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ARTICLE INFO ABSTRACT

Handling Editor: Dr. Quancai Sun Constipation is a prevalent gastrointestinal condition that significantly affects patients’ physical and mental well-
being, yet current treatments often lack safety and efficacy. Emerging evidence highlights the critical role of the
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treatment to improve constipation symptoms. In this study, we isolated a gut probiotic strain, Lacticaseibacillus
paracasei NCU-04, and investigated its improvement effects on loperamide-induced constipation in mice. We
demonstrated that L. paracasei NCU-04 exhibited excellent probiotic properties, including robust growth, strong
antibacterial and antioxidant capacities, and a lack of hemolytic activity in vitro. The administration of
L. paracasei NCU-04 effectively improved the defecation-related indicators such as the fecal water content, time
to the first black stool defecation, and intestine transit rate, suggesting enhanced gut immobility in constipated
mice. Additionally, L. paracasei NCU-04 significantly reduced colon inflammation induced by loperamide.
Further, L. paracasei NCU-04 increased levels of colonic motilin, 5-hydroxytryptamine (5-HT), and c-kit, while
decreased that of aquaporin 3, vasoactive intestinal peptide, and peptide YY. Notably, L. paracasei NCU-04
effectively upregulated the expression of 5-HT and its receptor (i.e., 5-HT4R) in the brains of constipated
mice. High-throughput sequencing revealed that L. paracasei NCU-04 restored the diversity and composition of
the gut microbiota disturbed by loperamide, and significantly increased the relative abundance of Prevotella and
Lactobacillus genera in the stool, while decreased that of Odoribacter, Rikenella, and Parabacteroides. Importantly,
L. paracasei NCU-04 also effectively improved the depression-like behaviors associated with constipation,
possibly through 5-HT mediated MGBA. These results suggest that L. paracasei NCU-04 may offer a promising
approach for treating constipation and its related depressive symptoms, supporting its potential as a functional
food or adjuvant therapy for human health.
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1. Introduction

Constipation is a common yet often overlooked gastrointestinal (GI)
condition that characterized by infrequent bowel movements, difficulty
passing stools, and a sensation of incomplete evacuation. It affects a
significant portion of the population. One study estimated that the
global prevalence of function constipation ranges from 15.3% to 10.1%
according to distinct Rome criteria with a 14.0% pooled overall preva-
lence, suggesting that one in six to one in ten people globally experience
function constipation at any point in time (Barberio et al., 2021). In
China, the prevalence of function constipation has risen over the past
three decades, increasing from 5.5% between 1991 and 2000 to 10.9%
between 2011 and 2020, with an overall prevalence of 8.5% (Z. Chen
et al.,, 2022). The long-term constipation gravely impacts patients’
quality of life, leading to physical discomfort, psychological distress, and
disruptions in daily activities (Camilleri et al., 2017). Current treatments
for constipation include lifestyle and dietary changes, biofeedback
therapy, and medications such as laxatives, prokinetic agents, and pro-
secretory drugs (Sharma et al., 2021). However, these treatments are
often criticized for their limited effectiveness and potential side effects,
highlighting the need for alternative strategies to manage and prevent
constipation more effectively (Sharma et al., 2021).

The pathogenesis of constipation is complex and not fully under-
stood. Key factors such as abnormalities in the enteric and central ner-
vous systems (ENS and CNS), imbalances in the gut microbiome, and
alterations in GI dynamics are closely related to constipation (Q. Chen
et al, 2021). These factors are interconnected through the
microbiota-gut-brain axis (MGBA), a bidirectional communication
pathway where gut microbiota influence gut and brain function through
various mechanisms (Cryan & O’Mahony, 2011; Dinan and Cryan,
2017). Gut microbes can stimulate the production of various neuro-
transmitters to regulate the ENS and GI peristalsis. Studies demonstrated
that most neurotransmitters, including motilin (MTL), peptide YY (PYY),
vasoactive intestinal peptide (VIP), and 5-hydroxytryptamine (5-HT),
changed in the serum and colon of constipated mice (Cheng et al., 2024;
Lietal.,, 2023; C. Zhang et al., 2023). Among these, 5-HT plays a central
role in GI motility, secretion, and sensation, suggesting that serotonergic
agents could be effective in treating constipation (Cash and Chey, 2005).
Additionally, the interstitial cells of Cajal (ICC) in the GI tract respond to
enteric neurotransmitters to coordinate the GI motility, making ICC an
effector of MGBA and a potential therapeutic target for GI motility
conditions (Huizinga et al., 1997; Lyford et al., 2002).

Increasing evidence points to a strong connection between gut
microbiota and constipation, indicating that microbiota-based therapies
could be promising in treating constipation (Pan et al., 2022; S. Zhang
et al., 2021). Given the special crosstalk between probiotics, gut
microbiota, and host, the usage of probiotics as nutrient supplements or
adjunctive therapy to manipulate gut microbiota and thereby treat
constipation is a well-established concept in biomedicine (Cammarota
et al., 2014; Ma et al., 2023). The contribution of probiotics, such as the
common species of Lactobacilli and Bifidobacteria, to the relief of con-
stipation symptoms has been documented in various study (Pan et al.,
2022). For instance, L. casei Shirota (Matsumoto et al., 2006), B. longum
BB536 (Kondo et al., 2013), L. reuteri DSM19738 (Riezzo et al., 2019),
and B. lactis HNO19 (Waller et al., 2011) have shown positive effects on
constipation by modulating the intestinal microenvironment and
ENS/CNS functions in clinical studies. However, the effectiveness of
probiotics varies due to factors like study heterogeneity, risk of bias, and
species- and strain-specific differences (Dimidi et al., 2020).

