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Introduction

The human intestinal tract harbors a large, active, and 
complex community of microorganisms comprising over 
500 different taxons (Selkirov et al. 2010). Gut microbiota 
play several significant health beneficial roles for their 
host such as the digestion of food, metabolism of endog-
enous and exogenous compounds, immunomodulation, 

and protection from pathogenic infection (Clemente et al. 
2012; Nicholson et  al. 2012). They continuously produce 
large amounts of various bioactive compounds including 
short-chain fatty acids (SCFAs), which have been consid-
ered to stimulate colonic cell proliferation, mucins, and 
IgA (Ichikawa and Sakata 1998; Shimotoyodome et  al. 
2000a; Willemsen et  al. 2003; Morita et  al. 2004). 
Accordingly, the deterioration of gut microbiota often 
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Abstract

Bifidobacterium animalis ssp. lactis GCL2505 has been shown to proliferate in 
the human intestine. The intestinal dynamics and physiological effects of GCL2505 
as well as the mechanism underlying proliferation in the gut were investigated. 
GCL2505 showed markedly higher resistance to free bile acids (cholic and 
deoxycholic acids) than other bifidobacterial species. The intestinal dynamics 
of GCL2505 and B. longum ssp. longum JCM1217T was compared. The level of 
B. animalis ssp. lactis in the GCL2505-administered group was remarkably higher 
than that of B. longum in the JCM1217T-administered group. The distribution 
of B. animalis ssp. lactis through the intestine of the GCL2505-administered 
group revealed that GCL2505 proliferated in the cecum. The physiological effects 
of GCL2505 and JCM 1217T were investigated. The cecal IgA level in the 
GCL2505-administered group was significantly higher than that in the nontreated 
control group. In contrast, the JCM 1217T-administered group did not manifest 
any change in the cecal IgA level. Mucin excretion in the GCL2505-administered 
group was significantly higher than that in the JCM 1217T-administered group. 
The thickness of the sulfomucin layer of the colon in the GCL2505-administered 
group tended to be higher than that in the JCM 1217T-administered group. In 
a loperamide-induced constipation model, fecal excretion in the GCL2505-
administered group was significantly increased compared with that in the 
loperamide-treated control group. Short-chain fatty acid concentration in the 
GCL2505-administered group was significantly higher than that in the loperamide-
treated control group. These results indicate that the level of proliferation of 
probiotics in the intestine correlates with the magnitude of host physiological 
responses, such as IgA production and mucin secretion, which possibly affect 
gastrointestinal functions such as bowel movement to counteract constipation. 
GCL2505 exhibits high tolerance to secondary bile acids, which partially explains 
its higher rate of proliferation in the large intestine.
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induces not only various acute disorders such as diarrhea 
(Young and Schmidt 2004; Khoruts et  al. 2010) but also 
chronic disorders such as obesity (Turnbaugh et  al. 2006, 
2009; Vijay-Kumar et  al. 2010). According to these find-
ings, maintaining normal or healthy gut microbiota is 
now recognized as a key issue in promoting general health.

Probiotics are defined as “live microorganisms that, 
when administered in adequate amounts, confer a health 
benefit on the host” (FAO/WHO, 2002), of which 
Bifidobacterium and Lactobacillus are representative exam-
ples. The importance of probiotics on the issues of pro-
moting general health is now well recognized due to their 
positive effects on intestinal microbial imbalance, sup-
pression of pathogens, prevention and treatment of intes-
tinal and other disorders, inflammatory bowel disease, 
diarrhea, infection, colon cancer, constipation, atopic 
diseases, and obesity (Isolauri et  al. 2001; Guarner and 
Malagelada 2003; Nomoto 2005; Shioiri et  al. 2006; De 
Preter et al. 2007; Miyazaki and Matsuzaki 2008; Yonejima 
et  al. 2013). In particular, numerous attempts have been 
made to improve intestinal disorders such as constipation 
and diarrhea by probiotics (Yaeshima et  al. 1997; 
Matsumoto et  al. 2000; Shimakawa et  al. 2003; Larsen 
et al. 2006). Many such effects are based on the metabolic 
activities of probiotic strains. This indicates that probiotics 
are required to survive even in low pH environments in 
the stomach and the antimicrobial activity of bile salts 
in the small intestine. Probiotic strains have been selected 
according to survivability against gastric and duodenal 
bile acids (Fuller 1997). Primary bile acids are deconju-
gated in the small intestine and transformed into secondary 
bile acids by colonic microbiota (Ridlon et  al. 2006). 
Secondary bile acids such as deoxycholate and lithocholate 
are highly toxic to intestinal microorganisms (Kurdi et  al. 
2006) and are thought to play important roles in the 
modulation of gut microbiota and host homeostasis (Islam 
et  al. 2011; Yokota et  al. 2012; Yoshimoto et  al. 2013). 
However, the effects of secondary bile acids on the growth 
or survival of probiotics are largely unknown.

Bifidobacterium animalis subsp. lactis GCL2505 origi-
nated from healthy human intestines and is used in 
fermented milk products in the Japanese market. We 
previously showed that GCL2505 reaches the intestine in 
a viable form and subsequently proliferates to increase 
the total number of intestinal bifidobacteria (Ishizuka et al. 
2012). However, the precise location where the GCL2505 
grew during the passage of the intestine is unknown. 
Accordingly, mechanisms derived from host–GCL2505 
interaction underlying the actual proliferation of GCL2505 
in the gut remain unclear.

