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ABSTRACT

Probiotic products have been shown to have beneficial effects on human hosts, but what happens
in the gastrointestinal tract after its ingestion remains unclear. Our aim was to investigate the
changes within the small intestines after a single intake of a fermented milk product containing
a probiotic. We have periodically collected the small-intestinal fluids from the terminal ileum of
seven healthy subjects for up to 7 h after ingestion by small-intestinal fluid perfusion using an
endoscopic retrograde bowel insertion technique. The bacterial composition of the terminal ileum
clearly revealed that the ingested probiotics (Lactobacillus casei strain Shirota: LcS and
Bifidobacterium breve strain Yakult: BbrY) occupied the ileal microbiota for several hours, tempora-
rily representing over 90% of the ileal microbiota in several subjects. Cultivation of ileal fluids
showed that under a dramatic pH changes before reaching the terminal ileum, a certain number of
the ingested bacteria survived (8.2 + 6.4% of LcS, 7.8 + 11.0% of BbrY). This means that more than
1 billion LcS and BbrY cells reached the terminal ileum with their colony-forming ability intact.
These results indicate that there is adequate opportunity for the ingested probiotics to continu-
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ously stimulate the host cells in the small intestines. Our data suggest that probiotic fermented milk
intake affects intestinal microbes and the host, explaining part of the process from the intake of
probiotics to the exertion of their beneficial effects on the host.

Introduction studies to improve gastrointestinal symptoms,™*
bowel habits,” constipation,” host defense against
infection,”'’ immunological control,""'* cancer
prevention,'>'* stress-associated symptoms,ls’17
and sleep.'® The recovery of orally ingested strains
in fecal samples has been investigated in several
studies'””” to examine the ability of probiotics to
reach the intestines in a viable state. However,
reports showing the behavior of ingested probiotics
within the intestinal tract have been limited.*"**
When fermented milk containing lactic acid bac-
teria and/or bifidobacteria is ingested, these probio-
tics are exposed to bactericidal gastric juice and bile
and interact closely with various resident bacteria
during the transit through the gastrointestinal tract
from the oral cavity to the colon.

Small-intestinal fluid perfusion using an endo-
scopic retrograde bowel insertion (ERBI) technique

Probiotics, which include lactic acid bacteria and
bifidobacteria, have been marketed in various
forms, such as fermented milk, tablets, biscuits,
and chocolates. The Food and Agriculture
Organization and World Health Organization
defined probiotics as “live microorganisms which
when administered in adequate amounts confer
a health benefit on the host.”’ The International
Life Science Institute has a similar definition for
a probiotic: “a live microbial food ingredient that,
when ingested in sufficient quantities, confers
health benefits on the consumer.”” As is clear
from these definitions, probiotics must be alive
and have beneficial effects on the host.

In terms of benefit to the host, probiotics have
been shown in numerous human and animal
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is a powerful tool which allows to collect ileal per-
fusion fluid periodically.”> A double-lumen tube,
featuring an occluding balloon, is inserted retro-
grade through the colon and placed at the terminal
ileum. This makes it possible to collect the ileal
fluids over time under physiological conditions
without affecting secretion of gastric juice and
bile. This ERBI technique has been used for ana-
lyses of the dynamics and metabolism of indigesti-
ble polysaccharides such as resistant starch®* and
raffinose,” and of dietary fibers such as pectin®®
and cellulose.”’

Our aim was to elucidate the environmental
change in the gastrointestinal tract after ingestion
of a probiotic product. For this purpose, we peri-
odically collected fluids from the terminal ileum of
healthy subjects for up to 7 h after intake of pro-
biotic (Lactobacillus casei strain Shirota: LcS;
Bifidobacterium breve strain Yakult: BbrY)-
containing fermented milk using ERBI technique.
We focused on the questions to clarify the follow-
ing: the duration of the ingested strain to pass
through the digestive tract; whether a single
ingested strain become dominant within the diges-
tive tract under coexisting with various resident
microbial species; the proportion of an ingested
strain maintains metabolic activity and the ability
to grow (i.e., colony-forming ability) after reaching
the colon; whether there is a negative correlation
between the viability rate of the ingested strain and
the concentration of bile acids.

Results
Recovery rate of ingested strains

The intestinal transit time and the total bacterial
counts of the ingested strains were investigated.
The sum of viable and dead cells of LcS, BbrY, or
both in each ileal fluid sample collected at different
time points was counted by using a fluorescent
antibody technique. Then, the recovery rate of the
ingested probiotic strains over time within the
terminal ileum was calculated (Figure 1a).
Ingested strains started to increase within the term-
inal ileum around 2 h after intake of fermented
milk containing LcS (LFM), BbrY (BFM), or both
LFM and BFM. Each strain increased with time,
and reached a peak around 4 h after the ingestion.
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These results indicate that probiotics reaches the
terminal ileum within hours of ingestion. When
both LFM and BFM were ingested simultaneously,
the recovery rates of LcS and BbrY transitioned in
the same manner.

The non-absorbable marker polyethylene glycol
(PEG) was ingested at the same time as the fermen-
ted milk in all cases, and it transitioned with a time
similar to that of the bacterial strains in all trials
(Figure 1b). The correlation coefficient between the
recovery rate of PEG and the ingested strain at each
collection time for each trail, except the case of
subject C ingested LFM alone, was 0.73 to 0.98
(n =10, p < .01).

Microbiota composition

DNA was extracted from the collected ileal fluids,
and the microbiota composition was analyzed
using 16 S rRNA gene profiling (Figure 2).

