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Dysbiosis in gut microbiota is known to contribute to development of irritable bowel syndrome. We tried to investigate the effect of 
Bifidobacterium longum on repeated water avoidance stress (WAS) in a Wistar rat model. The three groups (no-stress, WAS, and 
WAS with B. longum) of rats were allocated to sham or WAS for 1 hour daily for 10 days, and B. longum was administered through 
gavage for 10 days. Fecal pellet numbers were counted at the end of each 1-hour session of WAS. After 10 days of repeated 
WAS, the rats were eutanized, and the feces were collected. WAS increased fecal pellet output (FPO) significantly in both sexes 
(P < 0.001), while the female B. longum group showed significantly decreased FPO (P = 0.005). However, there was no consistent 
change of myeloperoxidase activity and mRNA expression of interleukin-1ββ and TNF-αα. Mast cell infiltration at colonic submucosa 
increased in the female WAS group (P = 0.016). In terms of fecal microbiota, the repeated WAS groups in both sexes showed dif-
ferent beta-diversity compared to control and WAS with B. longum groups. WAS-induced mast cell infiltration was reduced by the 
administration of B. longum in female rats. Moreover, administration of B. longum relieved WAS-caused dysbiosis, especially in 
female rats. In conclusion, B. longum was beneficial for WAS-induced stress in rats, especially in females.
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INTRODUCTION

Irritable bowel syndrome (IBS) is characterized by repeated 
changes in the form of stool or defecation habits with ab-
dominal pain or discomfort. The prevalence of IBS is 7% to 
24% among women and 5% to 19% among men; women 
patients report a lower quality of life and demonstrate more 
extra-intestinal and psychological symptoms such as anxiety, 
depression, and somatization disorders [1]. The etiology of 
IBS involves various factors, including stress, activation of 
mucosal immune responses, increased mucosal permeabili-
ty, food hypersensitivity, dysbiosis of intestinal microbiota, and 
changes in enteroendocrine metabolism [2]. Chronic stress 
modifies colonic functions and induces increased permeabili-
ty, changes in motility, activation of myenteric plexus, release 
of serotonins, and visceral hypersensitivity [3].

The repeated water avoidance stress (WAS) is used in 

an animal model for chronic stress, amplifying psychological 
responses which are similar to human experiences. The re-
peated WAS increases fecal pellet output (FPO), and colonic 
submucosal mast cell infiltration with concomitant enhance-
ment of mucosal cytokine levels, and also induces alterations 
in gut microbiome. These characteristics are similar to those 
of patients with the IBS-diarrhea (IBS-D) type [4,5].
 Probiotics recover the balance of the gut microbiota in the 
colonic lumen and mucosal surface, making favorable en-
vironment to gut bacteria [6,7]. Bifidobacterium longum is a 
multi-functional probiotic which is classified as “GRAS (gen-
erally recognized as safe)”. In addition, B. longum is known 
to be effective in alleviating the symptoms of gastrointestinal 
(GI) and infectious diseases [8-10].
 We have previously vakidated the usefulness of WAS 
which triggers colonic microinflammation, by measuring FPO 
and submucosal mast cell counts [4,5,11]. Interestingly, these 
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responses were sex-specific. Thus, a 10-day treatment of 
Lactobacillus farciminis effectively mitigated symptoms in the 
WAS-induced female IBS rats [4]. In contrast, when we per-
formed the same experiments with Roseburia faecis, this mi-
croorganism relieved FPO and submucosal mast cell counts, 
especially in male rats [11]. These suggest that probiotics 
may exert beneficial effects sex dependently. We speculate 
that B. longum might play a beneficial role an WAS-induced 
colonic microenvironment, sex dependently. The present 
study aimed to investigate the sex-different protective effects 
of B. longum in the WAS model and to evaluate whether this 
effect could be supported by the changes of fecal microbiota.