In this study, we investigated the characteristics of 
B.  animalis ssp. lactis GCL2505 in vitro and in vivo com-
pared with those of other bifidobacteria such as B. longum 

JCM 1217T, a type strain of a bifidobacterial species, which 
has been widely used as a probiotic.

Methods

Bacterial strains

B. animalis ssp. lactis GC2505 was obtained from Glico 
Dairy Products Co., Ltd. (Tokyo, Japan). B. longum ssp. 
longum JCM 1217T, B. adolescentis JCM 1275T, B. catenu-
latum JCM 1194T, B. longum ssp. infantis JCM 1222T, 
and B. breve JCM 1192T were obtained from the Japan 
Collection of Microorganisms (RIKEN, Tsukuba, Japan). 
For animal experiments, bifidobacteria, anaerobically cul-
tured on GAM broth (Nissui, Tokyo, Japan) at 37°C for 
24  h, were washed and suspended in sterile saline.

Animals

The animal experiments were conducted in accordance 
with the guidelines for studies with laboratory animals 
of the Kyoto Prefectural University Experimental Animal 
Committee or Institutional Animal Care and Use 
Committee of Ezaki Glico Co., Ltd. Male Fischer (N = 344) 
rats were purchased from Japan SLC (Hamamatsu, Japan) 
at 7  weeks old. They were individually housed in steel 
wire cages under a controlled temperature (25°C) and a 
12-h light:12-h dark cycle.

Animal experiment 1

After acclimatization, the rats were fed AIN-93M (25  g/
day). The rats were divided into four groups (N  =  4–6 
each): (1) transient-GCL2505 group, (2) transient-JCM 
1217T group, (3) consecutive-GCL2505, and (4) 
consecutive-JCM 1217T group (Fig. S1A). In the transient 
feeding group, GCL2505 or JCM 1217T was administered 
(1010  cfu/day, suspended in 0.5-mL sterile saline) with 
an oral feeding needle for 2 days followed by sterile saline 
for 6  days to wash out the ingested bifidobacteria. The 
rats in the consecutive ingestion groups were administered 
GCL2505 or JCM 1217T for 8 consecutive days. All excreted 
feces were collected from the first day of the ingestion 
of bifidobacteria, every 3  h, to the eighth day of the 
experiment. On the eighth day, the intestinal contents 
were collected from each individual. Bacterial DNA from 
25  mg of fecal sample (or standard culture) was extracted 
using Quick Gene DNA tissue kit S (Kurabo, Tokyo, 
Japan) according to the manufacturer’s protocol.

The number of administered bifidobacteria in the feces 
and intestinal contents was analyzed by quantitative real-
time polymerase chain reaction (PCR) using B. animalis 
ssp. lactis or B. longum ssp. longum species-specific primers 
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(Malinen et  al. 2003; Matsuki et  al. 2004). PCR amplifica-
tion and detection were performed with the Light Cycler 
480® (Roche Applied Science Indianapolis, IN). Each reaction 
mixture (10  μL) comprised 5  μL of SYBR premix Ex Taq 
(Takara Bio, Otsu, Japan), 0.2 μL of each primer (10 pmol/L), 
1  μL of DNA template, and distilled water. The amplifica-
tion program for primers comprised one cycle of 95°C for 
30  sec, then 40 cycles of 95°C for 30  sec followed by 63, 
60, or 55°C for 30  sec, and ending with 72°C for 50  sec. 
DNA was extracted from 10-fold serial dilutions of the 
cultures and was used as a standard for the quantification 
of bifidobacterial species in the samples.

Animal experiment 2

After acclimatization, 15 rats were divided into three groups 
(N  =  5 each): control group, GCL2505 group, and JCM 
1217T group. The rats in the GCL2505 and JCM 1217T 
groups were orally administered bifidocterium (1010  cfu/
day, suspended in 0.5-mL sterile saline) daily for 7  days 
(Fig. S1B). Feces excreted and kept for 24  h were collected 
on the seventh day of the experiment. After suspension in 
saline at 4°C for 24 h, the fecal samples were homogenized 
and centrifuged at 10,000g for 10  min to obtain the super-
natant. O-linked oligosaccharide chains were measured using 
a fluorometric assay to estimate fecal mucin as described 
elsewhere (Crowther and Wetmore 1987). Standard solu-
tions of mucin from the bovine submaxillary gland (Sigma 
Chemicals, St. Louis, MO) were used to calculate the amount 
of fecal mucin. On the eighth day of the experiment, cecal 
contents and whole colonic tissues were collected from 
each rat. The colon tissues and contents were immediately 
frozen in dry ice/hexane or acetone.

