sion rate.® Moreover, gut microbiota composition could also
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impact gut barrier integrity and function, influencing water
and electrolytes absorption, crucial in constipation develop-
ment. Additionally, gut microbiota imbalance may lead to
pathogenic or opportunistic microorganisms overgrowth, pro-
ducing toxins or substances that disrupt the enteric nervous
system and exacerbate constipation.’

Constipation may potentially be linked to gut-brain axis
regulation. The gut-brain axis, which connects the enteric
nervous system (ENS) of the gastrointestinal tract with the
central nervous system (CNS), assumes a crucial function in
maintaining the body’s homeostasis, including the regulation
of essential physiological processes like digestion and appe-
tite.'® Gastrointestinal hormones, serve as vital mediators
within this axis. For illustration, 5-HT, a pivotal neuro-
transmitter synthesized by intestinal chromaffin cells, has
multiple gut functions, like modulating peristalsis, smooth
muscle contraction, and mucosal secretion. In the gut-brain
axis, 5-HT signals travel bidirectionally between the gut and
brain. For example, gut microbiota modifications can affect
gut 5-HT production, influencing brain behavioral patterns.
Additionally, the brain can regulate gut 5-HT release via the
autonomic nervous system."*

Genes related to constipation, namely aquaporins (AQPs),
intestinal mucin 2 (MUC2), stem cell factor (SCF), and the tyro-
sine kinase receptor c-Kit, have significant roles in constipation-
related physiological processes. AQPs, involved in transmembrane
water transport, affect intestinal hydration and fluid balance, con-
tributing to constipation."> MUC2 encodes mucin 2, a crucial
part of the intestinal mucus layer for barrier function and lubrica-
tion; its expression changes may lead to constipation.'?
Interstitial cells of cajal (ICC), neural-like cells at motor neuron
ends, mediate neurotransmitter production and function.
Abnormal ICCs are linked to gastrointestinal dyskinesia. ICCs
express ¢-Kit and its ligand SCF, which is vital for cell growth and
exerts functions mainly via binding to c-Kit. The SCF/c-Kit signal-
ing pathway is crucial for ICC’s normal development, maturation,
and phenotype maintenance.'* Dysregulation of these genes may
cause or worsen constipation.

Clinical investigations have identified pronounced discre-
pancies in the intestinal microbiota’s structure between
healthy subjects and those with constipation. It’s clear that the
diverse bacteria in constipated patients’ intestines can greatly
affect intestinal motility."> Dysbiosis, a microbial equilibrium
perturbation, furthermore perturbs metabolites composition,
specifically short-chain fatty acids (SCFAs) and tryptophan cat-
abolite metabolites.’®> SCFAs can ameliorate constipation by
escalating serotonin levels, stimulating mucosal receptors, and
directly interacting with the intestinal smooth muscle. Gut
microbes implicated in constipation pathophysiology may also
disrupt the microflora.'® These microbes participate in gastro-
intestinal hormones biosynthesis, potentially to alleviating
constipation by augmenting gastrointestinal motility."” Thus,
intestinal imbalance emerges as a potentially pivotal risk
factor for constipation onset and persistence.

The utilization of probiotics for constipation alleviation has
emerged as a prominent research focus and holds the poten-
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tial to be a secure and efficacious approach. Notably,
Bifidobacterium animalis has been prevalently employed as an
intestinal microecological agent.'® Numerous studies have
shown that Bifidobacterium animalis can improve the intestinal
microenvironment by increasing short-chain fatty acid (SCFA)
production, enhancing colon water and electrolyte absorption,
softening stools, and facilitating bowel movements to relieve
constipation.'® Moreover, it has been found to enhance enteric
nervous system function by stimulating the release of neuro-
transmitters like acetylcholine involved in gut motility regu-
lation, thus promoting intestinal smooth muscle contraction
and accelerating intestinal transit time.”® Some experiments
also indicate that it can regulate gut immune responses, redu-
cing inflammation related to constipation and contributing to
bowel function normalization through modulating intestinal
immune cells and cytokines.>" Another important aspect is
that Bifidobacterium animalis can compete with gut pathogens,
and this competitive exclusion mechanism helps maintain a
healthy gut microbiota balance essential for proper digestion
and defecation.?” Furthermore, long-term clinical trials have
shown that patients regularly consuming its supplements have
a reduced constipation frequency and improved bowel move-
ment regularity, with more normal stool consistency, indicat-
ing a positive effect on constipation relief and suggesting it
could be a reliable and sustainable option for constipation
management.>®> BLa80, a subspecies of Bifidobacterium ani-
malis isolated from breast milk samples collected in the
Hongyuan pastoral area of Sichuan, China, has demonstrated
effectiveness in alleviating gastrointestinal symptoms in clini-
cal studies.”® However, its mechanism of action remains
unclear.

To elucidate the efficacy and the fundamental mechanisms
by which BLa80 acts upon loperamide-induced constipation in
BALB/c mice, a comprehensive assessment was carried out
regarding the gastrointestinal motility, gastrointestinal regulat-
ory peptides, the content of SCFAs, expression of the stem cell
factor (SCF)/c-kit signaling pathway, and the characteristics of
the colon and fecal microbiot. This evaluation was conducted
from the perspective of “Interstitial cells of cajal (ICC) cell-
mouse-microbiota”. Through this multi-faceted analysis, this
study not only presented a novel means for alleviating consti-
pation but also suggested that BLa80 could potentially be a
novel and valuable ingredient in functional foods designed to
address constipation. Moreover, it might emerge as a promis-
ing alternative in the therapeutic strategies for constipation
management.

Materials and methods
Chemicals

Bifidobacterium animalis subsp. lactis BLa80 was procured from
Wecare Probiotics Co., Ltd (Suzhou, China). The De Man-
Rogosa-Sharpe (MRS) agar was furnished by Hopebiol Co., Ltd
(Qingdao, China). The basic dietary formulated feed was
obtained from SPF (Beijing) Biotechnology Co., Ltd, Beijing,
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China. This particular feed was composed of 18.0% crude
protein, 4.0% crude fat, 5.0% crude fiber, with calcium
content ranging from 1.0% to 1.8%, phosphorus content from
0.6% to 1.2%, 10.0% moisture, and 8.0% crude ash. Unless
otherwise specified, all other chemicals utilized were of
analytical grade, meeting the requisite standards for experi-
mental and analytical applications.

Bacteria preparation and cultivation

Under sterile conditions, the BLa80 freeze-dried bacterial
powder was dissolved in normal saline. Subsequently, the dis-
solved bacterial solution was aseptically inoculated into MRS
broth medium and then incubated under strictly anaerobic
conditions at a precisely regulated temperature of 37 °C for an
incubation duration of 24 hours. Subsequently, the resultant
fermentation broth was subjected to centrifugation at a
rotational velocity of 8000 rpm for a duration of 5 minutes at a
low temperature of 4 °C. The harvested cells were meticulously
washed thrice with sterile saline and subsequently adjusted to
the specific concentrations of 1.0 x 10° CFU per mL, 2.0 x 10°
CFU per mL and 4.0 x 10® CFU per mL, respectively.>>?° It is of
particular importance to note that the bacterial suspensions
intended for mouse gavage were freshly prepared on a daily
basis to ensure optimal viability and experimental
reproducibility.

