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Abstract Effect of dietary supplementation of Bifidobac-
terium-fermented soy hypocotyls (BFSH) on the composition
of large intestinal bacteria of the elderly people was
investigated. Four grams of BFSH containing 10° cfu/g
Bifidobacterium were administered daily to 14 elderly
volunteers every day for 10 days, followed by 10 days of
non-intake period, and the cycle was repeated for 50
days. Composition of the intestinal bacteria (Bacteroides,
Bifidobacterium, Lactobacillus, E. coli, Clostridium
perfringens) examined revealed that administration of
BFSH resulted in a marked increase in Bifidobacterium
and a decrease in Bacteroides. Stool evacuation frequencies,
pH, and water contents of the fecal samples did not change
significantly.
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Introduction

The human intestinal tract contains a complex and dynamic
bacterial population, whose cell numbers amount to 10"
cfu (colony forming units) per gram (1). The metabolic
activities of the bacteria can exert both harmful or
beneficial effects on the human host depending on the
species, diet, and other various environmental factors (1).
The number of putrefactive bacteria such as Clostridium
perfringens are known to increase with the aging of the
human host, leading to increased production of ammonia,
H,S, and amines, which can aggravate the intestinal
environment of the elderly people (2). On the other hand,
the number of beneficial bacteria such as Bifidobacterium
decreases at a significant level during aging. Upon
examining the composition of the intestinal bacteria of
the Koreans, Ji reported that number of Bifidobacterium
was lower and that of Cl perfringens higher in the elderly
people (above 65 years group) than the young people (3).
In spite of the recent marked increase in elderly people in
Korea, little studies have been conducted to improve the
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health state in terms of the intestinal bacterial balance for
the elderly people. Probiotics are well known to affect the
composition of indigenous microflora and may have
several beneficial effects on the human health such as the
maintenance of a balanced flora, alleviation of lactose
intolerance symptom, and resistance to enteric pathogens
{(4). Modes of action of probiotics are suggested to be the
colonization of the gastro-intestinal tract, prevention of
pathogen overgrowth, neutralization of enterotoxins,
modulation of the activity of bacterial enzymes in the large
intestine, improvement of the digestive capacity of the small
intestine, and adjuvant effect on the immune system (5).
In most cases, clinical studies were preceded by laboratory-
based research, utilizing animal models or in vitro culture
systems, to provide preliminary evidence on the intestinal
condition. In this study, soybean hypocotyls, part of the axis
of soybean embryo below the cotyledons, were fermented
with Bifidobacterium. The effect of dietary supplementation
of Bifidobacterium-fermented soy hypocotyls (BFSH) on the
intestinal bacteria of the elderly people was investigated.

Materials and Methods

Soybean hypocotyls were ground and suspended in 10
volumes of water. The soy hypocotyls medium was flushed
with gas mixture (95% N, and 5% CO,) to remove
dissolved oxygen. For fermentation, Bifidobacterium sp.
BGN4 previously characterized (6) was used. After
autoclaving, fresh Bifidobacterium sp. BGN4 cultures
were inoculated at a 1:50 ratio. The suspension fermented
for 24 hr was lyophilized until dryness. It contained
Bifidobacterium counts of 10°cfu/g dry weight. Four grams
(two grams after breakfast and two grams after dinner) of
the powder were administered to 14 elderly volunteers (7
each males and females) every day for 10 days, followed
by 10 days of non-intake period. The nonintake-intake cycle
was repeated for 50 days. During the study period, all
subjects were asked to avoid consumption of fermented
food and other probiotic products. The composition of
intestinal bacteria was examined at the last day of each
period using fresh fecal samples. The serially diluted samples
were plated on various selective and non-selective media
as described by Ji (3). For counting anaerobic organism,
Anoxomat (MART, Netherland) was used to equilibrate
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Table 1. Effect of BFSH intake on the composition of human feces

Non-intake / Intake cycle

Before intake First intake

First non-intake Second intake Second non-intake

Microorganism (Log of CFU per gram wet feces)
Bifidobacterium 9.0+0.5 9.5+£0.5
Bacteroides 9.6+0.4 87«15
Lactobacillus ND 72+14
Clostridium 4.5+0.7 48+1.3
E. coli 8.6+0.5 7.6+1.0
Total aerobic bacteria 8.8+0.4 7.5+1.0
Water content (%) 73.6+8.6 70.2+9.1
pH 6.9+£0.6 6.8+0.8

9.0+0.8 10.0+0.4 9.1+0.8
10.1+x0.4 9.7+0.3 9.9+0.6
7.5%1.3 8.0+14 7.5+1.2
5.1+0.6 4.7+09 5.3%1.1
7.8£1.0 7.9%2.3 7.6+x0.8
8.1+0.8 8.4+0.6 8.4+0.5
70.2+8.5 71.7£9.2 73.2+89
6.8+0.9 6.9+1.0 6.5+0.6

All numbers in MeantS.D. ND means not determined.

the anaerobic chamber and the plate was incubated 2-3 days
at 37°C. The pH was measured by a pH meter (Fisher
Model 10, USA) after the suspension of fecal samples
with 4 volumes of water. The moisture contents were
analyzed after drying at 105°C in a drying oven. Group
means comparisons were tested for significance by Student's
r-test. Statistical significance was defined as P<0.05. Fecal
composition results of the subjects are expressed as
Means+S.D..

Results and Discussion

Bioconversion of soy oligosaccharides and isoflavones, and
their corresponding enzymes, alpha-galactosidase and beta-
glucosidase, has been previously characterized in our
laboratory during soy fermentation using Bifidobacterium
(7, 8). For the present study, we used a hypocotyl portion of
the soy for fermentation. The effect of dietary supplementation
with BFSH on intestinal bacteria of the elderly people is
shown in Tablel.

Among the examined bacteria, viable Bifidobacterium
cell number showed the most pronounced increase during
intake, whereas that of Bacteroides decreased following
the consumption of BFSH. No significant changes were
obtained for E, coli, Lactobacillus, and Cl. perfringens.
Bifidobacterium comprising more than 90% of the intestinal
bacteria in breast-fed infants decreases down to about
10% after weaning and during the following life time period
(1). Bifidobacterium has been considered to confer various
beneficial effects on the human hosts, whereas Bacteroides
are known to produce various putrefactive compounds
and are the most frequently found anaerobic infectious
agents in various tissues aside from the intestine (1, 2). In
this context, our result may be interpreted as an
improvement in the balance of the intestinal bacteria by
the supplementation of BFSH. Further analysis needs to
be performed on whether the observed effects were solely
due to administered Bifidobacterium or whether some other
components of BFSH are responsible. The effect of BFSH
intake on pH, moisture contents, and stool evacuation

frequencies were not eminent. Throughout the experiment,
the participants showed a high interest in the experiments
and willingness to donate their fecal samples. More research
on the development of the probiotic foods for the elderly
is warranted considering that the population of the elderly
will soon double by year 2020. Further studies should
delineate the mechanism of the probiotic action, the
evaluation of the physiological effect, and the efficient
delivery method of probiotic products for special targets
(e.g., age group, intestinal organ, etc.) in more detail.
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Abstract

Strains of bifidobacteria have many health-promotion effects. Whole cells or cytoplasm extracts of Bifidobacterium bifidum
BGN4, isolated from human feces, inhibited the growth of several cancer cell lines. The polysaccharide fraction (BB-pol) extracted
from B. bifidum BGN4 had a novel composition, comprising chiroinositol, rhamnose, glucose, galactose, and ribose. Three human
colon cancer cell lines were treated with BB-pol: HT-29, HCT-116, and Caco-2. Trypan blue exclusion assay and BrdU incorpora-
tion assay showed that BB-pol inhibited the growth of HT-29 and HCT-116 cells but did not inhibit the growth of Caco-2 cells.
© 2004 Federation of European Microbiological Societies. Published by Elsevier B.V. All rights reserved.
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1. Introduction

Probiotics are traditionally defined as live microbial
food supplements which beneficially affect the host ani-
mal by improving its intestinal microbial balance [1]. In
view of their perceived health-promotion effects [2,3],
probiotic bacteria have been increasingly included in
various types of food products (especially fermented
milks) during the past two decades [4].

There is experimental evidence that probiotic micro-
organisms show an anticancer activity in vitro and in
animal models. Pool-Zobel et al. reported that Lactoba-
cillus acidophilus, L. gasseri, L. confusus, Streptococcus
thermophilus, Bifidobacterium breve, and B. longum were
antigenotoxic toward N’-nitro-N-nitrosoguanidine- or

" Corresponding author. Tel.: +82 2 880 8749; fax: +82 2 880 6282.
E-mail address: geji@bifido.com (G.E. Ji).

1,2-dimethylhydrazine-induced genotoxicities [5]. Other
studies have shown that certain strains of lactic acid bac-
teria (LAB) prevent putative preneoplastic lesions or
tumors induced by carcinogens such as 1,2-dime-
thylhydrazine or azoxymethane [6-9]. Many strains —
such as L. rhamnosus GG [10], L. acidophilus [11],
L. casei, B. longum [12,13], B. infantis, B. adolescentis,
and B. breve — showed significant suppression of colon
tumor incidence in this type of study. In addition, there
is direct evidence for antitumor activities of LAB ob-
tained in studies using preimplanted tumor cells in ani-
mal models. There are several reports [14,15] that the
consumption of fermented milk and/or cultures contain-
ing LAB or the intralesional injection of live or dead Bif-
idobacterium cells inhibited the growth of tumor cells
injected into mice.

The precise mechanisms by which LAB inhibit colon
cancer are presently unknown. However, based on

0378-1097/$22.00 © 2004 Federation of European Microbiological Societies. Published by Elsevier B.V. All rights reserved.
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experimental and epidemiological studies [3,16,17], sev-
eral mechanisms have been proposed, including (1)
enhancing the host’s immune response, (2) binding and
degrading potential carcinogens, (3) qualitative
alterations in the intestinal microflora incriminated in
producing putative carcinogens and promoters (e.g.,
bile-acid-degrading bacteria), (4) production of antitu-
morigenic or antimutagenic compounds in the colon,
and (5) alteration of metabolic activities of intestinal
microflora.

Various types of LAB preparations showed antitumor
activities. Sekine et al. [18] found antitumor activity in
peptidoglycans isolated from B. infantis strain ATCC
15697, and Oda et al. [19] reported antitumor polysac-
charide fractions originating from Lactobacillus cultures.
Glycoproteins found in the supernatants of Lactobacillus
cultures have also shown antitumor effects [20].

The present study analyzed the composition of poly-
saccharide (BB-pol) extracted from B. bifidum BGN4
and investigated the effects of BB-pol on human colon
cancer cell lines. We examined the potential of BB-pol
as an antiproliferation compound using a direct cell
counting method and measuring the rate of DNA
synthesis.

2. Materials and methods

2.1. Bacterial culture and preparation of cytoplasm
extract

B. bifidum BGN4 and other bifidobacteria which were
isolated from the feces of healthy human subjects and
previously reported by Park et al. [21] were used for
the experiments. B. bifidum BGN4 was cultured and sub-
cultured anaerobically in MRS broth (Criterion, USA)
containing 0.5% L-cysteine (Sigma, USA) at 37 °C for
20 h. For the preparation of bacterial cytoplasm extracts,
cultured bacterial cells were collected by centrifugation
(Hanil, Korea) at 1390g for 20 min at 4 °C, and washed
twice with autoclaved phosphate-buffered saline, fol-
lowed by final washing with autoclaved double-distilled
water. Washed whole cells were disintegrated using a cell
disruptor, and the cell pellets were removed by centrifu-
gation at 1390g for 20 min at 4 °C. The supernatant was
centrifuged at 22,250g for 45 min at 4 °C for the separa-
tion of cell walls and cytoplasm extract. The sediment
(cell-wall fraction) was removed, and the supernatant
was used as the cytoplasm extract. This fraction was

lyophilized (Ilshin, Korea) and stored at —70 °C until
used.

2.2. Isolation of polysaccharide from bifidobacterial
cytoplasm extract

The lyophilized cytoplasm extract was dissolved in
autoclaved double-distilled water and heat-treated at
80 °C for 30 min in a water bath (Jeio Tech, Korea).
Protein denaturing due to the heat treatment made the
solution hazy. The sample was centrifuged until the sup-
ernatant turned clear, then phenol solution was added to
the collected supernatant at a ratio of 1:1 (v/v) for pro-
tein denaturalization. After the end of the reaction with
phenol, the solution was mixed vigorously and centri-
fuged again. The collected supernatant was treated with
a phenol-chloroform solution at a ratio of 1:1 (v/v).
Treatment of the collected supernatant with the phe-
nol-chloroform solution was repeated. Lastly, chloro-
form solution was added at a ratio of 1:1 (v/v), and
the collected supernatant was precipitated with cold eth-
anol, followed by freeze-drying. A phenol-sulfuric acid
assay was used to determine whether this sample was
the polysaccharide fraction.

2.3. Analysis of BB-pol composition

For analyzing the composition of the polysaccharide
fraction, it was hydrolyzed by trifluoroacetic acid. The
polysaccharide was reacted with trifluoroacetic acid at
room temperature for 30 min and then reacted at 100
°C for 150 min. The composition of the hydrolyzed
polysaccharide was determined by a Bio-LC with an
electrochemical detector (Dionex ED-50, USA) using a
Dionex CarboPac MA1 column with 600 mM sodium
hydroxide at a flow rate of 0.4 mlmin~'. The composi-
tion of the polysaccharide was confirmed with standard
samples of chiroinositol, rhamnose, glucose, galactose,
and ribose (Sigma, USA).

2.4. Cell culture

This study used three human colon cancer cell lines
(Table 1): HT-29 and HCT-116 cell lines were obtained
from the Korean Cell Line Bank (Seoul, Korea), and the
Caco-2 cell line was obtained from the American Type
Culture Collection (Rockville, USA). They were grown
in DMEM culture media supplemented with 10% (v/v)

Table 1

The characteristics of cell lines used in this study (KCLB, Korean Cell Line Bank; ATCC, American Type Culture Collection)

Cell line Tissue Species Growth property KCLB (ATCC) no.
HT-29 Colon or colorectal, adenocarcinoma Human Adherent KCLB 30038
HCT-116 Colon or colorectal, carcinoma Human Adherent KCLB 10247
Caco-2 Colon or colorectal carcinoma Human Adherent HTB-37
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fetal bovine serum (Gibco BRL, USA) and 1% antibi-
otic—antimycotic solution (Gibco BRL, USA). All cul-
tures were incubated at 37 °C in a humidified
atmosphere with 5% CO,. After they were grown to con-
fluence in sterile tissue culture plates (100 mm x 20 mm;
Corning, USA), cells were detached and transferred to
the new cell culture dishes using trypsin EDTA (Gibco
BRL, USA) for each experiment. The detached cells
were seeded to a 96-well cell culture cluster (at a density
of 5% 10% cells per well), 12 wells (30-50 x 10° cells per
well), or culture plates (60 mm x 15 mm; 100200 x 10°
cells per plate). They were then incubated for 48 h in
the presence of 0, 20, 40, or 80 ugml~' BB-pol.

2.5. Trypan blue staining

Cell numbers and their viability were assessed by the
trypan blue dye-exclusion method [22]. Cancer cells were
seeded onto 12 multiwell plates at a density of 30-
50 x 10* cells per well in serum-containing medium. All
cells were allowed to attach for 12-24 h, and each well
was treated with BB-pol at a concentration of 20, 40,
or 80 pgml~'. At two days after BB-pol treatment, cul-
tured cells were trypsinized and mixed with an equal vol-
ume of trypan blue solution (Sigma-Aldrich, UK). The
mixture was loaded on a hemacytometer (Superior,
Neubauer, Germany) and the stained/unstained cells
were observed using an inverted microscope (BX-40,
Olympus, Japan) at 100x magnification.

2.6. BrdU (5-bromo-2'-deoxyuridine) incorporation assay
for measurement of DNA synthesis rate

As a microplate format, cells were seeded at a density
of 5 x 10? cells per well in 96-well culture plates, and also
incubated for 48 h in the presence of 0, 20, 40, or 80
ngml~' BB-pol.

In this study, a nonradioactive alternative to the
[*H]-thymidine incorporation assay was performed
using a commercial cell proliferation ELISA kit
(BrdU, colorimetric; Roche, Germany) according to
the manufacturer’s instructions. Briefly, at the time
for assay (two days after BB-pol treatment), 10 ul of
BrdU labeling solution was added to control and
BB-pol-treated cells, and the plates were reincubated
for 3 h for labeling. The cells were then denatured
and fixed using Fix/Denat solution for 30 min at 37
°C, and anti-BrdU-POD was added to the plates
and incubated for 90 min at 15-25 °C. Lastly, 100
ul of substrate solution was added to each well and
the plates were incubated at 15-25 °C until color
development was sufficient for photometric detection.
Twenty-five microliters of 1 M H,SO, was added as
a stopping solution to each well, and absorbance
was measured with an ELISA reader (Bio-Rad Labo-
ratories, USA) at 450 nm.

2.7. Statistical analysis

Data were analyzed by a one-way ANOVA proce-
dure of SAS software (SAS Institute Inc.,1999). The dif-
ferences between mean values were detected by the
Duncan’s multiple range test.

3. Results and discussion

3.1. Selection of the best Bifidobacterium strain for
inhibiting the growth of cancer cell lines

In order to determine if Bifidobacterium cells have an
inhibitory effect on the growth of colon cancer cell lines,
HT-29 cells were treated with heat-treated cells of 30 dif-
ferent bifidobacterial strains and trypan blue assay was
performed. In this preliminary assay, B. bifidum BGN4
showed the greatest effect (data not shown). To further
characterize the functional substances of B. bifidum
BGN4, HT-29 cells were treated with different types of
cell fraction. Among the whole-cell, cell-wall, and cyto-
plasm extracts, the cytoplasm extract showed the highest
inhibitory effect.

3.2. Composition of BB-pol

The composition of the polysaccharide was deter-
mined by a Bio-LC using a Dionex CarboPac MA1 or
PA1 column. The detected peaks were compared with
various carbohydrate standards: chiroinositol, myoinos-
itol, inositol, rhamnose, glucose, galactose, ribose, fruc-
tose, adonitol (ribitol), glycerol, mannose, arabinose,
fucose, xylose, sorbose, tagatose, mannitol, sorbitol,
dulcitol, xylitol, allose, psicose, glucuronic acid, glucaric
acid, galacturonic acid, galactosamine, mannosamine,
and glucosamine. The polysaccharide was found to con-
sist of 26.4% chiroinositol, 3.9% rhamnose, 31.5% glu-
cose, 11.0% galactose, and 23.8% ribose (Fig. 1). We
think that the BB-pol fraction consisted of one polysac-
charide because of a peak profilefor the BB-pol fraction
in GPC. The molecular weight ofthe BB-pol fraction
was about 1,500,000 by extrapolation using dextran
standards (Mw, 48,500, 273,000, 830,000). It is interest-
ing that BB-pol contained chiroinositol as one of the
major sugar units, because a chiroinositol-based poly-
saccharide from microbial sources has not previously
been reported.

3.3. Effect of BB-pol on the growth inhibition of HT-29
and HCT-116 cells

This study examined the effects of BB-pol on the
growth of three types of human colorectal adenocarci-
noma cell lines using a trypan blue exclusion assay
(Fig. 2). BB-pol tended to decrease the numbers of
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Fig. 1. Bio-LC analysis of the composition of BB-pol. (a) chiroinositol (26.4%); (b) rhamnose (3.9%); (c) glucose (31.5%); (d) galactose (11.0%); (e)

ribose (23.8%).

HT-29 cells even at a concentration of 10 pgml~". How-
ever, Caco-2 cells were not noticeably inhibited at con-
centrations up to 100 pgml™' (data not shown).
Although all of the three cell lines originated from hu-
man adenocarcinomas, Caco-2 is known to resemble
the physiology of normal cells [23-25] more than the
other two cell lines used in this study. This suggests that
BB-pol had a greater effect on tumor cell lines with high-
er malignancy. Fig. 2 shows the growth inhibition
caused by BB-pol in HT-29 and HCT-116 cells. BB-
pol at 20 pugml ™! inhibited the growth of HT-29 cells
by 50.5 £ 3.6% (mean = SD). The growth inhibition of
HCT-116 cells increased with the BB-pol concentration,
but these cells were slightly less sensitive to BB-pol than
HT-29 cells. Few, if any, cells became nonviable during
48 h of incubation, which suggests that the inhibition of
tumor cell growth by BB-pol was due to the retardation
of cell growth rather than cytotoxicity. This was further
supported by an lactate dehydrogenase (LDH) release
assay in which no significant difference was evident be-
tween the experimental groups (data not shown).

3.4. Effect of BB-pol on the growth inhibition of HT-29
and HCT-116 cells measured by BrdU incorporation
assay

The trypan blue exclusion assay is a direct method for
measuring cell growth or cytotoxicity, but it involves
many steps that may introduce experimental errors.
Therefore, a BrdU incorporation assay was performed
to confirm the trypan blue staining data. The rationale
of the BrdU incorporation assay was to measure

the changed DNA synthesis of treated cells as for
[*H]-thymidine incorporation assay.

Data from BrdU incorporation assays in HT-29 and
HCT-116 cells showed results similar to those of growth
inhibition from the trypan blue exclusion assay (Fig. 3).
Similar to the result of trypan blue staining, BB-pol had
no effect on the DNA synthesis rate measured by the
BrdU incorporation assay in Caco-2 cells (data not
shown). In HT-29 cell lines, the DNA synthesis rate de-
creased after BB-pol treatment in a dose-dependent
manner. When treated with 80 pgml~' BB-pol, the ad-
justed DNA synthesis rate was 52.6 + 0.9%. Treatment
with the same concentration of BB-pol produced a smal-
ler decrease in the DNA synthesis of HCT-116 cells: the
adjusted DNA synthesis rate was 64.3 £ 1.9%. However,
HT-29 and HCT-116 cells treated with 20 pgml~' BB-
pol showed similar reductions in DNA synthesis rates.

As shown in the former two assays, the decrease in
the number of counted cells in the BB-pol-treated group
was concordant with the reduced DNA synthesis rate.
These experimental data allude to a growth-retarding ef-
fect of BB-pol on HT-29 and HCT-116 cell lines rather
than cytotoxic effects.

In contrast, most previously reported polysaccharides
that exhibit antitumor activities did not directly inhibit
the growth of tumor cells in vitro, but instead exerted
antitumor activity by stimulating macrophages and var-
ious immune systems. Such polysaccharides included o-
and B-glucan from various mushrooms [26], SPR-901
a-glucan from rice bran [27], a-glucan from Mycobacte-
rium bovis, Bacille Calmette—Gurin [28], and water-solu-
ble polysaccharide containing glucose and galactose as
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Fig. 2. Effect of BB-pol on the growth of human colon cancer cell
lines. The cell lines were cultured for 48 h in the presence of BB-pol at
various concentrations: 0 (control), 20, 40, and 80 ugmlf' in 12-well
plates. The cell numbers were determined by trypan blue exclusion
assay. Data values are mean £ SE of triplicates in a representative
assay (P <0.05).

major sugar constituents from B. adolescentis M101-4
[29] and from L. helveticus var. jugurti [19]. Also, it is
well known that various bacterial peptidoglycans induce
antitumor activity through the modulation of immune
systems. Tumor necrosis factor o and reactive nitrogen
intermediates played a major role in the in vitro antitu-
mor activity of mouse peritoneal exudates cells from
mice stimulated with wall peptidoglycan from B. infantis
[18]. Therefore, the direct inhibitory effect of BB-pol on
tumor cell growth observed in the present study is rather
exceptional for polysaccharide biomaterials extracted
from various organisms. A partially purified cytotoxic
substance from the culture supernatants of L. casei D-
34 against three tumor cell lines — HeLa, HEP-2, and
HFS-9 — was found to be proteinaceous in nature [20].
Recently, the cytoplasmic fraction from Lactococcus lac-
tis ssp. lactis was reported to exert direct antiprolifera-
tion activity against the SNUC2A human colon cancer
cell line by inducing S phase accumulation in SNUC2A
cells [30], but the active components remain to be
elucidated.

Fig. 3. Effect of BB-pol on the growth inhibition of HT-29 and HCT-
116 cell lines measured by BrdU incorporation assay. The cells were
cultured for 48 h in the presence of BB-pol at various concentrations in
96-well plates: 0 (control), 20, 40, and 80 ugml~'. The DNA synthesis
rates were determined by BrdU incorporation assay. Data values are
mean * SE of triplicates in a representative assay (P < 0.0001).

The present study shows that BB-pol is a novel poly-
saccharide with glucose, chiroinositol, and ribose as its
major constituents, which inhibits the growth of colon
cancer cell lines in vitro. We are currently analyzing gen-
eral transcriptional responses of tumor cells following
treatment with BB-pol to better understand the
growth-inhibition mechanism of BB-pol.
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Figure 2  Prevention of lymphocyte accumulation in the spleen and large intestine by the feeding of BGN4. Spleen (A) and distal colon (B)
were obtained from each group of mice and stained with H&E for histological analysis. The groups consisted of normal ICR (C.B-17/Icr) mice,
intact SCID (C.B-17/Icr-Scid/Scid) mice, and CD4" CD45RB"™e" T cell-transferred SCID (C.B-17/lcr-Scid/Scid) mice. They were fed with either
BGN4 or skim milk. The written number in the small box indicates the mean of the histologic score of colonic inflammation. Original
maghnification is 25x and 100x.

score system from Corazza [27], the clinical degree of BGN4-fed mice (a grade of 5). These results further
IBD was developed to a grade of 12 in the skim milk-fed provided convincing evidence for the preventive effects
mice while the clinical score was much lower in the of BGN4 on the development of IBD.
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Figure 3

Distinct cellular appearances in the spleen and large intestine of BGN4-fed healthy or skim milk-fed IBD mice. After

4 weeks of adoptive transfer of the CD4* CD45RB™®" cells into SCID mice, the lymphocytes were isolated from the spleen and intestine.
The percentages of the CD4" T cells (A) and the number of activated lymphocytes (CD4* CD69") (B) were measured in the groups of
BGN4-fed mice and the skim milk-fed mice. Data are expressed as the mean value of SEM (*p<0.05 versus skim milk-fed mice). Data

were pooled from several independent experiments.