Histological analysis was conducted as previously 
described (Tsukahara et  al. 2002). In brief, frozen tissues 
were fixed in half strength Bouin’s solution overnight and 
were embedded in paraffin. Cross-sections that were 3-μm 
thick were stained with periodic acid-Schiff counterstained 
with hematoxylin (PAS), alcian blue at pH 2.5 or pH 
1.0, counterstained with Kernechtrot for neutral mucin, 
sialomucin, and sulfomucin staining, respectively. The cecal 
contents were diluted fivefold with saline and centrifuged 
at 10,000g. The IgA concentration in the supernatants 
was determined using a Rat IgA ELISA Quantitation kit 
(Bethyl Laboratories, Montgomery, TX), according to the 
manufacturer’s protocols.

Animal experiment 3

The effects of GCL2505 on constipation that had been 
induced by loperamide in rats were investigated (Fig. S1C). 
The rats were allowed free access to drinking water and 
commercial nonpurified diet (MF, Oriental Yeast Co., Tokyo, 

Japan). After adaptation for 7  days, the rats were divided 
into three groups. Six rats each went into the following 
groups: (1) saline-administered group (NTC group), (2) 
saline- and loperamide-administered group, (control group), 
and (3) GCL2505- and loperamide-administered group 
(GCL2505 group). The rats in the GCL2505 group were 
orally administered GCL2505 (109  cfu/day, suspended in 
0.3-mL saline) throughout the experiment. NTC and control 
group rats were administered oral saline. Ten  days after 
GCL2505 or saline administration, loperamide (Wako 
Chemical, Osaka, Japan) or saline was administered. 
Loperamide (1.5  mg/kg) suspended in distilled water was 
orally administered to the rats twice a day at 9:00 and 
18:00 h on experimental day 1‒5, while the rats in the NTC 
group were only administered distilled water in the same 
manner as those of the control and GCL2505 groups. Body 
weight and food intake were measured, and excreted feces 
were individually collected during the experimental period. 
The feces were thoroughly lyophilized, and the dry weight 
was measured. Cecal contents were collected on experimental 
day 6. Organic acid concentrations in the cecal contents 
were determined by the YMC-Pack FA kit (YMC Co., Tokyo, 
Japan), according to the manufacturer’s protocol.

Tolerance to free bile acids

Bacteria were anaerobically cultured for 24  h in media 
containing 1% glucose, 2% glucose, 1% Bacto-tryptone 
(BD, Franklin Lakes, NJ), 2% Bacto yeast extract (BD), 
0.2% Na2HPO4, and 0.4% NaH2PO4. Bacterial cultures 
were inoculated (100  μL) into 5  mL of the same broth 
that contained various concentrations of CA or DCA 
(Sigma Chemicals, St. Louis, MO). After 24  h, bacterial 
growth was monitored by measuring the absorbance of 
the culture broth at 660  nm.

Statistics

Differences between the groups were determined using 
Student’s t-test or the Tukey–Kramer multiple comparison 
test. P-values of <0.05 were considered statistically sig-
nificant. Statistical tests were performed using Statcel2 
software (Statcel2, OMS, Tokyo, Japan) or open-source 
software R, Version 3.1.1 (http://cran.r-project/org). Data 
were expressed as mean  ±  standard error.

Results

Dynamics of GCL2505 and JCM 1217T in the 
rat intestine (animal experiment 1)

The intestinal dynamics of B. animalis ssp. lactis GCL2505 
and B. longum ssp. longum JCM 1217T was investigated 

http://cran.r-project/org
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by species-specific real-time PCR on all fecal samples col-
lected throughout the experiments. In the transient admin-
istration experiment (transient feeding groups), the levels 
of B. animalis ssp. lactis in feces reached 11.0  ±  0.08  log 
cfu/g feces on day 3 in the GCL2505-transient feeding group, 
whereas the levels of B. longum in feces were significantly 
lower (10.3  ±  0.02  log  cfu/g) in the JCM 1217T-transient 
feeding group (Fig.  1A). In the consecutive administration 
experiment, the fecal levels of B. animalis ssp. lactis in the 
GCL2505-consecutive feeding group were over 11  log  cfu/g 
feces after administration and were maintained throughout 
the experiment, although those of B. longum in the JCM 
1217T-consecutive feeding group were significantly lower 
(approximately 10 log cfu/g feces, Fig.  1C). Figure  1B and 
D show the proliferation ratio of ingested bifidobacteria, 
which was calculated from the number of excreted and 
administered bifidobacteria. In both transient and consecu-
tive administration experiments, GCL2505 showed over a 
10-fold proliferation. In contrast, JCM 1217T showed a 
slight proliferation (approximately 2 fold).

Figure  1E shows the level of B. animalis ssp. lactis in 
the intestinal tracts of the rats that were administered 
GCL2505. The number of B. animalis ssp. lactis in the 
transient feeding group was approximately 7 log cfu/g con-
tent, which indicated that the rats used in this experiment 
harbored endogenous B. lactis. In the stomach, jejunum, 
and ileum, there were no significant differences in the 
levels of B. animalis ssp. lactis between the transient and 
consecutive feeding groups. In the cecum and colon, the 
levels of B. animalis ssp. lactis in the consecutive feeding 
group were significantly higher than those in the transient 
feeding group.