Animal and experimental design

Seventy-two male specific pathogen free (SPF) Balb/c mice
weighing 18 + 2.0 g were furnished by SPF (Beijing)
Biotechnology Co., Ltd (Beijing, China, certificate number:
SCXK Jing 2019-0010). The mice were accommodated in the
premises of Tianjin University of Science and Technology, kept
under a 12-hour light-dark cycle at 23 + 1 °C and furnished
with unrestricted access to food and water. After a one-week
acclimation phase, the mice were randomly sorted into six
groups, each containing 12 mice, namely: the blank control
group (BC), the model group (M), the positive control group
(PC), the BLa80 low-dose group (BLa80-L), the BLa80 medium-
dose group (BLa80-M), and the BLa80 high-dose group (BLa80-
H). During the entire experiment, the BC group was given daily
saline gavage. With the exception of the BC group, all mice
were gavaged with 10 mg per kg BW loperamide hydrochloride
once daily to generate constipation, and this modeling pro-
cedure endured for one week. Upon completion of the model-
ing, the M group was gavaged daily with saline, the PC group
was gavaged with 5 mg per kg BW mosapride citrate tablets,
and the BLa80-L, BLa80-M, and BLa80-H groups were respect-
ively administered 1.0 x 10® CFU per mL, 2.0 x 10°® CFU per
mL, and 4.0 x 10° CFU per mL of Bifidobacterium animalis
subsp. lactis BLa80 in a volume of 0.2 mL for the whole one-
week period (as depicted in Fig. S17). The gavage doses of pro-
biotics were meticulously determined at 5-fold, 10-fold, and
20-fold the recommended human consumption level of 1.7 x
10® CFU per kg.>” When converted to the dosage suitable for a
20-gram mouse, they were 2.0 x 10’ CFU, 4.0 x 10” CFU, and
8.0 x 10”7 CFU respectively.

This journal is © The Royal Society of Chemistry 2025
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Throughout the animal experiments, the alterations in the
body weight of the mice were documented and monitored on a
daily basis. All mice were euthanized on the 15th day. Prior to
the conclusion of the experiment, fresh fecal samples were
meticulously gathered right after the mice defecated and
promptly frozen in a —80 °C refrigerator. On the final day of
the experiment, the mice were fasted without water for
12 hours. Orbital blood was drawn from each mouse and left
to stand for one hour, after which the collected blood was cen-
trifuged at 4000g for 15 min to procure serum for biochemical
assays. Subsequently, the mice were sacrificed by cervical dis-
location, and the colon tissue was immediately harvested for
histopathological analysis and real-time quantitative PCR.

All animal procedures were executed in compliance with
the Guidelines for the Care and Use of Laboratory Animals of
Tianjin University of Science and Technology. The study was
sanctioned by the Institutional Animal Care and Use
Committee of Tianjin University of Science and Technology
(2022010) [SYXK(Tianjin): 2019-0002].

Measurement of constipation indices

With the intention of closely observing and comprehensively
evaluating particular aspects related to the gastrointestinal
motility function and fecal characteristics of the mice, specific
constipation indices such as fecal water content, small intesti-
nal propulsion rate, and the time taken for the first black stool
appearance were determined.

On the 14th day of the experimental process, the mice in
each group underwent a 12-hour fasting schedule (with free
water supply) and then were given 0.2 mL of an activated char-
coal mixture (containing 5% activated charcoal powder and
10% gum arabic) through gavage. Subsequently, each individ-
ual mouse was placed into a separate cage, and the precise
moment when the first black fecal matter was excreted was
meticulously recorded with a timer (RuiXin Biotech Ltd,
Quanzhou, China) and defined as the time to the first black
stool for the mice (min). The newly collected mouse feces were
weighed and marked as the fecal wet weight W; (mg). After
that, the fecal pellets were placed in a constant temperature
oven (Tianjin Zhonghuan Experimental Electric Furnace Ltd.,
Tianjin, China) set at 105 °C and dried until a fixed weight was
achieved, which was recorded as the fecal dry weight W, (mg).
The formula for computing fecal water content was as follows:

Fecal water content (%) = [(W; — W,)/W1] x 100

On the 15th day of the experiment, the small intestinal pro-
pulsion rate of the mice was evaluated by measuring the
length of ink movement after a 12-hour fasting period, in line
with previous research method.”® All mice were administered
0.2 mL of the aforementioned activated charcoal solution via
gavage. Precisely 25 minutes after the gavage operation, the
animals were euthanized through decapitation. Subsequently,
their abdominal cavities were opened using anatomical
forceps. Then, the mesentery was carefully dissected with twee-
zers, and the segment of the intestinal tube stretching from
the pylorus to the ileum was excised with a scalpel. The
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excised intestinal tube was then carefully positioned on a flat
and sterile tray and meticulously straightened, with every effort
made to minimize any stretching or twisting of the intestinal
tube. The complete length of the intestinal tube was precisely
measured and recorded as the “total length of the small intes-
tine” (designated as L,, cm). At the same time, the distance
extending from the pylorus to the foremost edge of the ink was
carefully measured and regarded as the “advancement length
of the ink” (denoted as L,, cm). The ratio of L, to L,, expressed
as a percentage (L,/L;%), functioned as a crucial indicator for
the evaluation of the small intestinal propulsion rate.

Histological analysis of the distal colon tissue

In order to investigate the potential influence of the probiotic
BLa80 on the integrity of the intestinal barrier in constipated
mice, a comprehensive histological analysis was conducted on
the tissue of the distal colon tissue. The colon tissue was pre-
cisely cut into 2 cm slices. Subsequently, the slices were
immersed in 4% paraformaldehyde solution (v/v, Wuhan
Servicebio Technology Co., Ltd, Wuhan, Hubei, China) and
fixed for a period exceeding 12 hours to ensure proper preser-
vation of tissue structure. After fixation, the tissue was pro-
cessed for paraffin embedding following standard histological
procedures. Paraffin sections were then carefully prepared
using a microtome (HistoCore MULTICUT, Leica Microsystems
Shanghai Co., Ltd, Shanghai, China), with a thickness of
approximately 4 pm. The cut sections were floated in a
40-42 °C warm water bath for natural unfolding. Next, the
unfolded sections were retrieved with glass slides and made to
adhere. Subsequently, the glass slides were positioned on a
42-45 °C constant temperature stage and baked for several
hours to firmly attach the sections. The sections were then
twice placed in xylene for 10 minutes each to dewax and
remove paraffin. Then the samples were subjected to hematox-
ylin and eosin (H&E) staining. Firstly, the sections were
dewaxed and rehydrated by being successively immersed in
70%, 80%, 90%, 95%, and 100% alcohol solutions (v/v,
Sinopharm Group Chemical reagent Co., Ltd) for 2 minutes
each. Subsequently, a distilled water rinse was carried out.
Then, the sections were subjected to hematoxylin (Wuhan
Servicebio Technology Co., Ltd, Wuhan, Hubei, China) stain-
ing for 10 min, which led to the cell nuclei being stained blue.
After staining, differentiation was carried out using 1% hydro-
chloric acid in ethanol (v/v, Sinopharm Group Chemical
reagent Co., Ltd) for about 5 seconds. The purpose of this was
to remove the excess hematoxylin dye on the cell nuclei and
make the staining of the cell nuclei clearer. After differen-
tiation, the sections were rinsed with running water and warm
water for blueing back, enabling the cell nuclei to present a
vivid blue-purple color. After rinsing, the sections were coun-
terstained with eosin (v/v, Wuhan Servicebio Technology Co.,
Ltd, Wuhan, Hubei, China) for approximately 3 min, which
imparted a pink color to the cytoplasm and extracellular
matrix. Finally, the sections were dehydrated once more,
cleared in xylene (Sinopharm Chemical Reagent Co., Ltd,
Beijing, China) twice with each time lasting for 8§ minutes, and
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then mounted with a coverslip. The stained sections were then
observed under a biological tissue section processing analysis
system, specifically a fluorescence microscope (BX53, Olympus
(China) Co., Ltd, Beijing, China), 50 pm, to assess the integrity
of the intestinal barrier. The morphology of the colon tissues,
including the shape, size, and arrangement of cells within the
crypts and the presence and appearance of cup cells, the thick-
ness of the colonic mucus layer, number of intestinal villi, etc.
were carefully examined and any differences between experi-
mental groups and control groups were noted and documen-
ted for further analysis.