Observation of distinct cellular appearance in the
spleen and large intestine between the BGN4-fed
healthy mice and the skim milk-fed IBD mice

We next examined the appearance of the mononuclear cell
in the spleen, small intestine, and large intestine of mice
fed with BGN4 (Fig. 3). Flow cytometric analysis revealed
that the percentage of CD4" T cells in the spleen and large
intestine was reduced in the BGN4-treated group when
compared with the skim milk-fed group with IBD (Fig. 3A).
To investigate the activation stage of the CD4" T cells, that
were isolated from each group, we measured the number
of CD4* T cells expressing CD69, a well known T cell
activation marker [19]. The number of CD4" T cells
expressing CD69 was significantly decreased in the large
intestine of the mice fed with BGN4 when compared with
the skim milk-fed mice with IBD (Fig. 3B). These results
indicate that BGN4 feeding results in the inhibition of
expansion and activation of adoptively transferred patho-
logical CD4" T cells in the spleen and large intestine of SCID
mice.

Reduction of Th1-type cytokine production in the
spleen and large intestine after the BGN4 feeding

The mononuclear cells from the spleen and large intestine
of reconstituted SCID mice, fed with BGN4 or skim milk,
were cultured for 48 h without any stimulation. The
cytokine secretion patterns were then examined (Fig. 4).
Mononuclear cells from the spleen and large intestine of
the BGN4-fed group showed significantly reduced levels of

IFN-y and TNF-a in comparison with the skim milk-fed
group. In contrast, Th2-type cytokines, IL-4, IL-5, and IL-
10, showed identical levels between the skim milk-fed and
BGN4-fed groups (Figs. 4A and B). These results further
demonstrate that BGN4 feeding can influence the quality
of the host immune system, specifically the inhibition of
aberrant Th1-type cytokine synthesis leading to the
inhibition of IBD development as observed in the adoptive
transfer model.

BGN4 inhibition of IFN-y and MCP-1 secretion in the
co-culture system

To mimic the intestinal environment, we adopted a co-
culture system using CMT93, epithelial cell lines derived
from a mouse rectal carcinoma (H-2P), and anti-CD3-
activated lymphocytes from C57BL/6 (H-2P), in order to
assess the possible effects of BGN4 on the interaction
between epithelial cells and T cells (Fig. 5). Interestingly,
BGN4 inhibited Th1-type cytokine production, particularly
the synthesis of IFN-y and MCP-1, when compared to those of
the co-culture without BGN4. In contrast, the secretion
levels of inhibitory cytokine IL-10 were statistically not
different, however, the level was slightly higher in the BGN4-
fed group than the control group (p=0.1812), whereas no
significant changes were observed in the IL-6 secretion
(p=0.3309). Overall, these results further suggest that BGN4
possesses potent immunomodulatory functions on the home-
ostasis of the intestinal immune response and further
provides protection from IBD development. However, we
should point out that heat killed microorganism was used for
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Figure 4 Inhibition of Th1 cytokine production in the BGN4-fed mice. Lymphocytes were isolated from the spleen (A) and large
intestine (B) of the CD4* CD45RBMe" T cell-transferred mice fed with BGN4 or skim milk and then cultured for 48 h. Cytokine production
in the culture supernatants was measured for the BGN4-fed mice and the skim milk-fed mice groups. Results are shown as mean value
of SEM (*p<0.05 versus skim milk-fed mice).

the in vitro study, which may not completely reflect in vivo Discussion

situation. At least our in vitro study demonstrated that even

heat killed BGN4 possessed immune modulation effect for Probiotics, as preventive or therapeutic agents against IBD,
the control of T cell cytokine responses. have been shown to be an attractive and alternative
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Figure 5 Analysis of cytokine production in the co-transwell
culture with heat killed B. BGN4 (100 pg/ml) on the intestinal
epithelial cell co-cultured with anti-CD3 mAb activated spleno-
cytes. Following 48 h of incubation with BGN4, culture super-
natants were harvested for cytokine detection using a CBA (BD)
kit. Results are expressed as mean value of SEM (*p<0.05 versus
control).

approach for the attenuation of mucosal inflammation or
systemic aberrant response [10,11]. It has been reported
that several probiotic bifidobacterial strains and the
products containing these bacteria possessed beneficial
effects for controlling IBD in clinical trials [7,8]. Certain
probiotic Bifidobacterium strains, isolated from human
infant stools, produce antibacterial substances such as
proteinaceous and lipophilic molecules that guard against
one of the putative mucosal inflammation causing bacteria
Listeria monocytogenes as well as the other enterovirulent
Salmonella [28,29]. In the present study, we investigate an
effect of Bifidobacterium BGN4 on the development of IBD
using a in vivo animal model to directly observe the
inhibitory mechanism of BGN4.

We employed the CD4* CD45RBMe" T cell transfer model of
IBD to investigate the immunomodulatory role of Bifidobac-
terium BGN4 for the control of mucosal inflammation [17-
19]. This is the first study that shows the preventive effects
of Bifidobacterium on the development of IBD in the CD4*
CD45RBMe" T cell reconstituted SCID model. Our present
study demonstrates that the oral feeding of BGN4 inhibited
the development of IBD (Fig. 1). This regulatory effect is
derived from inhibiting the activation and accumulation of
pathogenic lymphocytes in the large intestine (Figs. 2 and 3).
Additionally, the production of aberrant Th1 response
associated cytokines, IFN-y and TNF-«, was reduced in the
BGN4-fed group (Fig. 4). The fact that the BGN4 containing
diet significantly reduced the production of TNF-«, which is
one of responsible pathogenic cytokines in the CD4*
CD45RBMeM T cell transfer IBD model [24], suggested that
BGN4 could be an effective and alternative agent for the
control of CD4* CD45RB"" T cell-mediated IBD.

In our previous studies, it was shown that BGN4 strongly
adhered to the intestinal epithelial cells [16], therefore, it
was worthwhile to examine the possible influence of BGN4 on
the cell to cell network of intestinal epithelial cells and T

cells. We next adopted an in vitro co-culture system,
consisting of confluent epithelial cell lines on a semi-porous
membrane and basolaterally located activated T lympho-
cytes in order to mimic as much as possible an in vivo
condition for the hyper-activated T cell-mediated intestinal
environment. As shown in Fig. 5, addition of activated Tcells
onto the epithelial cell cultures resulted in increased IFN-vy
and MCP-1 synthesis. Conversely, Th1 derived cytokine levels
of IFN-y and MCP-1, which are another major pathological
contributing factor for the murine model of IBD [24,30], were
dramatically decreased in the presence of BGN4 (Fig. 5).
Although the possibility that BGN4 derived factors directly
influence mucosal T cells cannot be eliminated, these results
at least suggest that BGN4 may execute immunomodulatory
effects through the intestinal epithelial cells to control the
responses of proximal T lymphocytes in the intestinal
epithelium and lamina propria regions.

When the degree of increased cell infiltration, an
indication of inflammatory response, was examined, a
noticeable change was noted in the spleen and large
intestine of mice with IBD (Figs. 1B and 2). This change is
consistent with previous findings [17—19]. On the other hand,
these changes were not seen in the small intestine (data not
shown). These results suggest the presence of a cross-talk
system between the spleen and the large intestine. To this
end, our previous study demonstrated that antigen-primed
splenocytes preferentially migrated into the large intestine
after repeated oral administration of the same antigen,
which induced antigen-specific diarrhea [24]. When we
examined the spleen and large intestine of mice fed with
BGN4, there was no indication of an enlarged spleen with
highly concentrated lymphocyte accumulation. Moreover,
there was no amorphous pathological shape of the large
intestine detected in comparison to the skim milk-fed mice
with IBD (Figs. 1B and 2). The spleen and large intestine of
the BGN4-fed mice were macro- and microscopically similar
to the normal ICR mice absent any diseases (Figs. 1B and 2).
Taken these facts together, one can suggest that the highly
loaded BGN4 disciplined the behavior of the pathogenic
lymphocytes and inhibited the abnormal hyper-responsive-
ness of the cross-talk system between the spleen and large
intestine.

Another mode of BGN4 activity towards the prevention of
IBD is the effect on bacteria. The growth of putative
pathogenic bacteria (e.g. Bacteroides species) was inhibited
by the growth competition with bifidobacteria [31]. It was
also shown that antimicrobial properties of BGN4 may
contribute to the development of IBD because Bifidobac-
terium has been proven to inhibit the growth of Bacteroides
[31]. To address this possibility, we examined a composition
of microflora in the intestine of mice fed with BGN4.
Significant differences in the composition of putative
pathogenic bacteria such as Bacteroides were not observed
between the BGN4-fed normal and skim milk-fed IBD mice
(data not shown). Although more extensive bacteriological
analysis may be required to disprove the involvement of the
antimicrobial activity of BGN4, the present data support the
direct immunomodulatory effect of BGN4 on mucosal
immunocompetent cells, including epithelial cells and T
cells.

The inhibition of aberrant Th1 responses appears to be
linked to the production of IL-10 since the cytokine has been
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shown to inhibit inflammatory responses [12]. Thus, the
presence of IL-10 is considered to be associated with the
inhibition of Th1 cell-mediated IBD [32-34]. The results
obtained by our in vitro study showed that IL-10 production
was slightly increased by the feeding of BGN4, however not
significantly different from the skim milk-fed mice with IBD
(Fig. 4). A similar tendency was also noted in the co-culture
system (Fig. 5). The involvement of recently reported
glucocorticoid-induced TNFR family-related gene (GITR)*
cells for the execution of inhibitory function, which was
expressed in both of CD25* and CD25™ regulatory T cells, was
investigated [35,36]. However, the GITR expression level was
similar in the splenic and large intestinal T cells, which were
isolated from the skim milk- or BGN4-fed groups (data not
shown). These results suggest that oral BGN4 feeding may
not be directly involved in the induction of IL-10-producing
and/or regulatory Tcell-mediated inhibition of inflammatory
responses.

One alternative possibility is that IL-10 might be produced
from non-lymphocytes, such as dendritic cells (DCs) in the
BGN4-fed mice, since it has been shown that DCs are another
source of IL-10 for the control of Th1 responses [37].
Although we did not examine the effect of BGN4 on DC in
this study, it is a subject of future study. Thus, it is still
possible for BGN4 to induce regulatory function including IL-
10 synthesis in controlling abnormal Th1 responses via DC. It
was recently shown that nonpathogenic intestinal bacteria
can induce DC to migrate into the epithelial layer for antigen
sampling from the gut lumen [38]. Particularly in the gut,
recruited DC by luminal antigen, including intestinal com-
mensal bacteria, is important for transporting apoptotic
intestinal epithelial cell to induce and maintain peripheral
self-tolerance [39]. Therefore, a highly loaded and attached
BGN4 on the intestinal epithelium may recruit regulatory
type DC to the area, which will lead to the creation of
inhibitory environments for unwanted hyper-responses to
self and non-self antigens from the intestinal tract. We are
currently examining this interesting mechanism.

It is also possible for BGN4 to induce other inhibitory
pathways that attenuate inflammatory responses in the large
intestine by the augmentation of other regulatory cytokines.
In this regard, Bifidobacterium treatment has been shown to
reduce Th1 cytokine production in IL-10 knockout mice [10].
This indicates the presence and activation of IL-10-indepen-
dent inhibitory pathways by BGN4.

Although it was not our intent to investigate the effect of
BGN4 on the innate immune system, we have to consider new
perspectives that show progress, such as the role of toll-like
receptors (TLR) on the intestinal epithelial cells and DC [40—
43]. Commensal microorganisms are continuously interacting
with the epithelial layer and presenting a number of innate
immunity associated antigens via the receptors for patho-
gen-associated molecular patterns (PAMS). The interaction
among TLR, PAMS, and commensal bacteria plays a role in
controlling colonic epithelial cell turnover [44] and attenua-
tion/trafficking of apical membrane receptors such as TLR2
and TLR4 [45]. Since BGN4 has been shown to adhere strongly
to the intestinal epithelial cells [16], a connection might be
made for the BGN4 derived specific protective immunomo-
dulatory activity via constitutive interaction with TLRs
presiding in the colonic epithelium [40]. This pathway
seems to be a more plausible explanation of the immuno-

modulatory effects of BGN4 since a separate study showed
that BGN4 was not effective against dextran sodium sulfate
(DSS)-induced IBD (Fig. S1), where DSS directly and physically
injures epithelial cells [4]. In our present results, IFN-y and
MCP-1 production from the basolateral chamber containing T
lymphocytes was decreased when the epithelial cells were
exposed to BGN4 (Fig. 5). However, this inhibitory effect was
not observed when lymphocytes were directly exposed to
BGN4. A recent report also indicated that probiotic DNA has
anti-inflammatory effects on IBD through TLR9 signaling
[46]. Therefore, we consider the suppression of IBD to be
revealed via the relationship between BGN4 and the
epithelial cells in the intestinal immune system.
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Abstract Bifidobacterium has been previously shown to
potentiate immune function, which was mediated through the
stimulation of cytokine production by macrophage. This
study was performed to further characterize the effective
component of Bifidobacterium by measuring the level of
interleukin (IL)-6 cytokine using the RAW 264.7 murine cell
line as a macrophage model. RAW 264.7 cells were cultured
for 24 h in the presence of whole cells (WCs), cell walls
(CWs), and cell free extracts (CFEs) from various strains of
Bifidobacterium and other lactic acid bacteria at various
concentrations. The most effective component was different
depending on the strains and the concentrations used. When
tested with each cell fraction from Bifidobacterium sp. BGN4,
heat treatment of the cell fractions lowered the production of
IL-6. Synergistic effect was obtained especially when CWs
and CFEs were combined. Sonicated WCs stimulated IL-6
production more than intact WCs. The in vitro approaches
employed here should be useful in further characterization of
the effects of Bifidobacterium on gastrointestinal and systemic
immunity.

Key words: Bifidobacterium, IL-6, macrophage, cell fractions

Bifidobacterium is predominant in the lumen of the large
intestine. In breast-fed infants, Bifidobacterium comprises
more than 90% of the gut bacterial population [19], however,
their numbers gradually decrease over the life time of the
host. Bifidobacterium spp. is used in commercial fermented
dairy products and has been suggested to exert health
promoting effects on the host by maintaining intestinal
microflora balances, improving lactose tolerance, preventing
inflammatory bowel disease, and aiding anticarcinogenic
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activity [10, 11, 13]. In addition, Hattori et al. [8] reported
that the administration of Bifidobacterium for 1 month to
children with atopic dermatitis showed significant improvement
of allergic symptoms.

Other beneficial effects of the intake of Bifidobacterium
are reported to include reinforcement of immune functions
[28]. It has been shown that Bifidobacterium enhances several
immune functions, namely macrophage and lymphocyte
activation [7, 25], cytokine secretion [16], mitogenic response
in spleen and Peyer’s patches [9, 12, 28]. Such stimulation
of the immune response by Bifidobacterium has been
proposed to enhance resistance to infection by pathogenic
organisms [24] and potentially prevent cancer [25, 26].
Cell components of Bifidobacterium which function as
immunomodifiers of the host reportedly include peptidoglycan,
intra and extracellular polysaccharide products, cell free
extracts (CFEs), and cell walls (CWs) [6, 7, 9, 20, 25, 26].
However, at the present time, there is not yet a clear
understanding of the molecular and cellular basis for
immunomodulation by Bifidobacterium. To utilize a potential
of the Bifidobacterium for immunomodulation of the host,
better understanding of the quantitative and qualitative
assessment of the immunomodulatory effect of the
Bifidobacterium is needed.

Miettinen et al. [18] measured production of tumor
necrosis factor (TNF)-alpha, interleukin (IL)-6, and 1L-10
from human peripheral blood mononuclear cells after
stimulation with live or glutaraldehyde-fixed bacteria and
suggested that lactic acid bacteria can stimulate nonspecific
immunity. Using macrophage as a model system, we earlier
showed that the modulatory effect of the Bifidobacterium
on IL-6 production was strain- and dose-dependent. In the
present study, we further characterized the different cell
components and their processing on the immunostimulation
in the RAW 264.7 murine macrophage model by measuring
IL-6 production as a representative macrophage cytokine.
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The results showed that the stimulatory activity of the
Bifidobacterium cell fractions differed, depending on the
strains and the concentrations used and also processing
conditions of the cell components. Our study suggests that
better understanding of the effective component and the
immunological state of the host is necessary to achieve a
desirable immunological balance for the host.

MATERIALS AND METHODS

Bifidobacterium Cultures

B. adolescentis 15703, B. longum 15707, B. infantis 15697,
and B. breve 15700 were obtained from American Type
Culture Collection (Rockville, MD). The identification
and experimental use of Bifidobacterium sp. BGN4,
Bifidobacterium sp. JH-2, Bifidobacterium sp. MS-1,
Bifidobacterium sp. S1342, Bifidobacterium sp. UN-4, and
other lactic bacteria were reported before [3,22]. All
strains were cultured and subcultured anaerobically in
MRS broth (Difco, Detroit, MI, U.S.A.) containing 5%
(wt/vol) lactose (MRSL) at 37°C until late log phase [15,
21]. Cells were collected by centrifugation at 1,000 xg and
4°C for 15 min and washed twice with PBS, followed by
final washing with distilled water [14]. They were dried by
Speed-Vac (Instruments, INC., N.Y., U.S.A.) and resuspended
in Hanks’ buffered salt solution (Sigma Chemical Co., St.
Louis, MO, U.S.A.) to desired bacterial concentration on a
dry weight basis. For introduction into tissue culture,
Bifidobacterium was ordinarily killed by heating at 100°C
for 20 min. Heat-killed cultures were aliquoted and stored
at —80°C until used.

Preparation of Cell Fractions

For the preparation of the cell fractions, cultured bacterial
cells were collected by centrifugation at 2,000 xg for
20 min (Hanil MF-80, Inchun, Korea) and washed twice
with autoclaved PBS, followed by final washing with
autoclaved distilled water. For the preparation of CWs and
CFEs, washed WCs were disrupted by French Pressure
Cell Press (Spectronic, Rochester, N.Y., U.S.A.). The WCs
were removed from the suspension by centrifugation at
2,000 xg for 20 min. CWs were sedimented by centrifugation
at 15,000 xg and 4°C for 45 min (Hanil Micro 17R+,
Inchon, Korea) and the supernatant was used as CFEs.
Each fraction was freeze dried and resuspended with
DMEM to the desired concentration on a dry weight basis.
Suspended bacterial fractions were stored at —20°C until
used.

Chemicals and Reagents

IL-6, purified antibodies to IL-6 antibodies (rat anti-
mouse), and biotinylated rat anti- or IL-6 were obtained
from PharMingen (San Diego, CA, U.S.A.). Dulbecco’s

modified Eagle medium (DMEM) and fetal bovine serum
(FBS) were obtained from Gibco Laboratories (Chagrin
Falls, IL, U.S.A.).

Cell Culture

The mouse macrophage cell line RAW264.7 (American Type
Tissue Collection) was grown in DMEM supplemented
with 10% (v/v) FBS, 1 mM sodium pyruvate, 1% (v/v)
NCTC-135, streptomycin (100 pg/ml) and penicillin (100 U/
ml). All cultures were carried out at 37°C in a humidified
atmosphere with 5% CO, [29]. Cell number and viability
were assessed by trypan blue dye exclusion [27] on
a Neubauer hemacytometer (American Optical, Buffalo,
N.Y,, U.S.A.). Cells were grown to confluency in sterile
tissue culture dishes and gently detached by repeated
pipetting. For experiments, cells were cultured in triplicate
at a density of 5x10° cells/ml in 96-well flat-bottomed
tissue culture plates (Costar, Cambridge MA, U.S.A.).
Cultures containing bacterial cell fractions were incubated
for various time intervals and analyzed for IL-6. Heat
treatment of the fractions were ordinarily done at 100°C for
20 min to sterilize bacterial contaminants. When unheated
fractions were assessed, they were treated at 10 cm below
ultraviolet light (Sankyo Germicidal UV Lamp G40TO,
Japan) for 30 min.

IL-6 Quantitation

Production of IL-6 was quantitated by ELISA using
modification of the procedure of Dong et al. [4]. Briefly,
microtiter strip wells (Immunolon IV Removawell; Dynatech
Laboratories Inc., Chantilly, VG) were coated overnight at
4°C with 50 pl of 1 pg/ml purified antibodies to 1L-6
antibodies (rat anti-mouse) in 0.1 M sodium bicarbonate
buffer (pH 8.2). Wells were incubated with 300 pl of 3%
(v/v) bovine serum albumin (BSA) in 0.01 M PBS (pH
7.2), containing 0.2% (v/v) Tween 20 (PBST), at 37°C for
30 min to block nonspecific protein binding. Standard
recombinant murine 1L-6 and samples, diluted in 10%
(v/v) FBS RPMI-1640, were added in 50 pl aliquots to
appropriate wells and incubated at 37°C for 1h. After
washing four times with PBST, biotinylated rat anti-mouse
IL-6 antibodies were diluted in BSA-PBST to 1 pg/ml and
1.5 pg/ml, respectively, and 50 pl each were added and
incubated at room temperature for 1 h. Plates were washed
six times and incubated with 50 ul of streptavidin-horseradish
peroxidase conjugate (1.5 pg/ml in BSA-PBST) at room
temperature for 1h. After washing eight times, bound
peroxidase conjugate was detected by adding 100 pl/well
solution of substrate consisting of 25 ml of 0.1 M citric-
phosphate buffer (pH 5.5), 0.1 mg/ml TMB, and 100 pl of
1% H,0,. An equal volume of 6 N H,SO, was added to
stop the reaction. The plates were read at 450 nm on a
Vmax Kinetic Microplate Reader (Molecular Devices,
Menlo Park, CA, U.S.A.). IL-6 were quantitated using
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Table 1. Effect of Bifidobacterium and Lactobacillus cell fractions on IL-6 production by RAW 264.7 cells.
IL-6 concentration (ng/ml)
Strain WC (ng/ml) CW (ug/ml) CFE (pg/ml)
Treatment

2.5 12.5 0.5 2.5 12.5 0.5 2.5 12.5
B. adolescentis ATCC 15703 ND ND 1.5+0.3 ND 10.4+0.3 23.3+1.1 ND 1.7+0.2 4.240.3
B. breve ATCC 15700 ND 1.7+£0.3 5.0+0.4 ND 2.1+0.2 11.3+0.2 ND 2.5+0.1 5.840.1
B. infantis ATCC 15697 ND ND 4.5+0.7 ND 10.8+0.5 21.7+41.0 ND ND 10.0+0.5
B. longum ATCC 15707 ND ND 14.1£0.3 ND 1.840.2 22.5+0.9 ND 10.8+0.4 18.8+0.7
Bifidobacterium sp. BGN4 ND 1.5+0.3 93+0.5 ND 2.7+0.3 10.8<1.0 ND 5.2+0.1 15.8+0.4
Bifidobacterium sp. JH2 ND ND 3.3+0.2 ND ND 11.7£0.5 ND 8.3£0.9 12.1£0.3
Bifidobacterium sp. MS1 ND ND 1.740.3 ND 3.0+0.2 8.2+0.3 ND 2.9+0.2 4.8+0.2
Bifidobacterium sp. SJ32 ND ND 1.5£0.1 ND 83+04 14.820.2 ND 4.2+0.4 9.0+0.2
Bifidobacterium sp. UN4 ND 12.8+0.9 10.840.4 ND 9.2+0.2 12.7+0.1 ND 2.5+0.2 12.3+1.0
Lactobacillus sp. L1 ND ND ND ND ND 1.740.2 ND ND ND
Lactobacillus sp. L2 ND ND ND ND ND 2.540.3 ND 1.6+0.2 5.8+0.5
Lactobacillus sp. L4 ND ND ND ND ND 2.6£0.4 ND ND 1.8+0.3
Lactobacillus sp. L7 ND ND ND ND ND 2.840.4 ND ND ND

Vmax Software (Molecular Devices). Triplicate samples
were used throughout the experiments.

RESULTS

Effect of Cell Fractions of Various Bifidobacterium on
IL-6 Production by RAW 264.7 Cells

To assess the effects of the cell fractions from various
Bifidobacterium strains on the production of IL.-6, macrophages
RAW 264.7 cells (5x10° cells/ml) were incubated in the
presence of 0.5, 2.5, and 12.5 pg/ml bacterial cell fractions.
To prevent contamination, all bacterial fractions were
routinely preheated at 100°C for 20 min. The results for
IL-6 production are shown in Table 1. The degree of 1L-6
production differed depending on the strains and the
concentrations of the cell fractions used. All three fractions
from MS-1 strain showed the low level of I1L.-6 production,
compared with the other strains. CWs from most of the
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Fig. 1. Effect of combination of BGN cell fractions on IL-6 by
RAW 264.7 cells.

strains such as B. adolescentis 15703, B. longum 15707,
B. infantis 15697, B. breve 15700, Bifidobacterium sp.
MS-1, and Bifidobacterium sp. SJ-32 showed stronger
activity than WCs or CFEs, whereas CFEs from BGN-4
showed higher IL-6 production than WCs or CWs. The
production of I1L-6 tended to increase in a dose dependent
manner up to 12.5 pg/ml of all three fractions from most of
the strains. For comparison, cell fractions from four strains
of lactic acid bacteria were assessed. Fractions from
Lactobacillus strains showed much lower activity than
those from Bifidobacterium.