Effect of GCL2505 and JCM 1217Ton mucin 
and IgA secretion (animal experiment 2)

Next, we examined variables concerning the intestinal 
physiology and environment. The cecal IgA level in the 
GCL2505-administered group was significantly higher than 
that in the control group. In contrast, the cecal IgA level 
in the JCM 1217T-administered group did not manifest 
any change compared with that in the control group 
(Fig.  2A). Mucin excretion on day 7 in the GCL2505-
administered group was significantly higher than that in 
the JCM 1217T-administered group (Fig.  2B) and tended 
to be higher than that in the control (P > 0.05). Histological 
analysis was performed to examine the colonic mucin 
thickness (Fig.  2C and D). Sulfomucin thickness of the 
colon in the GCL2505-administered group tended to be 
higher than that in the JCM 1217T-administered group. 
There was no difference in the mucin thickness of the 
small intestine and the number of goblet cells per crypt 
among the groups (data not shown).

Laxative Effect of GCL2505 (Animal 
experiment 3)

The laxative effect of GCL2505 was examined using a 
loperamide-induced constipation model. Loperamide treat-
ment suppressed weight gain and fecal excretion, although 

Figure 1. Dynamics of GCL2505 and JCM 1217T in the rat intestine. (A) 
Number of bifidobacteria in the feces excreted for 24 h from the 
transient administration groups. White squares represent the number 
B. longum in the JCM 1217T group (N = 5). Black squares represent the 
number of B. animalis ssp. lactis in the GCL2505 group (N = 4). (B) 
Proliferative ratio calculated from excreted and ingested bifidobacteria in 
the transient administration groups. (C) Number of bifidobacteria in the 
feces excreted for 24 h in the serial administration groups. White squares 
represent the number of B. longum in the JCM 1217T group (N = 5). 
Black squares represent the number of B. animalis ssp. lactis in the 
GCL2505 group (N = 6). (D) Proliferative ratio calculated from excreted 
and ingested bifidobacteria in the consecutive administration groups. 
(E) Number of B. animalis ssp. lactis in various intestinal contents in the 
GCL2505-ingested rats (GCL2505-transient group: N = 4, GCL2505-
consecutive group: N = 6). Arrows indicate bifidobacterial administration. 
Values are expressed as mean ± SE, *P < 0.05 (Student’s t-test).

(A) (B)

(C)

(E)

(D)
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weight gain and fecal excretion were significantly elevated 
in the GCL2505-administered group compared with that 
in the loperamide-treated control group (Fig.  3A, C, and 
D). Loperamide treatment also suppressed food intake. 
In contrast, there was no significant difference in the 
food intake between GCL2505-administered and saline-
administered (NTC) groups (Fig. 3B). SCFA concentration 

in the GCL2505-administered group was significantly higher 
than that in the loperamide-treated control group (Fig. 3E).

Bile acid tolerance of GCL2505

To estimate the possible mechanism(s) involved in the 
growth of GCL2505 in the large intestine, free bile acid 
tolerance was investigated. GCL2505 showed a higher 
tolerance to cholic acid (CA), a predominant free bile 
acid in the human large intestine, than other bifidobacteria 
(Fig.  4A). The growth of GC2505 was unaffected in the 
presence of 0.25  mmol/L deoxycholic acid (DCA), which 
remarkably suppressed the growth of other bifidobacteria 
(Fig.  4B). In the presence of 0.5  mmol/L DCA, only 
GCL2505 manifested the proliferation.

Discussion

GCL2505 showed significantly higher proliferation in situ 
than JCM 1217T (Fig.  1 A–D). It has been shown that 
several strains of B. animalis ssp. lactis proliferates in the 
human intestine following ingestion, although the intestinal 
portion where B. animalis ssp. lactis grew was not precisely 
indicated in previous studies (Matsumoto 2000; Ishizuka 
et  al. 2012; Watanabe and Isono 2012). Our study indi-
cated that this remarkable proliferation of B. animalis 
ssp. lactis mainly occurred in the cecum (Fig.  1E). In the 
cecum of rats, where active fermentation occurs, GCL2505 
actively participates in fermentation to proliferate in the 
cecum. The cecum of rats is believed to be equivalent to 
that of human ascending and proximal parts of the trans-
verse colon in terms of sites for fermentation. The pro-
liferation of B. animalis ssp. lactis in humans, therefore, 
occurs in the ascending and transversal colons. Several 
mechanisms underlie such an active proliferation of 
B.  animalis ssp. lactis (namely GCL 2505) in the colon. 
One of the possibilities is the wide spectrum for carbo-
hydrate utilization of B. animalis ssp. lactis because bifi-
dobacteria are widely known to degrade various indigestible 
polysaccharides (Van den Broek et al. 2008). In this study, 
however, GCL2505 was shown to proliferate in rats fed 
AIN-93G, which only contained corn starch and cellulose 
as carbohydrate sources (Reeves et  al. 1993); nevertheless, 
it is well known that B. animalis ssp. lactis does not grow 
on starch, dextrin, or cellobiose as sole carbon sources 
(Scardovi et al. 1971). Comparative genomics has indicated 
that B. animalis ssp. lactis has fewer sugar transport sys-
tems and predicted genes for carbohydrate and polyol 
utilization than other bifidobacteria (Lee and O’Sullivan 
2010). Therefore, carbon sources in the large intestine 
seem to have little direct effect on GCL2505 proliferation 
in the large intestine, and mechanisms other than sugar 
utilization should be involved in the proliferation of 

Figure 2. Effect of GCL2505 and JCM 1217Ton mucin and IgA secretion. 
(A) IgA concentration of cecal contents. (B) Fecal mucin excreted on day 
7 of the ingestion period. (C) Colonic mucin thickness calculated from 
the histological section. (D) Representative photomicrographs of the 
distal colon stained by alcian blue (pH 1.0). Black arrows indicate the 
mucus layers of sulfomucin between the epithelium and digesta. Values 
are expressed as mean ± SE (N = 3–5), *P < 0.05, †P < 0.1 (Tukey–Kramer 
multiple comparison test).