MATERIALS AND METHODS

Isolation of B. longum strains and culture 
conditions
B. longum was isolated from the stool of healthy trainers by
the same method with the R. faecis [11]. The B. longum BBH
016 strain was identified and cultured in the de Man–Rogo-
sa–Sharpe (MRS) medium (Becton, Dickinson and Com-
pany) in an anaerobic chamber (90% N2, 5% CO2, and 5%
H2 conditions) at 37°C [11]. After culturing on DSM 104 agar
plates for 1 day, B. longum was harvested by scraping with a
loop and resuspended in the PBS containing 20% glycerol (v/
v) [11]. The bacteria counts were determined using a Quan-
tom Tx Microbial Cell Counter (CronyTek) [11]. Finally, Wistar
rats received B. longum by oral gavage at a dosage of 1.0 ×
109 CFU/day.

Animals
Wistar rats (male and female) (Orient Co., Ltd.) were main-
tained in specific pathogen-free conditions and allowed for ad 
libitum access to Purina rat chow and water without additional 
enrichment [5]. Seven-week-old Wistar rats, weighing about 
200 g, were selected for the experiments following an one-
week acclimation period. Thirty six rats were stratified into 
three experimental groups in male and female both sexes, 
separately. That is, six rats were allocated each to the control, 
the WAS group, and the WAS group with plus B. longum, re-
spectively in male and female rats. The experiments followed 
the recommendations of the Guide for the Care and Use of 
Laboratory Animals in South Korea [11]. In addition, the Insti-
tutional Animal Care and Use Committee (IACUC) of Seoul 
National University Bundang Hospital approved all of these 
experimental protocols (IACUC No. BA-2112-333-002-04).

Animal experiments
The protocol of repeated WAS has been described previous-
ly [4,5,11]. Briefly, each Wistar rat was positioned on a glass 
platform (5.0-cm length × 5.0-cm width × 6.0-cm height for fe-
male rats and 5.8-cm length × 5.8-cm width × 6.0-cm height 
for male rats). These platforms were affixed at the center of 
standard transparent plastic cages (26.7-cm length × 48.3-

cm width × 20.3-cm height) filled with warm water (25°C) 
to a level 1 cm below the height of the plastic platform. This 
exposure continued for 1 hour daily in the morning (between 
8 and 10 am) to avoid the confusion to rats over a period 
of 10 consecutive days. The rats were housed in pairs in 
their home cages but individually placed in each WAS cage. 
Stress levels from each WAS session were measured by the 
cumulative number of FPO at the termination of the 1-hour 
exposure.

Measurement of colonic submucosal mast cells 
using toluidine blue staining
Quantification of mast cell numbers within the colonic submu-
cosa was conducted as follows [11]: one-cm segment from 
the cecum and the anus was extracted with the proximal por-
tion of the colon [11]. These samples were then preserved in 
10% buffered formalin and embedded in paraffin blocks. They 
were perpendicularly cut, creating 4 mm-thick sections and 
stained with toluidine blue [11]. The number of purple-stained 
mast cells in the colonic submucosa was counted. This num-
ber was divided by the total area of the colonic submucosa 
(the number of mast cells/colonic submucosal area [µm2]) 
[11].

ELISA for myeloperoxidase
The collected colon tissue samples were homogenized in ly-
sis buffer and centrifuged. The lysis buffer was composed of 
a radioimmunoprecipitation assay (RIPA) buffer, a proteinase 
inhibitor, and a phosphatase inhibitor. The supernatant was 
used for analysis of myeloperoxidase (MPO) as an inflamma-
tory marker.

Real-time quantitative PCR
mRNA was isolated from the colon tissue using the TRIzolTM 
reagent (Invitrogen), and quantitative mRNA was measured 
using a NanoDrop (ND-1000; Thermo Fisher Scientific). Com-
plementary DNA (cDNA) was synthesized with a high-ca-
pacity cDNA reverse transcription kit (Applied Biosystems) 
[11]. Real-time quantitative PCR (RT-qPCR) was done with 
SYBR Green I Master Mix and an ABI Viia7 instrument for 
interleukin (IL)-1β and TNF-α [11]. Their transcript levels were 
normalized to β-actin [11].

Fecal sample collection and metagenome 
sequencing
Bacterial genomic DNA was extracted from rat fecal samples 
using a QIAamp DNA Stool Mini Kit (Qiagen). The quantity 
and quality of DNA were assessed using a NanoDrop 1000 
spectrophotometer (Thermo Fisher Scientific) and electro-
phoresed using 2% agarose gel [11]. MiSeq library amplicon 
preparation was described in the previous paper [11]. Then 
the V3-V4 PCR amplicons were linked to the Illumina indi-
ces and adapters from the Nextera® XT Index Kit (Illumina). 
Using operational taxonomic unit (OTU) information (number 
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of OTUs and sequences in each OTU), Shannon’s indices, 
such as α-diversity index, were calculated using EzBioCloud 
(CJ Bioscience Inc.). To visualize sample differences, select-
ed taxa were created by GraphPad Prism ver. 8.01 (Graph-
Pad Software Inc.).