Effect of Heat Treatment and Combination of the Cell
Fractions on IL-6 Production

To assess the effects of combination of the cell fractions,
the mixed fractions from Bifidobacterium sp. BGN4
were added to RAW264.7 cells. The combinations were as
follows; WCs plus CWs, CWs plus CFEs, and WCs plus

Concentration of cell fractions (ug/mé)

@ Control WC
@ Control CFE
BHeat treated (100C, 21min) CW

B Control CW
B Heat treated (100°C, 20min) WC
B Heat treated (100°C, 22min) CFE

Fig. 2. Effect of heat treatyment of BGN4 cell fractions on IL-6
production by RAW 264.7 cells.
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CFEs. Their final concentrations were 0, 0.5, 12.5 and
25 pg/ml, and each combination contained equal amount
of respective fractions. The results are shown in Fig. 1. A
synergistic effect was observed when mixed cell fractions
were used on the macrophage stimulation. Combination
of CWs and CFEs showed the highest stimulation. In
addition, sonicated WCs which was a mixture of different
cell fractions showed higher stimulation than WCs (Fig. 2).
When heated and unheated fractions were compared,
unheated fractions had much stronger stimulatory activity
than heated fraction (Fig. 3). The experimental values of
IL-6 production under the same treatment conditions or
the control values at the base line slightly differed from
experiment to experiment, but showed similar tendency.

DISCUSSION

Bifidobacterium and other lactic acid bacteria have been
previously shown to stimulate immune function [6, 12,
17]. Furthermore, Bifidobacterium and other lactic acid
bacteria can improve antitumor activity of the host [5, 23,
26]. It has been suggested that this activity may be due to
their ability to stimulate macrophages and T cells [7, 25].
Sekine et al. [26] have proposed critical roles of cytokines
played in the antitumor promoting properties of B. infantis,
however, the mechanisms by which such bacteria modulate
the immune response remains unclear. There is extensive
evidence that cytokines play pivotal roles in host defense,
inflammatory responses, and autoimmune disease [1, 2].
Park et al. [22] showed that both human and commercial
Bifidobacterium strains can stimulate hydrogen peroxide,
nitric oxide, TNF-alpha, and IL-6 productions, and this
effect was dependent on dose and strain. In the present
study, this phenomenon was further confirmed by the fact
that the stimulating activity of each fraction was different,
depending on the strain and the dose. This may explain
the reason of why different authors reported different cell

components of Bifidobacterium as immunomodifiers of
the host, including peptidoglycan, intra- and extra-cellular
polysaccharide products, CFEs, and CWs [6, 7, 9, 20, 22,
25,26]. Park et al. [22] suggested that even morphology
and composition of the Bifidobacterium cell might play an
important role in macrophage activation and showed that
the morphology of the Bifidobacterium varied depending
on the growth temperature, thus suggesting that even
the same strain may show varying stimulatory effect on
macrophage depending on the growth conditions or
environmental conditions to which Bifidobacterium was
exposed. Even further, processing conditions of the active
materials affect the [L-6 production by different degrees.
In the present study, heat treatment decreased the production
of IL.-6, and combination of cell fractions had a synergistic
effect on the production of IL-6. From the point of health,
a balanced immune state is desired, whereas too much
enhancement or too much suppression leads to the state
of various immune diseases. Therefore, the control of
activity of the immune cells is very important. Although
these organisms are incorporated into dairy foods or
pharmaceuticals, the benefits of these products have not
typically been backed by clinical and/or microbiological
studies. The present study provides some insight into how
and what to consider when designing the application of
the probiotic Bifidobacterium in order to provide health
benefits from the immunological standpoint. However,
further studies are necessary.

In conclusion, the results reported here showed that
various sources of Bifidobacterium increased the secretion
of several mediators by macrophage, thereby potentially
modulating the host immune response. The results also
showed that this stimulatory capacity was affected by dose
and strain of the Bifidobacterium strain. The in vitro
approaches employed here should be useful in future
characterization of understanding mechanism of the effects
of Bifidobacterium on gastrointestinal immunity and
exploitation of possible enhancement of the health benefits
using Bifidobacterium products.
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Fig. 1. The production of IFN-y, IgG2A, IL-4, and IgG1 by spleen cells in vitro.
C3H/Hel mice were orally sensitized on days 0, 1,2, 7, 14, and 21 with 50 ug of ovalbumin and 10 gg of choleratoxin at a total volume of 0.2 ml. The mice
were then fed a diet containing (wi/wt) 0.2% Bifidobacterium bifidum BGN4 for 21 days. Allergy mice were fed a diet containing (wi/wt) 0.2% cornstarch
powider instead of bacteria powder, Spleen cells were collected on day 30 and were cocultured with various Bifidobacterium strains powder for 72 h. The
amount of each of IFN-y, 1gG2A, TL-4, and [gGl in the supernatant wis measured by ELISAs. The data are representative of one of two independent

experiments, Bars represent mean+SEM of iniplicate cultures,
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Abstract

This study investigated whether orally administered probiotic bacteria (Bifidobacterium bifidum and Lactobacillus casei) and a
gram-negative bacterium (Escherichia coli) function as allergic immune modulators to prevent food allergy, according to the hygiene
hypothesis. C3H/HeJ mice were sensitized with ovalbumin (OVA) and cholera toxin for 5 weeks. After sensitization, the OVA-
induced mice that were not treated with bacteria had significantly increased levels of OVA-specific IgE, total IgE, and IgGl in sera,
as well as scab-covered tails. In comparison, groups treated with B. bifidum BGN4 (BGN4), L. casei 911 (L. casei), or Escherichia
coli MC4100 (E. coli) had decreased levels of OVA-specific IgE, total IgE, and IgG1, and decreased levels of mast cell degranulation
and tail scabs. OVA-specific IgA levels were decreased in BGN4- and L. casei-treated groups. In conclusion, administration of
E. coli, BGN4, or L. casei decreased the OVA-induced allergy response. However, a normal increase in body weight was inhibited
in the E. coli-treated mice and in the montreated mice groups during allergy sensitization. Thus, BGN4 and L. casei appear to be

useful probiotic bacteria for the prevention of allergy.

© 2005 Published by Elsevier B.V. on behalf of the Federation of European Microbiological Societies.

Keywords: Allergy; Bifidobacterium; Escherichia coli; Lactobacillus casei; Immunoglobulin E

1. Introduction

The prevalence of atopic disease has increased rapidly
around the world during recent decades [1,2]. Food al-
lergy is not entirely separate from other allergic reac-
tions such as eczema, asthma, and rhinoconjunctivitis.
An incidence of 90.5% of food allergy in patients with
atopic dermatitis and an increased risk of clinical sensi-
tivity to food in asthmatic patients were reported [3,4].

The so-called hygiene hypothesis attributes the
increasing prevalence of atopic diseases [5,6] to disease

* Corresponding author. Tel.: +82 2 880 8749; fax: +82 2 880 6282.
E-mail address: geji@bifido.com (G.E. Ji).

reduction resulting from vaccinations and improved
hygiene in industrialized countries. Specifically, the hy-
giene hypothesis suggests that modern methods of
hygiene and sanitation have decreased children’s expo-
sure to certain microbes and negative bacteria. The neo-
natal and early childhood periods are believed to be
critical periods for the establishment of the Th1-Th2
balance. Early infections during these stages are believed
to result in a Thl-biased immunity and to prevent the
induction of the pro-allergic Th2 system [7]. The intesti-
nal microflora established during infancy may be a
source for the induction of immune deviation, and the
flora composition may determine whether allergy disor-
ders develop [8]. Children who developed allergy during

0928-8244/$22.00 © 2005 Published by Elsevier B.V. on behalf of the Federation of European Microbiological Societies.
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the first two years of life were less often colonized with
enterococci, bifidobacteria, and bacteroides, and had
higher stool counts of Staphylococcus aureus and Clos-
tridium in comparison with healthy infants [9].

In an attempt to reverse these possible effects of re-
duced microbial exposure in early life, probiotics have
been administered to infants. Probiotics are tradition-
ally defined as live microbial food supplements that im-
prove intestinal microbial balance [10]. The frequency
of atopic eczema in a Lactobacillus GG-treated group
was half that in a placebo-treated group, suggesting
that Lactobacillus GG effectively prevented early atopic
disease in children at high risk [7]. Another study
showed that Lactobacillus casei might inhibit antigen-
induced IgE production by inducing interleukin-12
(IL-12) secretion by macrophages [11]. Specific mi-
crobes in the gastrointestinal of the host may promote
potentially anti-allergenic processes through induction
of Thl type immunity [12,13] and/or enhance the pro-
duction of transforming growth factor-f [14,15], which
plays an essential role in the suppression of T-helper 2
cell-induced allergy [10,16]. The splenic production of
Thl cell-associated cytokines, such as interferon-y and
interleukin-2, was higher in mice fed the L. casei Shi-
rota strain than in the control group [11]. Natural killer
(NK) cells [17] and cytotoxic T-cells [18] were also stim-
ulated by L. casei. These results suggest that L. casei
enhances cellular immunity, in which Thl cells may
play an important role. However, the precise mecha-
nisms by which probiotics inhibit allergy remain
unknown.

To compare the utility of probiotic and non-probiotic
bacteria for allergy prevention, we investigated the ef-
fects of the Bifidobacterium strain Bifidobacterium bifi-
dum BGN4, the Lactobacillus strain L. casei 911, and
the Escherichia coli strain E. coli MC4100 in an ovalbu-
min (OVA)-induced allergy mouse model. Additionally,
we investigated mechanisms relating to the immunolog-
ical effect of suppression on the OVA-induced allergy re-
sponse. To our knowledge, this is the first report to
assess the effect of probiotics in an orally sensitized food
allergy animal model. Thus, the method described in the
present study is probably better adapted to studying the
effect of probiotics on food allergies than previous
experimental studies in which antigens were intraperito-
neally injected.

2. Materials and methods
2.1. Mice

Three-week-old female C3H/HeJ mice weighing
11-13 g were purchased from Japan SLC (Hamamatsu,

Japan) and maintained on OVA-free chow. Mice were
sensitized at 5 weeks of age and each group included

six mice. Mice were kept in plastic cages, allowed free
access to water, and maintained on a 12:12 h light:dark
cycle in an environmentally controlled animal chamber.
The temperature and humidity were controlled at 23 * 1
°C and 55 * 10%, respectively. The animal experimenta-
tion guidelines of Seoul National University were
followed.

2.2. Microorganisms

B. bifidum BGN4 and L. casei 911 were used as they
were previously suggested to be promising probiotic
strains with regard to anti-cancerogenic activity [19,20]
and to have the ability to attach to human epithelial cell
lines [21]. E. coli MC4100 was used as gram-negative
bacterium. Bifidobacterium and Lactobacillus were
anaerobically cultured in Lactobacilli-MRS broth (Dif-
co, Detroit, MI, USA) containing 0.05% L-cysteine (Sig-
ma, St. Louis, MO, USA) at 37 °C for 24 h. The E. coli
MC4100 strain was cultured aerobically in LB broth
(Criterion, CA, USA) at 37 °C for 24 h. To prepare
the mouse diets, bacterial cells were collected by Mega
21R centrifuge (Hanil, Seoul, Korea) at 4000g for 40
min at 4 °C, and washed twice with sterile phosphate
buffer saline. Then the pellets were dried by the
FD5508 lyophilizer (Ilshin, Seoul, Korea) and mixed
with the mouse diet.

2.3. Intragastric antigen sensitization and treatment

Mice were deprived of diet for 2 h preceding the oral
sensitization. Sensitization was performed by intragas-
tric (ig) administration of 50 pg OVA with 10 pg of chol-
era toxin (CT) on days 0, 1, 2, 7, 21, and 35 using a
stainless steel blunt feeding needle. OVA (Sigma, St.
Louis, MO, USA) was used as the antigen. CT and con-
canavalin A (Con A) were purchased from Sigma (St.
Louis, MO, USA). Five groups of mice were used in this
study (Fig. 1). Mice in groups 2-5 were gavaged with 0.2
ml phosphate-buffer saline solution (PBS, pH 7.2) con-
taining OVA and CT. Mice in the naive group (group
1) were gavaged with PBS without OVA and CT as a
negative control. Mice in groups 2-5 were subjected to
the same OVA sensitization. Then mice in groups 3-5
were administered bacterial powder. Mice in group 2 re-
ceived OVA and CT but no bacteria as a sham control.
Bacteria-treated mice were fed 0.2% of lyophilized B.
bifidum BGN4 (BGN4), L. casei 911, or E. coli
MC4100 via a diet pellet. The concentration of bacteria
was tested in a preliminary study, which was not pub-
lished. Mice were fed the experimental bacterial powders
for 7 weeks, starting 2 weeks before the initial sensitiza-
tion, until they were finally sacrificed. To determine ser-
um antibody responses, tail vein blood was collected
weekly after the initial sensitization. Sera were stored
at —80 °C.
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Fig. 1. Experimental protocol: intragastric ovalbumin sensitization
and bacteria administration. Mice were sensitized on weeks 3, 4, 6, and
8 with ovalbumin and choleratoxin. Mice in group 3, group 4, and
group 5 were fed 0.2% lyophillzed BGN-4, L. casei, or E. coli in diet
pellet for 8 weeks starting 2 weeks before initial sensitization until
sacrifice, respectively. The naive mice in group 1 served as a negative
control. Mice in group 2 received PBS buffer instead of ovalbumin and
choleratoxin as a sham treatment.

2.4. Measurement of serum OV A-specific IgE, 1gGl,
1gG2a, total IgE, IgGl, IgG2a, spleen IL-5, IL-13, IgGl,
and 1gG2a levels

Tail vein blood was obtained weekly following initial
sensitization. Sera were collected and stored at —80 °C.
Levels of OVA-specific-IgE, IgG1, and IgG2a were mea-
sured using an enzyme-linked immunosorbent assay
(ELISA). Briefly, Nunc-Immuno-Maxisorp plates (Nunc,
Roskilde, Denmark) were coated with 5 pg ml~! of OVA
in coating buffer, pH 9.6 (Sigma, St. Louis, MO, USA)
overnight at 4 °C. Plates were blocked and washed. Sam-
ples were added to the plates and incubated overnight at 4
°C. Plates were washed, and biotinylated rat anti-mouse
IgE, IgG1, or IgG2a monoclonal antibodies (2 pg ml™")
were added to the plates for detection of OV A-specific
IgE, IgGl, and IgG2a, respectively, for 1 h at room tem-
perature. The reactions were developed with the
3,3",5,5-tetramethylbenzidine (TMB) substrate (Fluka,
Neu-Ulm, Switzerland) for 30 min at room temperature.
The color reactions were stopped with 6 N H,SO4 and read
at 450 nm. Equivalent levels of IgE, IgG1, or IgG2a were
calculated by comparison with a reference curve generated
with standards of total mouse IgE, IgGl, or 1gG2a,
respectively.

Total IgE, total IgGl, and total IgG2a from serum
were determined using ELISAs. To detect these antibod-
ies, plates were coated with 2 pg ml~! of rat monoclonal

anti-mouse IgE, IgGl, or IgG2a, respectively. Serial
dilutions of serum were added and then followed by
addition of 100 pl of a biotinylated rat monoclonal
anti-mouse IgE, 1gG1, or IgG2a. The houseradish per-
oxidase (HRP)-conjugated streptavidin, described
above, was used for detection, and plates were devel-
oped with the TMB substrate. IL-5 and IL-13 levels
from spleen culture supernatants were detected using
ELISA as described above. All of the antibodies used
in this study were purchased from Pharmingen (San
Diego, CA, USA).

2.5. Measurement of OV A-specific and total fecal IgA

Extracts of fecal pellets were prepared as described by
Marinaro et al. [22]. In brief, 100 mg of pellet was mixed
with 1 ml of PBS containing 0.1% NaN; and incubated
at 4 °C for 2 h. Then the pellet was vortexed for 10 min.
After centrifugation (4000g, 20 min), supernatants were
collected and stored at —70 °C. For the assays, plates
were coated with 5 ug ml~' of OVA in coating buffer.
After washing and blocking, 100 pl of fecal extracts were
added to individual wells and incubated overnight at 4
°C. Plates were then washed, and biotinylated rat anti-
mouse IgA monoclonal antibodies (2 pg ml~') were
added to the plates and incubated for an additional hour
at room temperature. After washing, avidin-peroxidase
was added for 1 h at room temperature. The reactions
were developed with TMB (Fluka, Neu-Ulm, Switzer-
land) for 30 min at room temperature. The color reac-
tions were stopped with 6 N H,SO,4 and read at 450
nm. Equivalent levels of IgA were calculated by compar-
ison with a reference curve generated with a mouse total
IgA standard.

For measurement of total IgA, plates were coated
with rat anti-mouse IgA capture antibodies (2 pg
ml~") in coating buffer. Plates were then blocked and
washed in the manner described above. Fecal extracts
(1:50 dilutions) were added to the plates and incubated
overnight at 4 °C. Plates were washed and then 100 pl
of biotinylated rat anti-mouse IgA were added to each
well. Subsequent steps were as described above. IgA lev-
els were calculated from a reference curve generated
with a mouse total IgA standard.

2.6. Histology

Mast cell degranulation during food allergy response
was assessed by examination of ear and tongue samples
collected immediately after sacrifice. Tissues were fixed
in 10% neutral buffered formalin, and paraffin sections
were stained with toluidine blue (Sigma, St. Louis,
MO, USA). Histologic scores were counted in a dou-
ble-blind manner; observers unaware of sample identi-
ties counted the degranulated mast cells in sections
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from mouse ears and tongues using light microscopy
(100x). Degranulated mast cells were defined as tolui-
dine blue positive cells with five or more distinctly
stained granules completely outside of the cells. Each
ear sample contained 200-900 mast cells.

2.7. Assessment of hypersensitivity reactions

Allergic symptoms were evaluated after sacrifice uti-
lizing a scoring system: 0, no symptoms; 1, puffiness of
the tail; 2, 1-2 scabs on the tail; 3, 3-4 scabs on the tail;
4, 5-6 scabs on the tail; 5, more than 7 scabs on the tail.
Scoring of symptoms was performed in a blind manner;
scores were evaluated by 10 individuals unaware of sam-
ple identities.

2.8. Statistical analysis

All data are presented as the means * standard error
of mean (SEM), indicated by bars in the figures. Data
were analyzed using SAS (Release 8.01, O, USA). Differ-
ences between immunoglobulin and cytokine levels in
the groups were analyzed by ANOVA followed by Dun-
can’s multiple range test for multiple comparisons. p val-
ues <0.05 were considered significant.

3. Results

3.1. Effect of BGN4, L. casei, and E. coli on IgE
production

To monitor the effects of the three bacterial treat-
ments, sera were obtained from each group of mice
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every week following OVA sensitization. The OVA-spe-
cific IgE levels in sera from each group at week 7, mea-
sured by ELISA, are presented in Fig. 2B. All three
groups administered 0.2% of BGN4, L. casei, or E. coli
had significantly lower OV A-specific IgE levels than the
sham group.

Total serum IgE concentrations were dramatically in-
creased in the sham group at weeks 6 and 7 (Fig. 2A).
However, total IgE levels in all three bacterial-treated
groups were not increased, and were significantly lower
than the sham group at weeks 6 and 7. The total serum
IgE levels in the three treated groups were not signifi-
cantly different at week 7 from the levels in naive mice
(naive, 295 + 25 ng ml~'; BGN4, 389 + 31 ng ml™!; L.
casei, 333 + 69 ng ml~'; E. coli, 314 + 78 ng ml™ ).

3.2. Allergic symptoms in the tail

Mice sensitized with OVA and CT had numerous tail
injuries. After administration of OVA and CT, sham-
treated mice started to scratch their tails, resulting in se-
vere injuries and bleeding (Fig. 3A). The severity of
OVA-induced allergic reactions in mice was scored
(Fig. 3B). The severity of tail injuries was significantly
reduced in the BGN4-, L. casei-, and E. coli-treated
groups compared with the sham group. BGN4 and L.
casei administration, but not E. coli administration, re-
duced the severity of symptoms in ear tissues.

3.3. Mast cell degranulation
Histologic analysis of ear and tongue tissues revealed

a significant increase in the number of degranulated
mast cells in OVA-immunized mice compared with naive

B 05
[ Naive
Sham
b B BGN4
0.4+ L.casei
E= E.coli
a
e
% 0.3
Qo
©
@
Q
2]
£
€ 0.2
3
a
©
>
]
0.1

0.0

Naive Sham BGN4 L.case iE.coli

Fig. 2. Effect of bacteria administration on production of total IgE and ovalbumin-specific IgE in serum from ovalbumin-sensitized mice. Sera from
all groups of mice were obtained weekly following initial ovalbumin sensitization. IgE levels were determined by ELISAs. Ovalbumin-specific IgE
levels were determined at week 7. Data are shown as means £ SEM of six mice per group. Different letters indicate significant differences determined

by Duncan’s multiple range test (p < 0.05).
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Fig. 3. Severity of allergy symptoms on the tail from ovalbumin-sensitized mice treated with BGN4, L. casei, or E. coli. Immunized mice showed
marked tail bruising and scabs. (A) Pictures of the tail from ovalbumin-sensitized mice treated with bacteria. Group 1, naive; Group 2, sham; Group
3, BGN4-treated; Group 4, L. casei-treated; Group 5, E. coli-treated. (B) Severity of allergy symptoms on tail of ovalbumin-sensitized mice was
evaluated utilizing a scoring system, and scoring was performed in a blind manner (p < 0.05).

mice (Fig. 4). Consistent with the elevated OVA-specific 3.4. OV A-specific mucosal IgA
IgE levels in sham-treated mice, the percentage of

degranulated mast cells in the sham group was much OVA-specific IgA levels in sham-treated mice were
greater than the percentage in the naive and bacteria- more than threefold higher than in BGN4- or L. casei-
treated groups. In the ear tissues, BGN4 or L. casei treated animals (Fig. 5). OVA-specific IgA in E. coli-
administration, but not E. coli-administration, reduced treated animals was higher than in BGN4- or L. casei-
the severity of symptoms. treated animals (naive, 101 £15 pg ml~'; sham,

Fig. 4. Effect of bacteria on percentage of mast cell degranulation in ovalbumin-sensitized mouse model. (A) Non-degranulated (arrow 1) and
degranulated mast cells (arrow 2) in ear sample. (B) Non-degranulated mast cells in tongue sample. (C) Degranulated mast cells in tongue sample
from ovalbumin-induced mice. (D) Percentage of degranulated mast cells in ear and tongue samples. Two to 900 mast cells infiltrated in the tissues
were counted, and mast cells with more than five released granules were defined as degranulated cells. Data shown are means = SEM of six mice per
group. Different letters indicate significant differences (p < 0.05, in ear and tongue sample).
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Fig. 5. Effect of bacteria on the production of ovalbumin-specific IgA (A) and total IgA (B) in fecal sample from ovalbumin-sensitized mice and
bacteria-treated mice. Fresh fecal pellets from each group were collected. Fecal extracts were prepared and ovalbumin-specific IgA levels were
detected by ELISAs. Data shown are means = SEM of six mice per group. Different letters indicate significant differences (p < 0.05).

102+ 11 pg ml™'; BGN4, 33+7 pug ml™"; L. casei,
21+ 5pugml™ " E coli, 121 + 21 ug ml™'). However, to-
tal mucosal IgA levels did not differ significantly among
groups.

3.5. Alteration of IgGI1 and IgG2a levels in sera

The levels of OVA-specific IgG1 were significantly
lower in BGN4- and L. casei-treated mice but not in
E. coli-treated mice compared to sham mice at week 7
(naive, 1099 + 495 ng ml~'; sham, 13,183 * 4223 ng
ml™'; BGN4, 5197+1017 ng ml™'; L. casei
3353+ 517 ng ml™'; E coli, 9531 £1811 ng ml™").
The levels of total IgGl in the BGN4-, L. casei-, and
E. coli-treated groups were significantly lower than in
sham mice (naive, 70 = 15 pug ml~'; sham, 139 * 36 pg
ml~'; BGN4, 62+58 pg ml™'; L. casei, 67+15 g
ml™'; E. coli, 55 + 10 pg ml~"). However, OVA-specific
IgGG2a and total IgG2a levels were not significantly dif-
ferent between the sham and bacteria-treated groups
(Fig. 6).

3.6. Effect of BGN4, L. casei, or E. coli on body weight

The initial mean body weights did not differ signifi-
cantly among the groups (Table 1). Although the body
weight of the sham group was greater than that of the
naive group at week 2, the mean body weight of the
sham group decreased below that of the naive group
at week 7. On the other hand, the mean body weights
of the groups treated with BGN4 or L. casei were similar
to the mean weights of the naive group. The mean body
weight of the E. coli-treated group was consistently low-
er than that of the naive group during the experimental
period.

4. Discussion

Our modified allergy model was developed from a
previously described peanut allergy murine model [23].
The oral sensitization method using OVA as the allergen
was employed, since it most closely mimics the route
through which human food allergies develop. The nor-
mal immune response to dietary proteins is associated
with the induction of oral tolerance, and when this ac-
tive immune suppression is abrogated, adverse reactions
to food proteins may arise. Because oral tolerance is ob-
tained on the mucosal site of the gastrointestinal system,
studies on food allergy need to be performed by admin-
istrating allergens through the intragastric or oral route.
Although the immune responses of mouse are not ex-
actly the same as those of human and the mouse model
is limited for the scoring of allergic symptoms, murine
models provide a useful tool to identify and test new
therapeutic strategies, and to expand our knowledge of
mechanisms underlying the development of food allergy
[24].

Though the precise pathogenic mechanisms involved
in food allergy after ingestion of OVA are unknown, the
increased OVA-specific IgE production and elevated
mast cell degranulation suggest that allergic response
was successfully induced, and that activated mast cells
might have contributed, at least in part, to the symp-
toms of food allergy response.

In the present study, BGN4, L. casei, and E. coli,
when administered orally prior to OVA-sensitization,
inhibited total IgE production and markedly reduced
OVA-specific IgE levels. Additionally, tongue samples
from bacteria-treated mice had significantly decreased
numbers of degranulated mast cells compared with the
sham group. These results demonstrate that bacteria
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Fig. 6. Effect of bacteria on the production of ovalbumin-specific IgG2a, ovalbumin-specific IgG1, total 1gG2a, and total IgGl in serum from
ovalbumin-sensitized mice and bacteria-treated mice. Levels of antibodies were detected by ELISAs. Data shown are means + SEM of six mice per

group. Different letters indicate significant differences (p < 0.05).