Biochemical assays of serum levels of gastrointestinal
regulatory peptides

It aimd to understand the roles and potential changes in regu-
lating gastrointestinal functions in mice with constipation, the
concentrations of peptides including motilin (MTL), gastrin
(GAS), substance P (SP), 5-hydroxytryptamine (5-HT), endothe-
lin (ET-1), growth inhibitor (SS), and vasoactive intestinal
peptide (VIP) in the serum were determined in accordance
with the instructions of the enzyme-linked immunosorbent
assay (ELISA) kit (RuiXin Biotech Ltd, Quanzhou, China).

For the quantification of the gastrointestinal regulatory pep-
tides, 50 pL of the diluted serum (with a final dilution factor of
5 times) was carefully dispensed into the wells of the ELISA
plate that had been pre-coated with specific antibodies against
MTL, GAS, SP, 5-HT, ET-1, SS, and VIP. Subsequently, the plate
was gently agitated to ensure homogeneous mixing.
Meanwhile, precisely 50 pL of the standard substance was
accurately pipetted into the corresponding wells of the
enzyme-labeled coated plate. Additionally, blank wells were
established, in which neither samples nor enzyme-labeled
reagents were introduced, serving as a control for baseline
comparison and to account for any background interference or
non-specific binding that might occur during the assay
process.

The plate was incubated at 37 °C for 30 min to allow the
antigen-antibody reaction to occur. After incubation, the wells
were washed five times with washing liquid to remove
unbound substances. Then, except for the blank well, a sec-
ondary antibody conjugated with horseradish peroxidase
(HRP) was added to each well and incubated for another
30 min at 37 °C. The wells were washed five times with
washing liquid to remove unbound substances. Subsequently,
a color developer solution of 50 pL (usually tetramethyl-
benzidine, TMB) was added, and the color reaction was
allowed to develop in the dark for 10 minutes at 37 °C. The
reaction was stopped by adding a stop solution (such as sulfu-
ric acid), and the absorbance at 450 nm was measured
immediately using the enzyme labeling instrument (RuiXin
Biotech Ltd., Quanzhou, China).

To guarantee the reproducibility and precision of the experi-
mental outcomes, each sample was assayed in triplicate, and
the average value was subsequently computed. A standard
curve was generated by utilizing a range of known concen-
trations of the corresponding standards furnished in the

This journal is © The Royal Society of Chemistry 2025
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ELISA kit. The concentration of every analyte within the mouse
serum was then ascertained by contrasting the absorbance
value of the sample with that of the standard curve. After
obtaining the measured concentration, calculate the concen-
tration of the sample and multiply it by the dilution factor.
The final product is the actual concentration of the sample.

Determination of the short-chain fatty acids (SCFAs)
concentration in feces

For the objective of discerning the potential of the probiotic
strain to engender beneficial fermentation within the gut
lumen, the fluctuation in the generation of short-chain fatty
acids (SCFAs) was scrupulously gauged through gas chromato-
graphy-mass spectrometry (GC-MS) analysis.>’

The feces samples were prepared according to the previous
method.*® Accurately measure 30 mg of feces using a precision
analytical balance with thousandth percentile accuracy
(BS224S, Beijing Sartorius Instrument Systems Co., Ltd,
Beijing, China). Resuspend the feces in 500 pL of saturated
NaCl solution and ensure thorough mixing by applying a
gentle vortexing action using a mixing device (QL-901, Jiangsu
Haimen Qilin Bell Instrument Manufacturing Co., Ltd.,
Nantong, Jiangsu, China). This process may assist in dissociat-
ing SCFAs from the fecal matrix and establishing a suitable
ionic environment. Following acidification with 20 pL of 10%
H,SO,, 800 pL of ether was incorporated into the mixture.
Then, the mixture was agitated for 10 minutes by a mechanical
shaker (HNY-100D, Tianjin Ono Instrument Co., Ltd, Tianjin,
China) for the purpose of separating SCFAs from other fecal
constituents. Subsequently, the mixture was subjected to cen-
trifugation at 18 000g for 15 minutes, thereby segregating the
ether phase, which harbored the extracted SCFAs, from the
aqueous phase. The upper ether layer was meticulously col-
lected and subsequently introduced into 0.25 g of anhydrous
Na,SO,. The resultant mixture was left undisturbed for 30 min
to eradicate any residual water that might potentially disrupt
the GC-MS analysis. Thereafter, the mixture was centrifuged at
18000g for 5 minutes to separate Na,SO, from the ether
phase. The clear, dry ether phase containing SCFAs was then
primed and ready for injection into the GC-MS system.

The GC-MS (ISQ 7000, Thermo Fisher Scientific (Shanghai)
Instrument Co., Ltd, Shanghai, China) analysis is performed
on an SH-PolarWax-MS column (SHIMADZU Ltd, USA) with a
length of 30 m and an inner diameter of 0.25 pm. Helium (He)
is employed as the carrier gas at a flow rate of 1 mL min™",
facilitating stable and reproducible separations. A 1 pL sample
was injected into the column with a split ratio of 10:1. The
injection temperature is set at 240 °C to ensure the complete
vaporization of the sample while avoiding thermal degradation
of the SCFAs. The column temperature was increased following
a specific procedure. It was initiated at 100 °C and then raised
to 140 °C at a rate of 7.5 °C min~'. Subsequently, it was
increased to 200 °C at a rate of 60 °C min~" and maintained at
that temperature for 3 min. The ionization temperature was
set at 220 °C. At this temperature, the SCFAs in the gas phase
were ionized in the ion source of the mass spectrometer and
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then detected and analyzed by the mass spectrometer. The
analysis was conducted in full scan mode to detect all ions
generated from the SCFAs. Finally, the concentration of each
short-chain fatty acid (expressed in pmol g™*) within the fecal
samples was precisely calculated by means of the peak areas of
both the standards and the samples. Afterwards, the purity
and concentration of DNA were detected by 1% agarose gel
electrophoresis. And the sample DNA was transferred into a
centrifuge tube and then diluted to a concentration of 1 ng
pL~" using sterile water.

16S rRNA sequencing of gut microbiota in fecal samples

The mouse fecal samples (200 mg) were collected in a sterile
manner and immediately stored at —80 °C to preserve the
integrity of the microbial DNA until extraction. The fecal
samples were thoroughly homogenized by means of a mortar
and pestle to guarantee a uniform distribution of the
microbial cells and enhance the efficiency of DNA extraction.
Subsequently, with the aid of an ultra clean fecal DNA iso-
lation kit (Mo Bio Laboratories Inc, USA), the microbial cells
present in the fecal samples were lysed, consequently leading
to the release of the genomic DNA. The 16S rDNA V3-
V4 hypervariable regions of all bacteria in the samples were
sequenced using the Mi Seq Illumina sequencing platform
(Illumina, Inc., USA) to characterize the gut microbiota.

