
ORIGINAL RESEARCH
published: 19 August 2020

doi: 10.3389/fcimb.2020.00423

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 1 August 2020 | Volume 10 | Article 423

Edited by:

Nicholas Zachos,

Johns Hopkins University,

United States

Reviewed by:

Kristina Marie Feye,

University of Arkansas, United States

David R. Brown,

University of Minnesota Twin Cities,

United States

*Correspondence:

Gaojue Wu

wugaojue@aliyun.com

Wei Chen

chenwei66@jiangnan.edu.cn

Specialty section:

This article was submitted to

Microbiome in Health and Disease,

a section of the journal

Frontiers in Cellular and Infection

Microbiology

Received: 24 October 2019

Accepted: 10 July 2020

Published: 19 August 2020

Citation:

Wang G, Yang S, Sun S, Si Q,

Wang L, Zhang Q, Wu G, Zhao J,

Zhang H and Chen W (2020)

Lactobacillus rhamnosus Strains

Relieve Loperamide-Induced

Constipation via Different Pathways

Independent of Short-Chain Fatty

Acids.

Front. Cell. Infect. Microbiol. 10:423.

doi: 10.3389/fcimb.2020.00423

Lactobacillus rhamnosus Strains
Relieve Loperamide-Induced
Constipation via Different Pathways
Independent of Short-Chain Fatty
Acids
Gang Wang 1,2, Shurong Yang 1,2, Shanshan Sun 1,2, Qian Si 1,2, Linlin Wang 1,2,

Qiuxiang Zhang 1,2, Gaojue Wu 3*, Jianxin Zhao 1,2,4,5, Hao Zhang 1,2,5,6,7 and Wei Chen 1,2,6,8*

1 State Key Laboratory of Food Science and Technology, Jiangnan University, Wuxi, China, 2 School of Food Science and

Technology, Jiangnan University, Wuxi, China, 3Department of Gastroenterology, The Affiliated Wuxi Second People’s

Hospital of Nanjing Medical University, Wuxi, China, 4 International Joint Research Laboratory for Probiotics, Jiangnan

University, Wuxi, China, 5 (Yangzhou) Institute of Food Biotechnology, Jiangnan University, Yangzhou, China, 6National

Engineering Research Center for Functional Food, Jiangnan University, Wuxi, China, 7Wuxi Translational Medicine Research

Center and Jiangsu Translational Medicine Research Institute Wuxi Branch, Wuxi, China, 8 Beijing Innovation Centre of Food

Nutrition and Human Health, Beijing Technology and Business University, Beijing, China

Increasing researches have confirmed the relationship between slow-transit constipation

and gut microbiota dysbiosis. Many population and animal experiments have identified

probiotics as effectors for the relief of constipation symptoms, but the specific

mechanism remains unclear. In this intervention study, Lactobacillus rhamnosus strains

isolated from five different sources were administered to mice with loperamide-induced

constipation, and the impacts of these strains on constipation-related indicators were

evaluated. All five strains of L. rhamnosus were found to improve constipation to various

degrees. However, contrary to previous studies, the abilities of L. rhamnosus strains

to improve constipation symptoms were not associated with the levels of short-chain

fatty acids (SCFAs) in the colon. The effects of different strains of L. rhamnosus on

constipation relief were associated with different aspects of the GI tract, including

gastrointestinal regulatory peptides, neurotransmitters, neurotrophic factors, and gut

microbiota. The findings of this study demonstrate that L. rhamnosus strains can alleviate

constipation-related symptoms via different pathways independent of SCFAs regulation.

This study yields a new perspective for clinical use of probiotics to better improve

constipation symptoms, by combining strains with different mechanisms for alleviation

of constipation.

Keywords: slow transit constipation, Lactobacillus rhamnosus, serotonin, neurotrophic factor, short-chain fatty

acids, gut microbiota

INTRODUCTION

Slow-transit constipation, a common clinical symptom of digestive system dysfunction,
is characterized by persistent, infrequent, or incomplete defecation. Accelerated pace
of contemporary lifestyle is associated with changes in dietary habit, stress level,
and an increased probability of constipation symptoms. About 12–30% of people
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suffered from constipation in (Choopani et al., 2017). Other
studies have shown that the probability of constipation symptoms
increases beyond the age of 65 years, and is twice as high
in women as in men (Koliani and Lacy, 2017). Constipation
not only increases the financial burden of patients, but also
increases the social burden of the healthcare system (Sharma and
Rao, 2016). Various laxative drugs are being used to alleviate
these symptoms. They are rapid in action, but the symptoms of
constipation return once drug use has ceased. Additionally, the
prolonged use of laxatives can lead to drug dependence and even
more severe symptoms of constipation.