Lacticaseibacillus paracasei (formerly Lactobacillus paracasei) is a type
of Lactobacilli found in the intestine, fermented foods, and dairy prod-
ucts. Recent review had highlighted the health-promoting properties of
L. paracasei isolated from different sources, offering insights into its
potential as a functional food or adjuvant therapy (Bengoa et al., 2021).
For instance, L. paracasei has been shown to heighten intestinal barrier
integrity and reduce gut permeability, which contributes to overall GI
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health (Algieri et al., 2023). It also exhibits significant immunomodu-
latory properties, promoting the production of anti-inflammatory cyto-
kines (e.g., IL-10), and reducing the levels of pro-inflammatory
cytokines (e.g., TNF-a and IL-6). These effects make it a promising
candidate for supporting immune health and managing inflammation
conditions, such as inflammatory bowel diseases (Kim et al., 2019).
Furthermore, L. paracasei and its derivatives have also shown promise in
treating constipation in both human and animal studies (C.-L. Chen
et al., 2020; Riezzo et al., 2012; Valerio et al., 2010; Wang et al., 2023).

In this study, we investigated a new L. paracasei strain isolated from
healthy infant feces, termed L. paracasei NCU-04, which exhibits strong
probiotic properties in vitro. We aimed to illustrate the effects of this
strain on loperamide-induced constipation in mice, focusing on its role
in regulating enteric neurotransmitters, restoring the gut microbiota,
and reducing colon inflammation. In particular, we demonstrated that 5-
HT-mediated gut-brain axis may contribute to explaining the underlying
mechanism of this strain in relieving constipation and its-related
depression behaviors. This study aims to identify a new L. paracasei
strain as a potential therapeutic option for treating constipation.

2. Materials and methods
2.1. Strains and probiotic properties testing

L. paracasei NCU-04 was isolated from the feces of breastfed healthy
infants and stocked in our laboratory. It was further identified and
preserved by the China General Microbiological Culture Collection
Center (CGMCC) under the deposit number CGMCC No.25506.

The performance of its growth capacity was detected by the growth
curve, where the ODggp value was measured every 2 h during the
cultured period of 24 h. The sterile defibrinated goat blood was used to
prepare the agar plate and test the possible hemolysis capacity of this
strain (Varada et al., 2023). The performance of its acid tolerance was
tested by viable counting recorded as colony-forming unit per milliliter
(CFU/mL), where the activated cultures (~10'° CFU) were incubated
with 1 x sterile phosphate buffer solution (PBS) with different pH values
for 4 h and then the number of viable counts was measured. The scav-
enging capacity of 2,2-Diphenyl-1-picrylhydrazyl (DPPH), hydroxyl
(-OH), and superoxide (O3) radicals, combined with the chelating ca-
pacity and total reducing power for Fe>™ were used to evaluate its
antioxidant activities.

Additionally, the antibiotics resistance of L. paracasei NCU-04 was
detected by disk diffusion method, where 10 different antibiotics,
including minomycin (MY), chloramphenicol (C), penicillin (PEN),
ampicillin (AMP), tetracycline (TET), cephalosporin (CTR), ciprofloxa-
cin (CIP), gentamicin (GEN), cotrimoxazole (SXT), and erythromycin (E)
were selected for testing (Varada et al., 2023). And its antagonistic ef-
fects on pathogenic bacteria, including Salmonella typhimurium
ATCC13311, Shigella fowleri ATCC12022, Streptococcus necrosis, Shigella
dysenteriae 301, Escherichia coli O157:H7, Streptococcus enteritidis
ATCC13076, Listeria monocytogenes ATCC19111, and Staphylococcus
aureus Cowanl, were tested by oxford cup method. L. paracasei NCU-04
was anaerobically cultured in de Man-Rogosa-Sharpe (MRS) medium at
37 °C, and the pathogens were aerobically cultured in LB medium at
37 °C.

2.2. Probiotic suspension preparation

L. paracasei NCU-04 was activated twice in MRS medium before each
dose, then cultured in 1-Liter fresh MRS liquid with a 1% inoculum for
24 h. The cultures were centrifuged at 5000 rpm for 10 min to collect the
bacterial pellet, which was washed twice with sterile PBS. The pellet was
then resuspended in a 5% gelatin solution (as a protective agent) and
adjusted to concentrations for subsequent gavage: approximately 5 x
108 CFU/mL for the low-dose group and 5 x 10° CFU/mL for the high-
dose group, respectively.
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2.3. Animals and experimental design

Six-week-old, SPF-grade BALB/c mice were purchased from Hunan
Slaughter Kingda Laboratory Animal Co., Ltd. (Changsha, China). All the
animal experimental protocols were reviewed and approved by the
Ethics Committee of Research Involving Animal of Nanchang University
(Approval No. NCULAE-20221228046). Mice were housed in the stan-
dard conditions with a temperature of 23 + 3 °C, a relative humidity of
51 + 13%, and a 12-h light/dark cycle. Animal management adhered to
the Guidelines for Care and Use of Laboratory Animals of Nanchang
University.