Table 1

Body weight of mice fed a diet containing (wt/wt) 0.2% of BGN4, L. casei, or E. coli lyophilized powder per mouse for 7 weeks™

Groups Week 2 Week 3 Week 4 Week 5 Week 6 Week 7
Naive 16.4 +0.2° 17.8 £0.2° 21.6 +0.4° 23.1 £0.3* 23.3%0.5" 23.8 +0.4%
Sham 17.7+0.3° 21.1 £0.6° 21.3+0.3° 224 +0.6%°° 21.6 +0.4%° 21.6 + 0.4
BGN-4 18.7 £ 0.5% 19.0+0.4° 20.0 + 0.6° 21.3 £0.7° 22.3%0.9* 22.7 +0.9%°
L. casei 18.0 £ 0.3%° 21.0 £0.3* 20.5+0.3%° 21.3 £0.2% 21.9 +0.6*° 23.2 +0.4%®
E. coli 18.0 £ 0.3%° 18.6 +0.4° 18.8 +£0.3¢ 20.2 +0.4° 20.2 +0.4° 20.3 + 1.0°

Values are given as means = SEM of six mice per group. Different superscripts indicate significant differences (p < 0.05).
A Experimental diets: naive, 0.2% cornstarch; sham, 0.2% cornstarch; BGN-4, 0.2% Bifidobacterium bifidum BGN-4; L. casei, 0.2% Lactobacillus

casei 911; E. coli, 0.2% Escherichia coli MC4100.

administration inhibited OV A-specific IgE synthesis and
thereby reduced the intensity of allergy symptoms.
Interestingly, tail wounds (clearly induced by oral
OVA sensitization in our mouse model) have not been
reported in other orally sensitized animal models. Be-
cause sera were collected via the tail vein every week,
all the mice had tail wounds. Wounds in the naive group

were gradually resolved without treatment, while
wounds in the sham group worsened. Just following sen-
sitization with OVA and CT, mice in the sham group,
but not the groups treated with BGN4, L. casei, or E.
coli, started scratching their own tails with their teeth,
which caused the tail wounds to bleed. Therefore, we
concluded that the tail wounds and itching were genuine
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OVA-induced allergic responses and that the experimen-
tal bacterial treatments prevented these OVA-induced
allergic symptoms.

Hessel et al. [25] showed that gram-positive bacteria
and gram-negative bacteria produced different cytokines
in human peripheral blood cells. The differences in OVA
specific fecal IgA levels and OVA specific serum IgG1l
levels among the experimental bacteria suggests that
these bacteria inhibit allergy responses in different ways.

BGN4 and L. casei apparently exerted tight control
over Thl action, and thereby repressed the production
of OVA-specific IgE, IgA, and IgGl. Lower levels of
IgA in BGN4- and L. casei-treated groups might have
been partially due to amelioration of CT-induced muco-
sal stimulation. CT, in combination with IL-4, has been
reported to increase the IgG1 response of lipopolysac-
charide (LPS)-activated spleen B cells in vitro [26]. Be-
cause C3H/HeJ mice are known to be defective in
Toll-like-receptor 4 (TLR4) (Toll-like-receptor) and
unresponsive to LPS, components other than LPS or
mechanisms not directly related to the LPS-TLR4-
dependent signaling pathways may play roles in the sup-
pression of IgE and allergy symptoms in the E. coli-trea-
ted group. Even in experiments that used LPS
responsive animal models, the effects of LPS on allergy
were not always the same. Park et al. [27] reported that
LPS administration prevented development of Th2 re-
sponses, pulmonary inflammation, and airway hyper-
responsiveness. However, other studies showed that
TLR4 might be necessary for the optimal development
of Th2 responses rather than Thl responses [28].

Normal growth in terms of weight was achieved in
the mouse groups fed either BGN4 or L. casei, but not
E. coli. Normal absorption of nutrients in the gastro
intestinal tract might have been inhibited by the allergy
response. The suppression of the allergy response by
BGN4 and L. casei might have contributed to normal
growth, whereas the pathogenic nature of E. coli might
have inhibited the normal growth of the experimental
mice.

In conclusion, the present results demonstrate that
oral administration of Bifidobacterium or Lactobacillus
prevents IgE-mediated OVA-hypersensitivity and main-
tains normal growth of OVA-sensitized mice, and that
traditional allergy symptoms were clearly blocked by
the bacterial treatments. Additional investigations
should help to elucidate the mechanisms involved in
OVA-hypersensitivity and identify ways to ameliorate
OVA-hypersensitivity.
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Abstract The effects of the cell viability and integrity of
Bifidobacterium on suppression of allergy were investigated.
C3H/Hel mice were sensitized on weeks 3, 4, 6, and 8 with
ovalbumin and choleratoxin to induce an allergic reaction.
Mice fed 0.2% of live, disrupted, or heat-killed Bifidobacterium
bifidum BGN4 in the pellets of their diet for 8§ weeks starting
2 weeks before initial sensitization differentially suppressed
the allergy response in terms of levels of IgE and IgG1 in their
sera, and symptoms on their tails. Viable Bifidobacterium was
more effective than disrupted or heat-killed cells in suppressing
the allergy. Growth inhibition, which occurred in the sham
group at week 4, did not occur in the treated groups. These
results show that Bifidobacterium has a suppressive effect on
the allergic response of mice, and that the viability and
integrity of the Bifidobacterium is required for effective
suppression in our experimental model.

Key words: Food allergy, IgE, Bifidobacterium

The beneficial effects of bifidobacteria on health have
been widely studied. Yoshioka et al [31] showed that
bifidobacteria predominated in the feces of breast-fed
infants, but that in the feces of bottle-fed infants, Escherichia
coli, Streptococcus faecalis, and Bacteroides sp. were more
frequent. Many beneficial effects of bifidobacteria have
been reported such as its anticancer activity [5], lowering
of plasma cholesterol [6], prevention of constipation [22],
and stimulation of the immune system [29]. Bifidobacteria
are also thought to protect against intestinal disorders.
Hotta et al. [9] investigated the effects of administration of
Bifidobacterium preparations on infant diarrhea, and Hattori
et al. [8] reported that the administration of Bifidobacterium
for 1 month to children with atopic dermatitis resulted in
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significant amelioration of their allergic symptoms, although
they did not find any correlation between changes in fecal
microflora and levels of allergic symptom:s.

There have been only a few studies of the anti-allergic
effects of lactic acid bacteria. Matsuzaki ef al. [21] showed
that oral administration of Lactobacillus casei Shirota
inhibited IgE production. Moreover, administration of L.
casei induced the formation of Th1 cell-associated cytokines,
such as IFN-y and 1L.-2, by spleen cells, but suppressed the
production of Th2-associated cytokines such as IL.-4, IL-5,
IL-6, and 11.-10. In addition, Shida ef al. [30] showed that
L. casei inhibited antigen-induced IgE by stimulating
secretion of IL-12 by macrophages. The mechanism by which
probiotics prevent allergic response is still unknown. One
possible basis of the decrease of IgE-mediated allergic
responses could be related to 1L-12. Identification of the
effective components or structural requirements of the
probiotics should be of value in exploiting their allergy
preventing potential. Several components of the Gram-
positive bacterial cell wall, e.g., capsular polysaccharides,
peptidoglycans, and lipoteichoic acids, stimulate the production
of IFN-y and TNF-a in murine cells, and of IFN-y in
human peripheral blood lymphocytes [4, 7, 15, 16, 26, 28].

In the present study, we characterized the immuno-
regulatory effects of peroral administration of live, heat-
killed, and disrupted cells of Bifidobacterium bifidum
BGN4 in a mouse model of food allergy. Our aim was to
identify an effective way of using Bifidobacterium to
prevent the occurrence of food allergies.

MATERIALS AND METHODS

Mice

Three-week-old female C3H/HeJ mice weighing 11-13 g
were purchased from Japan SL.C (Hamamatsu, Japan) and
maintained on ovalbumin (OVA)-free chow. Sensitization
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of the mice was started at 5 weeks of age, and six mice
were included in each group. The mice were kept in plastic
cages, allowed free access to water, and maintained on a
12:12 h light:dark cycle in an environmentally-controlled
animal chamber. Temperature and humidity were controlled at
23+1°C and 55+10%, respectively. The animal experimentation
guidelines of Seoul National University were followed.

Microorganisms

B. bifidum BGN4 was isolated from the feces of
Korean subjects, as described in a previous study [25].
Bifidobacterium and Lactobacillus were cultured anaerobically
in Lactobacilli-MRS broth (Difco, Detroit, MI, U.S.A.)
containing 0.05% vr-cysteine (Sigma, St. Louis, MO,
U.S.A.) at 37°C for 24 h. To prepare the mouse diets, live
bacterial cells were collected by centrifugation (Hanil,
Seoul, Korea) at 4,000 xg for 40 min at 4°C, and washed
twice with sterile phosphate-buffered saline. To prepare
heat-killed and disrupted cells, respectively, the bacteria
were exposed to 95°C for 30 min, or disrupted in a cell
disrupter (Stansted Fluid Power, Essex, U.K.) for 10 min.
The bacterial preparations were then lyophilized (Ilshin,
Seoul, Korea) and used as dietary components.

Intragastric Antigen Sensitization and Treatment

Mice were starved for 2 h preceding oral sensitization.
Sensitization was performed by intragastric (ig) administration
of OVA (50 pg) with 10 pg of cholera toxin (CT) on days
0, 1, 2, 7, and 21, using a blunt stainless steel feeding
needle. OVA (Sigma, St. Louis, MO, U.S.A.) served as the
antigen. CT and concanavalin A (Con A) were purchased
from Sigma (St. Louis, MO, U.S.A.). Five groups of mice
were used in this study (Fig. 1). The mice in groups 2 to 5
were gavaged with 0.2 ml phosphate buffer saline solution
(PBS, pH 7.2) containing OVA and CT, whereas the mice in
the naive group (group 1) were gavaged with PBS without
OVA and CT. Mice in groups 2 to 5 were subjected to the
same OVA sensitization, and the mice in groups 3 to 5
were administered bacterial powder, whereas those in
group 2 acted as sham controls and received OVA and CT
but no bacteria. The bacteria-treated mice were fed 0.2%
of lyophilized B. bifidum BGN4 (BGN4) in the form of
diet pellets of live cells, disrupted cells, or heat-killed cells.
They were fed the experimental bacterial powders for 7
weeks, starting 2 weeks before the initial sensitization until
they were killed. To assess serum antibody responses, tail
vein blood was collected weekly after the initial sensitization.
Sera were stored at —80°C.

Measurement of Serum OVA-Specific IgE, IgG1, 1gG2a,
and Total IgE from Sera

Sera were collected weekly from tail veins and stored at
-80°C. Levels of OVA-specific IgE, IgG1, or IgG2a were
measured by ELISA. Briefly, Nunc-Immuno-Maxisorp plates
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Fig. 1. Experimental protocol for intragastric ovalbumin
sensitization and bacterial administration.

Mice were sensitized on weeks 3, 4, and 6 with ovalbumin and cholera
toxin. Mice in group 3, group 4, and group 5 were fed 0.2% lyophilized
live cells, disrupted cells, or heat-killed cells of Bifidobacterium bifidum
BGNA4, respectively, in the pellets of their diet for 8 weeks, starting 2 weeks
before initial sensitization until sacrifice. The naive mice in group 1 were
administered PBS buffer instead of ovalbumin and cholera toxin, and the
mice in group 2 (sham) were administered corn starch instead of bacterial
powder. Each group consisted of 6 mice.

(Nunc, Roskilde, Denmark) were coated with 5 pg/ml of
OVA in coating buffer, pH 9.6 (Sigma, St. Louis, MO,
U.S.A.), overnight at 4°C. The plates were blocked and
washed. Samples were added to the plates and incubated
overnight at 4°C. The plates were washed again, and
biotinylated rat anti-mouse IgE, 1gG1, or IgG2a monoclonal
antibodies (2 pg/ml) were added for 1 h at room temperature
to detect OVA-specific IgE, 1gG1, and 1gG2a, respectively.
After incubation with horseradish peroxidase (HRP),
(Pharmingen, San Diego, CA, U.S.A.), the reactions were
developed with 3,3',5,5'-tetramethylbenzidine (TMB) substrate
(Fluka, Neu-Ulm, Switzerland) for 30 min at room temperature.
The color reactions were stopped with 6 N H,SO, and read
at 450 nm. Levels of IgE, 1gG1, or IgG2a were calculated
using reference curves generated with standards of total
mouse IgE, 1gG1, and IgG2a, respectively. Total IgE levels
in sera were also determined by ELISAs. The plates were
coated with 2 pg/ml of rat monoclonal anti-mouse IgE.
Serial dilutions of sera were added, followed by 100 pl
of a biotinylated rat monoclonal anti-mouse IgE. The
subsequent steps were as described above. All of the antibodies
used in this study were purchased from Pharmingen.

Measurement of OVA-Specific and Total Fecal IgA
Extracts of fecal pellets were prepared as described by
Marinaro et al. [20]. In brief, 100 mg of pellet was mixed
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with 1 ml of PBS containing 0.1% NaN; and incubated at
4°C for 2 h. The fecal pellets were mixed vigorously in
PBS for 10 min. After centrifugation (4,000 xg, 20 min), the
supernatants were collected and stored at -70°C. To assay
OVA-specific IgA, plates were coated with 5 pg/ml of OVA
in coating buffer. After washing and blocking, 100 pul of
fecal extracts was added to individual wells and incubated
overnight at 4°C. The plates were then washed, and biotinylated
rat anti-mouse IgA monoclonal antibody (2 pg/ml) was
added and incubated for 1h at room temperature. After
washing, streptavidin-peroxidase (Sigma) was added for
1 h at room temperature. The reactions were developed
with TMB for 30 min at room temperature, stopped with
6 N H,SO, and read at 450 nm. Equivalent levels of IgA
were calculated using a reference curve generated with
mouse total IgA as standard. To measure total IgA, plates
were coated with rat anti-mouse IgA capture antibodies
(2 pg/ml) in coating buffer, blocked and washed as described
above, and fecal extracts (1:50 dilutions) were added to the
plates and incubated overnight at 4°C. The plates were
washed and 100 pl of biotinylated rat anti-mouse IgA was
added to each well. The subsequent steps were as described
above. IgA levels were calculated from a reference curve
generated with mouse total IgA.

Assessment of Hypersensitivity Reactions

Allergic symptoms were evaluated after sacrifice using the
scoring system: 0, no symptoms; 1, puffiness of the tail; 2,
1-2 scabs on the tail; 3, 3-4 scabs on the tail; 4, 5-6 scabs
on the tail; 5, more than 7 scabs on tail. Symptoms were
scored blind manner, and the scores were evaluated by ten
individuals unaware of sample identities.
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Statistical Analysis

All data are presented as the mean+standard error of mean
(SEM), as indicated by the bars. Data were analyzed using
SAS (Release 8.01, NC, U.S.A.). Differences between
immunoglobulin and cytokine levels were analyzed by
ANOVA followed by Duncan’s multiple range tests for
multiple comparisons. P values <0.05 were considered
significant.

RESULTS

Effect of BGN4 on IgE Production

To monitor possible effects of the BGN4 fractions, sera
were obtained from each group. The OVA-specific IgE in
the sera of each group are presented in Fig. 2. Levels of
OVA-specific IgE and total IgE in the sham group were
significantly higher than those in the naive and BGN4-
treated groups at week 6.

Symptoms on Tails

Mice sensitized with OVA and CT showed some injuries
on their tails. After the administration of OVA and CT,
the sham mice started to scratch their tails, and caused
some injury including bleeding (Fig. 3). No injuries and
scratches were observed in the group treated with live
cells, whose symptom scores did not differ from those of
the naive group. The symptom scores on the tails of the
group treated with disrupted cells were lower than in the
sham group but higher than in the other groups, and
significantly higher than in the naive group. The symptom
scores in the group treated with heat-killed cells were

B
0.12
b 1 Naive
Sham
0.10 B Live
Disrupted
E= Heat killed

o
=

OVA-specific IgE (0.D)
o o
™ 8

o
5]

[T

0.00

Fig. 2. Effect of administration of bacteria on the levels of total IgE and ovalbumin-specific IgE in sera from ovalbumin-sensitized

mice.

IgE levels were determined by ELISAs. Total IgE and ovalbumin-specific IgE levels were determined on week 6. Data are means+SEM of 6 mice per group.
Ditferent letters indicate significant differences in Duncan’s multiple range tests (p<0.05).
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w

Scores, Symptoms on tail

Fig. 3. Severity of allergic symptoms on the tails of ovalbumin-sensitized mice treated with various components of Bifidobacterium

bifidum BGN4.

The immunized mice showed marked tail bruising and scabs. A. The tails of OVA-sensitized mice treated with bacteria. Group 1, naive; Group 2, sham;
Group 3, treated with live BGN4; Group 4, treated with disrupted BGN4; Group 5, treated with heat-killed BGN4. B. Severity of allergic symptoms on the
tails of OVA-sensitized mice. Data are means+SEM. Different letters indicate significant differences in Duncan’s multiple range tests ( p<0.05).

lower than in the sham group or the group treated with
disrupted cells (Naive, 1.3+0.2; Sham, 4.8+0.1; Live, 0.4+
0.2; Disrupted, 3.8+0.4; Heat-killed, 2.1+0.5, respectively).

OVA-Specific Mucosal IgA

We evaluated OVA-specific mucosal IgA and total IgA
levels in extracts of fecal samples collected on week 7
(Fig. 4). OVA-specific IgA in the BGN4-treated groups

A

14 - 1 Naive
Sham

B Live
12 ~ [E59 Fractionated
E=3 Heat killed
10 -
a a a

Total IgA in feces (ug/ml)
(=]

ATt

was significantly different from that in the sham or naive
groups. The levels of OVA-specific IgA in the live cell,
disrupted cell, and heat-killed cell groups were markedly
lower than those in the sham group. There were no differences
in total IgA levels between the five experimental groups
(OVA-specific IgA; Naive, 291.8+29.9 g/ml; Sham, 210.6+
34.5 g/ml; Live, 56.2+4.8 g/ml; Disrupted, 89.2+9.2 g/ml;
Heat-killed, 60.8+12.9 g/ml, respectively).
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Fig. 4. Effect of Bifidobacterium on the production of total IgA (A) and ovalbumin-specific IgA (B) in fecal samples from ovalbumin-

sensitized mice and bifidobacteria-treated mice.

Fresh fecal pellets from each group were collected on week 7. Fecal extracts were prepared and ovalbumin-specific IgA levels detected by ELISA. Data are
means+SEM of 6 mice per group. Different letters indicate significant differences in Duncan’s multiple range tests (p<0.05).
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Fig. 5. Effect of Bifidobacterium on the production of ovalbumin-specific IgG1 (A) and ovalbumin-specific IgG2a (B) in sera from

ovalbumin-sensitized and bifidobacteria-treated mice.

Levels of antibody were detected by ELISAs. Data are means+SEM of 6 mice per group. Different letters indicate significant differences in Duncan’s

multiple range tests (p<0.05).

IgG1 and IgG2a Levels in Sera

The levels of OVA-specific IgG1 in the sera of the
sham group on week 6 were significantly higher than
those of the naive group. The levels of OVA-specific
IgG1 in the live cell or heat-killed cell groups were as
low as in the naive group. The levels of OVA-specific
IgG1 in the disrupted cell group were higher than those
in the naive group. On the other hand, the levels of
OVA-specific 1gG2a in the sham group did not differ
from those of the naive group. There were again no
significant differences between the five experimental

groups (Fig. 5).

Effect of BGN4 Administration on Body Weight

Mean body weights did not differ between the five
experimental groups up to week 3 (Table 1). However, the
body weights of the sham group were lower than those of
the naive group on week 4, whereas no growth inhibition
was observed in the Bifidobacterium treated groups over
the experimental period.

DiIscusSIOoN

In the present study allergic responses were suppressed in
mice administered with Bifidobacterium. The suppressive
effect of live Bifidobacterium was higher than that of heat-
killed or disrupted cells. The suppressive effect may be due
to specific components of the administered Bifidobacterium.

It has been shown in several studies that the composition
of the microflora differs between healthy and allergic infants.
Bifidobacterium content was low in allergic infants, and
colonization with Staphylococcus aureus and enterobacteria
was high [1]. In other research, atopic infants had more
clostridia and fewer bifidobacteria than healthy infants
[11]. These studies suggested that the microflora affect
immune responses in allergic disease.

The gastrointestinal tract is a highly complex ecosystem
composed of host cells, nutrients, and microflora. This
ecosystem plays an important role in nutrition, physiology,
and regulation of the immune system. It is known that
bacteria in the microflora communicate with each other by

Table 1. Body weight of ovalbumin-sensitized mice and bifidobacteria-treated mice.

Groups Week 2 Week 3 Week 4 Week 5 Week 6 Week 7
Naive 15.1+0.2* 18.6+0.2° 20.2+0.3° 20.240.3® 22.1+0.4° 22.7+0.4°
Sham 14.8+0.3° 18.3+0.3" 17.440.3° 19.6+0.3" 20.6+0.9° 20.8+0.4°
Live 14.740.2° 17.8+0.3" 18.4+0.3° 20.1+£0.4% 20.5+0.4° 21.0+£0.4°

Disrupted 16.9+0.3° 19.0+0.2° 20.6+0.4° 21.5+0.3 21.2+0.5° 21.9+0.1°
Heat-killed 15.3+0.3° 18.6+0.4* 20.1+0.3° 21.3+0.4" 21.8+1.6™ 22.6+0.6"

Values are means+SEM of 6 mice per group.

Ditferent superscripts indicate significant differences as a result of Duncan’s multiple range tests (p<0.05).
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means of signals or antibiotic molecules, and this contributes
to maintaining a beneficial ecosystem in the gastrointestinal
tract. Microflora are influenced by dietary composition, age,
probiotics, and drugs [2]. In order to affect the immune
system, a microorganism must activate the lymphoid cells
of the gastrointestinal lymphoid tissue [19]. Probiotics
have been orally administered with the aim of affecting the
microflora. However, bacteria may be damaged by stomach
acids, bile salts, or pancreatic enzymes during their passage
through the stomach and small intestine. In consequence,
some of bacteria will reach the colon in the form of fragments
or dead cells, which might still have immunomodulatory
effects. Indeed, it is well known that immunomodulatory
effects on microflora are related to interactions between
the host immune system and bacterial components such
as the lipopolysaccharide of Gram-negative bacteria, or
lipoteichoic acid of Gram-positive bacteria. Namba et al.
[23] showed that lysozyme enhanced the adjuvant effect of
bacterial cell walls, and they suggested that bacteria are
usually broken up enzymatically in the human intestinal
tract, and that some components of the cells might be
converted in the process into a more immunologically
active form. These ideas have been supported by a report
that after being fragmented by ozone, bacteria still had an
immunomodulatory effect [10]. Therefore, we anticipated
that disrupted cells might be effective in suppressing the
allergy response. However, in the present study, disrupted
cells had a weaker suppressive effect than live or heat-
killed cells. The reduced production of OVA-specific IgE
and IgA may have resulted from tight control of the Th2
cells that recognize OVA-antigen. The relatively greater
reduction in IgG1 than in IgG2 suggests that the live
bacteria shifted the balance between Th1 and Th2 toward
Thl-type immunity. Although the active components of
bacterial cells on allergy are not fully understood, mechanical
disruption may damage some of the effective components
such that their suppressive effect on OVA-induced allergy
is related to their integrity.

In conclusion, the present study shows that viable and
intact Bifidobacterium are more effective than disrupted or
heat-killed cells in modulating the allergic response in
mice, after oral administration.
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Abstract Probiotics have been considered as preventive agents for the control of
inflammatory bowel disease (IBD). In this study, we assessed the immunomodulatory effect of
Bifidobacterium bifidum BGN4 on the control of IBD using the CD4* CD45RB"" T cell transfer
disease model. The mice were fed for 4 weeks with either a conventional diet containing only
skim milk or a diet containing skim milk with 0.3% (w/w) BGN4. The BGN4-fed mice showed
normal weight growth, fewer clinical symptoms such as thickened wall and inflammatory cell
infiltration, and lower levels of CD4" T lymphocyte infiltration and inflammatory cytokine
productions than the skim milk-fed mice with IBD in the large intestine. Suppression of these
cytokine productions, particularly IFN-y and MCP-1, through BGN4 treatment was also observed
in the in vitro co-culture between intestinal epithelial cells and T cells. These findings suggested
that a BGN4 supplemented diet could be helpful for the control of aberrant immune responses in
the intestinal tissue.

© 2006 Elsevier Inc. All rights reserved.

Abbreviations: I1BD, inflammatory bowel disease; SCID, severe
combined immunodeficiency; Th, T helper; Ig, immunoglobulin; IL,
interleukin; IFN-v, interferon y; TNF-a, tumor necrosis factor-a;
MRS broth, de Man, Rogosa, Sharpe broth; PBS, phosphate buffered
saline; mAb, monoclonal antibody; CD, Crohn’s disease; UC,
ulcerative colitis; TLR, toll-like receptor; DC, dendritic cell; KO,
knock out; GITR, glucocorticoid-induced TNFR family-related gene.
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Introduction

Inflammatory bowel disease (IBD) has been divided patholo-
gically into two categories of morbus, Crohn’s disease (CD)
and ulcerative colitis (UC), but the mechanism involved in
the immunopathological and genetic basis of IBD is not yet
fully understood [1]. Experimental and epidemiological
studies suggest that the host disorders in the function of

1521-6616/$ — see front matter © 2006 Elsevier Inc. All rights reserved.
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the immune system are the major contributing factors for
the development of IBD [1]. For example, disruption or
manipulation of genes encoding cytokines, cytokine recep-
tors, or immunological molecules (e.g. T cell receptor «
chain) results in the induction of IBD symptoms, which are
mainly observed in the large intestinal compartments of
experimental mice [2,3]. Furthermore, the microenviron-
ment of the intestinal tract has been shown to contribute to
the development of IBD. Thus, it was demonstrated that
gene manipulated mice lacked IBD development in germ-free
conditions [4]. It was also shown that antibiotic treatment
attenuated the disease sensitivity of the gene manipulated
mice [4-6]. These findings imply that the onset of IBD is
associated with the interaction of the host immune system
and the bacterial flora residing in the gut of the host.