LFM single ingestion: After the ingestion of LFM
alone, LcS was first detected in ileal fluid anywhere
from 0.5 h (subject B) to 4 h (subject A) (Figure 2a-d).
In subject E (Figure 2d), Streptococcaceae occupied
about half of the ileal microbiota until 2 h after LFM
ingestion, after which LcS predominated. The relative
abundance of LcS in the ileal microbiota peaked above
90%, and for subjects A (Figure 2a), B (Figure 2b), and
C (Figure 2c) remained high in the last sample
obtained.

BFM single ingestion: BbrY transited the gastro-
intestinal tract more slowly than LcS and, except in
subject D (Figure 2e), did not persist as long (Figure
2e-h). In addition, its relative abundance was lower
than that of LcS.

Both LFM and BEM: In subjects who ingested
both probiotics, LcS and BbrY were detected in ileal
fluid at similar times (Figure 2i-k). The combined
relative abundance varied among the subjects and
over time within the subjects. In all subjects, the
relative abundance of LcS was much higher than
that of BbrY, except for subject B (Figure 2i), in
whom the relative abundance of BbrY was higher
than that of LcS until 3.5 h after ingestion, after
which LcS was more abundant.

Subjects B (Figure 2b, i), C (Figure 2c, j), and
E (Figure 2d, k) each underwent an additional LFM
single-ingestion trial on a separate day. These sub-
jects showed differences between the two trials such
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Figure 1. Changes in the cumulative recovery rate of (a) ingested probiotic strains, (b) PEG, and (c) lactose. Small intestinal fluids were
periodically collected from the terminal ileum of healthy subjects for up to 7 h after an ingestion of LFM, BFM, or both LFM and BFM.
Recovered cells or ingredients as a percentage of the number ingested are shown as the cumulative recovery rate. LFM: single
ingestion of lactic acid bacteria fermented milk, BFM: single ingestion of bifidobacteria fermented milk, BOTH: simultaneous ingestion
of LFM and BFM. A-G: Subject number. Three subjects (subjects B, C, and E) participated in more than one test with an interval of more

than 4 months between each trial.

as the time until the first detection and the occu-
pancy degree of ingested strain as well as the pre-
sence or absence of Streptococcaceae.

Viability rate of ingested strains

Viable LcS and BbrY were detected from all ileal
fluid samples that were determined to be positive
by 16 S rRNA gene analysis (Figure 2). The viable
LcS and BbrY in each ileal fluid sample were
counted, and the changes in the viability rate over
time in each subject were plotted (Supplementary
Figure 1). The viability rate for LcS was maintained
at 10% or more from 1 h to 6.5 h after LFM inges-
tion in subject C, with a maximum of about 55%,
but was only a few percent throughout the trial in
subjects A and E. The viability rate of BbrY also
differed substantially among the subjects, from <2%
in subjects F and G to peaks above 60% in subject

D. When LFM and BFM were ingested simulta-
neously, the viability rate of LcS remained higher
than that of BbrY throughout each trial, although
live bacteria of both strains were detected. The
viability rates for both LcS and BbrY were higher
in the early phase after ingestion and then
decreased with time. Subject E underwent trials of
all three conditions (LFM, BFM, and both), and the
pattern of viability over time for this subject dif-
fered between conditions.

Survival rate of ingested strains

The total cell numbers of the two probiotics were
determined by fluorescent antibody technique,
using monoclonal antibodies for LcS'” or BbrY.**
Subject numbers of LFM and BFM ingestion were
calculated by adding the single ingestion (n = 4
each) and the simultaneous ingestion (n 3).
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Figure 2. Changes in relative abundance of ileal microbiota. Small intestinal fluids were periodically collected from the terminal ileum
of healthy subjects for up to 7 h after an ingestion of LFM, BFM, or both LFM and BFM. Microbiota composition of each collected ileal
fluid was analyzed using 16 S rRNA gene profiling. Relative abundance is shown as a percentage of each operational taxonomic unit
(OTU) in total. LFM: single ingestion of lactic acid bacteria fermented milk, BFM: single ingestion of bifidobacteria fermented milk,
BOTH: simultaneous ingestion of LFM and BFM. (a) Subject A, (b) Subject B, (c) Subject C, (d) Subject E, (e) Subject D, (f) Subject E, (g)
Subject F, (h) Subject G, (i) Subject B, (j) Subject C, (k) Subject E. Three subjects (subjects B, C, and E) participated in more than one test

with an interval of more than 4 months between each trial.

Each bottle of fermented milk contained 10.9 + 0.1
logyo LcS cells, 10.8 = 0.1 log;o BbrY cells. The
average number of recovered cells (recovery rate)
at the terminal ileum was 10.8 + 0.2 log;o cells
(78 + 39%) after ingestion of LFM (n = 7) and
10.8 £ 0.2 logo cells (104 £ 39%) after ingestion
of BEM (n = 7). The recovery rates of LcS and BbrY
positively correlated with that of PEG (r = 0.69,
p = .09 for LcS and r = 0.60, p = .16 for BbrY).
The ileal fluids were cultured on a rich nutrient
agar plate medium, and cells with colony-forming
ability were counted as viable cells. Before ingestion,
the viable LcS in LFM and BbrY in BFM were
10.9 * 0.1 log cfu/bottle and 10.8 + 0.0 log;o cfu/
bottle, respectively, suggesting that almost all of the
cells contained in each type of fermented milk were
viable. The viable cell numbers (survival rates) of LcS
(n = 7) and BbrY (n = 7) at the terminal ileum after

ingestion of LFM and BFM were 9.6 + 0.7 log;, cfu
(range: 0.2%-19.4%, mean: 8.2 + 6.4%) and 9.2 + 0.9
log;o cfu (range: 0.08%-31.6%, mean: 7.8 + 11.0%),
respectively.