Following sequencing, the raw sequence data underwent
processing. The raw sequences underwent a series of proces-
sing steps, including primer removal, quality filtering, denois-
ing, splicing, and chimera detection. After quality control,
each non-redundant sequence generated was designated as an
ASV (amplicon sequence variant). These ASVs were then anno-
tated using the Greengenes database Silva version 138.1. A
rapid multiple sequence alignment was carried out using the
QIIIME?2 software to acquire the phylogenetic relationships of
all ASVs sequences. The species abundances of each sample at
different taxonomic levels were calculated by normalizing the
data of each sample. Subsequently, the species abundance
information was used to generate heatmaps, Venn diagrams,
and other visualizations.

The alpha diversity (such as Shannon index, Chao 1 index,
Simpson index, observed_otu index) to assess the diversity
within each sample, and beta diversity (such as non metric
multidimensional analysis, NMDS) were calculated to compare
the differences between samples.*® Linear discriminant ana-
lysis (LDA) was conducted to pinpoint the microbial taxa that
exhibited the highest discriminatory power among different
groups.’’ Correlations between the dominant bacterial phyla
and physiological indices were examined through Spearman
correlation analysis.

Real-time quantitative polymerase chain reaction (RT-qPCR)
experiment targeting the colon tissues

To analyze the molecular mechanisms underlying the impact
of BLa80 on colon-related gene expression in constipated
mice, including aquaporin 3 (AQP3), intestinal mucin 2
(MUC2), stem cell factor (SCF) and c-Kit, the RT-qPCR experi-
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ment was carried out targeting the colon tissues on a CFX
connect real-time PCR system (BioRad, USA). Specifically, the
colon tissues of 300 mg were meticulously harvested from the
constipated mice that had been treated with BLa80, as well as
from those in the control groups and the model group. Total
RNA was then extracted from these colon tissues through hom-
ogenization in a cracking buffer RLS (with 50 x DTT solution
added) of 600 pL supplied in the steadypure universal RNA
extraction kit II (Accurate Biotechnology (Hunan) Co., Ltd,
Changsha, China). In a 1.5 mL centrifuge tube (RNase free),
the mixture was repeatedly pipetted until there was no obvious
precipitate in the lysis buffer. The lysis buffer was allowed to
stand at room temperature for 2 min. Then, it was centrifuged
at 12000 rpm and 4 °C for 5 min. The supernatant was care-
fully aspirated into a new 1.5 mL centrifuge tube (RNase free).
Subsequently, an equal volume of 70% ethanol was added to
the tissue lysate. The mixture was then pipetted up and down
to ensure homogeneity until no obvious viscosity or precipitate
was observed. After homogenization, the sample was subjected
to a universal RNA mini column (Accurate Biotechnology
(Hunan) Co., Ltd, Changsha, China), and a series of centrifu-
gation and washing steps as the kit instructions. The high-
quality RNA was recovered by performing an elution step with
100 pL of RNase-free water for 5 min. Subsequently, the
sample was centrifuged at 12 000 rpm at room temperature for
2 min to elute the RNA (NanoDrop One, Thermo Fisher
Scientific (Shanghai) Instrument Co., Ltd, Shanghai, China).
Only when this ratio fell within the optimal range of 1.8 to 2.0
was the RNA sample deemed suitable for use in the sub-
sequent steps of the experiment.

These separated qualified was converted into complementary
DNA (cDNA) using a Evo M-MLV reverse transcription premix kit
II (Accurate Biotechnology (Hunan) Co., Ltd, Changsha, China).
The reaction was carried out under specific temperature con-
ditions. First, DNA genome removal step was carried out at
around 42 °C for 2 min to synthesize complementary DNA
(cDNA) from the isolated RNA while eliminating any contami-
nating genomic DNA. Then, the reverse transcription step was
carried out at around 37 °C for a 15 min, during which the
reverse transcriptase synthesizes the cDNA strand complementary
to the RNA template. Finally, a heat inactivation step was carried
out at approximately 85 °C for 5 seconds, thus getting the cDNA
ready for the subsequent procedures.

The ¢DNA amplification was conducted using the SYBR®
Green Premix Pro Taq HS qPCR kit (code. AG11701, Accurate
Biotechnology (Hunan) Co., Ltd, Changsha, China) on the CFX
connect real-time PCR system. To prepare the reaction
mixture, 100 ng of cDNA template samples were added, along
with 0.2 pM forward and reverse primers specific for each
target gene, namely f-actin (internal reference gene, GAPDH),
AQP3, MUC2, SCF and c-Kit. The SYBR green premix, which
contains Taq polymerase, dNTPs, MgCl,, and the SYBR green
dye, was also incorporated. The primer sequences employed to
evaluate the expression of specific colon-related genes were as
detailed in Table S1 of the ESL{ The CFX connect real-time
PCR system was utilized to execute the thermal cycling. The
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cycling conditions comprised an initial denaturation step at
approximately 95 °C for 30 seconds to ensure complete dena-
turation of the DNA. Subsequently, 40 amplification cycles
were carried out, with each cycle consisting of a denaturation
step at around 95 °C for 5 seconds and an annealing step of
each primer pair at 60 °C for 30 seconds. Following the ampli-
fication cycles, a melting curve analysis was carried out to
verify the specificity of the amplified product.

The threshold cycle values (Ct values) were ascertained for
each sample and each target gene. The relative expression of
the genes was computed by means of the 2-AACT method.
Firstly, the ACT value for each target gene was obtained by
deducting the Ct value of the GAPDH from the Ct value of the
target gene. Subsequently, the AACT value was determined by
subtracting the ACT value of the control group from the ACT
value of the experimental group. Eventually, the relative
expression of the target gene was calculated as 2-AACT.

Statistical analysis

Experimental data were meticulously analyzed and processed
with the aid of IBM SPSS statistical software version 26 and
GraphPad Prism 9.0 software. The data were presented in the
form of mean + standard deviation (SD). To identify differ-
ences among groups, one-way analysis of variance (ANOVA) in
conjunction with Duncan’s multiple range test was employed.
A p-value less than 0.05 was regarded as statistically signifi-
cant, thereby denoting a meaningful distinction between the
groups under investigation.

Results and discussion

The impact of BLa80 treatment on body weight and
gastrointestinal motility in mice with constipation

The effects of BLa80 on the physiological and fecal conditions
of constipated mice were assessed through body weight, fecal
water content, small intestinal propulsion rate, and the time to
the first appearance of black stool. Fig. 1A illustrated the
pattern of body weight alterations in each group of mice. It
was evident that following loperamide treatment, the body
weights of mice in each group were substantially lower than
those of the blank control group (BC group, p < 0.05), indicat-
ing that the loperamide treatment impeded weight gain.
Loperamide, which acts on the gastrointestinal tract and
affects intestinal motility and function, slows the normal intes-
tinal movement in mice. This alters digestion and absorption,
preventing efficient nutrient uptake. As proper absorption of
proteins, carbs, and fats is essential for weight gain, the dis-
rupted absorption due to loperamide’s effect on the intestine
hinders normal weight increase.”® As expected, by day 7 after
BLa80 and mosapride citrate tablets (PC group) treatment, the
body weights of the mice commenced a gradual recovery. The
weight recovery effect was pronounced (p < 0.05) in the PC
group and all BLa80 dose groups (BLa80-L, BLa80-M and
BLa80-H groups) when compared to the model group (M
group). This might be attributed to the enhancing effect that
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Fig. 1 Impact of Bla80 treatment on body weight, gastrointestinal motility and colonic histomorphology in constipated mice. A, Alterations in body
weight. B, The fecal water content (FWC), small intestinal propulsion rate (SIPR), and the time when black stool first appears (TTTFBS). Data were pre-
sented as the mean + SD (n = 10). Different letters signify significant differences among distinct groups, with p < 0.05. The different letters represent
significant differences between different groups, p < 0.05. C, Histopathological examination of the colon via hematoxylin & eosin (H&E) staining at a

maghnification of 100x.

mosapride citrate tablets exert on the motility of the gastroin-
testinal tract, or the beneficial influence of the probiotic BLa80
on the gut microbiota and gut environment.** Such effects
could generate a more conducive condition for the digestion
and absorption of specific nutrients, thereby promoting a res-
toration to normal weight gain patterns following the allevia-
tion of constipation-related problems.