Recent findings have shown the beneficial effects of
probiotics on IBD [7]. Probiotics are strains of defined
microorganisms that confer health benefits through many
diverse ways. These include the production of various
antimicrobial products, competitive exclusion of enteric
pathogens, and modulation of mucosal immune responses
[8]. Based on the anti-inflammatory effect of probiotics in
vivo and ex vivo [7,9], several strains have been examined
for their potential use in IBD therapy [10,11]. In
particular, probiotic application to prophylactic supple-
ments has been investigated [8]. Moreover, genetically
modified probiotics system has been also applied to
murine colitis models using artificially engineered Lacto-
coccus lactis secreting inhibitory cytokines such as inter-
leukin (IL)-10 [12].

Bifidobacterium is the most abundant flora in breast-fed
babies [13], however the amount of flora sequentially
decreases after the weaning period. The reduction of
bifidobacterial flora is also observed in Crohn’s disease
patients through epidemiological studies [14]. Supplemental
Bifidobacterium has been shown to execute health promot-
ing effects by their immunomodulatory function and has
been tested for their application in the possible prevention
and therapy of IBD [10,15]. Bifidobacteria secretes non-
protein, lipophilic antibacterial compounds and inhibits
colonization of diarrheagenic bacteria [15]. Significantly
reduced levels of inflammatory cytokines such as TNF-a and
IFN-vy are observed in the culture of intestinal immunocytes
from Bifidobacterium infantis-fed mice [10]. Thus, Bifido-
bacterium is considered to play an important role for the
creation of a well balanced intestinal immunity.

In our previous study, Bifidobacterium bifidum BGN4
(BGN4), when compared with the other strains, exhibited a
prominent adhesive capacity for intestinal epithelial cells,
which is one of the desirable properties for a probiotical
effect [16]. BGN4 also exhibited high immunomodulatory
activities such as IL-10 production when the BGN4 was co-
treated with a pathogenic bacterial fraction (unpublished
data). These findings allow for the hypothesis that the oral
feeding of BGN4 is effective for the prevention of IBD due to
its anti-inflammatory properties. To address this hypothesis,
we employed the CD4* CD45RBMe" T cell transfer model for
the induction of IBD because the disease is well established as
the Th1-type cytokine-derived hyper-response associated
disease [1,17-19]. In addition, it has been shown that the
symptoms were spontaneously and specifically developed in
the colon [18,19] as the diversity of enteric flora decreased in

the diseased mice [20]. These results allowed us to consider
the critical role of probiotic BGN4 for the control of IBD.
Thus, the aim of this study is to investigate the preventive
effect of BGN4 on the CD4* CD45RB"¢" T cell-mediated IBD.

Materials and methods
Experimental animal

Eight-week-old female BALB/c (H-29), C57BL/6 (H-2P),
C.B-17/lcr (H-29), and severely combined immunodeficient
(SCID) C.B-17/Icr (C.B-17/Icr-Scid/Scid; H-29) mice were
purchased from Japan Clea (Tokyo, Japan). All mice were
housed in microisolator cages and fed sterilized food and tap
water ad libitum.

Bifidobacterial cultures and diet

The identification and characterization of BGN4 have been
previously reported [21]. BGN4 were cultured anaerobically
in MRS broth (Difco, Detroit, MI, USA) containing 5% lactose
(wt/vol, MRSL) at 37 °C until late log phase. The cells were
collected by centrifugation at 1000xg for 15 min at 4 °C and
washed twice with PBS followed by a final washing with
distilled water. They were dried by Speed-Vac (Speed-Vac
Instruments, INC., NY, USA). Lastly, freeze-lyophilized BGN4
(10" CFU/g) was mixed with skim milk, which was used as a
cryoprotectant agent and mixed in the regular diet. Thus,
the diet containing 0.3% (per gram of regular diet) skim milk
with BGN4 (BGN4-fed group) and the diet containing only
0.3% skim milk (skim milk-fed group) were prepared and used
in this study.

Murine experimental design

The CD4* CD45RB"e" T cell transfer colitis model was used
[17-19]. Purified splenic CD4* CD45RBMeM T cells (5x10°
cells) were adoptively transferred by intraperitoneal injec-
tion into the recipient C.B-17/lcr SCID mice. Immediate after
the transfer of CD4* CD45RB"e" T cells to the recipient, the
BGN4-fed group consumed 0.3% probiotics powder of BGN4 in
skim milk/g of regular diet, while the control group
consumed the diet containing 0.3% skim milk (per gram of
regular diet) without BGN4. Each group of mouse consumed
3-5 g of diet per day, mice in the BGN4-fed group therefore
consumed 0.9-1.5x10° organisms per day. Before sacrificing
of the mice, a fecal sample was collected and analyzed for
bacteria at the Research Foundation for Microbial Diseases of
Osaka University (Osaka, Japan) [22]. The mice were
individually monitored for their weight loss, loose stools,
bloody diarrhea, and rectal prolapse [23]. Mice from both
groups were sacrificed and analyzed after 4 weeks from the
adoptive transfer.

Isolation of mononuclear cells from the spleen,
small intestine, and large intestine

The spleen was aseptically extirpated, and single-cell
suspensions were prepared by a standard mechanical disrup-
tion procedure. Intestinal lymphocytes were isolated from
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the lamina propria region of the intestine as previously
described [24]. Briefly, the small and large intestines were
dissected after removing the Peyer’s patch. Freshly dissected
intestine was opened longitudinally, washed thoroughly, and
cut into small fragments. Epithelial cells and intraepithelial
lymphocytes (IEL) were removed from the intestinal tissue by
incubating in RPMI1640 (GIBCO) (containing 1 mM EDTA) and
shaking vigorously with RPMI1640 (containing 2% FCS). The
specimens were then minced and stirred at 37 °C in RPMI1640
(containing 1 mg/ml of collagenase 1V, Sigma, St. Louis, MO,
USA). After additional washes with RPMI1640 (containing 2%
FCS), cell suspensions were passed through a 40-um
membrane to remove incompletely dissociated epithelial
tissue sheets and were then separated using discontinuous
40% and 75% percoll (Amersham Pharmacia Biotech, Amer-
sham) gradient centrifugation. After washing twice with
RPMI1640 (containing 2% FCS), the cells were used for the cell
culture and flow cytometric analysis.

FACS analysis and cell sorting

Isolated mononuclear cells from the spleen and intestine
were pre-incubated with anti-CD16/32 mAb (2.4G2; BD
Pharmingen) for 15 min at room temperature for pre-
occupation of non-specific Fc binding site [23]. The following
Abs were purchased from BD Pharmingen and used for
staining: FITC- or PE-conjugated anti-mouse CD4 (RM4-5),
CD69 (H1.2F3) and CD45RB (16A) mAbs. The percentage of
cells expressing surface markers and the intensity of
expression were determined by FACS Calibur (Becton Dick-
inson, San Jose, CA, USA) and CellQuest software (BD
Immunocytometry Systems, San Jose, CA, USA) [24].

To obtain CD4* CD45RBMe" cells, the MACS microbead
system (Miltenyi Biotech) was used to deplete the CD8",
CD11b*, CD11c*, CD19*, and B220* cells by negative selec-
tion according to the manufacturer’s instruction. The
resulting CD4"-enriched population was then labeled with
FITC-conjugated anti-CD4 Ab and PE-conjugated anti-
CD45RB Ab. Subpopulations of CD4* cells were isolated by
two-color sorting on a FACS Aria (BD Biosciences) [24]. The
CD45RBM"e" were defined as the brightest staining cells,
which consisted of 40-50% CD4* T cells. All populations were
>98% pure based on the re-analysis by flow cytometer.

Cell culture and cytokine measurement

Isolated mononuclear cells from the spleen (5x10° cells/
well) and lamina propria of the large intestine (3x10° cells/
well) were cultured in RPMI1640 containing 10% FCS, 2 mM
L-glutamine, 0.05 mM 2-ME and 1% penicillin/streptomycin
[22]. Culture supernatants were harvested after 48 h and
TNF-a, IFN-y, MCP-1, IL-6, IL-2, IL-4, IL-5, and IL-10
production were determined by a commercially available
CBA-kit (BD Biosciences).

Co-culture of CMT93 murine epithelial cell line and
lymphocytes together with BGN4

Modified co-culture system was adopted from a previous
report [25]. CMT93, derived from a mouse rectal carcinoma
(H-2P), was co-cultured with homologous haplotype lympho-

cytes from C57BL/6 (H-2P) to mimic the intestinal environ-
ment. For the transwell culture, 6x10° cells of CMT93 were
seeded into a microporous membrane insert (0.6 cm?
surface, 0.4 um pore diameter; Millipore) in Dulbecco’s
modified Eagle’s medium supplemented with 10% FCS and 1%
penicillin/streptomycin. After confirming CMT93 confluent
layer using transepithelial electrical resistance (TEER;
Millicell ERS Ohmmeter, Millipore, Eschborn, Germany), the
inserts were placed into 24-well plates (Costar, Corning),
precoated with 2 pg/ml anti-CD3 mAb (145-2C11; BD
Pharmingen), and 2 pug/ml soluble anti-CD28 mAb (37.51,
BD Pharmingen) in order to culture with the isolated
lymphocytes from the spleen of C57BL/6. The confluence
of the cells was confirmed by the TEER exceeding the cut-off
point of 480 Q cm?. BGN4 (heat killed suspension in DMEM,
100 pg/ml) was added in the upper well and cytokine
secretion level of bottom well containing lymphocytes was
measured after 48 h of incubation.

Histological analysis

The spleen, small intestine, and large intestine were fixed in
4% paraformaldehyde and embedded in paraffin. Sections
(5 um) were stained with hematoxylin and eosin (H&E) for
the analysis of the overall shape, architectural distortion,
and the degree of lymphocyte accumulation [24].

Statistical analysis

Significant differences between the mean values were
determined by a two-sided Student’s t test. Data are
expressed in a standard error of the mean (SEM). p values
less than 0.05 are considered statistically significant.

Results

BGN4 rescued body weight loss and tissue
hypertrophy in the CD4* CD45RB"" T cell induced
IBD

To assess the role of BGN4 feeding on the development of
IBD, we employed the murine model of CD4* CD45RBMeh T
cells transfer to SCID mice [17—-19]. Two groups of mice were
fed for 4 weeks, one group with a conventional diet
containing skim milk and 0.3% (w/w) BGN4 (BGN4-fed
group) and a second group with a conventional diet contain-
ing skim milk only (skim milk-fed group). We initially
measured the body weight loss as one of the well
documented monitoring items for IBD symptoms. Consistent
with previous studies [17-19], the skim milk-fed mice
showed a gradual body weight loss (Fig. 1A). Additionally,
we of course observed a normal weight growth in control
mice that received whole CD4* T cells even when mice were
fed with skim milk diet. The body weight loss in the skim
milk-fed mice was concurrent with other IBD symptoms, such
as gross hair, rectal bleeding, and incomplete formation of
bowel contents (data not shown). Conversely, the develop-
ment of body weight loss and other clinical symptoms was not
observed in the BGN4-fed group. Further pathological
analyses showed that the large intestine of the skim milk-
fed mice possessed loose stools and gross colitis, whereas the
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Figure 1

Body weight growth and gross view of the intestine and spleen in BGN4- and skim milk-fed mice. (A) The change in body

weight was monitored during 4 weeks in CD4* CD45RB™E" transferred SCID mice treated with BGN4 or with skim milk. As a control, a
group of mice received whole CD4" T cells was fed with skim milk. Each group contained 5 mice. Data are expressed as a mean of
standard error (SEM). P value means the significant difference between BGN4-fed mice and skim milk-fed mice. (B) After 4 weeks,
each group of mice was sacrificed and the condition of the intestine and spleen was examined. (C) Numbers of isolated lymphocytes
from the spleen, small intestine, and large intestine were compared between the BGN4-fed mice and the skim milk-fed mice. Data are
expressed as the mean value of SEM (**p=0.007, ****p<0.0001 versus skim milk-fed mice).

BGN4-fed mice showed normal shapes of intestinal gross
architecture (Fig. 1B). In addition, the total number of
isolated lymphocytes in the spleen and large intestine of the
skim milk-fed mice was significantly higher than that of the
BGN4-fed mice (Fig. 1C). These results demonstrate the
preventive effect of BGN4 on the development of IBD and
suggest that the administration of probiotic bacteria can
contribute to the normalization of homeostasis of the
intestinal immunity.

In the next experiment, we analyzed the composition
of bacteria following BGN4 administration. The feces
were isolated for the analysis of bacterial composition
including those of E. coli and Bacteroides. Interestingly,
the number of representative intestinal bacteria, E. coli
and Bacteroides, were focused and did not show any
significant modification between the skim milk-fed and
the BGN4-fed groups (data not shown). The other
bacterial strains such as aerobic Gram-positive rod,
anaerobic Gram-negative rod, Proteus mirabilis, «-Strep-
tococcus, Coagulase-negative staphylococci, and Entero-
coccus species appeared in the fecal analysis, however,
significant difference was not observed between the
BGN4 and skim milk-fed mice.

Prevention of lymphocyte accumulation in the
spleen and large intestine by BGN4 feeding

Since BGN4 effectively prevents IBD symptoms without
change of intestinal microflora (Fig. 1), we theorized that

BGN4 might modulate the intestinal immune system. To
test this hypothesis, histological analysis was performed to
examine the infiltration of the lymphocytes into the spleen
and large intestine of SCID mice after adoptive transfer. It
is well established that a normal spleen is largely
composed of white and red pulp. White pulp is circular in
structure and is made up of a B cell zone and peripheral
sheaths mainly containing T cells, while the red pulp
surrounds the white pulp and contains a large number of
erythrocytes, macrophage, and DC [26]. In this regard,
intact SCID mice showed an immature shape of the spleen,
that is, the segmentation of white and red pulps was not
clearly identified (Fig. 2A). In the case of the BGN4-fed
group, the whole morphology of the spleen looked similar
to the pattern of normal ICR mice, although the lympho-
cytic density was low. In contrast, skim milk-fed mice
showed an irregular and highly concentrated lymphocyte
accumulation. Moreover, a distinct histological change was
seen in the spleen of mice adoptively transferred with CD4*
CD45RBMe" T cells in this study (Fig. 2A).

H&E staining showed severe lymphocyte accumulation
in the lamina propria region of the distal colon in the
skim milk-fed group, while a lower level of infiltrated
lymphocytes was detected in the BGN4-fed group (Fig.
2B). Interestingly, thickened wall and crypt elongation
observed in the large intestine of the skim milk-fed mice
were not seen in the BGN4-fed group (Fig. 2B). Moreover,
the reduction of goblet cells was ameliorated by the
BGN4 feeding (Fig. 2B). Based on the clinical criteria and



FON061117.indd 117

Life-style Related Diseases

Yoshikawa T (ed): Food Factors for Health Promotion.
Forum Nutr. Basel, Karger, 2009, vol 61, pp 117-128

Probiotics in Primary Prevention of
Atopic Dermatitis

Geun Eog Ji

Department of Food and Nutrition, Seoul National University, Seoul, South Korea

Abstract

The incidence of allergic diseases has been increasing in industrialized countries during recent years.
Although several environmental factors are thought be involved, lack of moderate level of microbial
challenges during the infantile period is known to skew the immune status toward the development
of allergic diseases. Various strains of probiotics such as Bifidobacterium, Lactobacillus, and
Lactococcus have been assessed for their ability to suppress the occurrence of atopic dermatitis (AD)
in animal models and human studies. Although the effect of probiotics on allergic responses is dif-
ferent depending on the strains, doses, and experimental protocols, animal studies generally have
shown immunomodulatory activities of probiotics including suppression of specific or nonspecific
IgE production, reduction of infiltrated eosinophils and degranulated mast cells, potentiation of
regulatory T cell cytokines such as IL-10 and TGF-{ relative to IL-4 and IL-5, and potentiation of Th1/
Th2 activity along with reduced symptoms of AD. Several well-designed double-blind placebo-con-
trolled human studies showed that some probiotic strains administered during perinatal period pre-
vented the occurrence of AD but could not consistently show a reduction in specific or nonspecific
IgE or a change in specificimmunomodulatory cytokines. Taken together, published results suggest
that the administration of selected strains of probiotics during the perinatal period may be helpful in
the prevention of AD. Copyright © 2009 S. Karger AG, Basel

The gastrointestinal (GI) tract is an immune organ which is continuously exposed
to antigens in the form of food, normal bacteria, and pathogens. Despite the numer-
ous antigenic challenges, the mucosal immune system ordinarily maintains GI
homeostasis through the orchestrated actions of the various mucosal immune cells.
Bifidobacterium and Lactobacillus are major components of the commensal microbes
in the GI tract and are frequently used as probiotics. They are known to benefit
various physiological responses of the host including immunomodulatory activity.
Recently, the potential use of probiotics in the prevention of allergy has drawn con-
siderable attention.
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New types of disease are emerging in the modern society. Among those diseases,
atopic dermatitis (AD) is one of the most disturbing problems in the developed coun-
tries including USA, Europe, and Japan [1]. Prevalence of allergy tends to be lower in
the families with a higher number of siblings, and the incidence of allergic diseases is
higher in urban areas than rural areas. These observations underline the importance
of environmental factors in the occurrence of allergic diseases [1]. In accordance
with the phenomenon mentioned above, the so-called ‘hygiene hypothesis’ was put
forward [2]. According to the hygiene hypothesis, the use of vaccine and antibiotics
and the improved sanitation reduced the incidence of infectious diseases in children.
As a result, immune challenges were reduced, which suppressed the potentiation of
Thl- relative to Th2-immunity and increased the occurrence of allergy-related dis-
ease in children. However, the development of allergy turned out to be more compli-
cated than a simple Th1/Th2 balance theory since an abnormally high level of Th1 or
weak activity of regulatory T cells could lead to the occurrence of allergy or allergy-
mediated inflammation. The analysis of epidemiological studies and human clinical
studies by Flohr et al. [3] showed that the incidence of hepatitis virus, Helicobacter
pylori, tuberculosis, and herpes simplex infections in infants and children was asso-
ciated with higher frequencies of allergic diseases even though these infections are
associated with the increase in Th1 immunity at the infected sites. These contradic-
tory circumstances with the hygiene hypothesis and alleged increase in allergy from
either too strong Th1- or Th2-mediated immunity called for a new hypothesis that
consider regulatory cells T cells such as Treg as a crucial modulator in the prevention
of allergic disorders (fig. 1). Mice raised in a germ-free environment failed to develop
oral tolerance and had a persistent Th2-dependent immune response, while reconsti-
tution of intestinal microbes during the neonatal period could reverse this immune
deviation [4]. Therefore, establishment of normal intestinal microflora may be cru-
cial in the maintenance of normal gut barrier function and development of tolero-
genic immune status [5]. In addition, exposure to farm animals, pets, and day care
environment during infantile period are known to be helpful for the introduction of
benign challenges including various nonpathogenic microorganisms, which leads to
the establishment of protective immunity against allergic disorders in infants. Infants
with AD or other allergic diseases show less intestinal colonization of Lactobacillus or
Bifidobacterium and more colonization of Clostridium relative to nonallergic infants
[6]. In this context, the potential immune regulatory effect of the probiotics in regard
to the prevention of allergy has attracted considerable interest among clinical doctors,
food microbiologists, and nutrition scientists.

Probiotics in Primary Prevention of Atopic Dermatitis in Human Studies
In the study by Alm et al. [7], the incidence of allergy was lower among the children

grown in the family frequently eating traditional lactic bacteria-fermented foods than
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Fig. 1. Relationship between microbial challenge and occurrence of allergy.

those eating mainly sterilized foods. Recently, the administration of probiotic bacteria
was reported to help maintain anti-inflammatory and tolerant immunity, which led
to the lower prevalence of allergy in the subjects. In our double-blind, randomized
placebo-controlled human trial, infants who were perinatally administered a combi-
nation of B. bifidum BGN4, B. lactis ADO11, and L. acidophilus AD031 showed sig-
nificantly lower prevalence and cumulative incidence of AD than the placebo group
[unpubl. data]. Hattori et al. [8] reported that the children with AD and low number
of intestinal Bifidobacterium colonization showed amelioration of allergic symptoms
when lyophilized Bifidobacterium was administered orally. In a double-blind, ran-
domized, placebo-controlled trial, prenatal supplementation of Lactobacillus reuteri
ATCC 55730 (1 x 108 colony forming units daily) in mothers from gestational week
36 until delivery and subsequent postnatal supplementation in babies from birth until
12 months of age resulted in less IgE-associated eczema at 2-year follow-up, although
a preventive effect of probiotics on infant eczema was not confirmed [9]. The oral
administration of combined L. rhamnosus and L. reuteri improved the extent of the
eczema and decreased serum eosinophil cationic protein levels in children [10]. The
effect was more pronounced in patients with a positive skin prick test response and
elevated IgE levels. Supplementation of B. lactis Bb-12 or L. rhamnosus GG to the
infants with atopic eczema during the weaning period reduced the extent and sever-
ity of atopic eczema, which was accompanied by the reduction in serum CD4 and
urine eosinophilic protein X. Results from the above two clinical studies suggest that
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probiotics may improve the symptoms of inflammatory responses in allergic dis-
eases beyond the intestinal milieu [11]. An increased traffic of circulating CD34+
hemopoietic precursor cells has been suggested to be a key factor in systemic allergic
inflammation [12]. In the 14 6- to 48-year-old allergic patients with clinical symp-
toms of asthma and/or conjunctivitis, rhinitis, urticaria, AD, food allergy and irritable
bowel syndrome, the number of circulating CD34+ hemopoietic precursor cells was
decreased when a mixture of L. acidophilus, L. delbrueckii, and Streptococcus thermo-
philus was administered for 30 days [12]. The possibility of transferring immune reg-
ulatory cytokine from mother to infant through mother’s milk was suggested. When
62 pairs of mother and infant were supplemented with probiotics during pregnancy
and the breastfeeding period, the level of TGF-f2 was higher in the breast milk from
mothers in the probiotics group than from the control group mothers. The incidence
of atopic eczema was significantly lower in infants born to the probiotics group moth-
ers even at 2 years after delivery [13]. This result suggested that probiotics adminis-
tered to mothers during pregnancy or breast feeding period increased the immune
protective ability of the mother’s milk and contributed to the protection of infants
from suffering atopic eczema. Positive clinical effects of L. rhamnosus GG on the pre-
vention of AD in infants gained attention of the scientific community and generated
enthusiasm to use probiotics for the prevention and treatment of various diseases
related to the allergy. When L. rhamnosus GG was administered to pregnant moth-
ers and subsequently to infants after delivery, the incidence of AD was reduced by
half in comparison with the placebo group [14]. However, a more recent study which
employed almost identical study design showed that supplementation of Lactobacillus
GG (5 x 10° CFU twice daily during pregnancy and early infancy) did not reduce the
incidence or severity of AD in affected children. Instead, it was associated with an
increased rate of recurrent episodes of wheezing bronchitis [15]. The effect of differ-
ent probiotics on children with milk allergy was compared between those fed L. rham-
nosus GG and those fed mixed probiotics with 4 strains. Levels of plasma IL-2, IL-4,
IL-6, IL-1, TNF-a, TGF-B1, TGF-B2 and C-reactive protein were compared. Among
them, levels of C-reactive protein and IL-6 were higher in the L. rhamnosus GG group
and the level of IL-10 was higher in the probiotic mixture group. As C-reactive pro-
tein and IL-6 are inflammatory cytokine markers and IL-10 is an immune suppressive
regulatory factor, the administration of L. rhamnosus GG was thought to increase
inflammatory immunity. The potential inflammatory nature of L. rhamnosus was
apparent in its association with endocarditis and liver abscess in very rare cases [16,
17]. Therefore, despite the considerable number of reports on the beneficial effect of
L. rhamnosus GG on health, caution is warranted for consumption of L. rhammnosus
GG by the patient with infectious or inflammatory diseases. More recently, it has been
reported that there is an increased risk of mortality in patients with predicted severe
acute pancreatitis who use prophylactic probiotics [18]. Another negative result of
Lactobacillus use was reported. In a randomized controlled trial, supplementation of
L. acidophilus (LAVRI-A1) for the first 6 months of life did not reduce the risk of AD
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in high-risk infants but was associated with increased risk of subsequent cow’s milk
sensitization [19].

Recently, two meta-analyses of clinical trials on the prevention and treatment of
pediatric allergic diseases by the administration of probiotics have been published.
Osborn and Sinn’s [20] meta-analysis of five studies reporting the outcomes of 1,477
infants showed a significant reduction in infant eczema but no significant reduction
in atopic eczema confirmed by the skin prick test or specific IgE, though there was
significant and substantial heterogeneity between studies. Lee et al. [21] conducted a
meta-analysis of 10 double-blind randomized controlled clinical trials which pooled
data from 6 prevention studies (n = 1,581) and 4 treatment trials (n = 299) by using
fixed effects and random effects models of relative risk ratios and of weighted mean
difference, respectively. The results supported the preventive effect of probiotics on
pediatric AD but not the treatment effect.

As described above, most of the studies on the prevention of allergic diseases have
been conducted in infants or children with AD symptoms. A decrease in allergic
symptoms and lower levels of total IgE throughout the year were also shown in the
elderly people (55-70 years old) consuming yogurt with live culture for 1 year but
not in those consuming pasteurized yogurt [22]. However, further studies with well-
designed, placebo-controlled clinical protocols are needed to determine whether any
specific probiotic strain may be useful in the management of allergic symptoms in the
senior people.