Initially, fifty mice were acclimatized for one week and then
randomly divided into five groups: the normal control group (C), model
group (M), positive group treated by polyethylene glycol (Y), low-dose
group (L), and high-dose group (H). During the modeling period, the
M, Y, L, and H groups were administered loperamide hydrochloride (1.5
mg/kg twice daily), while the C group received sterile water. During the
intervention period, the C and M groups were orally given a gelatin
solution as a control, while the Y, L, and H groups were taken intra-
gastric administration of 3.0 g/kg/d polyethylene glycol, 1 x 108 CFU/

Sucrose comsumption rate (%)

the volume of sucrose water comsumption (mL)
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mentioned above and executed for 30 min. Subsequently, mice were
sacrificed and their entire GI tracts from the pylorus to the anus were
removed. The length of GI tract was measured as “the whole length of GI
tract”; and the distance from the pylorus to the activated carbon front
was measured as “the length of activated carbon movement”. The GI
transit rate was calculated as follows,

the length of activated carbon movement (cm)
the whole length of GI tract (cm)

GI transit rate (%) =

x 100%

2.7. Determination of sucrose consumption rate

Mice were first trained to consume two bottles of 1% sucrose water
solution for 12 h, followed by pure water for another 12 h, and then
fasted from water for 24 h to test sucrose water preference. After fasting,
each mouse was exposed to one bottle of pure water and one bottle of
sucrose water. The initial and final volumes of both were recorded after
12 h. The sucrose water consumption rate was calculated according to
formula:

x 100%

d per mouse, and 1 x 10° CFU/d per mouse of L. paracasei NCU-04,
respectively. Each mouse received 0.2 mL per gavage, and the in-
terventions lasted 14 consecutive days.

Subsequently, another forty mice were purchased and randomly
divided into four groups: C, M, H, and inhibitor group (P). The C, M, and
H groups were treated as the described above; while the P group were
modeled by loperamide and then intraperitoneally injected with chlor-
ophenylalanine (0.3 g/kg/d, 0.1 mL injection volume), a tryptophan
hydroxylase inhibitor to deplete 5-HT levels (Cremata Jr and Koe,
1966).

2.4. Determination of fecal water content

At the end of the intervention, fresh fecal samples were collected
from five randomly selected mice per group for water content analysis.
Samples were weighed, dried, and reweighed. Water content was
calculated using the formula:

the wet weight (mg) — the dry weight (mg)
the wet weight (mg)

Faecal water content (%) =

x 100%

2.5. Determination of the time to the first black stool defecation

The activated carbon was mixed with the corresponding gavage
suspensions at first. After collected the fresh fecal samples, five
randomly selected mice in each group were intragastric administration
of the activated carbon mixtures. The time between the gavage mixtures
to the time when each mouse defecated its first black stool were recor-
ded for comparative analysis.

2.6. Determination of gastrointestinal transit rate

We also randomly selected five mice in each group to determine their
GI transit rate according to the protocol published previously (Wang
et al., 2022). Briefly, mice were fasted overnight (only provided water)
to empty the GI contents. At the next day, they were intragastric
administrated with the activated carbon mixtures prepared as

" the total volume of water and sucrose water comsumption (mL)

2.8. Determination of immobility time

The tail suspension test (TST) was performed to record the immo-
bility time of mice (Steru et al., 1985). In brief, mice were acclimated for
1 h in a quiet environment, then suspended by the tail on hooks 50 cm
above the ground in a device box (55 cm height x 15 cm length x 12 cm
width) with a clean tray at the bottom. Activity was recorded for 6 min,
and the device was cleaned before the next mouse. The immobility time
was counted and statistically analyzed.

2.9. Biochemical analyses

The content of selected neurotransmitters and GI hormones,
including motilin (MTL), peptide YY (PYY), and 5-hydroxytryptamine
(5-HT), in the colon, serum or brain tissues were measured using
ELISA assays. Protein expression levels of aquaporin-3 (AQP3), vaso-
active intestinal peptide (VIP), and serotonin 4 receptor (5-HT4R) in the
relevant tissues were analyzed by Western blot. Other protein factors,
including c-kit, 5-HT4R, and PNDF, were detected by immunohisto-
chemistry or immunofluorescence staining. Colon tissue histopathology
was assessed using hematoxylin and eosin (HE) staining, and the tran-
scription levels of colon inflammatory cytokines, including TNF-a, IL-6,
and IL-1B, were analyzed by real-time quantitative PCR (Yue et al.,
2024). ELISA kits were obtained from Shanghai Enzyme Link Biotech
Co., Ltd (Shanghai, China), while HE, immunohistochemistry, and
immunofluorescence staining were performed by Wuhan ServiceBio Co.
(Wuhan, China).

2.10. 16S rDNA sequencing analysis

Microbial genomic DNA was extracted from fecal samples, and the
V4 regions of the 16S rDNA were amplified by PCR. PCR products were
purified, quantified, pooled in equimolar amounts, and sequenced on
the Illumina HiSeq 2000 platform by Shanghai Personalbio Technology
Co., Ltd (Shanghai, China). Bioinformatic analysis was conducted on the
genescloud platform of Personalbio (https://www.genescloud.cn/h
ome). Sequencing data were deposited in the NCBI Sequence Read
Archive (SRA) database under the identification number


https://www.genescloud.cn/home
https://www.genescloud.cn/home
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PRJNA1144596.

2.11. Statistical analyses

Data were analyzed using GraphPad Prism (version 9, https://www.
graphpad.com/) and ImageJ software. Statistical differences among
groups were determined using one-way analysis of variance (ANOVA)
combined with Tukey’s multiple. Data were presented as the mean +
standard deviation (SD). *p < 0.05 or **p < 0.01 denoted a statistically
significant difference for the comparison between two groups.