Prediction of the functional composition of a 
microbial community’s metagenome
To predict the the functional composition of a microbial com-
munity’s metagenome, the algorithm ‘phylogenetic investiga-
tion of communities by reconstruction of unobserved states’ 

(PICRUSt) was used. Next, the alterations in the functional 
markers of the microbiota were analyzed based on the Kyoto 
Encyclopedia of Genes and Genomes (KEGG) database re-
garding modules and orthology [12].

Statistical analyses
Data are expressed as mean ± SEM. Categorical and con-
tinuous variables were compared among groups (no-stress, 
WAS alone, and WAS with B. longum) by Fisher’s exact test 
and Kruskal–Wallis test, respectively. P-values < 0.05 were 
regarded statistically significant. SPSS version 20.0 software 
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Figure 1. The fecal pellet output 
(FPO) and mast cell count in a 
repeated water avoidance stress 
(WAS) experiment. FPO data repre-
sent the 10-day sessions with weight 
calibration for male and female rats. 
The difference between male and 
female body weight was normalized 
by multiplying female FPO with the 
ratio of male body weight to female 
body weight. The mean FPO (A) and 
the submucosal mast cell counts (C) 
showed a significant increase in the 
female WAS group compared to the 
female control group with statistical 
significance. (B) The submucosal mast 
cells were counted from toluidine blue 
stained colonic tissue slides. The mast 
cell count in the colonic mucosa was 
divided into the area of the colonic 
mucosa. The correlation analysis be-
tween the mean FPO and the mast cell 
counts in male (D) and female (E) rats 
indicated their positive correlation with 
statistical significance in female rats (P 
= 0.035).
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(IBM Co.) was used for all the statistical analyses.

RESULTS

FPO induced in the WAS rat model
Continuous exposure to repeated WAS daily for 10 days 
increased FPO in a sex-dependent manner (Fig. 1A). The 
mean FPO was adjusted to the body weight between male 
and female rats. Compared with the control group animals, 
both male and female rats in the WAS group showed a sta-
tistically significant increase in FPO (P < 0.001). Notably, fe-
male rats in the stress group showed the significantly higher 
number of FPO compared to male rats in the stress group 
(P = 0.001). On the other hands, in case of male rats in the 
WAS group, B. longum administration significantly increased 
FPO compared to the control group (P < 0.001). However, 
there was no significant difference in males between the 
WAS group and the B. longum administrated WAS group. 
In the case of female rats, B. longum administration showed 
significantly lower FPO compared to the stress only group 
(P = 0.005). Similar to the FPO results, the number of mast 
cells infiltrated to colonic submucosa was increased signifi-
cantly (P = 0.016) in the female stress group compared to the 
control group (Fig. 1B, red arrow and Fig. 1C). To assess the 
relationship between the FPO and the number of infiltrated 
mast cells, we employed the Spearman’s rank correlation 
coefficient method (also known as Spearman’s rho) (Fig. 1D, 
E). Only female rats showed positive correlation between the 
FPO and the number of mast cells with statistical significance 
(Fig. 1E, Spearman’s rho = 0.498, P = 0.035).

Molecular responses to repeated WAS and B. 
longum supplement
ELISA and RT-qPCR experiments were performed on the 
colonic mucosa to assess the effects of repeated WAS alone 
and WAS with B. longum at the molecular level (Fig. 2). The 

colonic mucosal MPO level was not significantly different 
among groups in both male and female rats (Fig. 2A). Sim-
ilarly, the levels of colonic mucosal mRNA of inflammatory 
cytokines, IL-1β (Fig. 2B) and TNF-α (Fig. 2C) were not sig-
nificantly different among groups in both sexes.