Current scientific evidence for the effect of probiotics on primary prevention of
allergy is not conclusive but promising. The conflicting results may be due to the
differences in study design, host and environmental factors, number and strain of
the applied probiotics, which lead to the difficulties in direct comparison between
the results from the different studies. Even though the suppression of the occurrence
of allergy by probiotics has been documented in human studies, their mechanism of
action on the regulation of immune system is not well known. The primary action
of probiotics might be through direct contact with GI lymphoid tissue. However, the
indirect action of probiotics might also play a partial role in the suppression of allergy.
For instance, probiotics might be able to reduce the number of harmful GI bacteria
which can cause inflammatory reaction or degrade mucous cell layer and thereby
aggravate the allergic reaction or increase permeability of the allergen through the GI
epithelial cell layer. Administration of live Bifidobacterium cells was more effective in
the suppression of allergy than heat-treated cells or sonicated fragmented cells in the
ovalbumin (OVA) allergy animal model [23]. The live cells might have suppressed
other harmful intestinal bacteria more effectively or the number of administered bac-
teria might have increased after colonization in the intestine resulting in the higher
dose of active material. The permeability of the intestine was thought to be closely
related to the occurrence of allergy. Administration of L. rhamnosus and L. reuteri
in children with AD for 6-41 weeks improved GI symptoms and AD and decreased
lactulose/mannitol permeability from the lumen to the blood, suggesting that
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administration of probiotics may reduce gut permeability in atopic children [24]. Use
of probiotic bacteria was suggested for the management of various diseases associated
with increased gut permeability due to impaired gut barrier or intestinal inflamma-
tion associated with acute rotavirus diarrhea and various colonic disorders as well as
food allergy [25]. If direct interaction of probiotics is the primary mechanism in the
prevention of allergic diseases, early infant period would be the most important stage
for intervention since the administered probiotics can get access to the yet immature
gut immune cells and play a role in their maturation process. Accordingly, most of the
allergy preventive effects of the probiotics were shown in infants. In mice, the amount
of luminal secretory IgA drastically decreased around the weaning period and pre-
sumably transport of the bacterial antigens to the vulnerable immune inductive site
was facilitated, thus providing an opportunity for the probiotics to modulate the host
immune system via gut immune system and to induce tolerance against allergies [26].
Consequently, the primary administration of L. johnsonii Lal during specific window
of weaning period was effective in the prevention of AD manifested at the systemic
level.

Effect of Probiotics in Animal Models or in Cell Culture Assays

Gut-associated lymphoid tissue contains Peyer’s patches (PPs) and isolated lymphoid
follicles, inductor site of immune responses, and the larmina propria, effector site
of immune responses. These immune tissues contain B cells, T cells, dendritic cells
(DCs), and macrophages. DCs or/and T-regulatory cells are suggested to play a cru-
cial role in establishing a tolerance in both mucosal and systemic immunity [26-28].
Gut epithelial cells, lymphoid cells, and DCs constantly recognize and interact with
bacterial cells or their components such as peptidoglycan, lipoprotein, and lipopoly-
saccharide using pattern receptor system, including toll-like receptors (TLR), and
mediate innate or adaptive immune responses [29]. At the intestinal mucosal layer,
probiotic bacteria and their cell components such as peptidoglycan, lipoteichoic acid,
intra- and extracellular polysaccharide products, cell-free extracts, and cell walls have
been reported to cross-talk with the intestinal epithelial cells, M cells in PPs, and
underlying DCs and macrophage cells. The multiple consequences of the cross-talk
between the probiotic bacteria and the intestinal mucosa lead to the reinforcement of
the intestinal barrier as well as direct modulation of mucosal immune cell functions
including cytokine and chemokine release (fig. 2) [30].

Oral intake of the L. pentosus strain induced IFN-y-producing cells through acti-
vation of IL-12 production by CD11¢+DCs in a TLR 2- and/or a TLR4-dependent
manner. This was confirmed by the observation that the production of IL-12p70 by
DCs and IL-12p70 and IFN-y production by spleen cells significantly decreased in
those cells isolated from TLR2”/~ or TLR4™/~ mice compared with those from wild-
type mice [31]. In comparison, the suppressive effect of CpG oligodexoynucleotide
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Fig. 2. Schematic representation of multiple consequences of cross-talk between probiotic bacteria
and intestinal mucosa [30].

from L. rhamnosus GG on antigen-specific IgE production in OVA-sensitized mouse
model was suggested to be dependent on TLR9 in CD11c+CD8+ DCs [32]. The
coapplication of L. plantarum and Der p 1, the major house dust mite allergen of
Dermatophagoides pteronyssinus, suppressed specific IgE response and favored the
production of INF-y upon allergen restimulation. This strain was shown to stimulate
high IL-12 and moderate IL-10 production in mouse DCs derived from the bone
marrow notably through the TLR2-, MyD88-dependent and TLR4-independent
pathway [33]. These different results suggest that the interaction of probiotics and
DCs are differentially affected by discrete components of the different strains and the
types of TLR in DCs. Although the interaction of DCs and probiotics may play a pri-
mary and pivotal role, several strains of lactobacilli and bifidobacteria are known to
influence immune function through a number of different pathways including effects
on enterocytes, antigen-presenting cells including circulating monocytes, DCs, regu-
latory T cells, and effector T and B cells [34]. DCs that have sampled dietary, self or
commensal bacterial antigens may go on to induce tolerogenic T cell responses upon
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migration to the mesenteric lymph nodes [35]. Activation of T cells is regarded as a
property of mature DCs that have travelled to draining lymphoid tissue and express
high levels of surface MHC class II and costimulatory molecules. Veckman et al. [36]
showed that certain probiotics directly enhance the activity of human DC popula-
tions to express moderate levels of costimulatory molecules and cytokines thereby
facilitating Th1 cell differentiation. Additionally, probiotics induced an increase in
regulatory DCs and T cells which then led to immunoregulatory mechanisms medi-
ated in part by release of IL-10 and TGF-f [37]. IL-10 is known to be involved in the
activation of Trl type regulatory T cells. TGF-f is known to be an important factor
to enhance the differentiation of regulatory Th3 cells. Although many in vitro stud-
ies in which experimental probiotics were arranged to interact with a specific type of
immune cell have provided useful information on their immunomodulatory actions;
oftentimes, these in vitro results were contradictory to what have been observed in
in vivo studies. Therefore, caution is warranted so that in vitro culture results do not
lead to the error-prone interpretation of the role of probiotics in in vivo immune
regulation. To compensate the weakness of a simple in vitro experiment, we adopted
various transwell coculture systems in which epithelial cells were grown in the insert
layer and other cell types such as DCs, spleen cells, or PP cells were grown on the bot-
tom layer [unpubl. data]. In this cocultured experiment with epithelial and DC lines,
various probiotic strains either slightly decreased or did not affect the expression of
I-Ad, CD86, CD40, and the levels of IL-6 and TNF-a produced. Interestingly, B. lactis
increased IL-10 secretion, and L. casei and L. acidophilus increased TGF-[ secretion.
Further development of a more elaborate in vitro model will help in understanding
the role of the probiotics in the regulation of the immune system in relation to their
differences in strain, dose, route and timing of exposure.

Various in vivo animal experimental models have been employed to character-
ize and assess how probiotics modulate an allergy-related immune system. Animal
models may provide more useful information on the mechanisms of the antialler-
gic effects of probiotic bacteria than in vitro studies. Depending on the protocols of
the animal models, experimental results suggest that the administration of probiot-
ics either potentiate Th1 relative to Th2 or enhance T regulatory cell activity. Orally
administered L. casei reduced antigen-specific contact skin sensitivity by control-
ling the size of the CD8+ effector pool, which was mediated by regulatory CD4+
T cells [38]. Even though several other studies showed that the suppression of anti-
gen-specific IgE by the administration of lactic acid bacteria was associated with the
enhanced secretion of Thl-associated cytokines and low levels of Th2-associated
cytokines, those studies in which the experimental allergens or probiotic strains were
intraperitoneally injected were not included for review in the present study. These
experimental models based on intraperitoneal injection do not reflect the real route
of entry of antigen or experimental probiotic strain into the human body, and thus
make the interpretation of the real mechanism involved difficult. Oral administra-
tion of both probiotics and a specific antigen may be more desirable. Several studies
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Fig. 3. Severity of allergic symptoms on the tails of OVA-sensitized mice treated with various com-
ponents of B. bifidum BGN4. a Photographs of the tails of the experimental mice. Group 1, naive;
group 2, sham; group 3, treated with live BGN4; group 4, treated with disrupted BGN4; group 5,
treated with heat-killed BGN4. b Symptom scores of the tails of the experimental mice. Different let-
ters indicate significant differences in Duncan’s multiple range tests (p < 0.05) [23].

assessed the effect of orally administered probiotics in animals which were sensitized
to develop allergic symptoms to oral OVA challenge. In this model, oral administra-
tion of probiotics suppressed production of the OVA-specific IgE, IgG1 in serum,
OVA-specific fecal IgA, and the level of splenic IL-4 production and enhanced the
production of splenic INF-y and IL-10. In addition, the groups treated with probiot-
ics showed ameliorated tail scabs and lower levels of degranulated mast cells in ears
and small intestines, and infiltrated eosinophil granules in small intestines [23, 39].
Viable Bifidobacterium was more effective than disrupted or heat-killed cells in sup-
pressing the symptoms of allergy (fig. 3). Antiallergic effects of the probiotics seemed
to be manifested at the local and systemic levels and also at the initial and later phases
during allergic progression. The observed suppression of IL-4 might be indicative of
the potentiation of Th1 cells, and enhanced IL-10 secretion might have partially con-
tributed to the induction of oral tolerance by activating regulatory T cells. Torii et al.
[40] showed that oral administration of L. acidophilus L-92 to OVA-induced allergy
mice suppressed OVA-specific IgE production and cytokines such as IFN-vy, IL-4 and
IL-10. Additionally, antibodies such as total IgE and OVA-specitic IgE were produced
at a significantly lower level in the splenocytes of L-92-treated mice than those of
control mice. In contrast, TGF-P and IgA levels produced by PPs from L-92-treated
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mice were significantly higher than those produced by control mice. In addition, a
specific IgE-suppressive effect of B. bifidum G9-1 was suggested to be mediated by
Treg cells independent of IFN-y production [41]. Although the results of the animal
experiment were not exactly similar, most of the studies advocated the use of probiot-
ics for the alleviation of allergy. Taken together, oral administration of probiotics has
been demonstrated to induce protective immune responses against allergic symptoms
at local and systemic levels in animal models and human studies and might provide a
rationale to utilize probiotics in the prevention of allergic diseases during the infantile
period in humans.
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Atopic dermatitis (AD) is an immune disorder that is becoming
increasingly prevalent throughout the world. The exact etiology of AD
remains unknown, and a cure for AD is not currently available. The
hypothesis that appropriate early microbial stimulation contributes to
the establishment of a balanced immune system in terms of T helper
type Th1, Th2, and regulatory T cell (Treg) responses has led to the
use of probiotics for the prevention and treatment of AD in light of
various human clinical studies and animal experiments. Meta-analysis
data suggests that probiotics can alleviate the symptoms of AD in
infants. The effects of balancing Th1/Th2 immunity and enhancing
Treg activity via the interaction of probiotics with dendritic cells have
been described in vitro and in animal models, although such an
effect has not been demonstrated in human studies. In this review, we
present some highlights of the immunomodulatory effects of probiotics
in humans and animal studies with regard to their effects on the
prevention of AD.

Key words: Probiotics, Dermatitis, Atopic, Prevention, Immunomo-
dulation, Immune system

This is an open-access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/by-
nc/3.0/) which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.

Introduction

prevalence area to a high-prevalence area and is higher in urban areas

than in rural areas. These observations emphasize the importance

Atopic dermatitis (AD) is a common, chronic, and refractory
skin disease manifesting as eczema and pruritus with repeated
exacerbations and regressions”. The prevalence of allergic diseases such
as AD, asthma, and allergic rhinitis (AR) has increased throughout
the world during the last 30 years, with the cumulative prevalence of
AD in children reaching 8 to 20%”, although the eczema symptom
prevalence for children 13 to 14 years of age has decreased in some
previously high-prevalence areas in the developed world, such as
the United Kingdom and New Zealand”. The prevalence of allergy
tends to be lower in a family with a higher number of siblings; the

incidence of allergic diseases increases when one moves from a low-
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of environmental factors in the development of allergic diseases,
as well the role of genetic factors and the maturity of epithelial cell
barrier functions”. A systematic review found no strong evidence
of a protective effect of exclusive breastfeeding for at least 3 months
against eczema, even in those with a positive family history of
atopy”. Environmental factors that may contribute to the increased
development of AD include decreased microbial exposure due to
urbanization, the use of vaccines and antibiotics, and improved infant
sanitation. Exposure of infants to farm animals, pets, and daycare
environments is known to be helpful for the introduction of benign

challenges, including various non-pathogenic microorganisms,
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which leads to the establishment of protective immunity against
allergic disorders”. The intestinal immune system comprises the
largest portion of the overall immune system and remains exposed to
intestinal bacteria, thus accounting for the largest source of microbial
exposure in humans. The immune system of neonatal infants is not
fully developed and is prone to an immature T helper type Th2-
dominant state. Infants undergo environment-driven maturation
to establish a balance between Thl1, Th2, Th17, and regulatory T
cell (Treg) responses; appropriate microbial stimulation in early life
contributes to the establishment of a balanced immune system®. In
AD, the onset of acute skin lesions is initiated by Th2-dominant cells.
If this initial Th2 cellular response is not suppressed, a subsequent Th1
response is induced, consisting of inflammatory reactions resulting
in chronic inflammation due to the secretion of pro-inflammatory

cytokines by dying keratinocytes”.
The effect of probiotics in human studies

Probiotics administered in sufficient amounts can have a beneficial
effect on the health of the host”. Probiotics can relieve travelers’
diarrhea, antibiotic-associated diarrhea, atopic eczema, and irritable
bowel syndrome (IBS)”. Infants with AD or other allergic diseases

show less frequent intestinal colonization with probiotics such as

NY Kim and GE Ji » Prevention of atopic dermatitis by probiotics

Lactobacillus or Bifidobacterium and more frequent colonization
with Clostridium relative to non-allergic infants'”. Recently, the
administration of probiotic bacteria was reported to help maintain
anti-inflammatory and tolerant immunity, which resulted in a
lower prevalence of allergy in human subjects (Table 1). Potential
mechanisms explaining the health-promoting actions of probiotic
bacteria may include modulation of the intestinal immune system
and displacement of potential pathogens via competitive exclusion
or the production of antimicrobial agents. The efficacy of probiotics
in the prevention of AD was primarily observed in infants who
were administered probiotics during the perinatal period. Hattori
etal.”” reported that children with AD and with a low degree of
intestinal Bifidobacterium colonization experienced an amelioration
of their allergic symptoms when lyophilized Bifidobacterium was
administered orally. Systematic analysis in some clinical studies
suggested that the intake of probiotics by mothers during pregnancy
reduces the incidence of subsequent eczema’. Young children with
immunoglobulin E (IgE)-mediated atopic eczema, in particular,
showed more significant improvement with the administration of
probiotics™. Other studies have also shown that the adult immune
system is more difficult to modulate by the administration of
probiotics. An analysis of systematic reviews suggests that there is

little evidence to support a clinically useful benefit of using probiotics

Table 1. The Effects of Probiotics on Allergic Diseases in Human Clinical Trials (since 2009)

Definition of subjects

Intervention

Time of

Year Group Strains (formula) completed th tra method Dose reatment Outcome
2012 Gore, L. paracasei CNCM I- 2116 or B, 137 Infants with ecze- Placebo-con- 10" CFUs of either lyo- 12 Weeks No effect on treatment
etal." lactis CNCM 1-3446 ma at age 3-6 months  trol trials philized powdered CNCM and secondary prevention
[-2116 or CNCM [-3446 effects
daily
2011 Roessler, A probiotic mixture (L. paracasei 15 Healthy adults,15 A randomized, 2x100 mL/day of either 8 Weeks Reduction of genotoxic
etal.” Lpc-37, L. acidophilus 74-2, B. patients with AD placebo-con- a probiotic or a placebo activity of faecal water in
animalis subsp. lactis DGCC 420) trolled study ~ drink patients with AD
2011 Larsen, L. acidophilus NCFM, 50 Young children RDC 10"°CFU daily 8 Weeks No affect on the compo-
eta® B lactis BI-07 with AD sition and diversity of the
main bacterial populations
in feces
2011 Morisset, A non-hydrolyzed, fermented milk  After birth until 2-year- RDC B, breve C50 (4.2x10° bac- 12 Months Reduction of digestive and
etal." formula containing heat-killed B. old, 124 children at teria per 100 g of powder respiratory events
breve C50, S. thermophilus 065 high risk of atopy formula), S. thermophilus
(HKBBST milk) 065 (3.84x10" bacteria per
100 g of powder formula)
daily
2011 Tori, L. acidophilus L-92 Japanese children with A double-blind- - Long-term Shown a complementary
etal.” (L-92) AD ed, placebo- administration  effect on the standard me-
controlled study dical therapy in patients
with AD through the al-
teration in the Th1/Th2
2011 Boyle, L. rhamnosus GG (LGG) 250 Pregnant women  RCT LGG (1.8x10"° CFUs) daily From 36 weeks Not sufficient for preven-
etal” carrying infants at high gestation until ting eczema

risk of allergic disease

delivery
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Table 1. The Effects of Probiotics on Allergic Diseases in Human Clinical Trials (since 2009) (Continued)

Year

2011

2011

2011

2011

2010

2010

2010

2010

2010

2010

2010

Group

Kukkonen,
etal.”

Nermes,
etal”

van der Aa,
etal?

Moroi,
etal®

Hoang,
etal”

Dotterud,
etal?

Chen,
etal®

Gerasimoyv,
etal®

Rose,
etal®

Kim,
etal®

Woo,
etal””

Strains (formula)

L. rhamnosus GG (ATCC53103),
L. rhamnosus LC705 (DSM7061),
B. breve Bb99 (DSM13692), P
freudenreichii ssp.shermanii JS
(DSM7076)

L. rhamnosus GG (LGG)

A formula with B. breve M-16V,
a galacto//fructooligosaccharide
mixture immunofortis)
Supplementarydiet containing
heat-killed lactic acid bacterium
L. paracase K71

L. rhamnosus cell lysate

Probiotic milk containing L.
rhamnosus GG, L. acidophilus
La-5, B. animalis subsp. lactis
Bb-12 (Biola)

L. gasseri A5

L. acidophilus DDS-1, B.
lactis UABLA-12 with fructo
ligosaccharide

L. rhamnosus GG

A probiotic mixture (B. bifidum
BGN4, B. Jactis ADO11, L.
acigophius AD031)

L. sakei KCTG10755BP

Definition of subjects
completed the trial

1,018 Mothers with high
risk and their 688 infants
atage 2

39 Infants with AD

75 Infants with AD,
age<7 months

34 Adult patients with
AD

14 Patients (age 8-64
months) with a history
resistant eczema for
a period of at least 6
months

Children from a non
selected maternal, wo-
men from 36 weeks
of gestation to 3 mon-
ths postnatally during
breastfeeding (pregnant
women=415) (children
=278)

10° Asthmatic children
with AR (6-12 years)

90 Children aged 1-3
years with moderate-
to-severe AD

131 Children (6-24
months old) at high risk
of allergic sensitization,
asthma

112 Pregnant women
with a family history of
allergic diseases and
their infants

75 Children aged 2-10
years with AEDS

Intervention
method

RDC

A double-blind
design

RDC, multicen-
tre trial

RDC
Open label
non-rando-

mized clinical
observation

Randomized,
double-blind
trial

RDC

RDC

Double-blind
dietary sup-
plement

RDC

RDC

Dose

L.rhamnosus GG (5x10°

CFUs), L.rhamnosus
LC705 (5x10° CFUs), B,

breve Bb99 (2x10°CFU),
P freudenreichii ssp.
shermanii JS (2x10°

CFUs), twice daily

LGG (3.4x10° CFUs)
daily

300-500 mg standar-
dized L. rhamnosus cell
lysate daily

250 mL probiotic low
fat fermented milk (5x
10° CFUs each bac-
terium) daily

One capsule (2x10°
CFUs)

5 Billion CFUs twice
daily

10" CFUs twice daily

BGN4 (1.6x10° CFUs),
ADO11 (1.6x10° CFUs),
AD031 (1.6x10° CFUs)
once daily

Dally

Time of
treatment

From 36 weeks ges-
tation after delivery 6
months

3 Months

12 Weeks

>12 Weeks

From 36 weeks of
gestation until 3
months postnatally

8 Weeks

8 Weeks

>6 Months

8 Weeks before the
expected delivery
to 3 months after
delivery following
breast-feeding until
3 months of age and
formula-feeding of a
probiotic mixture until
6 months of age

12 Weeks

195

Outcome

No immunomodulatory
effect

Improvement of gut
barrier function

Preventive effect on the
asthma-like symptoms
in infants with AD

Beneficial effect on
adult type AD

Effective on the treat-
ment and prevention
of childhood eczema

No effect on atopic
sensitization

Clinical benefits
through the clinical
symptom and immu-
nological parameters
including cytokine
production

Clinical improvement
with corresponding
lymphocyte subset
changes in peripheral
blood

No clinical effect

Effective on the pri-
mary prevention of
eczema

A substantial clinical
improvement
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Table 1. The Effects of Probiotics on Allergic Diseases in Human Clinical Trials (since 2009) (Continued)

Definition of subjects

Intervention

Time of

Year Group Strains (formula) completed the il method Dose reatment Outcome
2009 Niers, A probiotic mixture (8. Pregnant women with a RDC 3x10° CFUs (1x10° CFUs of 6 Weeks before the Preventive effect on the
eta®  bifidum, B.lactis, Lac- family history of allergic each strain) once daily expected delivery incidence of eczemain
fococcus lactis; Ecologic diseases and their in- to 12 months after high-risk children and
Panda) fants delivery maintenance during
the first 2 years of life
2009 Soh, B. longum (BL999), L. Asian infants at risk of RDC BL999 (1x10" CFUs/g), LPR For the first 6 months No effect on prevention
eta®  rhamnosus (LPR) allergic disease (2x10" CFUs/g) daily of eczema or allergen
sensitization
2009 Kuitunen, A probiotic mixture (2 lac- 1,223 Mothers with A double- A capsule of LGG (5x10° During the last month No allergy-preventive
eta®  tobacill, bifidobacteria, infants at high risk foral- blinded, CFUs), L. rhamnosus (5x10° of pregnancy and effect except in ce-
propionibacteria) lergy placebo- CFUs), B. breve (2x10° theirinfants to receive sarean-delivered chil-
controlled CFUs), R freudenreichii ssp. a probiotic mixture dren
study shermanii JS (2x10° CFUs) from birth until age 6

twice daily months

L., Lactobacilus; B., Bifidobacterium; S., Streptococcus; P., Propionibacterium; CFU, colony-forming unit; AD, atopic dermatitis; AR, allergic rhinitis; AEDS, atopic
eczema-dermatitis syndrome; RDC, a randomized, double-blind, placebo-controlled study; RCT, a randomized, placebo-controlled trials.

in patients with established eczema, although immunomodulation
may also occur in adulthood”. No beneficial effect was found
from B. lactis or L. paracasei supplementation in the treatment of
eczema when given as an adjunct to basic topical treatment, and
no effect on the progression of allergic disease from age 1 to 3 years
was noted'”. The preventive effect of probiotics is strain specific;
when L. rthamnosus HNO01 and B. animalis subsp. lactis HN019
were compared, only L. rhamnosus HNOO1 reduced (by 2 years)
the cumulative prevalence of eczema in infants at risk of allergic
disease™. In various studies, the tested probiotic mixtures contained
different strains, and individual strains were not tested. Therefore,
it is still premature to conclude that individual component strain
can have a synergistic effect when combined into a mixture, as
comparisons of the effect of a probiotic mixture with that of one or
more of its component strains have not been performed, particularly
for severe diseases. Early life administration of a cow's milk formula
supplemented with B. longum BL999 and L. rhamnosus LPR
showed no effect on the prevention of eczema or allergen sensitization
in the first year of life in infants at risk for allergic disease™.
Occasionally, an identical strain shows contradictory results. In the
case of L. rhamnosus GG, early reports suggested that L. rhamnosus
GG (1x10" colony-forming units [CFUs] of L. rhamnosus GG
daily) administered to pregnant mothers and subsequently to infants
after delivery reduced the incidence of AD by half relative to those
treated with placebo’™. However, a more recent study that employed
a nearly identical study design showed that supplementation of L.
rhamnosus GG (5%10° CFUs twice daily during pregnancy and
early infancy) did not reduce the incidence and the severity of AD in

affected children. Rather, probiotic supplementation was associated

with an increased rate of recurrent episodes of wheezing bronchitis™.
Moreover, oral administration of L. thamnosus GG in a prospective,
double-blind, randomized, placebo-controlled study had no clinical
effect on AD or asthma-related events in young children (6 to 24
months old) with recurrent wheezing and a family history of atopy™.
Although a meta-analysis revealed the positive potential of
probiotics, the mechanism of action or biomarkers related to their
anti-AD effect were not clarified. The reduction of AD prevalence in
infants with a family history of allergic diseases by the administration
of a probiotic mixture (B. bifidum BGN4, B. lactis AD011, and L.
acidophilus AD031) was associated with significant increases in the
capacity of transforming growth factor beta (TGF-f) production by
peripheral blood mononuclear cells™”. When 62 mother and infant
pairs were supplemented with probiotics during pregnancy and their
breastfeeding period, the level of TGF-, was higher in the breast
milk from mothers in the probiotics group than in that from mothers
in the control group””. Compared with a placebo, the administration
of L. sakei KCTC 10755BP to children aged 2 to 10 years with atopic
eczema-dermatitis syndrome and a minimum SCORing of Atopic
Dermatitis (SCORAD) score of 25 resulted in a decreased SCORAD
total score associated with lower pretreatment-adjusted serum levels
of chemokine (c-c motif) ligand CCL17 and CCL27, which are
chemokines involved in the process of establishing inflammatory
infiltration of cells””. Oral administration of combined L. rhamnosus
and L. reuteri improved the extent of the eczema and decreased
serum eosinophil cationic protein levels in children™; this effect was
more pronounced in patients with a positive skin prick test response
and elevated IgE levels. Supplementation of B. lactis Bb-12 or L.