The advantage of the combination intake trial is
that the survival rate of both strains can be evaluated
under the same condition because the strains are
taken simultaneously within a single subject. In all
three subjects who simultaneously ingested both
LFM and BEM, the survival rate of LcS was higher
than that of BbrY (Subject B: 19.4% [LcS] >4.0%
[BbrY], Subject C: 12.4% [LcS] >6.6% [BbrY],
Subject E: 9.3% [LcS] >2.6% [BbrY]).

Bile acid

The total bile acid concentration in the ileal fluids
varied among individuals and even within the
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individual, ranging from 0.7 to 2,383 mM, with an
average of 251 + 714 mM (Supplementary Figure
2a). The mean = SD of the deconjugation ratio
(Supplementary Figure 2b) and 7a-dehydroxyla-
tion ratio (Supplementary Figure 2 c¢) was 19% +
15% and 12% + 12%, respectively, showing that
both reactions occurred rarely in the upper diges-
tive tract. Although previous studies*"** have made
clear that gastric acid and bile strongly influence the
survival of ingested probiotics, no negative correla-
tion was found between the bile acid concentration
and the viability rate of LcS (Figure 3a) or BbrY
(Figure 3b) in the ileal fluids collected in the present
study.
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Figure 3. Relationships between viability rate of ingested strains
and bile acid concentration in ileal fluids. Viability rate (percen-
tage of viable cells to total cells) of ingested strains in each
collected ileal fluid is shown. Bile acids are shown as
a concentration in each collected ileal fluid. (a) LcS, (b) BbrY.

Lactose

LFM and BFEM contain 1.4 g and 4.0 g of lactose,
respectively. To determine whether the lactose
reached the terminal ileum without being digested
and absorbed in the upper gastrointestinal tract, we
measured the amount of lactose in the ileal fluids
collected at each time point. The percentage of the
ingested amount is shown as the cumulative recovery
rate (Figure 1c). Although the transit time to reach the
terminal ileum was different for each trial, lactose was
detected in all subjects, and the recovery rate generally
reached a peak at around 3.5 h after ingestion. The
recovery rate of lactose in subject B was more than
four times that in subject C after LFM single ingestion
and after simultaneous ingestion of both. With some
exceptions (LFM single ingestion by subjects A and E,
and ingestion of both LFM and BFM by subject C),
the time course of lactose recovery was similar to that
of PEG (Figure 1b). The correlation coefficient of the
eight cases excluding the three exceptions noted above
was 0.87 to 0.97.

Streptococcaceae

Microbiomics of the ileal fluids showed that the rela-
tive abundance of Streptococcaceae increased along
with the ingested strains in some cases
(Supplementary Figure 3). The Feature ID analysis
indicated that most of the Streptococcaceae were
oral-predominant bacterial species such as the
Streptococcus mitis/oralis group or S. salivarius, lead-
ing us to speculate that these originated in the oral
cavity. To verify this hypothesis, Streptococcaceae
strains were isolated from both the oral fluid and
ileal fluid of subjects E, F, and G, and RAPD-PCR
typing was performed (Figure 4). Three RAPD-types
of S. salivarius (SS1, SS4, and SS6) and 1 type of
S. parasanguinis (SP3) were isolated from both the
oral fluid and ileal fluid of each subject. In subject E,
SS1 was isolated from the oral fluid in all three trials
and also from the ileal fluid in two out of the three
trials.

Discussion

A large number of probiotics have been proposed,
and some have been shown to reach the intestines
in a viable state'”” and to beneficially affect the
host.”'® However, what happens to the ingested