The colon is an important “container” for the cultivation
of intestinal microbiota. Advances in research have revealed
significant roles for these intestinal microbiota in human
health. As early as 1998 (Zoppi et al., 1998), studies determined
significant differences in gut microbiota between patients
with constipation symptoms and their healthy counterparts.
Furthermore, the gut microbiota of patients with chronic
constipation exhibit characteristic reduction in obligate
anaerobic bacteria and corresponding increases in potential
pathogenic bacteria and fungi. Also, some studies reported
alterations on the abundance of specific species in constipated
patients’ intestinal microbiota (Zhao and Yu, 2016). Changes
in the proportions of these gut microbiota may affect intestinal
motility and altering local metabolic environment (Zhao and
Yu, 2016). These differences between the gut microbiota of
human patients with constipation symptoms and their healthy
counterparts suggest that constipation-related symptoms could
potentially be relieved via introduction of gut microbiota and/or
probiotic which remediate the intestinal microenvironment.
A researcher observed a significantly lower abundance of
Bifidobacterium and Bacteroides species in the gut microbiota
of patients with functional constipation than in normal
controls (Kim et al., 2015). Whereas, after a 2-week course
of probiotic VSL#3, the abundance of lactic acid bacteria,
Bifidobacterium and Bacteroides species increased in the
normal group but not in patients with constipation. Wang
et al. administered Bifidobacterium adolescentis to mice with
loperamide-induced constipation and found alleviation of
symptoms associated with constipation and alteration in gut
microbiota (Wang et al., 2017b).

Although considerable evidences indicate that probiotics
can alleviate constipation and regulate the gut microbiota,
no consistent conclusion has been reached regarding the
probiotic mechanisms. The existing research results indicate
that probiotics can affect intestinal motility by altering the levels
of neurotransmitters and short-chain fatty acids (SCFAs), and
by regulating the gut microbiota and immunity (Dimidi et al.,
2017). Other study suggested that the intragastric administration
of Bifidobacterium animalis GCL2505 could effectively relieve
the symptoms of loperamide-induced constipation while
significantly enhanced the total SCFAs levels in the feces of
constipated mice relative to the model group (Aoki et al.,
2016). Qian et al. reported that Lactobacillus fermentum Lee
effectively relieved constipation induced by activated carbon,
and up-regulated serum concentrations of acetylcholine and
substance P compared with their untreated counterparts

TABLE 1 | Isolates and culture conditions used in this study.

Species Strain Number Source Culture

conditions

L. rhamnosus CCFM1068 1068 CCFM 37◦C, MRS,

Anaerobic

L. rhamnosus FFJND15-L2 15-L2 CCFM 37◦C, MRS,

Anaerobic

L. rhamnosus FHeNJZ7-1 7-1 CCFM 37◦C, MRS,

Anaerobic

L. rhamnosus FTJDJ11-1 11-1 CCFM 37◦C, MRS,

Anaerobic

L. rhamnosus FZJHZ11-7 FZJHZ11-7 CCFM 37◦C, MRS,

Anaerobic

CCFM, Culture Collection of Food Microorganisms at Jiangnan University.

with constipation (Qian et al., 2015). What’s more, study
demonstrated that the daily administration of 4 × 1010 CFU
of Lactobacillus reuteri Shirota improved the frequency of
defecation in subjects with constipation and up-regulated the
fecal abundance of bifidobacteria (Matsumoto et al., 2010).
However, few reports in the literature have described specific
differences in the mechanisms by which different species and
strains relieve constipation. Therefore, we studied five strains
of Lactobacillus rhamnosus known to relieve constipation
symptoms. We explored the effects of these five strains on the
levels of neurotransmitters, SCFAs and gastrointestinal (GI)
regulatory peptides, as well as on the intestinal microecology.
The differences in these biomarkers among the five strains of L.
rhamnosus allow clarification of the potential mechanisms by
which probiotics alleviate constipation symptoms.

MATERIALS AND METHODS

Preparation of L. rhamnosus Suspensions
As shown in Table 1, the strains engaged in this study were
obtained from the strain collection of the Food Biotechnology
Center at Jiangnan University. To prepare for animal
experiments, all strains were cultured in MRS medium and
incubated in an anaerobic atmosphere (10% H2, 10% CO2, and
80% N2) in anaerobic chamber (DG250, Don Whitley, UK)
for 16 h at 37◦C. The strains were subcultured at least three
times with 2% (v/v) inoculum. Bacterial cells were collected
with centrifuge (6,000 × g, 12min, 4◦C), and then washed
with a sterile saline solution twice and stored at −80◦C in 30%
sucrose solution until use. Before intragastric administration,
the bacterial cell suspension was centrifuged and the cells
were resuspended in 3% sucrose solution at a density of 5 ×

109 CFU/mL.

Animals and Experimental Design
Forty-two 6-week-old male SPF grade BALB/c mice were
obtained from Shanghai Slack Company. The animal
experimental protocol was approved by the Ethics Committee
of Jiangnan University (JN. No20180115b1920520) and
implemented in accordance with existing EU guidelines
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(2010/63/EU). The breeding environment was maintained at a
temperature of 23 ± 2◦C and relative humidity of 50 ± 10%,
with a 12-h/12-h light/dark cycle. All animal experiments were
performed in strict accordance with the regulations of the
Animal Management and Use Committee of Jiangnan University
(SYXK 2012-0002).