rhamnosus GG to infants with atopic eczema during the weaning
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period reduced the extent and the severity of atopic eczema, which
was accompanied by the reduction of serum cluster of differentiation
(CD)4 and urine eosinophilic protein X*. Taken together, the results
from the 3 clinical studies described above suggest that probiotics
improve the symptoms of inflammatory responses in allergic diseases
beyond the intestinal milieu™. An increase in the traffic of circulating
CD34+ hematopoietic precursor cells (HPCs) was suggested to be
a factor in systemic allergic inflammation™. In 14 allergic patients
who were 6 to 48 years old with clinical symptoms of asthma and/
or conjunctivitis, rhinitis, urticaria, AD, food allergy, and IBS, the
number of circulating CD34+ HPC was decreased when a mixture
of L. acidophilus, L. delbrueckii, and Streptococcus thermophilus
was administered for 30 days*”. A study to assess whether the
administration of probiotics affects the microbiota and its genotoxic
activity in healthy subjects and patients with AD revealed that the
administration of a probiotic mix containing L. paracasei Lpc-37, L.
acidophilus 74-2, and B. animallis subsp. lactis DGCC 420 decreased
the genotoxic potential of fecal water in AD patients. The fecal C.
pertringens cluster I-1I levels remained unaffected, suggesting eicher
a change in their activity or that other bacterial species are responsible
for the reduced genotoxic activity of fecal water'”. In an allergic
condition, the function of Tregs and their production of cytokines
such as interleukin (IL)-10 and TGF-f are dysregulated compared
to the normal condition, resulting in prolonged inflammatory
responses against environmental allergens'”. The intestinal epithelial
cells secrete thymic stromal lymphopoietin, TGF-B, and retinoic
acid, which induce the development of resident CD11b regulatory
dendritic cells (DCs), which in turn induce the development of
naive T cells into forkhead box family transcription factor Foxp3*
Tregs*™”. One plausible reason as to why the administration of
probiotics can downregulate both Th2-related allergy and Th1-
related inflammarory symptoms is related to the action of probiotics
to improve regulatory immune activity, as evidenced by the results
of animal experiments™. Actually, low-grade inflammation was
suggested as a key factor, not only in the pathogenesis of AD but
also in IBS. Consistent with this, the administration of B. bifidum
BGN4-containing probiotics improved both AD and irritable
syndrome in 2 separate clinical trials, as described below. In double-
blind, randomized, placebo-controlled human trials, infants who
were perinatally administered a combination of B. bifidum BGN4,
B. lactis ADO11, and L. acidophilus AD031 showed significantly
lower prevalence and cumulative incidence of AD than a placebo
group”. In a prospective, double-blind, randomized, placebo-
controlled clinical study, IBS patients that received composite
probiotics (B. bifidum BGN4, B. lactis ADO11, L. acidophilus
ADO031, and L. casei IBS041) showed significant reductions in

their IBS symptoms, including abdominal pain, after 8 weeks of
treatment. This was observed particularly in the patients with mixed
or diarrhea-predominant ailments*. However, an analysis of the
function of the Tregs and the expression of Foxp3" does not have
close clinical relevance when judging the efficacy of probiotics in
AD patients, due to the various conflicting results pertaining to the
relationship between the function of the regulatory cells and the
occurrence of allergic symptoms. The suppressive function of the
Tregs was diminished in infants with egg allergies”. Paradoxically,
CD4+CD25+ Tregs expressing Foxp3" were increased in patients
with AD compared to normal individuals™. Likewise, children with
AD had significantly higher induced Foxp3" expression following
stimulation with both house dust mites and ovalbumin (OVA)
allergens compared to those without AD, which was suggested to
reflect secondary compensatory mechanisms””. In addition, the
administration of L. acidophilus LAVRI-A1 did not have significant
effects on CD4+CD25+CTLA4+ cell numbers or Foxp3" expression
in high-risk children”.

In addition to probiotics, prebiotics have also shown some effi-
cacy in ameliorating AD. When the effects of L. salivarius and
fructooligosaccharide (synbiotic) with fructooligosaccharide alone
(prebiotic) were compared in children with moderate to severe AD,
the synbiotic combination was superior to the prebiotic alone for
treating moderate to severe childhood AD™.

Preschool children receiving synbiotics (L. acidophilus DDS-
1, B. lactis UABLA-12 with fructooligosaccharide) showed a
greater decrease in the mean SCORAD score and need for topical
corticosteroids than children in the placebo group after 8 weeks.
Interestingly, a flow cytometric analysis of lymphocyte subsets in
the peripheral blood of patients in the probiotic group showed that
the percentage of CD4 and the percentage and absolute count of
CD25 decreased whereas the percentage and absolute count of CD8
increased™”.

While most of the clinical studies used live forms of probiotic
bacteria, Hoang et al.”” used the cell lysate of L. rhamnosus,
reporting a substantial improvement in the quality of life, skin
symptoms, and day and night-time irritation scores in children
that received supplementation; however, this study was limited in
its meaningfulness due to its open label, non-randomized clinical
observation. The skin severity scores of AD decreased in the adult
patients from baseline values at week 8 and week 12 when the subjects
were given a diet containing heatkilled L. paracasei. However, the
effect was largely limited because there was no significant difference
between the Lactobacillus and placebo groups™. The administration
of heatkilled Lactobacillus or administration onto established eczema

may be a factor related to its weak effect observed in the study.
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An effect of probiotics on the improvement of allergic diseases
other than AD has also been reported. Daily supplementation
with L. gasseri A5 for 8 weeks improved the clinical symptoms and
immunoregulatory changes in school children suffering from asthma
and AR™. The prevalence of "frequent wheezing" and "wheezing
and/or noisy breathing apart from colds" was significantly lower in
the synbiotic (B. breve M-16V and a galacto/fructooligosaccharide
mixture) than in the placebo group, despite the fact that the total IgE

levels did not differ between the groups”.

The efficacy and actions of probiotics in
animal studies

Recently, numerous publications have supported the effect of

probiotics on the prevention and treatment of allergic diseases in

(A)

animal studies. However, the suggested mechanisms related to their
anti-allergic effects were variable. The action of probiotics to shift
the immune system from the pathogenic Th2 response to a Th1/T
regulatory response was demonstrated (Fig. 1). Oral treatment with
the probiotic mixture VSL#3 was effective in redirecting allergen-
specific Th2 polarized immune responses towards Th1/T regulatory
responses. This treatment also offered protection against allergen-
induced anaphylactic reactions in a murine model of food allergy™.
The oral administration of L. rhamnosus GG in OVA-immunized
rats induced OVA-specific hyporesponsiveness and reduced the
OVA-induced proliferative response in mesenteric lymph nodes
(MLN:E) associated with CD4"CD25Foxp3" T cell expansion and
increased IL-10 and TGF-B secretion™. Exposure to the commensals
and saprophytes in the absence of true danger signals from invasive

pathogens and/or injured host cells were reported to induce the

(B)

Fig. 1. Schematic view of the potential mechanism of action by which commensal
bacteria and pathogenic bacteria interact with Toll-like receptors (TLRs) and elicit
different immune responses. (A) Commensal and probiotic bacteria interact with intestinal
epithelial-cell barrier and dendritic cells (DCs) resident in the intestine. Some cytokines,
including interleukin (IL)-10, transforming growth factor beta (TGF-B) and thymic stromal
lymphopoietin (TSLP), are expressed in intestinal epithelial cells, as a result of their
interactions. Stimulation of cell TLR mediated by bacteria leads to up-regulation of TGF-
and IL-10, which in turn may limit the responsiveness of intestinal DCs resulting in the
expansion and/or survival of T-cells with regulatory capacities, and limiting the ability of
driving Th1, Th2 and Th17-cell responses. (B) Pathogenic bacteria have virulence factors
that interact with intestinal epithelial-cell barrier and DCs resident in the intestine. Invasion
of epithelium and direct interaction with DCs lead to activation of TLR and enhanced
production of pro-inflammatory cytokines including interferon-gamma (IFN-y) and IL-12,
which are capable of driving Th1, Th2 and Th17 response. RA, retinoic acid; slgA, secreted
Ig A; Th, T helper cell; Treg, T regulatory cell (Reprinted from Gomez-Llorente C, Munoz S,
Gil A. Proc Nutr Soc 2010; 69:381-9, with permission of Cambridge University Press)™.
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actions of regulatory network™” such as Tregs and inducible
Tregs (Th3, Trl) as well as Foxp3'. Foxp3" is crucial for both the
differentiation of Tregs and the maintenance of their suppressive
function™. The induction of bacterial strain-specific Foxp3" Tregs
was evident in mice treated with B. Jongum AH1206 but not in mice
treated with L. salivarius AH102, suggesting that the induction of
Foxp3' Tregs was strain specific’”. The regulatory network including,
in addition to Tregs, DCs and the cytokines produced by these cells
is essential in the development of tolerance. Kwon et al.”” showed that
IRT5, a probiotic mixture, exerted potent immunomodulatory effects
by upregulating or enhancing the generation of Tregs by tolerogenic
DCs in MLN. Moreover, the migration of CD4 Foxp3" Tregs to
sites of inflammation effectively suppressed disease progression. The
enhanced therapeutic efficacy was associated with an increase in anti-
inflammatory cytokines (IL-10 and TGF-) as well as a decrease in
pro-inflammatory cytokines.

The effect of L. casei in inhibiting allergic inflammation by acting
at the effector phase of adaptive immune responses instead of at the
initiation phase was also reported’”. The suppressive effects of L.
gasseri OLL2809 on inflammatory responses was associated with
the suppression of CD4" T cell proliferation through a MyD88-
dependent signaling pathway and by L. gasseri OLL2809 and its
RNA”.

The oral treatment of neonatal pigs with L. lactis significantly
reduced the subsequent frequency of allergy to ovomucoid and
was associated with lower IgG(1)/IgG(2) and IgE/IgG(2) ratios,
indicating a Th1 bias and a reduced Th2 immune response™. Kim
etal.” showed that B. bifidum BGN4 and L. casei appeared to be
useful probiotic bacteria for the prevention of allergy, suggesting that
these bacteria induce anti-allergenic processes through the induction
of the Thl response and the regulatory lymphocyte. Pochard et al.”®
demonstrated that L. plantarum, L. lactis, L. casei, and L. thamnosus
GG suppressed 1L-4 and IL-5 (Th2 cytokines) and increased
interferon-gamma (IFN-y) and IL-12 (Th1 cytokines) in a dose-
dependent manner, suggesting a more balanced Th1/Th2 response in
vitro with human polymorphonuclear cells.

The observation that probiotics enhanced the production of Thl
and regulatory cytokines in vitro but slightly decreased the ex vivo
production of IL-10, tumor necrosis factor-alpha, and IL-6 suggests
that the effect of probiotics with regard to the immunomodulatory
potential differed depending on the in vitro or ex vivo treatment™.
Moreover, changes in the production of various cytokines and the
activation of immunoregulatory cells as observed in animal studies

have not been revealed in human studies.

Conclusions

Various meta-analysis and systematic review studies have shown
positive effects of probiotics with regard to the prevention of AD,
particularly in infants who were administered probiotics during
the perinatal period. However, further studies regarding the
optimal dose, effective probiotic strains, the timing and duration of
supplementation, the additive/synergistic effects between probiotics
and prebiotics, and patient populations that would most benefit from
the use of probiotics need to be more thoroughly investigated. While
there is substantial evidence for the amelioration of AD by probiotics
from in vitro experiments and animal studies, the results from human
clinical trials are more complicated. Thus elucidating the effects and
mechanisms of action of probiotics is difficult due to the variation
of results derived from human studies. Therefore, the mechanism
involved in the preventive effect of probiotics in humans and the long-
term effects of probiotics on the developing immune system remain

to be proven.
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Bifidobacterium bifidum, a common endosymbiotic inhabitant of the human gut, is considered a prominent probiotic microor-
ganism that may promote health. We completely decrypted the 2.2-Mb genome sequence of B. bifidum BGN4, a strain that had
been isolated from the fecal sample of a healthy breast-fed infant, and annotated 1,835 coding sequences.

Biﬁdobacterium bifidum BGN4, a B-glucosidase-negative strain
that was isolated from the fecal sample of a healthy, breast-fed
infant, first drew our special attention because the B-glucosidase
activity in the intestine can produce carcinogenic or mutagenic
aglycones from various glycosides such as rutin, guercitrin, rob-
inin, and cycasine (3). As probiotics responsible for intestinal
healthiness, there are several lines of evidence from in vitro and in
vivo experiments supporting the notion that bifidobacteria can
modulate the host immune system and inhibit pathogen infection
(11). In particular, the anticarcinogenic polysaccharide isolated
from the cytosolic fraction of BGN4 inhibits the growth of some
cancer cell lines (19) and it was also reported to have a potent
adhering activity with respect to Caco-2 cells and to be able to
alleviate allergic reactions elicited by ovalbumin in a mouse model
(9, 10).

The genome sequence was determined by the use ofa Roche GS
FLX system (NICEM, Republic of Korea). A total of 209,020 reads
totaling up to 23.18 X coverage were assembled into 27 contigs
using GS Assembler. Gap closing was performed by multiplex
PCR and primer walking on the amplified products by the stan-
dard Sanger sequencing. Sequence manipulation, primer design,
and manual validation were performed using Phred/Phrap/
CONSED (6). Protein-coding genes were predicted by the combi-
nation of CRITICA (2) and GLIMMER (4). tRNAs and rRNAs
were identified by tRNAScan-SE (15) and BLAST (1), respectively.
All predicted genes were annotated by AutoFACT (12), with ad-
ditional searches performed using the TIGRFAMs database (18)
and protein sequences from the genomes of B. longum species (13,
17) and B. adolescentis ATCC 15703.

The complete sequence consists of a 2,223,664-bp circular
chromosome (62.65% G+C) with no plasmid. We compiled
1,835 coding sequences (CDSs), 7 pseudogenes, 3 rRNA operons,
and 52 tRNAs from the nucleotide sequence. A total of 1,373 CDSs
were assigned predicted functions, while the rest was designated
conserved hypothetical proteins or hypothetical proteins. The ge-
nome contains 27 insertion sequence elements or transposons and
20 kinds of aminoacyl-tRNA synthetase genes. In particular, a
BGN4-specific 52-kb segment (bp 1392576 to 1445526) encoding
two mobilization proteins (MobC [BBB_1196] and MobA
[BBB_1198]), 16 functional proteins, and 28 hypothetical pro-
teins was identified by genomewise comparison with B. bifidum
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PRL2010, which might have been acquired by horizontal gene
transfer.

The genome sequence analysis helps elucidate the phenotypic
features of BGN4, including its probiotic effects. For example, the
gene encoding glutamine fructose-6-phosphate amidotransferase
(GImS [BBB_0791]) that is involved in N-acetylglucosamine bio-
synthesis is interrupted by a stop codon to make it a pseudogene,
which might be responsible for the N-acetylglucosamine auxotro-
phy of B. bifidum (5). Moreover, the presence of a homolog
(BBB_0596) of the bifidobacterial outer protein (BopA) (7) sug-
gests its high capacity for adhesion to the Caco-2 cell line. Decon-
jugation of bile salts and the reduction of serum cholesterol levels
are closely related (14, 16), and BBB_0854, homologous to bile salt
hydrolase (EC 3.5.1.24), may contribute to bile salt tolerance.

Nucleotide sequence accession number. Genome sequence in-
formation was registered in GenBank under accession number
CP001361. The sequence and annotation are also available from the
Genome Encyclopedia of Microbes (GEM,; https://www.gem.re.kr) (8).
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Abstract: Over the past decade, a variety of lactic acid bacteria have been commercially available to
and steadily used by consumers. However, recent studies have shown that some lactic acid bacteria
produce toxic substances and display properties of virulence. To establish safety guidelines for
lactic acid bacteria, the Food and Agriculture Organization of the United Nations (FAO)/World
Health Organization (WHO) has suggested that lactic acid bacteria be characterized and proven
safe for consumers’ health via multiple experiments (e.g., antibiotic resistance, metabolic activity,
toxin production, hemolytic activity, infectivity in immune-compromised animal species, human
side effects, and adverse-outcome analyses). Among the lactic acid bacteria, Bifidobacterium and
Lactobacillus species are probiotic strains that are most commonly commercially produced and
actively studied. Bifidobacterium bifidum BGN4 and Bifidobacterium longum BORI have been used
in global functional food markets (e.g., China, Germany, Jordan, Korea, Lithuania, New Zealand,
Poland, Singapore, Thailand, Turkey, and Vietnam) as nutraceutical ingredients for decades, without
any adverse events. However, given that the safety of some newly screened probiotic species
has recently been debated, it is crucial that the consumer safety of each commercially utilized
strain be confirmed. Accordingly, this paper details a safety assessment of B. bifidum BGN4 and
B. longum BORI via the assessment of ammonia production, hemolysis of blood cells, biogenic amine
production, antimicrobial susceptibility pattern, antibiotic resistance gene transferability, PCR data
on antibiotic resistance genes, mucin degradation, genome stability, and possession of virulence
factors. These probiotic strains showed neither hemolytic activity nor mucin degradation activity,
and they did not produce ammonia or biogenic amines (i.e., cadaverine, histamine or tyramine).
B. bifidum BGN4 and B. longum BORI produced a small amount of putrescine, commonly found
in living cells, at levels similar to or lower than that found in other foods (e.g., spinach, ketchup,
green pea, sauerkraut, and sausage). B. bifidum BGN4 showed higher resistance to gentamicin than
the European Food Safety Authority (EFSA) cut-off. However, this paper shows the gentamicin
resistance of B. bifidum BGN4 was not transferred via conjugation with L. acidophilus ATCC 4356,
the latter of which is highly susceptible to gentamicin. The entire genomic sequence of B. bifidum
BGN4 has been published in GenBank (accession no.: CP001361.1), documenting the lack of retention
of plasmids capable of transferring an antibiotic-resistant gene. Moreover, there was little genetic
mutation between the first and 25th generations of B. bifidum BGN4. Tetracycline-resistant genes are
prevalent among B. longum strains; B. longum BORI has a tet(W) gene on its chromosome DNA and

Int. J. Mol. Sci. 2018, 19, 1422; d0i:10.3390/ijms19051422 www.mdpi.com/journal/ijms


http://www.mdpi.com/journal/ijms
http://www.mdpi.com
https://orcid.org/0000-0003-2661-5073
https://orcid.org/0000-0002-9553-3971
http://www.mdpi.com/1422-0067/19/5/1422?type=check_update&version=1
http://dx.doi.org/10.3390/ijms19051422
http://www.mdpi.com/journal/ijms

Int. ]. Mol. Sci. 2018, 19, 1422 20f22

has also shown resistance to tetracycline. However, this research shows that its tetracycline resistance
was not transferred via conjugation with L. fermentum AGBG]I, the latter of which is highly sensitive
to tetracycline. These findings support the continuous use of B. bifidum BGN4 and B. longum BORI as
probiotics, both of which have been reported as safe by several clinical studies, and have been used
in food supplements for many years.

Keywords: probiotics; safety; antibiotics resistance; functional foods; nutraceuticals

1. Introduction

Since “probiotics” first emerged in the 1960s [1], the term has been defined by various scholars and
groups. In recent years, probiotics have been clearly defined by several regulatory organizations [2].
According to the FAO/WHO, probiotics can be defined as “live microorganisms which, when
administered in adequate amounts, confer a health benefit to the host” [3]. Other experts similarly
define probiotics as “live microorganisms which, when ingested or locally applied in sufficient numbers,
provide the consumer with one or more proven health benefits” [4]. Edible microorganisms regarded
as probiotic bacteria are derived from various strains, species, and genera, which have been studied
with regard to various human health benefits [5]. A variety of microorganisms, including Bacillus spp.,
Lactobacillus spp., Bifidobacterium spp., Streptococcus spp., and Propionibacterium spp., are regarded as
probiotics, and are known to be involved in the vitamin biosynthesis of the host’s nutrition metabolism
and physiological function via immune-mediated effects [6,7]. Of these probiotic microorganisms,
Lactobacillus spp. and Bifidobacterium spp. have been utilized globally in fermented food products and
commercially-produced food supplements [8]. As of July 2010, the genomic sequences of approximately
11 Bifidobacterium and 21 Lactobacillus species have been completely analyzed, whose microbial genomic
sequences offer exact evidence of the probiotics” genera and species [9]. Some experts have found
that consumer demand for food or food supplements containing lactic acid bacteria have led to the
exponential growth of healthy trends in the global food market [10]. However, this phenomenon
cannot disregard microbial safety standards or allow lactic acid bacteria to be used indiscriminately
without scientific research or safety verification [3,11]. Also, a probiotic safety assessment should
consider the probiotic’s physiological characteristics, treatment method (e.g., oral administration, skin
spray, gel, capsule, etc.), exposure dosage, consumers’ health, and the physiological functions required
for effective probiotic performance [12].

In 2002, the FAO created four basic guidelines for food industry probiotic application, because
a variety of commercially-available microorganisms had been sold to consumers as probiotics without
clear labeling standards. The FAO guidelines summarized by Huys et al. [13] are as follows: (i) “the
assessment of strain identity (i.e., genus, species, and strain level); (ii) in vitro tests to screen potential
probiotic strains (e.g., resistance to gastric acidity, bile acid, and digestive enzymes, antimicrobial
activity against potentially pathogenic bacteria, etc.); (iii) assessment of safety: requirement of proof
that a probiotic strain is safe and without contamination in its delivery form; and (iv) in vivo studies
for the substantiation of the health effects in the target host”. In addition, the FAO recommended
that various tests (e.g., analysis of antibiotic resistance, metabolic activity, toxin production, hemolytic
activity, infectivity in immune-compromised animal models, human side effects, and adverse outcomes
in consumers) be conducted with the probiotic microorganisms to demonstrate their safety to hosts
and elaborate on section three of the aforementioned guidelines [3]. However, these safety assessment
items are recommendations rather than legal requirements. Various research groups have evaluated the
safety of probiotic bacteria according to their cell types and microbial functionalities by incorporating
additional experimental methods [14-16]. In 2002, the European Union Scientific Committee on Animal
Nutrition issued guidelines for the safety assessment and regulation of edible microorganisms utilized
in food and animal feeds. The corresponding “qualified presumption of safety (QPS)” guidelines
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from 2016 are as follows [11]: (1) definition of the taxonomy of the microbe; (2) collection of sufficient
information providing the basis for QPS status, including any scientific literature, history of use,
industrial applications, ecological data, and human intervention data; (3) exclusion of pathogenicity;
and (4) definition of the end use. Based on this guideline, QPS status may be granted to probiotic
cells in European Union food markets if there are no safety problems with a particular taxon or if
the safety problem is alleviated. It is commonly agreed that microbial safety should demonstrate
the (i) species characteristics with genetic information, (ii) phenotypic evidence, (iii) isolation history,
(iv) absence/presence of antibiotic-resistant properties, and (v) potential virulence and/or pathogenic
factors [17].

One of the greatest safety concerns for commercially-produced lactic acid bacteria is that some
of the microorganisms supplied in the form of diets may act as the donor of antibiotic-resistant
plasmids to intestinal pathogens [18,19]. Several reports have found that in the presence of antibiotic
treatment, some strains survive in the human gastrointestinal tract due to the transferred resistance
of plasmids [20-22]. A variety of microbial genes can be transferred to enteric bacteria in the
intestine via plasmids, resulting in the spread of antibiotic-resistance [23]. Therefore, ensuring
the safety of a probiotic strain is necessary prior to the mass production of lactic acid bacteria for
commercial purposes.

Although some Bifidobacterium and Lactobacillus spp. have shown promise in in vivo and
in vitro studies, there is a lack of clear clinical evidence to support the health benefits of these
microorganisms [24]. Therefore, many groups and researchers are trying to prove the efficacy of lactic
acid bacteria through clinical experimentation. B. bifidum BGN4 and B. longum BORI were isolated
from the feces of healthy breast-feeding infants, and have been commercially used as food ingredients
since 2000 [25-29]. Some bifidobacteria strains, including B. bifidum and B. longum, are registered as
functional ingredient, Probiotics (I1.2.51) in Health Functional Food Code of Korea [30]. Over the years,
many studies have revealed the functionalities of B. bifidum BGN4 [28], and its complete genomic
sequence was reported to GenBank [31]. B. longum BORI, also isolated from a healthy breast-fed
infant and deposited in KCCM (Korean Culture Center of Microorganisms, 14092), was proven to
statistically shorten the duration of diarrhea in a clinical study of infants infected with rotavirus [25].
Both probiotic strains have been proven to effectively form healthy intestinal microflora without any
adverse effects. However, further systematic research should be conducted to prove their safety for
academic and commercial applications. The aim of this study was to validate the safety of B. bifidum
BGN4 and B. longum BORI by conducting FAO/WHO recommended experiments and other published
safety research.