§ Strain ) . RAPD
< No. Subjects  Species Isolate type
K02 E-1 S. parasanguinis Oral SP1
KO0l E-1 S. salivarius Oral SS1
K10 E-1 S. salivarius Ileal 2.5h SS1
K12 E-1 S. salivarius Ileal 4.0h SS1
S0l E-2 S. salivarius Oral SS1
[8[0)]1 E-3 S. salivarius Oral SS1
Uo7 E-3 S. salivarius Ileal 3.5h SS1
Ul18 E-3 S. salivarius Ileal 5.0h SS1
N MO1 G S. salivarius Oral SS6
MI13 G S. salivarius Ileal 0.5h SSé6
M15 G S. salivarius Ileal 1.0h SSé6
M42 G S. salivarius Ileal 4.5h SS6
Lol F S. salivarius Oral SS4
LO5 F S. salivarius Ileal 3.0h SS4
L07 F S. salivarius Ileal 3.5h SS4
1 L09 F S. salivarius Ileal 4.0h SS4
L11 F S. salivarius Ileal 4.5h SS4
L13 F S. salivarius Ileal 5.0h SS4
L15 F S. salivarius Ileal 6.0h SS4
L16 F S. salivarius Ileal 6.5h SS4
B Ko6 E-1 S. salivarius Ileal 0.5h SS2
L06 F S. salivarius Ileal 3.0h SSs
Mi8 G S. salivarius Ileal 1.0h SS9
S04 E-2 S. salivarius Oral SS17
M04 G S. salivarius Oral SS7
_: S06 E-2 S. salivarius Oral SS15
S36 E-2 S. rubneri Ileal 4.5h SR2
M27 G S. rubneri Ileal 2.0h SR1
Li12 F S. sanguinis Ileal 4.5h SAl
M19 G S. salivarius Ileal 1.0h SS10
l uls E-3 S. salivarius Ileal 3.5h SS16
Uo6 E-3 S. mitis oris Oral SM10
Mi2 G S. salivarius Ileal 0.5h SS8
S14 E-2 S. mitis oris Oral SM8
S11 E-2 S. mitis oris Oral SM6
S12 E-2 S. mitis oris Oral SM7
L10 F S. mitis oris Ileal 4.0h SM1
L17 F S. mitis oris Ileal 6.5h SM1
L02 F S. parasanguinis Oral SP3
L08 F S. parasanguinis Ileal 3.5h SP3
MO07 G S. infantis Oral SI1
Ul4 E-3 S. mitis oris Ileal 3.5h SM11
U22 E-3 S. mitis oris Ileal 5.0h SM11
U23 E-3 S. mitis/oris Ileal 6.5h SM11
M09 G S. mitis oris Oral SM3
MIl1 G S. mitis oris Oral SM4
uo3 E-3 S. mitis oris Oral SM9
KO8 E-1 S. parasanguinis Ileal 2.0h SP2
M44 G S. salivarius Ileal 5.5h SS14
M32 G S. salivarius Ileal 2.5h SS11
M35 G S. salivarius Ileal 3.0h SS11
M37 G S. salivarius Ileal 3.0h SS13
M39 G S. salivarius Ileal 3.5h SS13
M41 G S. salivarius Ileal 4.5h SS13
M33 G S. salivarius Ileal 2.5h SS12
M40 G S. salivarius Ileal 4.0h SS12
] K13 E-1 S. salivarius Ileal 4.0h SS3
K16 E-1 S. salivarius Ileal 4.5h SS3
S10 E-2 S. mitis oris Oral SM5
M20 G S. parasanguinis Ileal 1.5h SP4
M25 G S. parasanguinis Ileal 2.0h SP4
— M21 G S. parasanguinis Ileal 1.5h SP5
M24 G S. parasanguinis Ileal 2.0h SP5
M36 G S. parasanguinis Ileal 3.0h SP5
MO8 G S. mitis oris Oral SM2
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Figure 4. Dendrogram derived from a comparison of RAPD-PCR profiles of the 65 individual Streptococcaceae strains found in subjects.
The randomly amplified polymorphic DNA (RAPD) analysis was performed by using PCR with the random primer p1252. The RAPD
fingerprint profiles were compared by calculation of the Jaccard coefficient and clustered using the unweighted pair-group method
using average linkage. Strain No. shows the number of isolated strain. Strains showing the same RAPD type are monophyletic.

Numbers after the hyphens indicate trial number.
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probiotics between ingestion and excretion in feces
and how they exert their physiological effects has
been unclear. Here we have shed light on some of
these processes that were previously considered to
be a “black box.”

The recovery rates of the ingested LcS, BbrY, and
the non-absorbable marker PEG showed the same
pattern (Figure 1), suggesting that LcS and BbrY
passed through the upper digestive tract without
colonizing it or stagnating in that region. LcS has
been thought to pass out of the intestines without
colonizing them because it becomes undetectable
about a week after stopping the continuous intake
of LEM.”” Our results support this hypothesis.

The bacterial composition of the terminal ileum
(Figure 2) clearly showed that the ingested LcS and
BbrY occupied the ileal microbiota for several hours,
temporarily representing over 90% of the ileal micro-
biota in several subjects. On the other hand, major
indigenous members of the intestinal microbiome
such as Bacteroidaceae and Lachnospiraceae have rela-
tively decreased. Previous reports indicated that LcS is
transported by M cells in the follicle-associated epithe-
lium and is then recognized by macrophages and
dendritic cells in Peyer’s patches, inducing interleukin
(IL)-12  production and Thl enhancement."
Continuous ingestion of 100 ml of fermented milk
containing 100 billion live LcS for 8 weeks relieves
temporary stress' '’ and improves sleep quality.'®
These effects are induced through the vagus
nerve,' > which is spread throughout the gastroin-
testinal tract. Because the intestinal microbiota is
occupied by the ingested LcS for a period of time,
there is adequate opportunity for the ingested LcS to
continuously stimulate the immune cells, nerve cells,
and glia cells in the upper gastrointestinal tract. We
believe this discovery is a major step toward elucidat-
ing the mechanisms of the physiological effects on
probiotics.

After oral ingestion of fermented milk, LcS and
BbrY are first exposed to strongly acidic gastric
juice, and then placed in a neutral-to-alkaline
environment when mixed with bile and pancreatic
juice. Thus, these probiotics experience a dramatic
pH change before reaching the terminal ileum.
Cultivation of ileal fluids showed that under such
severe environmental changes, a certain number of
the ingested bacteria survived (8.2 £ 6.4% of LcS,
7.8 + 11.0% of BbrY); this means that more than

1 billion LcS and BbrY cells reached the terminal
ileum with their colony-forming ability intact, even
after exposure to gastric acid and bile during the
transit through the upper digestive tract. This is
consistent with previous studies that have reported
survival rates of LcS in human feces after ingestion
of LFM of 1.1% to 10%.”"