The mice began to gavage daily after 7 days of adaptation
to the environment. During Days 8–25, mice in the normal
and model group were administered 0.2mL of 3% sucrose
solution intragastrically daily, while the other five groups were
administered 0.2mL of bacterial suspension (5 × 109 CFU/mL
in 3% sucrose solution) daily. Subsequently all the mice except
those in the normal group were gavaged with loperamide
hydrochloride daily during Days 26–30, while the mice in the
normal group was administered distilled water (vehicle) orally
daily. The loperamide hydrochloride or distilled water treatment
were performed 1 h before bacterial suspension or sucrose
solution gavage daily from Days 26–30.

Determination of Water Content in Feces
On Day 29, after the gavage treatments, the mice were placed
in a cage containing absorbent paper. The feces were collected
and their wet weight was measured. The fecal matter was
lyophilised, and the final weight was recorded as the dry weight.
The water content of the feces was calculated according to the
following formula:

Fecal water content(%) =
wet weight(g)− dry weight(g)

wet weight(g)
× 100

Determination of the Time to First Black
Stool Defecation
On Day 30, mice in each group were administered activated
carbon mixed with L. rhamnosus suspensions (or 3% sucrose
solution) intragastrically. The mice were then placed into clean,
dry cages, and the time when each mouse expelled the first black
stool was recorded.

Determination of the Gastrointestinal
Transit Rate
On Day 30, the mice were fasted from food overnight (water
was provided). At 8:30 a.m. on Day 31, mice in the normal
group were given 0.2mL of distilled water, while all other mice
were given 0.2mL of 3% loperamide hydrochloride solution (10
mg/kg b.w). After 30min, all mice were administered activated
carbon intragastrically. After 30min, the mice were sacrificed
with pentobarbital sodium (0.5 mL/10 g b.w). The entire small
intestine from the pylorus to the caecum was removed, and the
total length of the small intestine was measured. The distance
to the front edge of the activated carbon was also measured.
For each mouse, the GI transport rate was calculated as the
percentage of prosthetic advancement of the activated carbon
relative to the total length of the small intestine.

Determination of Peptide, Serotonin, and
Neurotrophic Factor Concentrations
Mice that had been fasted for 12 h were injected intraperitoneally
a sodium pentobarbital solution (0.5 mL/10 g b.w) and
sacrificed. Serum samples were obtained from blood samples by
centrifugeation (3,000 × g, 15min) in which the concentrations
of motilin (MTL) and gastrin (GAS) were measured.

The colon tissue was washed with pre-cooled phosphate-
buffered saline (PBS). The surrounding adipose tissue was
removed, and colon was cut and weighed. The tissue was
disrupted using a tissue disrupter in a corresponding volume of
PBS (weight to volume ratio of 1:9), and finally centrifuged at
5,500 × g for 10min. The supernatants were collected and the
concentrations of serotonin (5-HT), neurotrophin-3 (NT-3), and
brain-derived neurotrophic factor (BDNF) were measured. Refer
to the corresponding kit instructions purchased from Shanghai
Enzyme Biotechnology Co., Ltd. for specific instructions.

Fecal SCFA Analysis
For pre-treatment, 20mg samples of feces were weighed and
suspended in 500 µL of saturated NaCl solution to which 20
µL of 10% H2SO4 was added for acidification. Next, 800 µL
of anhydrous ether was added to extract the fatty acids, and
the mixture was centrifuged (18,000 × g, 15min). The upper
ether phase was collected and mixed with 0.25 g of anhydrous
Na2SO4. After a 30-min incubation, the mixture was centrifuged
at 18,000 × g for 5min to obtain the upper diethyl ether
phase, and the SCFAs in this phase were determined using
GC-MS with a Rtx-Wax column (column length: 30m, inner
diameter: 25µm). The following GC-MS settings were used:
carrier gas, He; flow rate, 2 mL/min; injection volume, 1 µL;
temperature increase to 140◦C at 7.5◦C/min, followed by an
increase to 200◦C at 200◦C/min and a 3-min hold and an
ionization temperature of 20◦C. The whole-scan mode was used
for the analysis, and a standard curve was obtained for calculation
of each SCFAs’ concentration.

Gut Microbiota Profiling
The mouse fecal samples were subjected to a gut microbiota
analysis. A Fast DNA Spin kit (MP Biomedicals, Santa Ana,
CA, USA) was used to extract bacterial DNA from the mice
fecal samples. The V3–V4 regions of bacterial 16S ribosomal
RNA (rRNA) genes were amplified via PCR using barcode-
indexed primers (341F: 5′- CCT AYG GGR BGC ASC AG-3′