3. Results

3.1. Characterization of the probiotic properties of L. paracasei NCU-04
in vitro

To ensure the efficacy of L. paracasei NCU-04 in the GI tract, its
probiotic properties were evaluated in vitro (Fig. 1). The growth curve
showed that L. paracasei NCU-04 had robust growth performance as its
ODgpo could reach over 2.5 after cultured for 20 h (Fig. 1A), indicating
its great advantage in industrial production. Compared to the pathogen
of S. aureus, L. paracasei NCU-04 did not exhibit hemolytic activity on
sterile defibrillated sheep blood, as no hemolysis ring was observed for
this strain (Fig. 1B). The acid tolerance results showed that approxi-
mately ~10® CFU/mL viable strains survived in pH 2.0-3.0 without any
additional protection (Fig. 1C). We used the total bacterial lysate to test
the antioxidant activities of L. paracasei NCU-04. And the results
exhibited that the scavenging rate of 0%~, -OH, and DPPH free radicals
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was about 67.62%, 86.86%, and 87.57%, respectively (Fig. 1D).
Meanwhile, the chelating ability of Fe?>* was 68.50%, accompanied by a
total reducing power at the A5 value of 0.71 (Fig. 1D). The antibiotics
susceptibility test showed that L. paracasei NCU-04 was resistant to MY,
CTR, CIP, GEN, and SXT; and in contrast, it was sensitive to C, PEN,
AMP, TET, and E (Fig. 1E). Furthermore, we tested the antibacterial
effects of L. paracasei NCU-04 on eight different pathogens. The results
showed that the fermented supernatant and bacterial lysate of
L. paracasei NCU-04 could effectively inhibit the growth of these path-
ogens, as indicated by the obvious inhibitory circles observed by the
Oxford cup assay (Fig. 1F). Notably, the antibacterial activities of the
bacterial lysate were stronger than that of the fermentation liquid, as
indicated by larger inhibition zones (Fig. 1F). According to the above
results, it is concluded that L. paracasei NCU-04 is safe and may be
potentially suitable for industrial applications.

3.2. L. paracasei NCU-04 relieves constipation symptoms and colon
inflammation

The schematic illustration of the animal experiment was shown in
Fig. 2A, which has been described in detail in the methods section.
Compared to the C group, the application of loperamide hydrochloride
effectively caused constipation in mice, as indicated by the significantly
changed defecation parameters in the M group (Fig. 2B-D), including
lower fecal water content (56.74 + 4.56% vs. 27.90 + 3.32%, p < 0.01),
the longer time to the first black stool (160.80 + 25.90 min vs. 320.40 +
34.27 min, p < 0.01), and the slower GI transit rate (54.33 + 3.11% vs.
13.11 £ 2.92%, p < 0.01). However, compared to the M group, mice in
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the Y, L, and H groups showed obviously improved defecation param-
eters. It’s noted that the effects of low-dose of L. paracasei NCU-04 on
faecal water content and the time to the first black stool were equal to
that of polyethylene glycol (p > 0.05), yet its effect on the GI transit rate
was significantly poor than polyethylene glycol (p < 0.01). Interestingly,
the treatment with high-dose of L. paracasei NCU-04 exhibited the better
pronounced improvement reaction to these parameters than that of low-
dose of L. paracasei NCU-04, indicating a dosage dependent effects of
L. paracasei NCU-04 on constipation.

The HE staining results showed that the muscle layer of colon was
prominently thinned in M group when compared with the C group,
accompanied by a clear inflammatory cell infiltration, a significant
decreased goblet cells amount, and disrupted colon crypts (Fig. 2E). In
contrast, the polyethylene glycol, low-dosage L. paracasei NCU-04, and

Current Research in Food Science 9 (2024) 100875

high-dosage L. paracasei NCU-04 treatments alleviated the pathological
changes in the colon of constipated mice to varying degrees (Fig. 2E).
Moreover, compared to the C group, the transcription levels of inflam-
matory factors, including TNF-a, IL-6, and IL-1f in the colon of consti-
pated mice were significantly upregulated (p < 0.01) (Fig. 2F-H).
However, the treatments of polyethylene glycol and L. paracasei NCU-04
remarkedly downregulated their transcriptions in the order of high-
dosage L. paracasei NCU-04, polyethylene glycol, to low-dosage
L. paracasei NCU-04 (Fig. 2F-H). Collectively, these results indicated
that L. paracasei NCU-04 attenuated loperamide-induced difficult defe-
cation and colon inflammation in constipated mice.
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3.3. L. paracasei NCU-04 regulates the levels of intestinal
neurotransmitters and proteins involved in the gut mobility

It has been reported that the upregulation of colonic AQP3, a key
aquaporin responsible for the transmembrane transport of water mole-
cules, can contribute to varying degrees of constipation (Kon et al.,
2015). As evidenced in Fig. 3A and B, the expression levels of AQP3 in
the colon of M group was dramatically higher than that of C group (p <
0.01). The treatment of polyethylene glycol and high-dosage L. paracasei
NCU-04 significantly downregulated the expression of colonic AQP3
when compared to the M group (p < 0.05). It’s noted that there was no
statistically significant difference in AQP3 expression among the three
treatment groups, even though high-dosage L. paracasei NCU-04
exhibited the best efficacy in decreasing the expression of AQP3 (p >
0.05). Additionally, compared to the C group, these three treatments
could not restore the AQP3 expression to the normal levels (p < 0.01),
indicating there might be other signaling pathways involved in the
constipation improving of L. paracasei NCU-04.