The outcomes of fecal water content, small intestinal propul-
sion rate and the time to the first black stool for the mice are pre-
sented in Fig. 1B. In contrast to the BC group, the fecal water
content and small intestinal propulsion rate of the mice in the M
group were markedly diminished (p < 0.05). Nevertheless, the
time to the first black stool in constipated mice from the M group
was the highest. In comparison to the M group, the fecal water
content and small intestinal propulsion rate were notably
enhanced, with significantly abbreviated time to the first black

This journal is © The Royal Society of Chemistry 2025

stool for the mice in BLa80 treatment groups (p < 0.05), especially
for the mice treated with BLa80 of high dose. These parameters
were comparable in the BC, PC and BLa80-H groups. The results
demonstrated that BLa80 was capable of augmenting fecal
wetness, accelerating intestinal peristalsis, and enhancing the
small intestine propulsion rate, which in turn effectively miti-
gated constipation. The enhanced motility or the ameliorated gut
environment expedites fecal passage, diminishes the time of fecal
retention in the colon, precludes excessive water absorption from
feces, and consequently gives rise to softer stools and more effort-
less defecation.

The disparities in the intestinal morphological characteristics
among constipated mice

The integrity of the intestinal barrier constitutes a crucial
factor in the assessment of the severity of constipation.
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Additionally, any damage inflicted upon the intestinal barrier
also exerts a varying degree of influence on the peristaltic func-
tion of the intestines. To gain a deeper understanding of the
role of BLa80 in alleviating the impairment of the gut barrier
in constipated mice, the histological staining on the distal end
of the mouse colon distal tissue to evaluate the intestinal mor-
phology were conducted. The results, as presented in Fig. 1C,
indicated that in the BC group, the small intestinal tissue
exhibited an intact structure. The cells within the lamina
propria were orderly arranged and structurally distinct, the
mucosa and smooth muscle layers were well-organized, and
the epithelial layer was continuous without any defects. In con-
trast, the M group manifested a partial loss of the crypt struc-
ture in the colonic mucosal layer and intestinal villi,
accompanied by focal inflammatory cell infiltration, a partial
reduction in goblet cells, and a diminished thickness of the
mucosal and muscular layers. This implied that constipation
caused damage to the intestinal barrier, which could be attrib-
uted to the increased intraluminal pressure, prolonged contact
with toxins, and imbalanced gut microbiota etc. induced by
constipation.>® However, following treatment with mosapride
citrate tablets and BLa80, the intestinal structure was restored
to varying extents. Mice in the BLa80 groups demonstrated a
significant reduction in colonic tissue damage, a decline in
inflammatory cell infiltration, an increase in the number of
goblet cells and intestinal villi, a restoration of the thickness
of the colonic mucus layer, an improvement in the cellular
condition with a tendency towards normalization, and colonic
characteristics that closely resembled those of the BC and PC
groups. These observations of colon tissue sections evidently
illustrated that BLa80 was proficient in effectively reversing the
colon injury instigated by loperamide. This could predomi-
nantly be attributed to its multiple beneficial actions.
Specifically, BLa80 strengthens tight-junction function, crucial
for intestinal epithelial barrier integrity. Tight-junction pro-
teins such as occludin, claudins, and zonula occludens-1 regu-
late paracellular permeability. By enhancing their expression
and localization, BLa80 curbs harmful substance leakage from
the gut lumen, alleviating intestinal inflammation. In vitro,
BLa80 treatment up-regulated occludin and claudin-1 in cell
monolayers, reducing dextran passage, signifying a tightened
barrier.** BLa80 also could promote mucus production.
Mucus, rich in mucins, forms a protective layer on the intesti-
nal epithelium, acting as a dual-action pathogen barrier. In
animal models, BLa80-mediated mucin increase led to a
thicker layer, trapping pathogens and fostering a beneficial-
bacteria-friendly environment.*> Moreover, BLa80 modulates
the intestinal cytokine profile. It boosts anti-inflammatory
cytokines like IL-10 and TGF-f while reducing pro-inflamma-
tory TNF-a and IL-6 etc. In a murine colitis model, BLa80
administration increased IL-10 and TGF-§ levels, decreased
TNF-a and IL-6, dampening the inflaimmatory response.*®
BLa80 competitively inhibits pathogenic bacteria. It occupies
adhesion sites and synthesizes bacteriocins with broad-spec-
trum activity against pathogens like E. coli and Salmonella. By
out-competing them, BLa80 curbs pathogen colonization and

2354 | Food Funct, 2025, 16, 2347-2362

View Article Online

Food & Function

invasion.?” Additionally, BLa80 contributes to producing ben-
eficial metabolites such as short-chain fatty acids (SCFAs) and
B-vitamins. SCFAs, especially butyrate, are colonocyte energy
sources with anti-inflammatory effects.’® B-vitamins like
biotin, folate, and cobalamin, produced by BLa80, are crucial
for restoring colon tissue health and integrity.>® For example,
some B-vitamins partake in antioxidant defense, lessening oxi-
dative stress and inflammation. They also affect the gut micro-
biota, spurring beneficial bacteria growth, safeguarding the
intestinal barrier, and blocking pathogen invasion. Previous
studies have also demonstrated that Bifidobacterium lactis
TY-S01 exhibits anti-inflammatory characteristics and fortifies
the integrity of the gastrointestinal mucosal barrier.*
Consequently, BLa80 might prove efficacious in ameliorating
the symptoms of constipation by facilitating the restoration of
intestinal damage in constipated mice.

The alteration of the serum levels of gastrointestinal regulatory
peptides in different groups of mice

The outcomes regarding the levels of gastrointestinal regulat-
ory peptides were presented in Fig. 2A and Table 1.
Gastrointestinal hormones, which are small-molecule pep-
tides, have been identified as significant mediators within the
gut-brain axis. This axis serves as a crucial link, interconnect-
ing the enteric nervous system (ENS) of the gastrointestinal
tract and the central nervous system (CNS).*" It is within this
context that the gastrointestinal regulatory peptides associated
with constipation could play a vital role in regulating gastroin-
testinal motility and brain—gut connection. Among them,
motilin (MTL), gastrin (GAS) and substance P (SP) acted as
excitatory transmitters for promoting gastrointestinal motility,
whereas endothelin-1 (ET-1), growth suppressor (SS) and vaso-
active intestinal peptide (VIP) acted as inhibitory transmitters
for reducing gastrointestinal motility. As shown in Fig. 24, in
the M group, the contents of gastrointestinal regulatory pep-
tides such as MTL, GAS, SP, and 5-hydroxytryptamine (5-HT)
were significantly lower than those in the BC group (p < 0.05),
indicating loperamide hydrochloride’s inhibitory effect on
them in constipated mice. This indicated loperamide reduced
the release of the peptides involved in promoting gastrointesti-
nal motility.*” The results also showed that the levels of ET-1,
SS, and VIP were remarkably increased in the M group com-
pared with the BC group, with statistically significant differ-
ences (p < 0.05). The rise in ET-1, SS and VIP could be a regu-
latory mechanism to balance the changes caused by the loper-
amide-induced reduction in motility.*® These observation was
consistent with previous findings in constipated mice, which
showed lower serum levels of MTL, GAS, and SP and higher
levels of ET-1, SS, and VIP.*?