and 806R: 5′- GGA CTA CNN GGG TAT CTA AT-3′). The
PCR products were purified by gel extraction (TIANgel Mini
Purification Kit) and then pooled in equimolar concentration.
The samples were mixed according to the principle of equal mass
concentration, and a library was constructed and sequenced by
a MiSeq sequencer (Illumina, San Diego, CA, USA). A TruSeq
DNA LT Sample Preparation Kit (Illumina, Santiago, CA, USA)
were used to prepare libraries, which were sequenced for 500
+ 7 cycles on Illumina MiSeq PE300 platform with a MiSeq
Reagent Kit (Illumina, Santiago, CA, USA). Quantitative Insights
intoMicrobial Ecology (QIIME) platformwas used for 16S rRNA
gene sequencing analysis. Subsequently, pair-end reads with an
overlap of>10 bp and withoutmismatches were assembled.With
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the trim method of Dada2, the barcode and sequencing primer
were trimmed in the assembled sequences. The operational
taxonomic unit (OTU) was established de novo with uclust
with 97% sequence identity cutoff. The OTUs of Bif-groEL
sequences were taxonomically assigned with the Chaperonin
Sequence Database and the OTUs of the V3-V4 region were
taxonomically assigned with the Ribosomal Database Project
(RDP) Naive Bayes classifier. The first sequence in each OTU
cluster was selected as the representative sequence, and then
aligned to the green genes core set in QIIME with the PyNAST
aligner. α-diversity was indicated from the rarefied OTU. β-
diversity was evaluated by principal component analysis (PCA)
with the center log ratio (clr) transformed genus level count
table, along with permutational multivariate analysis of variance
(perMANOVA). Microbial biomarkers were differentiated with
linear discriminant analysis (LDA) effect size (LEfSe) (logLDA
> 2.0 were used as the threshold). The false discovery rate
(FDR) control was executed based on the Benjamini-Hochberg
procedure to correct for multiple testing. An FDR-adjusted
P-value < 5% was considered to be significant. For the
normalization of data, α-diversity and LEfSe analysis are all
analyzed in microbiome analyst (Dhariwal et al., 2017). (https://
www.microbiomeanalyst.ca/faces/home.xhtml).

Statistical Analysis
The statistical analyses were processed with GraphPad Prism 6
and SPSS 21.0. Data are presented as means ± SEM. Because
of data sets confirmed with a normal distribution, unpaired
Student’s t-test was used to analyse between the normal group
and model group, and one-way ANOVA was used to analyse
to compare the effects of model group and L. rhamnosus
groups, followed by Turkey’s post hoc test or Dunnett’s multiple
comparisons test (vs. model group).

RESULTS

Significant Differences in the Effect of
Individual L. rhamnosus Strains on Fecal
Water Content
After a 5-day course of loperamide treatment, the water content
of feces from mice in the model group is significantly different
from that in the normal group (P < 0.05), suggesting that
treatment reduced the water content and resulted in drier feces.
This effect would increase the difficulty of defecation, similar to
the clinical symptoms of constipation. As shown in Figure 1A,
the water contents in the feces of mice treated with L. rhamnosus
CCFM1068 differed significantly from that in the model group
(P < 0.05), suggesting that this strain increased the fecal water
content and thus facilitated defecation in mice with loperamide-
induced constipation. The notable part of what the result showed
is that treatment with other strains of L. rhamnosus did not
increase the fecal water content in mice with constipation.
In other words, L. rhamnosus CCFM1068 induced significant
differences in fecal water content, indicating strain-related effect.

No Significant Difference in the Effect of L.
rhamnosus Strains on the Time to First
Black Stool Defecation
The time to the first black stool defecation in mice represents
motility throughout the intestine. Specifically, a shorter time
to the first black stool defecation indicates more rapid whole
intestinal tract motility and a stronger intestinal transport
capacity. The results of this experiment are shown in Figure 1B.
After 5 days of treatment with loperamide, the time to first
black stool defecation in the model group was significantly longer
than that in the normal group. In other words, treatment with
loperamide resulted in a decrease in the motility and transport
capacity of the whole intestine, leading to a prolonged defecation
time. However, mice that received an intragastric administration
of all the tested L. rhamnosus strains exhibited a significantly
shorter time to the first black stool defecation than that in
the model group (P < 0.05). This result indicates that all five
L. rhamnosus strains can improve the intestinal transit rate
significantly in constipation model mice by improving intestinal
function and intestinal motility, thus reducing the time to the
first black stool defecation. Among these strains, L. rhamnosus
FHeNJZ7-1 and FZJHZ11-7 showed better capacities in reducing
the time of first black stool defecation.

L. rhamnosus Can Significantly Increase
the Gastrointestinal Transit Rate in Mice
With Constipation
The GI transit rate reflects the dynamics of the small intestine
and may thus reflect the effect of L. rhamnosus on intestinal
motility. A higher GI transit rate (%) indicates a shorter
residence of chyme in the small intestine and greater small
intestinal motility. The results of this experiment are shown in
Figure 1C. After treatment with loperamide, the model group
had a significantly lower GI transit rate than the normal group,
indicating constipation model was established successfully. After
the intragastric administration of L. rhamnosus strains except
L. rhamnosus FFJND15-L2 to mice with constipation exhibited
a significantly improved GI transit rate (P < 0.05). This
observation suggests that treatment with L. rhamnosus except
for FFJND15-L2 can effectively improve intestinal motility and
accelerate the movement and exit of chyme via the small
intestine. This together with result in section No significant
difference in the effect of L. rhamnosus strains on the time
to first black stool defecation, indicate that some strains of
L. rhamnosus might not improve small intestinal motility and
colonic motility simultaneously.