Several representative intestinal neurotransmitters, including the
inhibitory ones (VIP and PYY) and excitatory ones (MTL and 5-HT),
were selected to investigate the effects of L. paracasei NCU-04 on con-
stipation. Compared to the C group, the expression of VIP (Fig. 3A and C)
and the level of PYY (Fig. 3D) were significantly increased in the M
group (p < 0.01); in contrast, the levels of circulation MTL (Fig. 3E) and
colonic 5-HT (Fig. 3F) obviously decreased (p < 0.01). After the treat-
ments with polyethylene glycol and L. paracasei NCU-04, the changes in
the levels of these neurotransmitters were significantly reversed in the
colon of constipated mice, with the best efficacy in the H group. Addi-
tionally, we observed that the expressions of VIP and AQP3 in the L
group were lower than that of M group, but there was no statistical
difference by western-blot detection (p > 0.05).

The receptor tyrosine protein kinase kit (c-kit), a biomarker of ICC,
plays a crucial role in gut motility (Huizinga et al., 1997). The results of
immunohistochemical staining showed that the expression of colonic
c-kit in the muscularis externa of the M group was obviously reduced
when compared with that of the C group, indicating poor distribution
and population of ICC caused by loperamide (Fig. 3G). However, the
expression of c-kit effectively enhanced in the three treatment groups,
particularly in the H group showing the strongest expression of c-kit,
suggesting that high-dosage L. paracasei NCU-04 may improve intestinal
patency and peristalsis through regulating the population of ICC.
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3.4. L. paracasei NCU-04 regulates 5-HT and its receptor 4 (5-HT4R)
expression in the brain of constipated mice

There is evidence that 5-HT not only regulates the development of
the ENS, directly influencing gut motility, but also affects the CNS,
thereby indirectly impacting intestinal function (Israelyan et al., 2019).
Therefore, the reduced release of 5-HT from CNS might lead to defects in
brain development and constipation. As illustrated in Fig. 4, the pro-
duction of brain 5-HT was significantly lower in the M group than that of
the C group (p < 0.01) (Fig. 4A), accompanied by the remarkedly
decreased expression of 5-HT receptor 4 (5-HT4R) (Fig. 4B and C), a
member of the family of serotonin receptors that stimulate cAMP pro-
duction in response to 5-HT. The treatment of polyethylene glycol and
L. paracasei NCU-04 dramatically increased the 5-HT yields and 5-HT4R
expression when compared to the M group, except for there was no
statistically different between the Y and L groups. In particular, the
treatment of high-dosage L. paracasei NCU-04 showed the best ability to
reverse the changes of brain 5-HT and its receptor 4. These results
suggested that the administration of L. paracasei NCU-04 improved
constipation might through regulating the production of brain 5-HT and
5-HT4R expression, indicating a 5-HT-mediated comorbid relationship
between brain disorders and constipation.

3.5. L. paracasei NCU-04 modulates the gut microbiota in constipated
mice

We performed 16S rRNA high-throughput sequencing to analyze the
effects of L. paracasei NCU-04 on the gut microbiota of constipated mice.
As shown in Fig. 5A-C, the Shannon, Simpson, and Pielou_e indices of
the M group were significantly reduced compared to the C group (p <
0.01), suggesting a lower microbial a-diversity in the loperamide-
induced constipation mice. The treatment of polyethylene glycol did
not show significant changes in these indices when compared to the M
group (p > 0.05). While the treatment of low-dosage L. paracasei NCU-04
could significantly increase the Simpson and Pielou_e indices (p < 0.05),
yet showed no statistic difference on Shannon index. It’s noted that the
treatment of high-dosage L. paracasei NCU-04 more effectively restored
the a-diversity of gut microbiota to the normal level when compared to
the Y and L groups, suggesting a dose-dependent effect of L. paracasei
NCU-04 on the community diversity of gut microbiota in constipated
mice. PcoA analysis based on Bray-Curtis distance matrices showed that
the microbial communities of mice in the M group showed a separation
with that of the C group, as indicated by the long distance of each sample
in the M group to that of C group (Fig. 5D). Meanwhile, fecal samples
from the M, Y, and L groups were almost clustered together, except one

(A) . (B) (C)
e ok
_— L Ak
o ; * . ok ke
6 ¥ ek ok ’ * ok 5
*E L kK *
1.5+ e et
80+ =
J-HT4R|- S e — -| 5
& 60 : % 10
5 B-actin ‘--- P —| 4
2 40 3
i C N < v » &
£ 20 =il
T T
i
0-

C D AR

0.0-
C oAy

Fig. 4. Effects of L. paracasei NCU-04 on the 5-HT level and its related receptor in the brain of constipated mice. (A) Detection of the content of 5-HT in the
brain of constipated mice. (B) Western blot and quantification analysis (C) of the expression of 5-HT4R in the brain of constipated mice. C, the normal control group;
M, the modeling group; Y, the polyethylene glycol-treated group; L, the low-dose of L. paracasei NCU-04-treated group; H, the high-dose of L. paracasei NCU-04-

treated group.