Subsequent to treatment with different doses of BLa80 or
mosapride citrate tablets, all groups exhibited varying degrees
of recovery. Specifically, in the groups that were administered
different doses of BLa80, the MTL, Gas, SP, and 5-HT contents
were considerably higher in comparison to the M group (p <
0.05). The ET-1, SS, and VIP contents were significantly lower
in the PC group as well as in the groups with different doses of
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Fig. 2 Effect of BLa80 administration on gut microbiota composition and diversity. A, Venn diagram of the interspecific overlap of mice in each
group. B, p-Diversity analysis based on NMDS (stress = 0.161). C, The Shannon index, Chao 1 index, Simpson index, and observed_otus index. Data
are expressed as mean or mean + SD (n = 10). The different letters represent significant differences between different groups, p < 0.05.

BLa80 when contrasted with the M group (p < 0.05). These
results indicated that BLa80 was capable of effectively enhan-
cing the secretion of MTL, Gas, SP and 5-HT, while simul-
taneously reducing the secretion of ET-1, SS and VIP.

The variation in the levels of these peptides could be
explained from multiple perspectives. Loperamide hydro-
chloride, which functions as the opioid receptor agonist
within the enteric nervous system (ENS), is capable of binding
to specific receptors in the gastrointestinal tract. This binding
interaction triggers a cascade of modifications in neuro-
transmitter release and regulatory mechanisms, thereby modu-
lating the secretion of gastrointestinal regulatory peptides.**
BLa80 as a probiotic, could interact with the ENS and immune
cells in the gut, which played a crucial role in the release of
gastrointestinal regulatory peptides. Probiotics can prevent an
overactive immune response that may increase ET-1, SS and
VIP. ET-1 is well-known for its role in vasoconstriction and can
also contribute to inflammation in the gut.*> SS has inhibitory
effects on various physiological processes in the gut, and an
excessive amount of it can disrupt normal gut function.*" VIP,
can cause abnormal fluid secretion and relaxation of smooth
muscles in the gut, which can further affect digestion and
absorption.*® By modulating the immune system and main-
taining a proper balance, probiotics act as a safeguard to
prevent the overproduction of ET-1, SS and VIP, thereby pro-
moting an optimal digestive function. For beneficial peptides
like MTL, Gas, SP, and 5-HT, probiotics enhance immune-

This journal is © The Royal Society of Chemistry 2025

mediated signals for gut endocrine cells. These interactions
boost peptide production and release, aiding gastrointestinal
motility. Additionally, probiotics, by enhancing the barrier
function and out-competing the pathogens, can restore a
healthy gut environment. Simultaneously, a healthy gut
environment fostered by probiotics is conducive to the normal
endocrine function of the gut and augments the communi-
cation between epithelial cells and endocrine cells. This, in
turn, results in an elevated secretion of MTL, Gas, SP and
5-HT.

The variation in the concentration of short-chain fatty acids
(SCFAs) within the feces of mice

To verify whether BLa80 has an impact on gut microbial
metabolites, the contents of acetic acid, propionic acid, isobu-
tyric acid, butyric acid, isovaleric acid, valeric acid, and total
short-chain fatty acids (SCFAs) in the feces were determined.
The results indicated that the level of SCFAs in the feces of
mice in different dosage groups of BLa80 was significantly
elevated compared with mice in the MC group that received
loperamide treatment. With the exception of isobutyric acid
and isovaleric acid, the levels of other SCFAs in the mice of the
M group were markedly lower than those in the BC group (p <
0.05, Fig. 2B). Nevertheless, the concentrations of acetic acid,
propionic acid, butyric acid, valeric acid, and total SCFAs were
significantly elevated in the PC group and the various dose
groups of BLa80 (p < 0.05). Notably, the amounts of acetic
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Table 1 The serum concentrations of gastrointestinal regulatory peptides and the feces contents of short-chain fatty acids (SCFAs) in various

groups of mice

Group

Index BC M PC

BLa80-L BLa80-M BLa80-H

Serum levels of gastrointestinal regulatory-related peptides

MTL 355.33 +9.72% 281.45 + 12.30¢ 338.415 + 7.20° 309.715 + 8.99° 322.72 +11.30° 346.205 + 10.76%°
GAS 190.77 + 6.35% 152.035 + 6.169 180.315 + 8.68° 162.765 + 5.85° 173.265 + 5.33° 192.075 + 3.54%
SP 213.795 + 8.22% 130.09 + 8.21° 197.84 + 6.35° 150.765 + 6.15¢ 159.35 + 6.67¢ 184.885 + 5.99¢
5-HT 180.295 + 8.06% 73.015 + 2.534 175.515 + 6.17% 124.13 + 4.30° 127.51 + 4.53°¢ 140.3 + 7.61°
ET-1 90.31 + 5.10° 104.59 + 4.81% 91.87 + 3.25° 89.51 + 2.88° 80.42 + 3.06° 75.39 + 3.85°
SS 334.42 + 4.379° 412.455 + 7.66% 325.785 + 6.63° 381.765 + 7.33° 360.21 + 6.74° 337.48 + 5.48¢
VIP 369.955 + 12.87° 479.445 + 12.24° 309.395 + 8.62¢ 368.31 + 14.70° 357.99 +17.17° 334.765 + 13.59°¢

Fecal SCFAs composition

Acetic acid 63.85 + 1.36% 17.77 + 1.10¢ 57.28 + 0.66° 41.59 + 0.97¢ 54.00 + 0.60° 62.63 + 1.50°"
Propionic acid 21.67 + 1.36° 6.88 + 1.00¢ 15.97 + 1.51° 9.58 + 1.01° 12.71 + 1.46° 13.85 + 0.76"°
Butanoic acid 12.06 + 1.21% 5.04 + 0.67° 10.12 + 0.33%P 7.71 + 0.62° 8.45 + 0.88P 9.72 + 1.00%°
Isobutyric acid 8.27 + 1.08%° 5.48 +1.27° 7.83 +0.60%° 6.44 + 1.20° 8.40 + 0.55%° 9.85 + 1.06%
Valeric acid 4.52 £1.05% 1.54 £ 0.37° 4.03 £ 0.95% 3.83 £ 0.61% 4.77 £ 0.65% 5.39 + 1.11°
Isovaleric acid 9.28 + 1.25° 2.86 + 0.39%¢ 5.34 £ 0.56° 5.13 +1.02% 6.34 + 0.58° 8.09 + 0.87%°
Total SCFAs 119.65 + 1.91° 39.57 + 2.17F 100.56 + 0.48° 74.28 + 0.39° 94.67 + 2.85¢ 109.53 + 1.57°

Data represent the mean + SD (n = 10). Different letters within the same row denote significant differences among distinct groups, with a

significance level of p < 0.05.

acid, butyric acid, isobutyric acid, valeric acid, and isovaleric
acid were restored to the values of the blank control (BC
group) in the BLa80-H group. However, the content of propio-
nic acid and total SCFAs exhibit a significant decrease
(Table 1).