(A)

(C)

(D)

(B)
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B. animalis ssp. lactis in the large intestine. Other possible 
mechanisms may be concerned with the sensitivity of 
B. animalis ssp. lactis to endogenous and exogenous growth 
inhibitors. Secondary bile acids in the large intestine are 
such compounds, although no report on the inhibitory 
effect of secondary bile acids on B. animalis ssp. lactis is 

currently available. Conjugated cholic acids, once released 
into the small intestine, are hydrolyzed into hydrophobic-
free cholic acids. Some bile acids escape from reabsorption 
at the terminal ileum, and they are converted into sec-
ondary bile acids that are highly hydrophobic and toxic 
to microorganisms in the large intestine (Ridlon et  al. 

Figure 4. Bile acid tolerance of GCL2505. Growth of various bifidobacteria in the presence of different free bile acid concentrations was measured 
as OD660 after 24-h culture. All data are representative of at least two independent experiments. (A) Cholic acid. (B) Deoxycholic acid.

(A) (B)

Figure 3. Laxative Effect of GCL2505. (A) Weight gain after loperamide treatment. (B) Sum of food intake after loperamide treatment. (C) Daily fecal 
excretion. (D) Sum of fecal excretion after loperamide treatment. (E) Organic acid concentration of cecal contents. Total SCFAs represents the sum of 
acetate, propionate, and butyrate. Values are expressed as mean ± SE (N = 6) *P < 0.05 compared with the control group, #P < 0.05 compared with 
the NTC group, †P < 0.1 compared with the control group (Tukey–Kramer multiple comparison test).
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2006). In this study, we demonstrated that GCL2505 
showed higher resistance to free cholic acids, especially 
to DCA (Fig.  4). These results imply that resistance of 
GCL2505 to free cholic acids, particularly secondary bile 
acids, which are potent inhibitory agents in the large 
intestine for bacterial growth, can be attributable to its 
higher proliferation rate in the cecum. We propose that 
tolerance to free bile acids, especially to secondary bile 
acids such as DCA, should be considered when screening 
probiotic strains in addition to tolerance to gastric and 
conjugated bile acids and oxygen in future studies.

GCL2505 administration manifested a significant effect 
on IgA and mucin secretion in the gut. In contrast to 
GCL2505, such effects of JCM 1217T were negligible. 
Several reports have shown that SCFAs are involved in 
the secretion of mucin and IgA in the colon 
(Shimotoyodome et  al. 2000a; Hosono et  al. 2003). Thus, 
the induction of mucin and IgA excretion by GCL2505 
treatment can be explained, at least in part, by the eleva-
tion of luminal SCFAs, to which the proliferation of 
GCL2505 in the gut contributed. It is well established 
that the effects of probiotics on gut physiology are most 
likely strain- or at least species specific (Luyer et  al. 2005; 
Kekkonen et  al. 2008; Fukuda et  al. 2011). The charac-
teristics of probiotics responsible for strain- or species-
specific effects are still under investigation and largely 
unknown which. However, as discussed above, the level 
of proliferation in the large intestine may be related to 
the magnitude of this effect.

GCL2505 induced the thickening of the sulfomucin layer 
in the mucus layer of the proximal colon (Fig.  2C and 
D), but had no effect on the goblet cell density (number 
per crypt) and the thickness of the mucosal layer of the 
other intestinal portions (data not shown). It has been 
reported that butyrate plays a key role in sulfomucin 
synthesis (Tobisawa et  al. 2010). However, no changes in 
butyrate concentration have been observed after GCL2505 
treatment (Fig. 3E). Therefore, the induction of thickened 
sulfomucin by GCL2505 ingestion is obscure.

We evaluated the GCL 2505-induced enhancement of 
mucin secretion in terms of preventing constipation. We 
used the loperamide-induced constipation model because 
loperamide treatment decreases mucus thickness of the 
colon (Shimotoyodome et  al. 2000b). GCL2505 adminis-
tration significantly elevated fecal excretion (total mass of 
the feces and frequency of defecation) compared with fecal 
excretion in the loperamide-treated control group (Fig. 3C 
and D). Increased mucin production and excretion appar-
ently prevent animals from constipation induced by lop-
eramide. SCFAs also play significant roles in bowel 
movement and defecation. It has been well characterized 
that SCFAs stimulate colonic motility via 5-HT and peptide 
YY release (Cherbut et  al. 1998; Fukumoto et  al. 2003). 