Changes of fecal microbiota in response to 
exposure to repeated WAS and B. longum 
supplement
To evaluate the influence of repeated WAS and B. longum on 
the gut microbiota, 16s rRNA sequencing of fecal samples 
was performed. The α-diversity of the Chao1 (Fig. 3A) and 
Shannon’s index (Fig. 3B) showed no statistical differences 
among groups. To assess the β-diversity derived from the 
generalized UniFrac distance, principal coordinate analysis 
(PCoA) was performed on males (Fig. 3C) and females (Fig. 
3D). Unlike β-diversity, the PCoA results indicated differences 
among the groups of the female microbial communities while 
male rats did not show difference. The relative abundances 
(%) of each group at the phylum level were represented in 
bar graph (Fig. 4A).
 In the case of Bacteroidetes (Fig. 4B), there was no statisti-
cally significant difference among groups in both of males and 
females. Interestingly, female rats in control and WAS groups 
showed higher abundance of Bacteroidetes compared to 
those in the corresponding male groups (control male vs. 
female, P = 0.010; WAS male vs. female, P = 0.037). In the 
case of Firmicutes (Fig. 4C), no difference was found among 
groups in males as well as in female rats.

Predictive functional profiling of microbial 
communities
We then conducted the predictive functional profiling of 
microbial communities based on the KEGG modules. The 
representative modules and orthology in each group are 
indicated as heat maps (Fig. 5A and 5B). Modules were se-

Figure 2. The expression of colonic mucosal inflammation-associated markers measured in the rats subjected to repeated WAS. The levels 
of myeloperoxidase (MPO) measured by ELISA (A) and mRNA transcripts of mucosal inflammatory cytokines, interleukin (IL)-1β (B) and tumor necro-
sis factor (TNF)-α (C) by qPCR. CON, control; WAS, water avoidance stress.
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lected based on a P-value lower than 0.05 in more than two 
pair comparisons from the Kruskal–Wallis H test between 
two groups. In terms of metabolism, there was a statistically 
significant difference in females between control and WAS 
groups. However, these changes were mitigated, especially 
in female rats of the B. longum group with a pattern similar to 
the control group (Fig. 5A). However, there was no difference 
in case of orthology analysis at gene levels (Fig. 5B)

DISCUSSION

When we investigated the effects of B. longum on repeated 
WAS in rats, 10-day exposure of repeated WAS resulted in 
a significant elevation in FPO and infiltrations of submucosal 
mast cells. Interestingly, B. longum significantly improved 
repeated WAS-induced IBS-related symptoms with consis-
tent correlation between FPO and mast cell counts. In terms 
of the gut microbiota, the administration of B. longum also 

Figure 3. The αα-diversity and ββ-di-
versity of fecal microbiomes from 
the repeated WAS exposed rats. 
The α-diversity index chao1 (A), which 
reflects species richness and another 
α-diversity index Shannon (B), which 
reflects species evenness. β-Diversi-
ty, derived from generalized UniFrac 
distance, assessed through principal 
coordinates analysis (PCoA) (C). CON, 
control; WAS, water avoidance stress; 
PC, principal component.
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showed different microbial community depending on sex. We 
suppose that this B. longum-induced microbial community 
improved the IBS changes in rats. Thus, B. longum could be 
applied to human patients with the IBS-D type after clinical 
trial.
 The evidence supporting the use of probiotics in patients 
with IBS is that Lactobacillus formulations lead to interference 
with pathogen adhesion by binding to mucosal epithelial cells, 
reinforcement of epithelial barrier function, changes of muco-
sal response to stress, an immunomodulatory effect, reduc-
tion of visceral hypersensitivity through increased expression 
of opioid and cannabinoid receptors in the intestinal epithelial 
cells [13], and attenuation of inflammation [14]. In a recent 
meta-analysis with 18 randomized controlled trials, probiotics 
aided the treatment of IBS and were effective in one out of 
four patients [15]. Since the gut microbiomes of males and 
females differ, the male-to-female ratio of study participants 
would impact the effect, but no data have clarified this point 
yet [1].
 Our recent study showed a sex difference of microbiota 
in human colorectal carcinogenesis [16]. According to this 
study, the female healthy control (HC) group had more lac-
tate-producing bacteria (Bifidobacterium adolescentis, Bi-
fidobacterium catenulatum, and Lactobacillus ruminis) than 
the male HC group [16], which partly explains the reason for 
the male predominance of colorectal cancer (CRC). Notably, 
younger subjects had more butyrate-producing bacteria (Ag-
athobaculum butyriciproducens and Blautia faecis) than the 
older subjects in the HC group [16]. In addition, lactate-pro-
ducing bacteria (B. catenulatum) were highly abundant in 
females compared to males in younger subjects of the HC 
group. Taken together, these results could explain why CRC 
develops less frequently in young females [16]. Interestingly, 