S. Li et al Current Research in Food Science 9 (2024) 100875

(4) (B) ©) (D)
Shannon Simpson Piclou_e ‘ 1.0 = o
6 2, oM
p = 0.00095 p = 0.00032 p = 0.00047 0.8+ : B ey
7 ; ! 7 08+ " ‘ | >
wo [T — T Lo wr | Y I I E— | | 0.6 ol
ole pul e | 0.4
" - Scalll ¢ = 021
. e Jq “

PCo2 [18.5%]

T | [ T il

o
4 = 0.8 0.5+ 3
0.6
34 . . 0.4 . | ’\ ;\’}"\QQ‘Q‘G‘\’Q'QQQ” Qﬁ I\_: tl..\l,u\’l_l
(VR TR VI Cod 4y R I PCol [25.2%)
(E) - ® s
90 - M S24-7 5
S 80+ B Rikcngllaccac 3 B 0.6
= 70 M |Odoribacteraceae] 2 2
2 M Bacteroidaceae CE
& 60 5 4.,'_.3
= ) M Porphyromonadaceae £ 5 g4
2 - M Prevotellaceac P s
< 401 M Lactobacillaceae g s
v Ll o
£ 301 B Staphylococcaceae S 3 024
3 201 M [Paraprevotellaceae] E -
& 10 M Acrococcaceae °
0- " M Others 0.0
(G) - (H)
. 100 -
e 90 4 W Odoribacter
83 E 06- 2 801 W Bacieroides
£ g > 704 W Rikenella
22 2 e W Parabacteroides
g8 04 E W 4F12
28 2 20 W Prevotella
= 3 ‘E 401 B Lactobacillus
& B 024 = W Staphylococcaceae Staphylococcus
2 =204 W /Prevotellaf
& & 10 M Acinetobacter
S 0.0- 0 M Others
& M Y L H
£ [
3 T s g
- £ 3 i s X
m @ (K) 5 & 5§ B
0.4 0.15+ G
. .. ® O . Qo).

MTL  nes

0.104 v Prevowedlo 07 o . ) . . . 04
02
Tactobacillus vas | wee | uam
d
s 5 | ot |t i o
-02
PYY om | os 0w om0 .. f‘f@ o
¢
VP —uss | -uss | 043 nes | ase | aTe .. ~06
-08
Odorihacter 058 | 04T | 050 | 03 | 041 | 041 08

Fig. 5. Effects of L. paracasei NCU-04 on the gut microbiota of the constipated mice. (A)-(C) The Shannon, Simpson, and Pielou_e indices of a-diversity. (D) The
PcoA analysis of p-diversity based on Bray-Curtis distance matrices. (E) The gut microbial distribution at the family level. (F)-(G) Relative abundances of the family
s24-7 and Rikenellaceae. (H) The gut microbial distribution at the genus level. (I)-(J) Relative abundance of the genera Odoribacter and Prevetlla. (K) The Spearman
correlation analysis of the changed gut microbes and neurotransmitters. C, the normal control group; M, the modeling group; Y, the polyethylene glycol-treated
group; L, the low-dose of L. paracasei NCU-04-treated group; H, the high-dose of L. paracasei NCU-04-treated group.

=

L
|

<

0.05+

Relative abundance

of Odoribacter at the genus level
<
"~
I
Relative abundance

of Prevotella at the genus level

o
]

0.0-

VK



S. Lietal

sample from the L group was clustered with the C and H groups, sug-
gesting a high degree of similarity in their microbiome p-diversity
(Fig. 5D). In contrast, fecal samples in the H group were close to that of
the C group, indicating that the treatment with high-dosage L. paracasei
NCU-04 could restore the microbial community composition of consti-
pated mice to the normal level (Fig. 5D).

At the family level of gut microbiota composition (Fig. 5E), several
bacterial families, including s24-7, Bacteroidacese, Prevotellaceae, and
Lactobacillaceae were relatively enriched in the C group; while Rike-
nellaceae and Porphyromonadaceae were enriched in the M group. The
abundance of s24-7 and Rikenellaceae, two representative bacterial
families, was increased and decreased after the treatments in consti-
pated mice, respectively (Fig. 5F and G). In particular, the decrease in
the abundance of Rikenellaceae and Porphyromonadaceae and the in-
crease in the abundance of Prevotellaceae and Lactobacillaceae were most
prominent in the H group, accompanied by a most similarity microbial
profile between the two groups. At the genus level, the abundance of
Odoribacter, Rikenella, and Parabacteroides was increased and that of
Prevotella and Lactobacillus was decreased in the M group compared with
the C group (Fig. 5H). It is noteworthy that the relative abundance of
Odoribacter was obviously reduced and that of Prevotella was higher in
the H group than that of the M group (Fig. 5I and J). And the changing
trend of other genera in the H group, including Rikenella, Prabaceroides,
and Lactobacillus was similar with that of either Odoribacter or Prevotella,
showing a close microbial composition between H and C groups
(Fig. 5H). Interestingly, the correlation analysis showed that 5-HT and
MTL were significantly positively correlated with Provetella, yet nega-
tively with Rikenella and Odoribacter (Fig. 5K). In contrast, PYY and VIP
were negatively correlated with Prevotella, but positively with Rikenella
and Odoribacter (Fig. 5K). However, no obvious correlation was shown
between Lactobacillus genus and these four regulated neurotransmitters.
These results suggested that the gut microbiota might be involved in
regulating the synthesis and secretion of gut neurotransmitters or pep-
tides, contributing to intestinal motility and normal defecation. Collec-
tively, these results suggested that high-dosage L. paracasei NCU-04
effectively restored the disturbed gut microbiota in constipated mice,
characterized by the improved microbial diversity and composition of
gut microbiota.