Although clarification of the growth and death of
LcS and BbrY while passing through the colon are
needed to draw firm conclusions, the results of this
study indicate that the environment in the upper
digestive tract from the oral cavity to the terminal
ileum largely determines the survival rate of LcS
and BbrY. Although it cannot be determined how
much gastric juice and bile influenced the ingested
probiotics during passage through the upper diges-
tive tract, no correlation between the transit time to
reach the terminal ileum and the viability rate of
LcS and BbrY was observed (Supplementary
Figure 1). Bile acid is an important biophylactic
factor that, together with gastric acid, prevents the
invasion of pathogenic microorganisms. For exam-
ple, bile acids reduce bacterial overgrowth, bacterial
translocation, and endotoxemia in cirrhotic rats.*”
Bile acids damage cell membranes because of their
surfactant characteristics, and hydrophobic decon-
jugated and secondary bile acids have stronger
activity than hydrophilic conjugated and primary
bile acids.” Bile acids undergo deconjugation and
dehydration by intestinal bacteria.’* Our present
study showed that deconjugation (Supplementary
Figure 2b) and dehydration (Supplementary Figure
2c) were not complete in the terminal ileum, and no
negative correlation was found between total bile
acid concentration and the viability ratio of LcS and
BbrY (Figure 3). Additionally, there were no corre-
lations between the concentration of each molecu-
lar species of bile acid and the viability rate of LcS
and BbrY (data not shown). These results indicate
that analyzing only the bile acids is not enough to
explain what biological factors are involved in the
survival through the gastrointestinal tract.
Analyzing not only bile acids but other factors,
such as gastric acid, antimicrobial defensin, etc.,
and clarifying the relationship between bacterial
survival rates will be necessary to elucidate the
mechanism of the gastrointestinal survival ability.

As described above, cultivation of ileal fluids
showed that more than 1 billion cells of LcS and



BbrY reached the terminal ileum with maintained
colony-forming ability. However, the bacterial
counts were not directly measured from the ileal
fluid samples but by culturing the samples on an
enriched culture medium, which is not sufficient
for determining whether the probiotics were actu-
ally metabolizing or growing in the small intestines.
Lactose is a component of fermented milk and can
be used by LcS and BbrY as an energy source. Our
results showed that some lactose escaped digestion
and absorption, and reached the terminal ileum
(Figure 1c). A previous clinical study’ reported
that intake of LcS in dairy increased indigenous
bifidobacteria, suggesting that the probiotics pro-
duce an acidic environment that is favorable for
bifidobacteria by producing lactate in the gastroin-
testinal tract. Further investigations are needed to
clarify whether LcS produces lactate in the colon.
Lactate is an antibacterial substance’® as well as an
effector for proliferation of epithelial cells,”” and it
is a substrate of butyrate production®® by butyric
acid bacteria. Butyrate is a short-chain fatty acid
that is an energy source for colonic epithelial
cells’* and stimulates cell proliferation®’ and
mucus secretion.*’

In this study, it was revealed that as the ingested
LFM reach the terminal ileum, not only LcS but also
the abundance of Streptococcaceae relatively increased
(Supplementary Figure 3). Streptococcaceae strains
isolated from the oral fluids before the fermented
milk intake and the ileal fluids collected after the
intake were identified as monophyletic (Figure 4).
This result clearly reveals that Streptococcaceae strains
living in the oral cavity reached the terminal ileum in
association with the ingested fermented milk without
losing their colony-forming ability. This is a new find-
ing that has not been reported in the past. The SS1
strain was isolated from oral fluids collected in three
independent studies of subject E (Figure 4), showing
that the identical strain colonized the oral cavity for
a year. The oral cavity has a unique microbiota, which
is different from the intestinal microbiota and is com-
posed of approximately 700 species of bacteria.*’ The
bacteria that cause periodontitis, bacterial endocardi-
tis, and aspiration pneumonia are included among the
oral microbiota, and oral bacteria are causally related
to inflammatory bowel disease.”>** Our result shows
that non-negligible amount of bacteria living in the
oral cavity pass through the upper gastrointestinal
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tract with food and drink while being exposed to
gastric acid and bile acid, and some of them can
reach the terminal ileum alive. Thus, intraoral care is
important from the perspective of preventing gastro-
intestinal diseases as well as oral diseases.

We used the small intestinal fluid perfusion by
ERBI technique to periodically examine the state of
the terminal ileum after intake of fermented milk.
The ERBI method has been used for studies on
digestion and absorption of indigestible polysac-
charides and water-soluble and water-insoluble
dietary fibers in the small intestine.”**” Our results
have confirmed, for the first time, that this method
is also useful for the analysis of bacteria and their
metabolites. The small intestinal fluid perfusion
using ERBI technique entails placing a balloon in
the intestinal tract to stop the downstream move-
ment of contents, introducing a perfusion solution,
and collecting the contents coming down from
higher in the gastrointestinal tract. In principle, if
the indwelling position of the balloon moves down-
stream during the experiment, the newly exposed
endogenous intestinal bacteria will also be collected
simultaneously. In this case, the evaluation for the
recovery of ingested probiotics is not affected, but
the relative abundance of ingested probiotics in the
ileal microbiota cannot be accurately estimated.
Moreover, if the balloon moves beyond the ileoce-
cal valve into the colon, the ingested probiotics will
be buried in a large population of resident bacteria.
This could explain why the BbrY occupancy rate
was extremely low after the single BFM ingestion
for subjects F and G (Figure 2g, h). Indeed, in
subject G, X-ray imaging confirmed that the bal-
loon, which was placed at the terminal ileum at the
beginning of the trial, had moved to the colon by
the end of the trial, 6.5 h after the ingestion of BEM.
Fixing the indwelling position of the balloon is
therefore an important point to be noted for the
use of this method. By carefully adjusting so that
the indwelling site of the balloon does not move
during the trial, the ERBI method can be applied to
the dynamic analysis of ingested bacteria in not
only the terminal ileum but also the ascending,
transverse, and descending colon.