L. rhamnosus Strains Showed Diverse
Effects on Serum Levels of Gastrointestinal
Regulatory Hormones in a Mouse Model of
Constipation
The hormone MTL is a common regulator of GI motility. The
serum concentrations of MTL in the mice were evaluated. As
shown in Figure 2A, after treatment with loperamide, the serum
MTL concentration was significantly lower in constipationmodel
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FIGURE 1 | Effects of different strains of L. rhamnosus on defecation in a mouse model of constipation. (A) Fecal water contents. (B) Times to first black stool

defecation. (C) Gastrointestinal transit rates. Data are means with SEM; Unpaired Student’s t-test, ###P < 0.001, #####P < 0.0001 vs. normal group; One-way

ANOVA followed by Turkey’s post hoc test for L. rhamnosus-treated groups, *P < 0.05, **P < 0.01, ***P < 0.001 vs. model group for fecal water content. One-way

ANOVA followed by Dunnett’s multiple comparisons test for L. rhamnosus-treated groups, *P < 0.05, **P < 0.01, ***P < 0.001 vs. model group for time to first black

stool defecation and gastrointestinal transit rates.

FIGURE 2 | Effects of different L. rhamnosus strains on gastrointestinal motility in a mouse model of constipation. (A) Motilin (MTL) concentrations in serum. (B)

Peptide YY (PYY) concentrations in serum. Data are means with SEM; Unpaired Student’s t-test, #P < 0.05, ##P < 0.01 vs. normal group; One-way ANOVA

followed by Dunnett’s multiple comparisons test for L. rhamnosus-treated groups, *P < 0.05, **P < 0.01 vs. model group.

mice than in the normal group, suggesting that the observed
reduction in GI transit may be related to the concentration
of MTL in the serum. As shown in the figure, the MTL
concentrations in the serum of mice treated with L. rhamnosus
CCFM1068, FZJHZ11-7 were restored to the level in the normal
group. These two strains may increase GI transit in mice with
constipation by enhancing the serum concentration of MTL. L.
rhamnosus FHeNJZ7-1 did not enhance the serum concentration

of MTL but improved the GI transit rate, suggesting that this
strain can enhance intestinal transit via different mechanisms.

As shown in Figure 2B, we observed that after 5 days
of loperamide treatment, the serum peptide YY (PYY)
concentration was significantly higher in the model group
than that in normal group. This observation suggests that
loperamide-induced constipation may also be associated with
abnormalities in the serum PYY concentration, although the
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FIGURE 3 | Effects of different strains of L. rhamnosus on the concentrations of 5-HT and neurotrophic factors in the colons of constipation model mice. (A) 5-HT. (B)

NT-3. (C) BDNF. Data are means with SEM; Unpaired Student’s t-test, #P < 0.05, ##P < 0.01 vs. normal group; One-way ANOVA followed by Dunnett’s multiple

comparisons test for L. rhamnosus-treated groups, *P < 0.05, ***P < 0.001 vs. model group.

exact mechanism remains unclear. Moreover, we observed that
treatment with L. rhamnosus CCFM1068, FHeNJZ7-1, and
FTJDG11-1 reduced the PYY concentrations in the serum of
constipation model mice and alleviated the inhibitory effect
of this peptide on GI transit and motility. However, strain
FFJND15-L2 and FZJHZ11-7 did not significantly reduce the
serum concentration of PYY in constipated mice. This result
indicated that L. rhamnosus effected changes in the concentration
of PYY in serum in a strain-specific manner.

Differential Effects of L. rhamnosus Strains
on Intestinal Serotonin in a Mouse Model
of Constipation
Neurotransmitters in the GI tract have important effects
on GI motility. As shown in Figure 3A, the administration
of loperamide led to a significant downward trend in the
level of 5-HT in the colons of constipation model mice.
Therefore, constipation symptoms may be related to a decrease
in this neurotransmitter in the colon. The administration of
L. rhamnosus FHeNJZ7-1 and FFJND15-L2 led to significant
increases in the concentration of 5-HT in the colon, and the 5-
HT concentration of mice in L. rhamnosus FHeNJZ7-1 group
was significantly higher than that in L. rhamnosus FTJDG11-1
group. Taken together, these results indicate that some strains of
L. rhamnosus can increase the 5-HT concentration specifically
in the colon of constipation model mice, thereby enhancing
colonic smooth muscle contractions and relieving constipation.
However, this effect was clearly and significantly strain-
dependent.