3.6. L. paracasei NCU-04 alleviates depression-like behaviors in
constipated mice

A large-scale cohort study has reported a higher risk of depression
among individuals with constipation, highlighting the importance of
addressing depressive symptoms in these individuals (Yun et al., 2024).
Narek Israelyan et al. have proposed that neuronal production of 5-HT
mediates the link between constipation and depression (Israelyan
etal., 2019). Therefore, we designed an additional animal experiment to
investigate the improvement effects of L. paracasei NCU-04 on the
depressive-like behaviors in constipated mice (Fig. 6A). Anhedonia, the
inability to experience pleasure from typically enjoyable activities, is a
key symptom of depression (Arioz et al., 2019). The sucrose preference
test was commonly used to assess the degree of anhedonia in animal
models of depression. Similarly, the tail suspension test (TST) is a
standard method for evaluating despair-like behavior, another hallmark
of depression.

As showed in Fig. 6B and C, the loperamide-induced constipated
mice showed a lower preference for sucrose solution and a longer
immobility time compared to the normal control mice (p < 0.01), and
these impairments could be effectively improved by the treatment of
L. paracasei NCU-04 (p < 0.01). However, the preference for sucrose
water was dramatically decreased and the immobility time was signifi-
cantly increased in the P group when compared with the H group (p <
0.01). Additionally, the levels of colonic and brain 5-HT were also
significantly reduced in the P group (Fig. 6D and E), accompanied by the
downregulation of 5-HT4R around the hippocampus in the brain
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(Fig. 6F), suggesting that the intraperitoneal injection of chlor-
ophenylalanine resulted in the defects of 5-HT in constipated mice.

Brain-derived neurotrophic factor (BDNF) is a well-studied neuro-
trophin known to promote the development and maintenance of sero-
tonergic neurons, thereby influencing 5-HT biosynthesis and availability
(Correia et al., 2023). Also, BNDF has been reported to accelerate gut
motility in slow-transit constipation (F. Chen et al., 2014). Immunoflu-
orescence staining revealed that BNDF expression in the hippocampus of
constipated mice was reduced compared to the normal control mice.
However, the treatment of L. paracasei NCU-04 upregulated its expres-
sion to varying degrees (Fig. 6G). Despite this, defects in the production
of hippocampal 5-HT led to the repression of BNDF, counteracting the
effects of L. paracasei NCU-04 on BNDF expression. These results indi-
cated that the depletion of 5-HT successfully counteracted the thera-
peutic efficacy of L. paracasei NCU-04 on depression-like behaviors in
constipated mice, supporting the important role of 5-HT in mediating
constipation and depression.

4. Discussion

Probiotics, defined as live microorganisms that confer health benefits
to the host when administered in adequate amounts (Hill et al., 2014),
are increasingly being studied for their potential to promote health.
Here, we isolated a probiotic strain of Lacticaseibacillus paracasei, termed
L. paracasei NCU-04, from healthy infant feces. This strain exhibited
excellent probiotic properties in vitro, such as rapid growth ability,
strong antibacterial and antioxidant capacity, and no hemolytic ability
(Fig. 1), implying its potential as a new gut probiotic. Consequently, we
investigated the therapeutic effects of L. paracasei NCU-04 on consti-
pated mice induced by loperamide.

Loperamide-induced animal models are well-established for con-
stipation research they can mimic the physiological mechanisms of
human constipation. Studies based on these models consistently repro-
duced the symptoms of constipation such as reduced fecal water content,
slowed intestinal motility, colon lesions and inflammation, and even
depression-related behaviors (Chai et al., 2021; C.-L. Chen et al., 2020;
Li et al., 2023; Wang et al., 2022; Wang et al., 2023; Wu et al., 2023; C.
Zhang et al., 2023), which aligned with our findings in this study (Figs. 2
and 6). Interestingly, these symptoms could be ameliorated by pro-
biotics and probiotics-enriched products, although their effectiveness
remains varied due to species- and strains-specific (Dimidi et al., 2020).
Here, we demonstrated that the administration of L. paracasei NCU-04
effectively improved the general manifestations of constipation and
depression-like behaviors in mice, providing additional evidence for the
use of probiotics in treating constipation.

Probiotics alleviate constipation through multiple mechanisms
(Dimidi et al., 2017). AQP3, a water channel primarily expressed in the
colon, plays a crucial role in regulating fecal water content (Kon et al.,
2015). Some studies have suggested that constipation rodents experi-
enced increased water absorption in their colons and reduced intestinal
fluid secretion due to the upregulated AQP3 expression (Kon et al.,
2015; Wu et al., 2023; X. Zhang et al., 2021). This upregulation led to
intestinal smooth muscle spasms, enhanced water absorption, altered
frequency of intestinal peristalsis, and ultimately, constipation. Simi-
larly, in our study, we also observed an upregulation of AQP3 expression
in constipated mice, which was repressed by L. paracasei NCU-04
treatment, resulting in increased fecal water content (Fig. 3). ICC,
which specifically express c-kit, are specialized pacemaker cells in the
colon that coordinate smooth muscle contractions and regulate GI
motility (Komuro, 2006). In constipation mice, the reduced colonic c-kit
expression and ICC population indicates the poor intestinal patency and
peristalsis, leading to long-time and difficulty in defecation, which could
be improved by probiotics (Cheng et al., 2024; Li et al., 2023). Consis-
tent with these findings, our study demonstrated significantly reduced
colonic c-kit expression in constipation mice, while L. paracasei NCU-04
treatment increased its expression, suggesting restoration of gut motility
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and bowel movements (Fig. 3).