As mentioned in the introduction, one of our
main objective was to clarify several questions
regarding the environmental change in the gastro-
intestinal tract after ingestion of a probiotic
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product. Results from this study obtained the fol-
lowing answers: the ingested LcS and BbrY gener-
ally reached the terminal ileum around 2 h after
intake of probiotic product; the ingested LcS and
BbrY occupied the ileal microbiota for several
hours; more than 1 billion of the ingested LcS and
BbrY maintained their colony-forming ability after
reaching the terminal ileum; no negative correla-
tion was found between the bile acid concentration
and the viability rate of the ingested LcS or BbrY in
the ileal fluids.

These findings indicate the behavior of probiotic
strains and ingredients in the intestinal tract after
intake of probiotic products, and are expected to be
a step toward to understand the significance of
probiotics intake.

It has been noted that the effects of probiotics on
their hosts and/or their gut microbiomes might be
influenced by the highly heterogeneous in terms of
diet, age range, genetic background, gut microbiome
configuration, and the degree of gut colonization by
probiotics.”” From our present study, it became clear
that changes in the intestinal environment after inges-
tion of probiotics products, e.g., the duration and the
degree of the ingested strain to occupy the small
intestines; the survival rate of ingested strain in the
small intestines; the bile acid concentration in the ileal
fluids, differed not only between product/strain types
but also between individuals and within individuals.
These heterogeneities may account for the differential
effects of probiotics observed between individuals.

Since this research area had remained as
a complete “black box,” our priority was to reliably
acquire data over time, regardless of the number of
cases. The trial numbers of this study were limited to
discuss the statistical interpretation among each
ingestion group. However, our results have shown
high potential for future use in studies elucidating
the behavior of probiotics in the digestive tract and
the mechanisms of their various physiological effects,
and performing a large scale trail is a next step.

In summary, this study has clearly shown that
the ingested probiotics will occupy the ileal micro-
biota for several hours. Understanding the process
of the ingested probiotics between ingestion and
excretion in feces and how they affect the intestinal
microbes and host, is a major step toward elucidat-
ing the mechanisms of the physiological effects on
probiotics.

Materials and methods
Subjects

Seven healthy men (mean age 37.6 + 13.2 years) were
recruited by the department of Gastroenterology and
Hematology, Hirosaki University Graduate School
of Medicine. All subjects provided written informed
consent. This study was approved by the Ethics
Committee of the Graduate School of Medicine at
Hirosaki University (UMIN ID: UMIN000018128)
and conducted in compliance with ethical principles
from the Declaration of Helsinki, guidelines of good
clinical practice, and applicable regulations.

Test meal

Commercially available fermented daily products,
LFM and BFM, were used as the test beverages. The
total (viable and dead) and viable LcS numbers con-
tained in LFM (80 mL per bottle) were 10.9 + 0.1 log;
cells and 10.9 + 0.1 log cfu, respectively. The total
and viable BbrY numbers contained in BFM (100 mL
per bottle) were 10.8 + 0.1 log;, cells and 10.8 + 0.0
log; cfu, respectively. At the time of the trial, a meal-
replacement  drink  (Calorie =~ Mate, Otsuka
Pharmaceutical) was used as breakfast. In addition,
the test beverage (1 bottle) was taken with a solution
prepared by dissolving 5 g of the non-absorbable
marker polyethylene glycol-4000 (PEG: Sigma-
Aldrich [cat. no. 81240]) in 100 ml of water. During
the trial, the subjects could freely ingest water.

Trial and sample collections

Eleven trials were performed in three test groups:
LFM single ingestion (n = 4; subjects A, B, C, and E)
for the first test, BFM single ingestion (n = 4; sub-
jects D, E, F, and G) for the second test, and LFM
and BFM simultaneous ingestion (n = 3; subject B,
C, and E) for the third test. The trial interval for the
subjects participated in more than one test (subjects
B, C, and E), was set as more than 4 months.
The day before each trial, all subjects collected
0.5 g of fecal sample into a fecal collection tube
(Sarstedt AG & Co. KG [cat. no. 80.734.001]) con-
taining 3 ml of RNAlater” (Thermo Fisher Scientific
[cat. no. AM7021]). Oral fluids were collected at the
time of awakening on the day of the trial for five
trials: LFM single ingestion (subject E), BFM single



ingestion (subjects E, F, and G), and LFM and BFM
simultaneous ingestion (subject E). The subjects
were instructed to gargle 2 to 3 times with 20 ml
of saline, and expectorate the oral fluid into
a specimen tube. During the trial, ileal fluids were
collected from all subjects by small-intestinal fluid
perfusion using the ERBI technique (described
below). All samples were kept at 4°C immediately
after the collection.