In addition, a recent report has shown that propionate 
induces epithelial ion secretion by a non-neuronal acetyl-
choline response (Yajima et al. 2011). In this study, GCL2505 
administration elevated the total SCFA and propionate 
concentration in the cecum (Fig.  3E), probably resulting 
in the amelioration of loperamide-induced constipation 
as well as the enhancement of mucin secretion.

Conclusions

The purpose was to investigate the intestinal dynamics 
of B. animalis ssp. lactis GCL2505 and B. longum JCM 
1217T in addition to the physiological response of the 
host. The main findings are summarized as follows: (1) 
GCL2505 actively proliferates in the large intestine; (2) 
the level of proliferation in the intestine affects the physi-
ological response of the host such as IgA production and 
mucin secretion, which possibly affect gastrointestinal 
functions such as bowel movements to prevent constipa-
tion; and (3) GCL2505 exhibits high tolerance to secondary 
bile acids, which explains, at least in part, its higher rate 
of proliferation in the large intestine.

Acknowledgements

Samples for histological analyses were prepared at Kyoto 
Institute of Nutrition and Pathology (Dr T. Tsukahara 
and Mr M. Nishikawa).

Conflict of Interests

The authors declare that they have no competing 
interests.

References

Cherbut, C., L. Ferrier, C. Rozé, Y. Anini, H. Blottière, and 

G. Lecannu. 1998. Short-chain fatty acids modify colonic 

motility through nerves and polypeptide YY release in 

the rat. Am. J. Physiol. 275:G1415–G1422.

Clemente, J. C., L. K. Ursell, L. W. Parfrey, and R. Knight. 

2012. The impact of the gut microbiota on human 

health: an integrative view. Cell 148:1258–1270.

Crowther, R. S., and R. F. Wetmore. 1987. Fluorometric 

assay of O-linked glycoproteins by reaction with 

2-cyanoacetamide. Anal. Biochem. 163:170–174.

De Preter, V., T. Vanhoutte, G. Huys, J. Swings, L. De 

Vuyst, P. Rutgeerts, et  al. 2007. Effects of Lactobacillus 

casei Shirota, Bifidobacterium breve, and oligofructose-

enriched inulin on colonic nitrogen-protein metabolism 

in healthy humans. Am. J. Physiol. Gastrointest. Liver 

Physiol. 292:G358–G368.

FAO/WHO. 2002. Guidelines for the evaluation of probiotics 

in food – Joint Food and Agricultural Organization of the 



789© 2016 The Authors. Food Science & Nutrition published by Wiley Periodicals, Inc. 

The Effect of B. animalis on Intestinal FunctionR. Aoki et al.

United Nations and World Health Organization Working 

Group Meeting Report, London Ontario, Canada.

Fukuda, S., H. Toh, K. Hase, K. Oshima, Y. Nakanishi, 

K.  Yoshimura, et  al. 2011. Bifidobacteria can protect 

from enteropathogenic infection through the production 

of acetate. Nature 469:543–547.

Fukumoto, S., M. Tatewaki, T. Yamada, M. Fujimiya, C. 

Mantyh, and M. Voss. 2003. Short-chain fatty acids 

stimulate colonic transit via intraluminal 5-HT release in 

rats. Am. J. Physiol. Regul. Integr. Comp. Physiol. 

284:R1269–R1276.

Fuller, R.. 1997. Probiotics 2: applications and practical 

aspects.

Guarner, F., and J.-R. Malagelada. 2003. Gut flora in health 

and disease. Lancet 361:512–519.

Hosono, A., A. Ozawa, R. Kato, Y. Ohnishi, Y. Nakanishi, 

T. Kimura, et  al. 2003. Dietary fructooligosaccharides 

induce immunoregulation of intestinal IgA secretion by 

murine Peyer’s patch cells. Biosci. Biotechnol. Biochem. 

67:758–764.

Ichikawa, H., and T. Sakata. 1998. Stimulation of epithelial 

cell proliferation of isolated distal colon of rats by 

continuous colonic infusion of ammonia or short-chain 

fatty acids is nonadditive. J. Nutr. 128:843–847.

Ishizuka, A., K. Tomizuka, R. Aoki, T. Nishijima, Y. Saito, 

R. Inoue, et  al. 2012. Effects of administration of 

Bifidobacterium animalis subsp. lactis GCL2505 on 

defecation frequency and bifidobacterial microbiota 

composition in humans. J. Biosci. Bioeng. 113:587–591.

Islam, K. B. M. S., S. Fukiya, M. Hagio, N. Fujii, S. 

Ishizuka, T. Ooka, et  al. 2011. Bile acid is a host factor 

that regulates the composition of the cecal microbiota in 

rats. Gastroenterology 141:1773–1781.

Isolauri, E., Y. Sutas, P. Kankaanpaa, H. Arvilommi, and 

S.  Salminen. 2001. Probiotics: effects on immunity. Am. 

J. Clin. Nutr. 73:444S–450.

Kekkonen, R. A., N. Lummela, H. Karjalainen, S. Latvala, 

S.  Tynkkynen, S. Jarvenpaa, et  al. 2008. Probiotic 

intervention has strain-specific anti-inflammatory effects 

in healthy adults. World J. Gastroenterol. 14:2029–2036.

Khoruts, A., J. Dicksved, J. K. Jansson, and M. J. Sadowsky. 