Significant Differences in the Effects of L.
rhamnosus Strains on Neurotrophic
Factors in the Colons of Constipation
Model Mice
To explore the potential impacts of L. rhamnosus on intestinal
nervous system, we first examined NT-3 and BDNF, as shown in

Figures 3B,C. Significant decreases in the expression of both NT-
3 and BDNF were observed in the tissues of constipation model
mice relative to the normal group. This result may be attributed
to the activity of loperamide in dysregulation of intestinal
nervous system. Only L. rhamnosus FTJDG11-1 increased the
expression of NT-3 in the colons of constipation model mice.
We speculate that this strain effectively relieved constipation by
increasing the level of NT-3 in the colon. We further observed
significant differences in the abilities of different L. rhamnosus
strains to increase the expression of NT-3 in the colon.

On the other hand, both L. rhamnosus FHeNJZ7-1 and
FZJHZ11-7 administration led to significant increases in the
expression of BDNF content in the colon when compared to
groups treated with the three other bacterial strains and model
group. This finding suggests significant differences in the abilities
of various L. rhamnosus strains to enhance BDNF expression in
the colon.

L. rhamnosus Did Not Relieve Constipation
by Altering the SCFAs Profile
SCFAs are important metabolites produced by intestinal
microbiota. Therefore, the SCFAs profile may reflect the effects
of L. rhamnosus on the gut microenvironment. We evaluated the
levels of acetic acid, propionic acid, butyric acid, valeric acid,
isobutyric acid, and isovaleric acid in mouse feces. As shown in
Figure 4, notably, treatment with loperamide led to significant
reductions in the fecal levels of acetic acid, propionic acid, butyric
acid, and valeric acid in mice of model group compared to
the normal group. However, there were no significant changes

in fecal levels of isobutyric acid and isovaleric acid. After

administration of L. rhamnosus, there were no significant reversal
in the concentration of the SCFAs to the levels in the normal
group (Figures 4A–D). Since all five strains of L. rhamnosus
could alleviate constipation, this indicated that the regulation of
SCFAs was not necessary the mechanism for these L. rhamnosus
strains to relieve constipation.
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FIGURE 4 | Effects of different strains of L. rhamnosus on the short-chain fatty levels in the feces of constipation model mice. (A) Acetic acid. (B) Propionic acid. (C)

Butyric acid. (D) Valeric acid. (E) Isobutyric acid. (F) Isovaleric acid. Data are means with SEM; Unpaired Student’s t-test, #P < 0.05, ##P < 0.01, ####P <

0.0001 vs. normal group. One-way ANOVA followed by Dunnett’s multiple comparisons test for L. rhamnosus-treated groups.
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FIGURE 5 | Treatment with L. rhamnosus alters the diversity and structure of the gut microbiota. (A) α-diversity index: Shannon. (B) α-diversity index: Simpson. (C)

PCA of genus level microbiome. One-way ANOVA for L. rhamnosus-treated groups, **P < 0.01 vs. model group.
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Differential Effects of L. rhamnosus Strains
on Gut Microbiota in Constipation Model
Mice
The results of α-diversity are shown in Figures 5A,B with
normalization in Microbiome Analyst via Total sum scaling
(TSS). No significant differences in the α-diversity (both
Shannon and Simpson) of fecal microbiota in the model mice
after loperamide treatment as compared to normal group were
found. However, the administration of L. rhamnosus CCFM1068
led to significant increase in α-diversity (Shannon index and
Simpison) compared to those of constipation mice. Loperamide
treatment also led to significant changes in the β-diversity of the
fecal microbiota in the model group relative to the normal group
(Figure 5C, Pnormal vs.model = 0.002). According to PCA map
of genus level microbiome, the administration of L. rhamnosus
did not completely restore the structure of the fecal microbiota
(Pnormal vs. CCFM1068 = 0.002, Pnormal vs. FHeNJZ7−1 = 0.02,
Pnormal vs. FTJDG11−1 = 0.04). However, treatment with these
strains led to a partial recovery in the β-diversity and the relief of
constipation symptoms (Figure 5C, PFFJND15−L2 vs.model = 0.02,
PCCFM1068 vs.model = 0.03, PHeNJZ7−1 vs.model = 0.02,
PFTJDG11−1 vs.model = 0.02, PFZJHZ11−7 vs.model = 0.03). These
results suggested that interventions involving different L.
rhamnosus strains may have different effects on the gut
microbiota and the differences in the composition of the
microbiota could affect constipation symptoms.

We further investigated phylum-changes in the gut

microbiota of mice with the normalization via TSS. The results
are shown in Figure 6. Notably, a significant increase of the
abundance of Verrucomicrobia in the constipation model mice

feces was observed, also a decrease of this phylum abundance
in feces after intragastric administration of L. rhamnosus

CCFM1068 (Figure 6C). These findings suggested that the
ability of L. rhamnosus CCFM1068 to relieve constipation
symptoms may be related to a reduction in the abundance of

Verrucomicrobia. In addition, though there were no significant

changes in Firmicutes abundance in the model group compared
to normal group, L. rhamnosus CCFM1068 significantly
increased the relative abundance of Firmicutes compared to
model group (Figure 6B).

Next, a LEfSe analysis of the fecal microbiota (LDA score

2.0) was conducted to further explore the abilities of the

five L. rhamnosus strains to alter the microbiota population.