Small-intestinal fluid perfusion

On the day before the trial, all subjects were requested
to consume a low-residual food “Darm Space Rich
III” (House Foods Group) instead of a normal meal.
Also, they were requested to consume more than
200 ml of fluids at 7 pm, and after that, were
instructed not to eat until the start of the trial
Subjects were not permitted to drink alcohol or
smoke from the day before the trial until the trial
end. Suppositories were administered at the night
before and in the morning of the trial, and carbon
dioxide-releasing suppositories were used for the sub-
jects before the colonoscopic insertion. Intestinal
lavage was not performed. Small-intestinal fluid per-
fusion using the ERBI technique was performed as
previously reported,” with slight modification.
A colonoscope (PCF-PQ260 L, Olympus) covered
with a single-balloon endoscopic  overtube
(Disposable sliding tube ST-SB1, Olympus) was
inserted into the terminal ileum. The tip of the tube
was fixed in place by inflating the balloon using the
overtube balloon control unit (Olympus Balloon
Control Unit, Olympus). After the guide wire was
passed through the forceps channel of the endoscope,
only the endoscope was removed. Then, the end of the
double-lumen tube with the balloon was inserted
through the guide wire to a position approximately
10 cm from the ileocecal valve. After inflating the
balloon with 15 to 20 ml of sterile-distilled water
using a syringe, the overtube balloon was deflated.
After the start of perfusion, subjects were placed
supine on a bed, and ingested test meal and breakfast
within 5 minutes. 0.03% phenolsulfonphthalein (PSP)
was continuously infused through the lumen whose
end was positioned 10 cm proximally to the second
lumen at a rate of 1.0 ml/min to calculate ileal flow.
Ileal fluid was continuously aspirated at — 20 to — 100
mmH,0 from the second lumen and collected every
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30 min until a maximum of 7 h after ingestion of the
test beverage. The volume of each ileal fluid sample
was measured as soon as it was collected, and it was
immediately subjected to various other measure-
ments. Some of each ileal fluid was suspended in 3
times its volume of RNAlater” and was stored at — 80°
C for microbiomics.

Microbiomics

The RNAlater"-fixed fecal samples and ileal samples
were washed twice with phosphate-buffered saline
(PBS) solution before DNA extraction. DNA was
extracted by using glass beads and buffer-saturated
phenol (NIPPON GENE Co. Ltd. [code no.
319-90093])."® The V1-V2 region of the 16 S rRNA
gene was amplified from the extracted DNA by using
the primers 27F mod2-MiSeq and 338R-MiSeq."” The
PCR cycle was as follows: 50°C for 2 min; 95°C for
10 min; and a repeated cycle of 95°C for 30 s, 55°C for
30, 72°C for 90 s. The PCR was stopped before signal
saturation. The MiSeq library was prepared with
a MiSeq Reagent Kit v2 (Illumina [cat. no. MS-102-
2001]). Sequencing reads were pre-processed using
QIIME2’ and its plugins. Noise, chimeras, and trim-
ming of the sequence were removed by using the
DADA2’" plug-in (using the settings denoise-
paired --p-trim-left-f 20 —p-trim-left-r 17 —p-trunc-
len-f 220 —p-trunc-len-r 200). The processing by
DADA2 was performed separately for each MiSeq
run with the same parameters, and the feature tables
and feature sequences were merged. Subsequently, the
feature sequence was classified using the feature-
classifier plug-in classify-sklearn. Classification of bac-
terial 16S rRNA gene sequences was made using the
Greengenes (13_8 release) (99% identity clusters)
database using the feature-classifier classify-sklearn
function. Taxonomic names obtained from the fea-
ture table after merging were normalized so that each
family would be assigned to the same lineage.

Viable bacterial count

A series of 10-fold dilutions of the test beverages or
ileal fluids was prepared with sterilized PBS and
spread on lactitol-LBS vancomycin (LLV) agar
medium'® (for isolation of LcS) or TOS-MUP agar
medium (for isolation of BbrY; TOS-Propionate agar
base (Yakult Pharmaceutical Ind. [cat. no. 8-MJ54])
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supplemented with lithium mupirocin (Merck
KGaA [cat. no. 1. 00045.0010]) solution [50 mg/1]),
respectively. The agar plates were incubated aerobi-
cally (for LLV agar plate) or anaerobically (for TOS-
MUP agar plate) at 37°C for 72 h. Each type of
colony was picked up and identified as LcS or BbrY
by using strain-specific PCR-based assays.”””* The
number of LcS or BbrY per milliliter of ileal fluid was
estimated from the number of colonies that were
identified as LcS or BbrY. The survival rate of
ingested strain from ileal fluid was calculated by
using the following equation:

PEG and PSP analysis

The concentration of PEG was measured with
Hyden’s method” and that of PSP with
spectrophotometry.”® Dilution of the constantly
perfused PSP marker was used to calculate the
proportion of the ileal contents recovered by
aspiration.” The ileal flow volume over 30 min
was determined with the following formula:

Ilealflow(ml)
_ 1.0 x Concentration of infused PSP

Concentration of aspirated PSP

where 1.0 was the PSP infusion rate in ml/min.
The bacterial count and amount of PEG and bile

acids in each sample were determined from the

calculated ileal flow volume over 30 min.

Fluorescent antibody technique

Some ileal fluids were suspended in 3 times its volume
of 4% paraformaldehyde (Merck [cat no. 30525-89-
4])-PBS solution and left overnight at 4°C. After the
samples were centrifuged at 20,400 x g for 5 min, the
supernatant was removed and the residue was washed
and suspended in PBS. Then, the fixed ileal fluids
were dropped onto a MAS-coated slide glass
(Matsunami Glass [cat. no. SF17279]), air dried, and
treated with 96% ethanol solution. A solution of 0.2%
TRITON-X (Sigma-Aldrich [cat. no. 9002-93-1]), 1%
Bovine Serum Albumin (Roche Diagnostics GmbH
[ref. 10 735 086 001])-PBS (PBS-TB) was dropped
onto the slide glass, which was incubated for 30 min
under wet conditions. Monoclonal antibodies'”** for
LcS or BbrY were diluted 100-fold in PBS-TB,

dropped onto the slide glass, and incubated for
30 min under wet conditions. After brief washes
with PBS, 100-fold dilution of Alexa Fluor 568
labelled IgM antibody (Abcam [cat. no. ab175702])
was dropped onto the slide glass and incubated for
30 min in the dark under wet conditions. After the
slide glass was briefly washed with PBS and air dried,
it was mounted with VECTASHIELD (Vector labora-
tories [cat. no. H-1200]). Fluorescent images of the
slide glass were obtained using a Leica fluorescent
microscopy system, and LcS- or BbrY-positive bacter-
ial cells in the fluorescent images were enumerated.
The probiotics recovery rate of ingested strain from
ileal fluid was calculated by using the following
equation:

Probiotics recovery rate (%)

Probiotic cells in total ileal fluids
_ — x 100
Ingested probiotic cells

The probiotics viability rate of ingested strain from
ileal fluid was calculated by using the following
equation:

Probiotics viability rate (%)
B Probiotic CFU numbers in ileal fluid

100
Probiotic cells in ileal fluid .

Bile acid analysis

A 10-fold dilution of fecal samples was prepared with
sterilized PBS, and 1 ml of the diluted fecal solutions
and ileal fluids were separately freeze dried with 100 pl
of 1 mM 5B-pregnan-3a, 17a, 20a-triol (pregnane-
triol: M.W. 336.5, Sigma [cat. no. P8629-100 MG])-
methanol added as an internal standard. Then, 5 ml of
99.5% ethanol was added and thermally extracted at
70°C for 2 h. The supernatants after centrifugation at
20,400 x g for 5 min were evaporated to dryness,
dissolved with 1 ml of methanol, and these samples
were filtered and used to measure bile salts. Bile acid
standards were obtained from JASCO Corp. High-
performance liquid chromatography (HPLC) was
performed using an LC-2000 Plus HPLC system
(JASCO corp.).”® The bile acids were separated on
a Bilepak II separation column (4.6 mm X 125 mm,
JASCO [code no. D511]), and the eluted bile acids
were selectively detected by an enzymatic reaction
using immobilized 3a-hydroxysteroid dehydrogenase



(HSDH) on an Enzymepak 3a-HSD column (4 mm x
20 mm; JASCO [code no. D512]). Total bile acid
concentration was calculated as the sum of individual
bile acids. The conjugated/deconjugated and primary/
secondary bile acid ratios were calculated for each of
the ileal fluids after PEG reached the terminal ileum.

Randomly amplified polymorphic DNA (RAPD) analysis

A series of 10-fold dilutions of oral fluids and ileal
fluids wereas prepared with sterilized PBS, and the
diluted solutions were spread on Difco™ Mitis
Salivarius agar (Becton Dickinson and Company
[cat. no. 229810]) supplemented with 0.001% sodium
tellurite. The agar plates were incubated at 37°C for
72 h, aerobically. Each colony with different morphol-
ogies were collected, and DNA was extracted as
described above.”® RAPD analysis was performed
using the random primer 1252 (5'-CCGCAGCCAA
-3"). PCR amplifications were performed with initial
heating at 94°C for 2 min; 6 cycles of 94°C for 30 s, 36°
C for 1 min, and 72°C for 90 s; 30 cycles of 94°C for
20 s, 36°C for 30 min, and 72°C for 90 s; and a final
extension at 72°C for 3 min. Fingerprint profiles were
separated by gel electrophoresis at 100 V for approxi-
mately 30 min in 1.0% agarose gels. The RAPD finger-
print profiles were compared by using BioNumerics
software (Applied Math). The similarity index was
calculated using the Jaccard coefficient, and the
unweighted pair-group method using average linkages
was used to construct a dendrogram.

16 S rRNA gene sequencing

A single strain was selected from each unique RAPD
fingerprint, and identification of the selected strains
was carried out by sequencing the 16 S rRNA gene as
previously described.”® Bacterial universal primers
8 F (5-AGAGTTTGATCMTGGCTCAG-3') and
15 R (5" AAGGAGGTGATCCARCCGCA-3') were
employed for PCR amplifications.”” Each 30-pl reac-
tion mixture contained 0.2 mM dNTPs, 1.5 mM
MgCl,, 1.5 U of rTaq polymerase (Takara Bio [cat.
no. RO01AM]), primers 8 F and 15 R (1 uM each),
and 1 ng of template DNA. The PCR amplification
program consisted of initial heating at 95°C for
5 min; 35 cycles of 95°C for 30 s, 55°C for 30 s, and
72°C for 1 min; and a final extension at 72°C for
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5 min. The amplicons were purified by using
ExoSAP-IT (Thermo Fisher Scientific [cat. no.
78200.200.UL]) and were sequenced with a BigDye
Terminator v3.1 Cycle Sequencing Kit (Thermo
Fisher Scientific [cat. no. 4337454]) on a 3500xL
Genetic Analyzer (Thermo Fisher Scientific Inc.).
Closely related sequences were retrieved from the
DDBJ (http://www.ddbj.nig.ac.jp) using the BLAST
program.”®

Lactose analysis

Lactose content in the test beverages and ileal fluids
was determined with the lactose/p-glucose kit
(J. K. International [cat. no. 986 119]). The lactose
recovery rate from ileal fluid was calculated by
using the following equation:

Lactose recovery rate (%)

B Total amount in total ileal fluids <100
N Ingested amount

The ingested amount was 950 mg for LFM and
4,120 mg for BFM.

Statistical analysis

Measured values are presented as mean + standard
deviation. Pearson’s correlation coefficient was calcu-
lated to investigate correlations between recovered
bacterial amounts and PEG concentrations in each
individual. The level of statistical significance was set
at p <.05.
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