2010. Changes in the composition of the human fecal 

microbiome after bacteriotherapy for recurrent 

Clostridium difficile-associated diarrhea. J. Clin. 

Gastroenterol. 44:354–360.

Kurdi, P., K. Kawanishi, K. Mizutani, and A. Yokota. 2006. 

Mechanism of growth inhibition by free bile acids in 

lactobacilli and bifidobacteria. J. Bacteriol. 188:1979–1986.

Larsen, C. N., S. Nielsen, P. Kaestel, E. Brockmann, M. 

Bennedsen, H. R. Christensen, et  al. 2006. Dose-response 

study of probiotic bacteria Bifidobacterium animalis subsp. 

lactis BB-12 and Lactobacillus paracasei subsp. paracasei 

CRL-341 in healthy young adults. Eur. J. Clin. Nutr. 

60:1284–1293.

Lee, J.-H., and D. J. O’Sullivan. 2010. Genomic insights 

into bifidobacteria. Microbiol. Mol. Biol. Rev. 

74:378–416.

Luyer, M. D., W. A. Buurman, M. Hadfoune, G. 

Speelmans, J. Knol, J. A. Jacobs, et  al. 2005. Strain-

specific effects of probiotics on gut barrier integrity 

following hemorrhagic shock. Infect. Immun. 

73:3686–3692.

Malinen, E., A. Kassinen, T. Rinttilä, and A. Palva. 2003. 

Comparison of real-time PCR with SYBR Green I or 

5′-nuclease assays and dot-blot hybridization with 

rDNA-targeted oligonucleotide probes in quantifi

cation  of selected fecal bacteria. Microbiology 149: 

269–277.

Matsuki, T., K. Watanabe, J. Fujimoto, Y. Kado, T. Takada, 

K. Matsumoto, et  al. 2004. Quantitative PCR with 16S 

rRNA-gene-targeted species-specific primers for analysis of 

human intestinal bifidobacteria. Appl. Environ. Microbiol. 

70:167–173.

Matsumoto, M. 2000. Effect of Bifidobacterium lactis LKM 

512 yogurt on fecal microflora in middle to old aged 

persons. Microb. Ecol. Health Dis. 12:77–80.

Matsumoto, M., T. Imai, T. Hironaka, H. Kume, M. 

Watanabe, and Y. Benno. 2000. Effect of yogurt with 

Bifidobacterium lactis LKM 512 in improving fecal 

microflora and defecation of healthy volunteers. J. Intest. 

Microbiol. 14:97–102.

Miyazaki, K., and T. Matsuzaki. 2008. Health properties of 

milk fermented with Lactobacillus casei strain Shirota 

(LcS). Pp. 165–172 in Farnworth E.R., ed. Handbook of 

Fermented Functional Foods 2nd Edition. CRC Press, 

New York.

Morita, T., H. Tanabe, K. Takahashi, and K. Sugiyama. 

2004. Ingestion of resistant starch protects endotoxin 

influx from the intestinal tract and reduces D-

galactosamine-induced liver injury in rats. 

J.  Gastroenterol. Hepatol. 19:303–313.

Nicholson, J. K., E. Holmes, J. Kinross, R. Burcelin, 

G.  Gibson, W. Jia, et  al. 2012. Host-gut microbiota 

metabolic interactions. Science 336:1262–1267.

Nomoto, K. 2005. Prevention of infections by probiotics. 

J.  Biosci. Bioeng. 100:583–592.

Reeves, P. G., F. H. Nielsen, and G. C. Fahey. 1993. 

AIN-93 purified diets for laboratory rodents: final report 

of the American Institute of Nutrition ad hoc writing 

committee on the reformulation of the AIN-76A rodent 

diet. J. Nutr. 123:1939–1951.

Ridlon, J. M., D. J. Kang, and P. B. Hylemon. 2006. Bile 

salt biotransformations by human intestinal bacteria. 

J.  Lipid Res. 47:241–249.

Scardovi, V., L. D. Trovatelli, G. Zani, F. Crociani, and 

D.  Matteuzzi. 1971. Deoxyribonucleic acid homology 

relationships among species of the Genus 

Bifidobacterium. Int. J. Syst. Bacteriol. 21:276–294.



790 © 2016 The Authors. Food Science & Nutrition published by Wiley Periodicals, Inc. 

R. Aoki et al.The Effect of B. animalis on Intestinal Function

Selkirov, I., S. L. Russell, L. C. Antunes, and B. B. Finlay. 

2010. Gut microbiota in health and disease. Physiol. Rev. 

90:859–904.

Shimakawa, Y., S. Matsubara, N. Yuki, M. Ikeda, and F. 

Ishikawa. 2003. Evaluation of Bifidobacterium breve strain 

Yakult-fermented soymilk as a probiotic food. Int. J. 

Food Microbiol. 81:131–136.

Shimotoyodome, A., S. Meguro, T. Hase, I. Tokimitsu, and 

T. Sakata. 2000a. Short chain fatty acids but not lactate 

or succinate stimulate mucus release in the rat colon. 

Comp. Biochem. Physiol. A Mol. Integr. Physiol. 

125:525–531.