Various enteric neurotransmitters and gut peptides, such as VIP,
PYY, MTL, and 5-HT, play crucial roles in regulating gut motility. VIP is
primarily located in the cells of the GI tract, where it performs several
essential roles in maintaining digestive health and ensuring the proper
functioning of the GI system (Iwasaki et al., 2019). For instance, it slows
the contraction of the sphincter and smooth muscles, aiding in the
regulation of GI motility and preventing spasms. PYY, a peptide con-
sisting of 36 amino acids, is an important intestinal hormone released by
enteroendocrine L cells located primarily in the ileum and colon, where
it inhibits gastric emptying and intestinal transit time (Ballantyne,
2006). Both VIP and PYY, regarded as inhibitory enteric neurotrans-
mitters, are elevated in the cases of constipation (Cheng et al., 2024; C.
Zhang et al., 2023). Conversely, excitatory neurotransmitters like MTL
and 5-HT are decreased in response to constipation (Li et al., 2023; C.
Zhang et al., 2023). MTL enhances GI motility to accelerate defecation,
while 5-HT regulates the actions of ENS and CNS by activating its re-
ceptors such as 5-HT4R to improve constipation. Our findings showed
similar changes in these neurotransmitters, which could be reversed by
L. paracasei NCU-04 treatment (Fig. 3), suggesting improved gut motility
in constipated mice. In particular, the expression of 5-HT and its re-
ceptor 5-HT4R in the brain were also downregulated in constipation
mice, while L. paracasei NCU-04 treatment increased their expressions to
varying degrees (Fig. 4), indicating the activation of 5-HT signal
pathway in the brain. We speculated that the crosstalk between ENS and
CNS might mediate this activation, as the ENS communicates bidirec-
tionally with CNS through intrinsic and extrinsic innervations (Fleming
et al., 2020).

Studies suggested a close relationship between constipation and the
dysbiosis of gut microbiota (Dimidi et al., 2017; Pan et al., 2022; S.
Zhang et al., 2021). Beyond commonly known taxa like Lactobacilli and
Bifidobacteria, alterations in other gut microbiota taxa also contribute to
constipation. For example, the Bacteroidales_s24-7 family, a predominant
member in the gut microbiota, showed reduced relative abundance in
constipated mice (Huang et al., 2022; X. Ren et al., 2017). And the
increased abundance of Rikenellaceae was reportedly associated with the
severity of depression/anxiety in mice (Yang et al., 2022). Prevotellaceae
had been demonstrated to be the only bacterial family significantly
lowed in constipated patients and the Prevotella genus greatly contrib-
uted to this changing trend (Yu et al., 2023; Zhu et al., 2014); however,
Cheng et al. reported an opposite results of altered Prevotellaceae family
and Prevotella genus in constipated mice (Cheng et al., 2024). Our results
align with the patient data, showing decreased Prevotellaceae and Pre-
votella in constipated mice. The genus Odoribacter was reportedly
enriched in constipated mice and was associated with cognitive
impairment in Parkinson’s disease mice (T. Ren et al., 2020; Wang et al.,
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2023). Interestingly, these changed microbial compositions could be
restored by probiotics treatment, including L. paracasei NCU-04 in this
study (Fig. 5).

Emotional disorders such as anxiety and depression frequently co-
occur with constipation, yet their shared causes were rarely examined
(Yun et al., 2024). The neurotransmitter 5-HT is crucial for the devel-
opment and long-term functioning of both CNS and ENS, influencing GI
motility and emotion. A study base on the 5-HT synthesis-deficient
transgenic mice demonstrated that the reduced release of 5-HT in the
CNS led to defects in ENS and gut motility, while feeding 5-hydroxytryp-
tophan slow-release chow restored the content of 5-HT in CNS and
reduced depression-related behaviors, indicating that the production of
5-HT by neurons connects constipation with mood disorders (Israelyan
et al., 2019). Additionally, the alterations in the gut microbiota, such as
the increased Odoribacter and decreased Lactobacillus, inhibited the 5-HT
synthesis in the colon in constipated mice by promoting the expression
of intestinal 5-HT transporter and damaging the intestinal integrity (Cao
etal., 2017; Wang et al., 2023). In this study, we found that L. paracasei
NCU-04 significantly improved depression-like behaviors in constipated
mice, potentially mediated by the neuron 5-HT production (Fig. 6). A
gut indigenous Ruminococcus gnavus also reportedly alleviated con-
stipation and stress-related behaviors in constipated mice by increasing
colonic 5-HT levels (Li et al., 2023). Other probiotics, such as Bifido-
bacteria and Lactobacilli, have been shown to relief the symptoms of
depression and constipation by regulation the 5-HT-mediated signal
pathway (Tian et al., 2019; Wang et al., 2023).

In conclusion, we identified a new L. paracasei, NCU-04, with
excellent probiotic properties and effectiveness in improving con-
stipation and depression-like behaviors in loperamide-induced consti-
pated mice. This effect could be achieved through the regulation of
neurotransmitters, promotion of GI motility and lubrication, and
maintenance of gut microbiota homeostasis (Fig. 7). In particular, we
demonstrated the 5-HT may greatly involve in mediating the therapeutic
efficacy of L. paracasei NCU-04 (Fig. 7). Collectively, L. paracasei NCU-04
can be regarded as a food supplementation or adjuvant strategy to
alleviate constipation in the future. However, there are still several
scientific questions in this study that warrant further exploration. For
instance, it is important to determine whether the therapeutic effects of
L. paracasei NCU-04 are dependent on the gut microbiota, which could
be clarified using a germ-free mouse model. Although the study high-
lighted the role of 5-HT in mediating the effects of this strain, a more
comprehensive and in-depth analysis of the molecular mechanisms by
which the strain influences 5-HT signaling in vivo would provide deeper
insights. Additionally, this study relied solely on a loperamide-induced
constipation model in mice, potentially limiting the generalizability of
the findings to clinical settings.
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