Notably, genus-level fecal microbiota profiles varied significantly

among the groups of L. rhamnosus treated mice. As shown in
Figure 7, the abundance of Coprobacillus and Oscillospira were
significantly decreased in the fecal microbiota of the model group
relative to the normal group. Whilst treatment of FZJHZ11-7
increased the abundance of Coprobacillus in the fecal microbiota
relative to the model group. Similar significant increase also
occurred on the abundance of Oscillospira by FTJDG11-1
treatment (Figures 7B,D). Besides, a significant increase in the
abundance of Akkermansia was found in the fecal microbiota of
the model group relative to the normal group, whilst treatment
of CCFM1068 reversed this change in the fecal microbiota of
constipated mice (Figure 7C). These results suggest that the

different capacities of L. rhamnosus strains to relieve constipation
may be related to their effects on the abundances of various
gut bacteria.

DISCUSSION

Slow transit constipation is a common syndrome of digestive
disorders and is characterized by a low frequency of defecation,
dry stools and prolonged bowel movements (Wang et al.,
2017b). A prospective study in Japan observed an association
of a lower bowel movement frequency with a higher rate of
cardiovascular disease-related mortality (Honkura et al., 2016).
Clinically, symptoms of constipation are often accompanied by
disorders of the gut microbiota. Such disorders can damage the
intestinal barrier and induce effects beyond the human digestive
system. Probiotics treatment is a recognized method for relieving
gut microbiota dysbiosis. Although studies have increasingly
explored the abilities of probiotics to alleviate constipation, the
specific underlying mechanisms remain unclear. In this study,
we investigated the pathways by which L. rhamnosus relieves
constipation, evaluated potential strain-related differences in
these pathways and identify the effects of these strains on the gut
microenvironment. Unlike previous studies, L. rhamnosus strains
used in this study did not relieve constipation by recovering
gut SCFAs levels as in the administration of bifidobacteria in
earlier studies (Wang et al., 2017a,b, 2019). Besides, different
strains of L. rhamnosus also showed differences in the way to
relieve constipation.

Shi et al. reported significantly reduced fecal levels of
SCFfacetic acid, propionic acid, and butyric acid) with
constipation than in the normal population (Shi et al., 2016).
These observations indicate a certain relationship between the
occurrence of constipation and the intestinal levels of SCFAs. So
SCFAs produced by intestinal flora or probiotics were believed
to be effective on constipation alleviation. Moreover, it was
reported that the administration of Lactobacillus plantarum
NCU116 significantly improved the symptoms of constipation in
mice and led to significant increases of acetic acid and propionic
acid levels in their feces (Li et al., 2015). Although lactic acid
bacteria relieve constipation and simultaneously induce changes
in SCFAs levels, the roles of these SCFAs in the alleviation of
constipation remain unclear. Unexpectedly, in this study, the
five strains of L. rhamnosus failed to recover the fecal levels of
SCFAs, suggesting that different mechanisms could mediate the
relief of constipation symptoms associated with these species
of probiotics.

The existing literature indicates that an increase in systemic
PYY levels can slow GI emptying (Hagan, 2002; Parnell and
Reimer, 2009). Furthermore, an increase in the number of colonic
PYY cells and the synthesis of PYY have been identified as
major causes of slow transit constipation (El-Salhy et al., 2013).
The results of this study indicated that the administration of
loperamide to induce constipation led to significant increases
in the serum PYY levels of the mice. Other studies have shown
that the gut microbiota affects systemic PYY levels (Duca et al.,
2012). Taken together, our and previous results lead us to believe
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FIGURE 6 | Treatment with L. rhamnosus strains alters the phylum-level structure of the gut microbiota. (A) Microbial distribution at the phylum level. (B,C) Relative

abundances of Firmicutes and Verrucomicrobia. Graphs depict mean values ± standard deviations (n = 6). Data are means with SEM; Unpaired Student’s t-test, #P

< 0.05 vs. normal group; One-way ANOVA followed by Dunnett’s multiple comparisons test for L. rhamnosus-treated groups, *P < 0.05 vs. model group.

that constipation could be alleviated by a probiotic intervention
through decreasing the PYY levels in serum. Psichas et al.
postulated that PYY secretion is mediated via SCFAs receptors
expressed on the surfaces of L cells (Psichas et al., 2015).
However, our observation that treatment with L. rhamnosus did
not significantly enhance fecal SCFAs levels suggests that PYY
secretion may be mediated via other mechanisms.

Patients with constipation often present with abnormal enteric
nervous system functions, and previous reports on constipation
have described reduced numbers of colonic neurons and damage
to this cell population (Bassotti et al., 2007; Chandrasekharan
et al., 2011). NT-3 and BDNF play key roles in the development
and maturation of neurons and promote the regeneration of
intestinal neurons (Sterne et al., 1997; Hansebout et al., 2012).
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FIGURE 7 | Treatment with L. rhamnosus affects the gut microbiota at the genus levels. (A) LDA difference analysis. (B–D) Relative abundances of the genera

Coprobacillus, Akkermansia and Oscillospira. The graphs depict the mean values ± standard deviations (n = 6). Data are means with SEM; Unpaired Student’s t-test,
#P < 0.05 vs. normal group; One-way ANOVA followed by Dunnett’s multiple comparisons test for L. rhamnosus-treated groups, *P < 0.05 vs. model group.