Shimotoyodome, A., S. Meguro, T. Hase, I. Tokimitsu, and 

T. Sakata. 2000b. Decreased colonic mucus in rats with 

loperamide-induced constipation. Comp. Biochem. 

Physiol. Part A Mol. Integr. Physiol. 126:203–212.

Shioiri, T., K. Yahagi, S. Nakayama, T. Asahara, N. Yuki, 

K. Kawakami, et  al. 2006. The effects of a symbiotic 

fermented milk beverage containing lactobacillus casei 

strain shirota and transgalactosylated oligosaccharides on 

defecation frequency, intestinal microflora, organic acid 

concentrations, and putrefactive metabolites of sub-opti. 

Biosci. Microflora. 25:137–146.

Tobisawa, Y., Y. Imai, M. Fukuda, and H. Kawashima. 2010. 

Sulfation of colonic mucins by N-acetylglucosamine 

6-O-sulfotransferase-2 and its protective function in 

experimental colitis in mice. J. Biol. Chem. 285:6750–6760.

Tsukahara, T., Y. Iwasaki, K. Nakayama, and K. Ushida. 

2002. An improved technique for the histological 

evaluation of the mucus-secreting status in rat cecum. J. 

Nutr. Sci. Vitaminol. (Tokyo) 48:311–314.

Turnbaugh, P. J., R. E. Ley, M. A. Mahowald, V. Magrini, 

E. R. Mardis, and J. I. Gordon. 2006. An obesity-

associated gut microbiome with increased capacity for 

energy harvest. Nature 444:1027–1031.

Turnbaugh, P. J., V. K. Ridaura, J. J. Faith, F. E. Rey, R. 

Knight, and J. I. Gordon. 2009. The effect of diet on the 

human gut microbiome: a metagenomic analysis in 

humanized gnotobiotic mice. Sci. Transl. Med..1:6ra14.

Van den Broek, L. A. M., S. W. A. Hinz, G. Beldman, J.-P. 

Vincken, and A. G. J. Voragen. 2008. Bifidobacterium 

carbohydrases-their role in breakdown and synthesis  

of (potential) prebiotics. Mol. Nutr. Food Res. 52: 

146–163.

Vijay-Kumar, M., J. D. Aitken, F. A. Carvalho, T. C. 

Cullender, S. Mwangi, S. Srinivasan, et  al. 2010. 

Metabolic syndrome and altered gut microbiota in mice 

lacking Toll-like receptor 5. Science 328:228–231.

Watanabe, H., and Y. Isono. 2012. Survival of 

Bifidobacterium animalis subsp. lactis OPB-1 in the 

gastrointestinal tract after its administration in a 

milk-free soybean product and the effect on fecal 

microbiota in healthy adults. Food Sci. Technol. Res.. 

18:243–250.

Willemsen, L. E. M., M. A. Koetsier, S. J. H. van Deventer, 

and E. A. F. van Tol. 2003. Short chain fatty acids 

stimulate epithelial mucin 2 expression through 

differential effects on prostaglandin E(1) and E(2) 

production by intestinal myofibroblasts. Gut 

52:1442–1447.

Yaeshima, T., S. Takahashi, N. Matsumoto, N. Ishibashi, H. 

Hayasawa, and H. Iino. 1997. Effect of yogurt containing 

Bifidobacterium longum BB536 on the intestinal 

environment, fecal characteristics and defecation 

frequency: a comparison with standard yogurt. Biosci. 

Microflora. 16:73–77.

Yajima, T., R. Inoue, M. Matsumoto, and M. Yajima. 2011. 

Non-neuronal release of ACh plays a key role in 

secretory response to luminal propionate in rat colon. J. 

Physiol. 589:953–962.

Yokota, A., S. Fukiya, K. B. M. S. Islam, T. Ooka, Y. 

Ogura, T. Hayashi, et  al. 2012. Is bile acid a determinant 

of the gut microbiota on a high-fat diet? Gut. Microbes 

3:455–459.

Yonejima, Y., K. Ushida, and Y. Mori. 2013. Lactobacillus 

gasseri NT decreased visceral fat through enhancement of 

lipid excretion in feces of KK-A(y) mice. Biosci. 

Biotechnol. Biochem. 77:2312–2315.

Yoshimoto, S., T. M. Loo, K. Atarashi, H. Kanda, S. Sato, 

S. Oyadomari, et  al. 2013. Obesity-induced gut microbial 

metabolite promotes liver cancer through senescence 

secretome. Nature 499:97–101.

Young, V. B., and T. M. Schmidt. 2004. Antibiotic-

associated diarrhea accompanied by large-scale alterations 

in the composition of the fecal microbiota. J. Clin. 

Microbiol. 42:1203–1206.

Supporting Information

Additional supporting information may be found in the 
online version of this article at http://onlinelibrary.wiley.
com/doi/10.1002/fsn3.344/suppinfo

Figure S1. The design of animal experiments. (A) The 
design of animal experiment 1. (B) The design of animal 
experiment 2. (C) The design of animal experiment 3.

http://onlinelibrary.wiley.com/doi/10.1002/fsn3.344/suppinfo
http://onlinelibrary.wiley.com/doi/10.1002/fsn3.344/suppinfo