SCFAs are crucial metabolites of the intestinal microbiota
and a significant mediator within the gut-brain axis. The
SCFAs actuate intestinal mucosal receptors and the vagus
nerve, which directly influence colonic smooth muscle to
propel peristalsis.”” SCFAs constitute an essential target for
exploring the correlation between intestinal microbiota and
constipation."® Moreover, they curtail the intestinal transit
time by augmenting intestinal 5-HT concentrations, thereby
alleviating the symptoms of constipation. Multiple studies
have indicated that probiotics can sustain the level of SCFAs in
the intestine and consequently maintain regular bowel move-
ments.*® Additionally, SCFAs are assimilated by colonic epi-
thelial cells and also function as an energy reservoir. They
maintain the physiological function and normal morphology
of intestinal cells by diminishing the osmotic pressure of the
intestinal cells, thus reducing the absorption of water from
feces by the intestinal lumen. High osmotic pressure can have
an adverse impact on intestinal cells.*® It appeared to be corro-
borated by the results of the fecal water content, which was sig-
nificantly increased in BLa80-treated mice. It is postulated that
this is closely related to the rise in SCFAs within the intestine.
Furthermore, SCFAs are capable of suppressing inflammation
and safeguarding the integrity of the intestinal epithelium,
thereby enhancing the frequency of gastrointestinal motility.
This aligns with the outcomes regarding the timing of the first
black stool and intestinal morphology mentioned above.”®
Previous investigations have established that SCFAs could
stimulate the secretion of peptides related to the regulation of
the gastrointestinal tract to stimulate gastrointestinal peristal-
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sis, which coincides with the alterations in the levels of gastro-
intestinal regulatory peptides in the present study.'?

The impact of BLa80 treatment on the composition and
diversity of the intestinal microbiota

Given the key role of intestinal bacterial ecology in consti-
pation, this study probed the changes in composition and
diversity of the intestinal microbiota of constipated mice
(Fig. 3). As shown in the Venn diagram (Fig. 3A), 258 Amplicon
Sequence Variant (ASV) were shared among the six sample
groups. Namely, 83 ASV were unique to the BC group, 31 to the
M group, 108 to the PC group, 57 to the BLa80-L group, 85 to
the BLa80-M group, and 134 to the BLa80-H group. Among
them, the M group had a notably lower ASV count than the
others, indicating a significant reduction in species specific to
the gut microbiota of loperamide-induced constipated mice.”*
In contrast, the BLa80-H group had a much higher ASV
number, suggesting BLa80 treatment greatly increased the
species specific to the gut microbiota of such constipated
mice.

The NMSD plot is presented in Fig. 3B. It clearly demon-
strated a distinct separation in the gut microbiota between the
BC and M groups. This implied that the gut microbiota of the
mice in the M group underwent alterations following lopera-
mide intervention and was substantially different from those
of the BC group. The gut microbiota samples of BLa80-L group
mice partially overlap with those of M group. This indicated
that the low-dose BLa80 did not bring about a significant
enhancement in the gut microbiota of the mice subjected to
loperamide interference. The samples of mice in the PC and
BLa80-M groups hardly overlapped with those of the mice in
the M group at all. This suggested that mosapride citrate
tablets and medium-dose BLa80 did improve the intestinal
microbiota of constipated mice. The samples of the mice in

This journal is © The Royal Society of Chemistry 2025
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the BLa80-H group were separated from the sample points of
the other groups and were in close proximity to those of the
BC group. This implied that the high-dose BLa80 managed to
shift the gut microbiota of constipated mice towards the BC
group to a certain degree.>

Alpha diversity analysis was indicative of the diversity and
richness of gut microbiota in mice. The Shannon index, Chao
1 index, Simpson index, and observed_otus index were posi-
tively correlated with the relative abundance of gut microor-
ganisms in mice. The results are presented in Fig. 3C. In com-
parison with the M group, the Shannon index, Chao 1 index,
and observed_otus index of the BC, PC, BLa80-L, BLa80-M,
and BLa80-H groups were significantly augmented (p < 0.05),
signifying an increase in the diversity or richness of the intesti-
nal microbiota. This implied that BLa80 was capable of ameli-
orating constipation by modulating the intestinal microbiota
and enhancing the intestinal microecological environment.
There was no significant difference in Simpson’s index among
the groups, suggesting that these treatments had a minimal
impact on the relative abundance of dominant species for
microbial communities.>®

For a more in-depth exploration of the impact of BLa80 on
the intestinal microbiota of loperamide-induced constipated

This journal is © The Royal Society of Chemistry 2025

mice, analyses were carried out at the phylum and genus
levels, respectively. The results are presented in Fig. 4A and B.
At the phylum level (Fig. 4A), the microbiota of the mouse gut
was predominantly constituted by Bacteroidetes and
Firmicutes. In response to loperamide, the relative abundance
of Bacteroidetes significantly rose in the M group (Fig. 4C),
while that of Firmicutes declined, compared with the other
groups. This led to a high Bacteroidetes-to-Firmicutes (B:F)
ratio (M:7.42; BC:5.50; PC:3.37; BLa80-L:6.67; BLa80-
M:4.01; BLa80-H:3.09), which implied lower energy absorp-
tion. This was consistent with the results of the previous ana-
lysis on body weight gain. Nevertheless, following the interven-
tion of different doses of BLa80, the structure of the gut micro-
biota in all groups was reversed to varying extents, with a par-
ticularly significant effect observed in the BLa80-H group. At
the genus level (Fig. 4B), compared with the BC group, the
abundance of Alloprevotella diminished in the M group.
Alloprevotella, a major butyrate producer, inhibits intestinal
pathogens and benefits host health. In mice treated with loper-
amide hydrochloride, the abundance of Alloprevotella declined,
directly reducing intestinal butyrate production. The decrease
in butyrate may attenuate pathogen inhibition and impact the
overall health of the mice.>*
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Fig. 4 The dominating bacteria at phylum level and expression of corresponding genes in the colon. A, The relative abundance of the top 20
species at the phylum level. B, mRNA expression levels of AQP3, MUC2, SCF and c-kit in the colon of constipated mice. Data are presented as the
mean + SD (n = 10). Different letters denote significant differences among different groups, with p < 0.05. C, Spearman’s correlation between the
dominant bacteria at the phylum level and physiological indices. The colors of squares represent the R-value of Spearman’s correlation.

Concurrently, the relative abundances of Alistipes,
Odoribacter and Rikenellaceae in the BLa80 groups were obser-
vably higher compared with those in the M group (Fig. 4B).
Moreover, the abundance of Bifidobacterium was significantly
higher than that in the other groups (LDA > 2, Fig. 4C). The
augmentation of these bacteria was prone to result in an
elevation of beneficial metabolites such as SCFAs.
Subsequently, this could activate specific signaling pathways
within the host and impact the secretion of gastrointestinal
hormones via an indirect effect on the intestinal environ-
ment.”> For example, Alitipes, anaerobic colonizers of the
human gut, are linked to intestinal health. They degrade and
ferment fiber to produce butyric acid etc., crucial for colon
health as it powers colon cells, preserves mucosal integrity,
and regulates inflammation.>® Odoribacter, belonging to the
phylum Bacteroidetes, like Alitipes, aids SCFAs production and
intestinal health, diminishing inflammation and colon cancer
risk.”>” Rikenellaceae, which is implicated in lipid and amino
acid metabolism and the formation of SCFAs, shows a corre-
lation with acids such as butyric and valeric.”® Conversely,
within the M group, certain harmful bacteria, exemplified by
Erysipelatoclostridium, exhibited a significant enrichment (LDA
> 2, Fig. 4C). Erysipelatoclostridium is often associated with gut
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dysbiosis. Certain species can generate toxins, which damage
intestinal epithelial cells crucial for nutrient uptake and
serving as a shield. Damaged epithelium causes enhanced
intestinal permeability (“leaky gut”), permitting toxins and
undigested matter to access the bloodstream and potentially
instigate systemic inflammation and immune reactions. In
poultry, it may result in retarded growth, inefficient feed con-
version, and elevated mortality.