Moreover, increased levels of exogenous NT-3 and BDNF can
accelerate colonic peristalsis and increase the frequency of
defecation (Parkman et al., 2003; Chen et al., 2014). In this
study, the increased NT-3 and BDNF levels induced by individual
L. rhamnosus strains suggest that some probiotic strains may
specifically promote the production of NT-3 and BDNF in the
colon and thereby relieve constipation.

Evidence from rat study suggests that SCFAs can directly
increase the level of 5-HT in the colonic lumen in vitro and thus
improve colonic transmission (Fukumoto et al., 2003). In vivo
experiments further revealed the abilities of intestinal microbiota
to stimulate 5-HT secretion from intestinal chromaffin cells by
increasing the levels of SCFAs in the colon, thereby promoting
intestinal transmission (Reigstad et al., 2015). Previous study
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also suggested that the metabolites of certain spore-forming
anaerobic bacteria in the gut microbiota can affect the level of 5-
HT and thereby affect intestinal motility (Yano et al., 2015). It was
also reported in the literature that Bacteroides spp. accelerated
intestinal peristalsis by modulating the synthesis of tryptophan,
an important precursor for the synthesis of 5-HT, in germ-free
mice (Bhattarai et al., 2018). Surprisingly, in this study several
specific L. rhamnosus strains increased the level of 5-HT in
the colon without significantly affecting the intestinal levels of
SCFAs. These findings lead us to speculate that L. rhamnosusmay
increase the level of 5-HT through an as-yet unknown pathway,
in addition to the SCFAs-mediated pathway.

Several clinical population and animal experiments have
demonstrated an inextricable link between the symptoms of
constipation and the gut microbiota. Ge et al. observed
an elevated abundance of Verrucomicrobia in the feces of
patients with slow-transit constipation, consistent with the
findings from this study (Ge et al., 2017). Furthermore, a
species analysis in this study revealed that treatment with
L. rhamnosus CCFM1068 restored the relative abundance of
Verrucomicrobia in constipated mice to normal levels. We
speculate that recovering the abundance of Verrucomicrobiamay
be an important way for CCFM 1068 to alleviate constipation.
The genus analysis in this study also revealed that mice with
constipation exhibited a significant decrease in the relative
abundance of Oscillospira when compared to mice in the
normal group, consistent with the findings of a previous study
(Ge et al., 2017). Previous research has revealed a strong
association between Oscillospira and obesity (Beaumont et al.,
2016). Also Oscillospira spp. was reported to show less abundant
in obese humans than those in leaner counterparts (Konikoff
and Gophna, 2016). In this study, the association between
constipation and Oscillospira was also observed. Considering
the low levels of inflammation exists both in constipated mice
and human (Mokhtare et al., 2017; Ren et al., 2017), and
the reduced abundance of Oscillospira in human gut with
inflammation (Walters et al., 2014), it is speculated that the
change of Oscillospira may be closely related to the development
of constipation.

Increased in the abundance of Akkermansia in feces of
constipated mice was observed in this study. Akkermansia
muciniphila is widely accepted as the new generation of
probiotics because of its potential anti-inflammatory properties
(Derrien et al., 2017). However, increasing abundance of
Akkermansia was also observed in the patients suffering
from colon cancer, indicating a complex relationship between
Akkermansia and diseases (Hibberd et al., 2017). So whether
Akkermansia participates in constipation development still need
to be confirmed.

CONCLUSIONS

Increasing studies have confirmed that slow-transit constipation
is closely related to gut microbiota dysbiosis. However, the
etiology of slow transit constipation remains unclear. Our
previous study found that Bifidobacteria relieve constipation

is associated with recovery of SCFAs levels. However, in
this study, we observed that the abilities of L. rhamnosus
strains to improve constipation symptoms were not associated
with increased levels of SCFAs in the colon. Different strains
of L. rhamnosus had various effects on different aspects
of the GI tract in constipation model mice, including the
secretion of motility-regulating peptides, neurotransmitters
and neurotrophic factors and the composition of the gut
microbiota. The findings suggest that different strains of the
same lactic acid bacterial species may improve constipation
via different mechanisms associated with inter-strain differences
in the cell surface molecules and metabolites. Therefore,
combinations of strains with different efficiencies may yield
superior relief from constipation symptoms. These observations
could be useful for future screening of probiotics for the
relief of constipation symptoms. However, this study still
needs to be improved due to the lack of control experiments
with naloxone or other opioid antagonist that would have
indicated the optimum anti-constipating action. Comparing
with some standard medicines for constipation will help for
investigating whether the probiotics can be used as a dietary
strategy for constipation alleviation or even a substitute for
medicine. Also, investigation of microbiota in different intestinal
segments will help to identify more biomarker of gut microbe
for constipation.
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