these sex- and age-dependent differences disappeared in 
the patients with adenoma or CRC [16]. These results sug-
gest that the changes of gut microbiota could play a role in 
the colon carcinogenesis. As B. longum, a multi-functional 
probiotic is effective in alleviating the symptoms related to GI, 
immunological and infectious diseases. Therefore, there is a 
possibility that B. longum might be preventive against colon 
carcinogenesis, which needs further investigation.
 Mast cells increase, especially, in the S colon of patients 
with IBS [17]. In addition, their association with hypersensitiv-
ity [18] has been reported in several human and animal stud-
ies. Furthermore, mast cells play various roles in the control 
of intestinal permeability [19], neuronal stimulation through 
the gut-brain axis [20], and visceral hypersensitivity [21]. Ac-
tually, mast cells produce various proteases as inflammatory 
modulators [22]. In explaining the increase of FPO as the 
result of mast cell infiltration by repeated WAS, we found a 
statistically significant positive correlation between the mast 
cell count and the FPO. This finding suggests that repeated 
WAS in a rat model has pathological similarity to human IBS.
 Given the significance of the gut microbiota in human dis-
eases, diverse omics tools have been employed to discern 
pivotal effectors within the gut microbiota. Metataxonomic 
sequencing, focusing on the highly conserved 16S ribosom-
al RNA, is a prevalent method used for the identification of 
bacterial community composition within the gut microbiota 
[23]. With numerous studies on the taxonomic diversity of mi-
crobiota under healthy and diseased conditions, it has been 
attempted to not only determine harmful bacterial strains for 
the host but also the microbial metabolism that influences 
the host, such as butyric acid-producing ability. PICRUSt can 
help predict the genes present in the microbiota community 
based on KEGG database [24]. In our experiments, repeated 

Figure 5. The predictive functional profiling of microbial communities, based on the Kyoto Encyclopedia of Genes and Genomes database 
regarding (A) module regarding metabolism pathway and (B) orthology at gene levels. In terms of metabolism, there was statistically significant 
difference in females between control and WAS groups, and this difference disappeared by B. longum administration in the WAS challenged females. 
In contrast there was no difference in case of orthology analysis at gene levels. CON, control; WAS, water avoidance stress.
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WAS induced different modules and orthologs, and admin-
istration of B. longum produced the profile similar to that in 
control rats, with sex difference after the administration of B. 
longum.
 In spite of these interesting findings, there are some lim-
itations in our present study. Even though we found some 
relationship between repeated WAS induced IBS models, 
the repeated WAS-induced inflammatory effects were not 
found. For instance, results of ELISA for measuring MPO and 
RT-qPCR for the transcripts of IL-1β and TNF-α in the WAS 
groups were not consistent. This might suggest that repeated 
WAS may not have been sufficient to induce the micro-inflam-
mation in the present experiments. These variations might be 
dependent on strain of the animals used and other conditions 
such as the gender of the human researcher. It has been re-
ported that the latter factor can influence outcomes in animal 
models, potentially stemming from stress activation induced 
provoked by the scent of a male human [25]. Next, we tried to 
analyze the predictive functional profiling of microbial commu-
nities based on the KEGG modules. There was a difference 
in the metabolism modules depending on sex by the admin-
istration of B. longum. However, in terms of orthology, there 
was no consistent difference.
 In conclusion, repeated WAS induced FPO and mast cell 
infiltration into colonic submucosa, depending on sex, which 
was ameliorated by the administration of B. longum, espe-
cially in female rats. Moreover, in female rats, WAS changed 
the shape of gut microbiota, and administration of B. longum 
recovered repeated WAS-induced gut dysbiosis in terms of 
beta diversity and predictive functional profiling analysis, sug-
gesting that the beneficial effects of B. longum on the IBS are 
prominent in females.
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