Furthermore, a heat map analysis was conducted on the
relative abundance of the top 20 species at the phylum level to
evaluate the distribution of gut microbes among each group of
mice. The results are presented in Fig. 4A. In the BC group
mice, the abundances of Nitrospirota, Proteobacteria,
Acidobacteriota, and Actinobacteriota were relatively high. It
was observed that the dominant genera in group M were
mainly concentrated in Acidobacteriata, Gemmatimonadota,
Patescibacteria, Actinobacteriota, Chloroflexi, and
Sumerlaeota. In contrast, in the BLa80 group mice, there was
an increase in Bacteroidota, Fusobacteroidota, Cynaobacteria,
Patescibacteria, Desulfobacterota, Campylobacterota,
Firmicutes, and Actinobacteriota. Meanwhile, the PC group
mice exhibited an enrichment of Deferribacterota,
Myxococcota, and Verrucomicrobiota. Generally speaking, the

This journal is © The Royal Society of Chemistry 2025
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microbiota composition of the BLa80 group differed remark-
ably from that of the M group, and the structure of the gut
microbiota in BLa80-treated mice was more akin to that of the PC
group. Some harmful bacteria were significantly enriched in
group M. For example, Sumerlaeota and Chloroflexi. These are
not the main components of the gut microbiota, but changes in
their quantities may have an impact on human health when
there is an imbalance in the gut microbiota.>® For instance, when
people suffer from intestinal diseases that lead to the disorder of
the gut microbiota, Sumerlaeota and Chloroflexi may take the
opportunity to multiply in large numbers. Such changes may
trigger intestinal inflammatory responses, because their meta-
bolic products may irritate the intestinal mucosa or change the
chemical environment within the intestine, thus affecting the
normal physiological functions of the intestine. These findings
imply that BLa80 modulated the imbalance of the intestinal
microbiota in constipated mice by facilitating the growth of ben-
eficial bacteria and suppressing the proliferation of harmful bac-
teria, thereby contributing to the restoration of intestinal homeo-
stasis and the alleviation of constipation.

Expression of corresponding genes in the colon among
distinct groups of mice

The results of the effect of BLa80 on the expression of colon-
related genes in constipated mice, which were analyzed by RT-
gPCR, are presented in Fig. 4B. The obtained results demon-
strated that the mRNA expression of AQP3 was notably higher
in the M group in contrast to the BC group (p < 0.05).
Conversely, the mRNA expression of MUC2, SCF, and c-Kit was
significantly lower in the M group (p < 0.05). This probable be
one of the main reasons for the decrease in fecal water content
and fecal dryness in the distal colon. And it could be
accounted for by the competitive water absorption in the
colon, the decline of the hydrogel mucus barrier, the augmen-
ted quantity of ICC, along with the elevated expression of
AQPs, the repressed expressions of MUC2, and the SCF/c-Kit
signaling pathway.®®®> When compared with the M group, the
mRNA expression levels of AQP3 in the PC group and different
dose groups of BLa80 were decreased to a more significant
extent (p < 0.05). Meanwhile, the mRNA expression levels of
MUC2, SCF, and c-Kit in the PC and different dose groups of
BLa80 were increased more remarkably (p < 0.05), with the
alterations being more prominent in the BLa80-H group. This
suggested that BLa80 treatment could moderately reduce the
competitive water absorption in the colon, enhanced the intes-
tinal barrier function, and augmented the expression levels of
the SCF/c-Kit pathway, thereby enhancing gastrointestinal
motility and alleviating the symptoms of constipation. BLa80
treatment promoted the colonization of more beneficial bac-
teria, which could secrete bioactive factors or beneficial metab-
olites such as SCFAs. These bioactive factors or beneficial
metabolites could reduce the excessive water-absorbing
capacity of the colon by regulating the functions of epithelial
cells and tight junctions, and also stimulate the production of
mucus-secreting goblet cells. Moreover, the beneficial bacteria
is capable of participating in the regulation of ICCs by interact-

This journal is © The Royal Society of Chemistry 2025
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ing with the gut epithelium and the enteric nervous system,
enhancing the expression of c¢-Kit and its ligand SCF, and the
activation of this pathway can strengthen intestinal motility.®*

The outcomes of the Spearman correlation coefficient
among the composition of the intestinal microbiota, the gas-
trointestinal motility indices, the serum levels of gastrointesti-
nal regulatory peptides, the SCFAs levels within the feces of
mice, and expression of corresponding genes are illustrated in
Fig. 4C. Specifically, Bacteroidata, Acidobacteriota, and
Gemmatimonadota, which had relatively high abundances in
the mice of the M group, exhibited a notably positive corre-
lation with the first black stool time and the level of the gastro-
intestinal regulatory peptide VIP (p < 0.05 or p < 0.01).
Conversely, they demonstrated a significantly negative corre-
lation with the levels of GAS, isobutyric acid, and the mRNA
expression levels of SCF and c-Kit (p < 0.05 or p < 0.01).
Firmicutes and Desulfobacteriota, having relatively high abun-
dances in the mice of the BLa80 groups, presented a remark-
ably positive correlation with the levels of GAS, isobutyric acid,
and the mRNA expression levels of SCF and c-Kit (p < 0.05 or p
< 0.01), and a significantly negative correlation with the first
black stool time and VIP level (p < 0.05 or p < 0.01).
Consequently, it could speculated that BLa80 is capable of alle-
viating constipation symptoms by augmenting the abundance
of intestinal bacteria that are positively associated with consti-
pation-relieving metabolites and further enhancing para-
meters such as the first black stool time, SCFAs, gastrointesti-
nal regulatory peptides, and mRNA expression levels.

Conclusion

The groundbreaking and pioneering study conducted a com-
prehensive and in-depth analysis of the effects of BLa80 on
loperamide-induced constipation in mice from a diverse range
of perspectives, including feces-related parameters, serum neu-
rotransmitters, short-chain fatty acids (SCFAs), gene levels,
protein levels, and intestinal microbiota. It was uncovered that
BLa80 significantly increased the fecal water content, actively
promoted intestinal peristalsis, and remarkably enhanced the
propulsion rate of the small intestine in constipated mice.
Moreover, our research results clearly demonstrated that
BLa80 had the ability to modulate the level of gastrointestinal
regulatory-related peptides, effectively raise the content of
SCFAs, robustly upregulate the gene expression of gastrointes-
tinal-related proteins, successfully relieve intestinal inflam-
mation, and stably maintain the homeostasis of the intestinal
microbiota, thus leading to a transformation in intestinal func-
tion. As a result, BLa80 could proficiently and effectively allevi-
ate loperamide-induced constipation in mice and potentially
emerges as a highly promising and prospective alternative for
the treatment of constipation. Looking forward, these findings
offer hope. Future studies could explore BLa80’s long-term
safety and efficacy in more diverse models or human trials,
potentially making it a widely available treatment. It may also
inspire new drug development for this common disorder.
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