2. Results and Discussion

2.1. Ammonia Production

Intestinal bacteria can degrade various nitrogen sources (e.g., proteins, peptides, and amino
acids) present in the feces of the intestinal track [32]. These naturally-occurring microbiota and
artificially-administered flora have the potential to produce various toxic substances during the
deamination stage via nitrogen derivatives. Multiple potentially toxic products (i.e., phenol, ammonia,
and indole [33], are possible products of the proteolytic process, especially in the large intestine.
Thus, bacterial ammonia production is highly relevant to human intestinal health, and a necessary
component of the evaluation to demonstrate the safety of commercial probiotics. Moreover, recent
studies have also shown that ammonia produced by gut microorganisms can affect the liver and act
as a cofactor in chronic liver damage. Vince and Burridge [34] reported that considerable amounts of
ammonia were generated by the Gram-negative anaerobes, Clostridia (including Clostridium perfringens),
Enterobacter, and Bacillus spp. Some strains of streptococci, micrococci, and Gram-positive non-spore
forming anaerobes produced moderate concentrations of ammonia. By contrast, Gram-positive aerobic
rods, in particular Lactobacilli, produced very little ammonia.
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The ammonia production of B. bifidum BGN4 and B. longum BORI were assessed to verify the
safety of these probiotics. In this study, B. bifidum BGN4, B. longum BORI, and other probiotic strains
did not produce ammonia. By contrast, Bacteroides spp., Clostridium perfringens, and Enterobacter spp.,
which are known harmful bacteria and used as positive controls in this study, produced 12.9 + 1.3
to 161.0 £ 6.6 pg/mL of ammonia (Table 1). This test included three replications, and the values
presented are the means =+ the standard deviations. This study found no indication of the production
of ammonia by B. bifidurn BGN4 and B. longum BORI.

Table 1. Mean value and standard deviation of ammonia level variables of B. bifidum BGN4, B. longum
BORI, and other commercial microorganisms (1 = 3).

Strain Ammonia (ug/mL)
Bifidobacterium bifidum BGN4 negative
Bifidobacterium longum BORI negative
Bifidobacterium breve ATCC 15701 negative
Lactobacillus plantarum KFRI 708 negative
Bacteroides fragilis ATCC 25285 147 +£15
Bacteroides thetaiotaomicron ATCC 29741 23.3£3.0
Clostridium perfringens ATCC 13124 235+1.6
Enterobacter cloacae ATCC 13047 161.0 + 6.6
Enterobacter faecalis ATCC 19433 129+13

2.2. Hemolytic Property Test

The 2002 FAO/WHO Guidelines on Probiotics Safety Considerations clearly states that “if
the strain under evaluation belongs to a species with known hemolytic potential, determination
of hemolytic activity is required” [3]. Microbial hemolysis properties are a common concern for
pathogenic bacteria (e.g., enterococci, and streptococci) because of the potential for anemia and edema
in the host. Although Bifidobacterium spp. are normal, naturally-occurring intestinal microbiota
that have been widely included in functional foods and utilized by nutraceutical industries, they
can potentially behave as opportunistic pathogenic microorganisms similar to common commensal
microorganisms. Therefore, hemolysis assay tests should be conducted on potential probiotic bacteria.
Visualizing the physical changes caused by hemolytic activity by culturing the microorganisms on
a medium containing animal or human blood is a commonly used tool to evaluate the hemolytic
properties of pathogens. In this study, the potential hemolytic activity of B. bifidum BGN4 and B. longum
BORI were assessed using the blood agar plating method. Listeria ivanovii subsp. ivanovii ATCC 19119
(positive control) showed (3-hemolysis colorless zones around the cell colonies, whereas B. bifidum
BGN4 and B. longum BORI showed no hemolysis and no change of color in the periphery of the
colonies (Figure 1).

(@) (b) (0

Figure 1. B. bifidum BGN4 ((a); back light) and B. longum BORI ((b); back light) growth with no blood
cell lysis. Complete lysis of red blood cells was observed, with clear zones around the Listeria ivanovii
subsp. ivanovii ATCC 19119 colonies ((c); positive control, back light).
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2.3. Evaluation of Biogenic Amine Production

Biogenic amines (e.g., cadaverine, histamine, tyramine, and putrescine) have hydrophobic
skeletons and naturally-occurring organic polycation molecules derived from the amino acids in
animals and humans [35]. These molecules are involved in multiple metabolic and intracellular
activities of mammals (e.g., synaptic transmission, blood pressure control, allergic response,
and cellular growth control). Traditionally, a variety of probiotic bacteria have been artificially
integrated into fermented foods, due to their beneficial effects and flavor-enhancing properties [36].
Their biogenic amine levels have been regarded as an indicator of microbial activity and food
freshness due to the fact that biogenic amines are generated via microbial metabolic activities
(i.e., decarboxylation and the transamination of protein molecules) [37]. While biogenic amines
are commonly found in fresh meat, vegetables, and cheese, ingestion of large amounts of biogenic
amines may cause symptoms in humans and animals that are similar to severe allergic reactions [38].
One of the most common issues in the probiotics field in recent years has been whether probiotics
contribute to the production of biogenic amines, and how they contribute to the production of biogenic
amines [15]. Complex biogenic amines (i.e., polyamines having more than one amino group) were
initially thought to be naturally present in a variety of fresh foods, but recent studies have shown that
these chemicals can accumulate as a result of microbial activity. Some edible microorganisms and
probiotic strains were reported to produce biogenic amines [39-41]. Therefore, the aim of this study
was to examine the biogenic amine production of B. bifidum BGN4 and B. longum BORI as a component
of an overall probiotic safety evaluation. The biogenic amine content of the bifidobacteria is featured
in Table 2.

Table 2. Biogenic amine levels of B. bifidurm BGN4 and B. longum BORL

Strains Cadaverine (ug/mL) Histamine (ug/mL) Putrescine (ug/mL) Tyramine (ug/mL)
B. bifidum BGN4 N/D! N/D! 24.23 N/D1
B. longum BORI N/D! N/D! 16.58 N/D!

1 N/D; not detected.

The biogenic amine content of these strains was derived by subtracting the background content
of the biogenic amines in each medium. B. bifidum BGN4 and B. longum BORI did not produce
cadaverine, histamine, or tyramine; however, they produced 24.23 and 16.58 ug/mL of putrescine,
respectively. The levels produced were not of concern. Putrescine is a natural substance present in
various foods [42—44]. Putrescine, also naturally found in small amounts in living cells, is formed
by the decarboxylation of ornithine and arginine. It is also a metabolite produced by various edible
probiotic cells. Putrescine is also a precursor of spermidine and spermine. The polyamines putrescine,
spermidine, spermine, and cadaverine are essential components of living cells, and play an important
role in the formation of nucleic acid, protein synthesis, and membrane stability. Of the various
biogenic amines detected in a variety of fruits, juices, and vegetables, putrescine was the most common.
Kalac [42] reported that putrescine was commonly found in frozen spinach puree (average 12.9 mg/kg),
ketchup (average 52.5 mg/kg), concentrated tomato paste (average 25.9 mg/kg), and frozen green pea
(average 46.3 mg/kg). The putrescine content of fermented foods and beverages [43] was found to be
9 mg/kg (3-25 mg/kg, n = 28) in sherry, 154 mg/kg (6-550 mg/kg, n = 8) in sauerkraut, 19 mg/kg
(1-71 mg/kg, n = 8) in Dutch cheese, and 52 mg/kg (1-190 mg/kg, n = 14) in fermented sausage.
Furthermore, the putrescine found in the traditional cheeses made from ewe’s whole milk in Sardinia,
Italy, increased to 1658 mg/L during ripening [44]. Bifidobacterium spps. (i.e., Bifidobacterium CCDM 94,
B. adolescentis CCDM 223, B. animalis ssp. lactis CCDM 239, 240, 241, and 374, B. bifidum CCDM 559,
and B. longum CCDM 569) are known to produce cadaverine, putrescine, tyramine, and spermidine [41].
According to Pollark et al. [45], putrescine is contained in human breast milk (0~3804 nmol/L) and
commercial formula milk (0~1057 4+ 25 nmol/L).
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Therefore, it matters how much putrescine occurs naturally. Some researchers theorize that
putrescine in food is likely to show synergistic effects on histamine toxicity. However, such synergy
has not been proven or reported with experimental data, as far as we know. Moreover, the European
Food Safety Authority (EFSA) [46] also identified a lack of research to identify the exact levels of
putrescine required to increase the side effects of histamine. B. bifidum BGN4 and B. longum BORI did
not produce any cadaverine, histamine, or tyramine during the fermentation process. B. bifidum BGN4
and B. longum BORI produced low levels of putrescine, which was also found in both media (i.e., whole
milk medium = 24.43 pg/mlL, B. bifidum BGN4 culturing medium (whole milk) = 48.67 ug/mL, MRS
medium = 26.60 ng/mL, B. longum BORI culturing medium (MRS) = 43.17 pg/mL). The human
oxidation system of mono-amine and diamine oxidase includes small amounts of biogenic amines that
are usually metabolized and harmless, because humans and animals have the ability to decompose
them in vivo.

2.4. Antimicrobial Susceptibility and Antibiotic Resistance Transferability

2.4.1. Antibiotic Susceptibility

Various lactic acid bacteria research groups have warned that some lactic acid bacteria consumed
as food or feed may have antibiotic-resistant properties. Since this resistance capability could be
transferred to other pathogens via plasmids, the assessment of antibiotic resistance is an important
criterion for evaluating the safety of strains used in food and feed [47]. Moreover, the acquired
transferable genes have been characterized in bifidobacteria and lactobacilli [48]. In order to
distinguish antibiotic-resistant from antibiotic-susceptible microorganisms, the EFSA has established
microbiological cut-off values for the antibiotic-resistance of microorganisms used as food and/or
feed additives. These microbiological cut-off values were determined based on the distribution of the
chosen antimicrobials” minimum inhibitory concentrations (MICs) in cell populations belonging to
a single taxonomical unit [49].

All Bifidobacterium spp. in this study were susceptible to ampicillin, chloramphenicol, clindamycin,
erythromycin, penicillin G, rifampicin, and vancomycin (MIC ranging from 0.01 to 4 pg/mL)
and generally resistant to aminoglycoside antibiotics, such as gentamicin, kanamycin, neomycin,
and streptomycin (MIC ranging from >32 pg/mlL, Table 3). The MIC values of B. bifidum BGN4 and
B. longum BORI, with the exception of gentamicin and tetracycline, were equal to or lower than the
established EFSA cut-off values suggested by the EFSA’s Panel on Additives and Products or Substances
used in Animal Feed (FEEDAP) [49]. The susceptibility tendencies of B. bifidum BGN4 and B. longum
BORI were similar to other studies [50-52], with the exception of high MIC to tetracycline in B. longum
BORI. Penicillin G, ampicillin, vancomycin, gentamicin, erythromycin, trimethoprim-sulfamethoxazole,
and metronidazole are known as frequently used antibiotics in pediatric patients [53]. B. bifidum BGN4
and B. longum BORI are resistant to trimethoprim-sulfamethoxazole but six of ten Bifidobacterium spp.
strains also showed MIC values over 128 pug/mL in this research (Table 3).

Mitto et al. [54] reported Bifidobacterium strains displayed generally high MICs for streptomycin
and gentamicin, and suggested their resistances were intrinsic. Ammor et al. [48] isolated probiotic
bacteria from 21 food samples, such as yogurt, yogurt-type fermented milk, and pharmaceutical
products, and found 22 strains of Bifidobacterium spp. In their study, Bifidobacteria were resistant
to aminoglycoside (MICq) ranges from 64 to 1000 ng/mL) and strongly resistant to kanamycin
(MICgp = 1000 ug/mL). They also demonstrated that some MIC ranges did not overlap, implying that
the antibiotics related to these MIC ranges are usable as ingredients in selective media. They suggested
the selective range of gentamicin was from 32 to 64 ug/mL and kanamycin was 64 to 500 ug/mL
for Bifidobacterium. Therefore, gentamicin containing medium [55] and mupirocin containing
medium [56,57] have been used for the selection and enumeration of Bifidobacterium. Accordingly, this
resistance could be considered as intrinsic. Antibiotic resistance transferability studies were conducted
to confirm the nature of this resistance.



Int. ]. Mol. Sci. 2018, 19, 1422

Table 3. Antimicrobial susceptibility (MIC values) of B. bifidum BGN4 and B. longum BORI and other Bifidobacterium spp.

7 of 22

Antibiotics %ﬁ;sﬂg:;gfi;f B. i%'ggm B. longum Bégzg]c[m B. longum B. infantis B.lactis  B.bifidum  B.bifidum  B. adolescentis B. breve E. ﬁ‘fl,eggls
BB536 BORI ATCC 15697 BB-12 BGN4 KCTC 3440 ATCC 15703 M-16V
spp. 15707 91563 29212
Penicillin G 0.25 0.125 0.5 1 0.125 0.125 0.063 0.063 0.25 0.25 0.5
Carbenicillin disodium salt 2 2 4 8 0.5 2 0.5 0.5 4 4 8
Methicillin 8 4 16 16 1 2 1 0.5 8 8 16
Ampicillin sodium salt 2 0.5 0.25 1 0.5 0.125 0.125 0.063 0.063 0.25 0.25 0.25
Dicloxacillin sodium salt hydrate 4 4 8 8 0.5 4 0.5 1 256 8 4
Gentamicin sulfate 64 32 64 32 32 16 128 128 256 128 128 256
Streptomycin sulfate salt 128 32 128 64 64 >256 128 64 32 128 256 >256
Kanamycin sulfate N/R! 512 1024 1024 512 32 1024 1024 1024 1024 1024 256
Neomycin sulfate 1024 512 512 512 64 512 1024 512 512 1024 1024
Cephalothin sodium salt 8 4 16 32 4 8 4 2 16 16 16
Tetracycline 8 1 1 1 64 2 16 1 1 8 16 32
Polymyxin B sulfate salt 256 32 256 256 128 256 512 512 512 1024 >1024
Erythromycin 1 0.125 0.5 0.5 0.5 0.125 0.125 0.125 0.125 0.125 0.125 8
Metronidazole 8 8 >256 >256 8 4 4 64 >256 8 >256
Vancomycin hydrochloride 2 0.5 <0.25 <0.25 1 0.5 0.5 1 2 0.5 0.5 2
Chloramphenicol 4 2 2 2 4 2 2 2 2 2 2 8
Rifampicin <0.125 <0.125 <0.125 0.25 <0.125 2 0.5 0.25 0.5 1 0.5
Clindamycin hydrochloride 1 <0.032 0.063 0.063 0.125 0.25 <0.032 0.063 0.063 <0.032 <0.032 >16
Phosphomycin disodium salt 128 256 256 256 16 64 128 256 64 32 32
Mupirocin >128 >128 >128 >128 >128 >128 >128 >128 >128 >128 64
Trimethoprim-Sulfamethoxazole 128 256 128 256 256 1 128 64 1 2 32

1 N/R denotes not required.
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2.4.2. Antibiotic Resistance Transferability

Since B. bifidum BGN4 and B. longum BORI showed high antibiotic resistance to gentamicin
and/or tetracycline in these antimicrobial susceptibility tests, tetracycline resistance transferability
tests were conducted using L. fermentum AGBGI1, a recipient strain that is highly susceptible to
tetracycline. In order to test the transferability of gentamicin resistance of B. bifidurn BGN4 and
B. longum BORI, L. acidophilus ATCC 4356 was used as a recipient strain, due to its high gentamicin
sensitivity. The conjugation results are shown in Table 4.

Table 4. Transferability of tetracycline resistance from donors (B. longum BORI and B. bifidum BGN4) to
recipients (L. fermentum AGBGI and L. acidophilus ATCC 4356) (cfu/mL).

AGBGI1 + BORI

Antibiotics AGBGT1 (Aerobic) BORI (Anaerobic)
Aerobic Anaerobic
None ! 4.38 x 108 3.38 x 108 2.27 x 108 456 x 108
T82 0 0 4.44 x 100 7.11 x 107
o ATCC 4356 ATCC 4356 + BORI .
Antibiotics (Aerobic) Aerobic Anaerobic BORI (Anaerobic)
None ! 3.65 x 108 1.67 x 108 2.34 x 108 314 x 108
G643 0 0 2.78 x 100 1.46 x 108
o ATCC 4356 ATCC 4356 + BGN4 )
Antibiotics (Aerobic) Aerobic Anaerobic BGN4 (Anaerobic)
None ! 3.65 x 108 3.29 x 108 2.54 x 108 3.86 x 108
G643 0 0 4.64 x 100 1.43 x 108

1 No antibiotics were included in the counting agar medium. ? Tetracycline (8 jtg/mL) was included in the counting
agar medium. > Gentamicin (64 pg/mL) was included in the counting agar medium.

L. fermentum AGBGI did not grow when cultured alone or co-cultured with B. longum BORI in
the media containing tetracycline. The antimicrobial susceptibility test reported herein found that
while B. bifidum BGN4 was very susceptible to tetracycline (MIC 1.0 ug/mL), B. longum BORI was
resistant to tetracycline (MIC 64 png/mL). However, the tetracycline resistance of B. longum BORI was
not transferred to the recipient, L. fermentum AGBGL, in this study. L. acidophilus ATCC 4356, which is
highly susceptible to gentamicin, grew well in normal MRS medium; however, L. acidophilus ATCC
4356 did not grow in the MRS medium containing gentamicin or the media that was co-cultured
with B. bifidum BGN4 or B. longum BORI. By contrast, B. bifidum BGN4 and B. longum BORI showed
resistance to 64 pg/mL gentamicin in this study. Therefore, this proves B. bifidum BGN4's resistance
to gentamicin and B. longum BORI'’s resistance to gentamicin and tetracycline were not transferred
to the recipient strains. It is worth noting that a 2011 report published by the Agency for Healthcare
Research and Quality (AHRQ) [58] extensively reviewed 622 studies on six genera (i.e., Lactobacillus,
Bifidobacterium, Saccharomyces, Streptococcus, Enterococcus, and Bacillus spp.), and found no clinical
evidence of the theoretical possibility of gene transfer from probiotics to other microorganisms.

2.4.3. PCR Results on Antibiotic Resistance Genes

Even though the whole genome of B. bifidum BGN4 (Accession no.: CP001361.1) and B. longum
BORI show that neither contain a plasmid capable of transferring the antibiotic-resistance gene,
PCR analysis on ten antibiotic genes such as gentamicin(aaac(6)-aph(2)), kanamycin(AphA3, aaaD),
streptomycin(aadE), trimethroprim(dfrA), and tetracycline(tet(K), tet(L), tet(M), tet(O), tet(S)) were
conducted. All the tested Bifidobacterium spp. in this study were identified using 16S rRNA
Bifidobacterium genus specific primers (Figure 2). The PCR results on antibiotics genes are shown in
Figure 3. There were no amplicons that indicate resistance genes in B. bifidum BGN4, B. longum BOR],
and other Bifidobacterium spp. in this study.



Int. ]. Mol. Sci. 2018, 19, 1422 9of 22

Figure 2. PCR analysis results of various Bifidobacterium spp.: Lane 1: marker; Lane 2: without loading;
Lane 3: B. lactis AS60; Lane 4: B. bifidum KCTC 3440; Lane 5: B. longum BORI; Lane 6: B. longum KCCM
91563; Lane 7: B. lactis BB-12; Lane 8: B. longum RDA47; Lane 9: B. bifidum BGN4; Lane 10: B. thermophilum
KCCM 12097; Lane 11: B. adolescentis ATCC 15703; Lane 12: B. lactis ADO11; Lane 13: B. infantis ATCC
15697; Lane 14: B. breve M-16V; Lane 15: B. animalis ATCC 25527.

(a) (b)

Figure 3. PCR analysis results of the antibiotic resistance gene in B. bifidum BGN4 and B. longum
BORI: (a) B. bifidum BGN4; (b) B. longum BORI; Lane 1: Bifidobacterium genus-specific primers;
Lane 2: gentamicin(aaac(6)-aph(2)), Lane 3: kanamycin(AphA3), Lane 4: streptomycin(aadE), Lane 5:
trimethoprim(dfrA); Lane 6: tetracycline K(tet(K)); Lane 7: tetracycline L(tet(L)); Line 8: tetracycline
M(tet(M)), Lane 9: tetracycline O(tet(O)), Lane 10: tetracycline S(tet(S)); Lane 11: kanamycin(aaaD).

Recently, the intrinsic gentamicin-resistance of Bifidobacterium spp. was putatively attributed to the
presence of two genes, namely Bbr_0651 and Bbr_1586, which are enzymes present in the Bifidobacterium
chromosome DNA, with both coding for putative phosphotransferase enzymes [59]. Tetracycline
resistance genes (fet) are widely distributed in the Bifidobacterium genus; however, it is known as
a ribosomal protection protein [48,60]. The tetracycline W (tet(W)) gene was found in B. longum BORI
chromosome DNA. In the study of Mitt6 et al. [54], human- and probiotic-associated Bifidobacterium
species (203 strains) showed high MIC values for tetracycline (i.e., >16 mg/mL; prevalence of 4-18%)
that were attributed to the presence of tetracycline genes (tet), where tet(W), and tet(O) were detected.
The tet(W), and tet(M) were found in 26, and 7%, respectively, of the Bifidobacterium isolates. The role of
the tet(W) gene is presumed to be the translation factor GTPase of the TRAFAC family, which induces
a noncovalent modification to the ribosome that destroys the effect of tetracycline, inhibiting protein
synthesis [61].

2.5. Mucin Degradation

The intestinal mucus gel layer is an important constituent of the intestinal barrier that consists
of a glycoprotein family. Multiple groups have reported that bacterial translocation can occur in
infants and immunocompromised hosts, even if the intestinal mucus acts as a biological shield from
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microbes. This bacterial translocation has the potential to cause sepsis, and is one of the most serious
probiotic safety concerns. Some scientists have also reported the possibility of bacteremia—endocarditis
due to the administration of probiotic strains [62,63]. According to Ruas-Madiedo et al. [64], some
Bifidobacterium spp. demonstrate mucolytic activities and have genes that induce mucin degrading
enzymes. However, the majority of Bifidobacterium spp., such as B. longum and B. pseudocatenulatum,
did not display mucolytic activity.

In order to confirm their microbial safety, it is necessary to evaluate translocation ability via
mucolytic capacity analysis of each strain. In this study, the translocation capabilities of B. bifidum
BGN4 and B. longum BORI were measured using in vitro mucolytic assays. The cell growth rates after
incubation were examined in five kinds of modified MRS media by measuring their absorbances at
550 nm: basal medium (glucose-free MRS, <), basal medium with 0.5% mucin (x), 1.0% mucin (),
0.5% glucose (A), and 1.0% glucose (UJ) (Figure 4).

0.5
1 L]
04 W 0 L] 0 O A
~ A ’50'8
x03 Z 06 o
X oM X
=02 < 04
0.1 0.2
B ' Q@ @ o & % %
12 24 36 48 12 24 36 48
Incubation time (h) Incubation time (h)

@) (b)

Figure 4. Growth curves of B. bifidum BGN4 (a) and B. longum BORI (b) in modified MRS with various
carbon sources: basal medium (glucose-free MRS, <), basal medium with 0.5% mucin (x), 1.0% mucin
(O), 0.5% glucose (A), and 1.0% glucose (0J).

In general, when simple sugars (e.g., glucose, fructose, maltose, and sucrose) are added, mucinase
production can be inhibited due to catabolic repression. A false negative result can be obtained despite
the microorganisms’ potential to produce mucinolytic enzymes. Therefore, to obtain accurate data,
glucose, which is generally used as a carbon source in the MRS medium, was intentionally removed
from the medium in which the experimental cells were cultivated. If B. bifidurn BGN4 and B. longum
BORI were able to produce mucinase, they would be able to source carbon and grow actively through
mucin digestion. As shown in Figure 2, the growth of both probiotic strains was actively induced
when glucose was added as a carbon source. However, when mucin was added instead of glucose, no
growth was observed in either strain. These observations clearly indicate that B. bifidum BGN4 and
B. longum BORI did not use mucin as a carbon source for their growth. This study, as suggested by other
studies [65,66], shows that neither B. bifidum BGN4 nor B. longum BORI degrade mucin, indicating that
the strains are not capable of damaging intestinal surfaces and do not have translocational abilities.

2.6. Genetic Stability

The genetic variation of edible microorganisms possibly results in indels (i.e., gene deletion and
insertion) and mutations. A critical consideration of commercializing probiotics is whether it is possible
to maintain genetic safety over the long term. However, the genetic stability of commercial probiotic
strains has not yet been reported. Theoretically, an evaluation of genetic stability requires the entire
genome sequence of the strain.

The entire genome sequence of B. bifidum BGN4 has been published [31], and consists of
a 2,223,664 bp circular chromosome (62.65% G+C) with no plasmids. A total of 1835 coding
sequences (CDSs), 7 pseudogenes, 3 rRNA operons, and 52 tRNAs were compiled from the nucleotide
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sequence. This study shows that the similarity in the genomic comparison between 1st generation and
25th generation samples were 99.9996~99.9998% via the Orthologous Average Nucleotide Identity
(OrthoANI) value. (Table 5).

Table 5. OrthANI value

Strain/Sample B. bifidum B. bifidum B. bifidum
P BGN4-1/13075.BBGN41.11  BGN4-2/13075.BBGN42.12  BGN4-3/13075.BBGN43.1 3
B. bifidum
BGN4-1/13075.BBGN41.1 ! 100 99.9997 99.9996
B. bifidum
BGN4-2/13075.BBGN42.1 2 99.9997 100 99.9998
B. bifidunm 99.9996 99.9998 100

BGN4-3/13075.BBGN43.1 3

1B, bifidum BGN4-1/13075.BBGN41.1 denotes the 1st generation; 2B. bifidum BGN4-2/13075.BBGN42.1 denotes the
25th generation; ® B. bifidum BGN4-3/13075.BBGN43 and B. bifidum BGN4-2 are the 25th generations.

The difference between 0.0002% and 0.0004% is equivalent to 4.4 to 8.8 bp mutation of the entire
nucleotide sequence, which can be assumed to be due to sequencing errors or spontaneous evolutionary
mutations. Therefore, it is concluded that there was little genetic mutation, and the genetic information
did not change in the process of cultivating 25 generations.

2.7. Virulence Factors

The genome sequences of B. bifidum BGN4 and B. longum BORI were compared with the genome
sequences of four well-known pathogens (E. coli, Enterococcus, Listeria, and Staphylococcus aureus).
The virulence factors included E. coli Shiga toxin gene and S. aureus exoenzyme genes, host immune
alteration or evasion genes and toxin genes. No virulence factors were found in the genomic sequences
of B. bifidum BGN4 and B. longum BORI. Thus, this result shows that the genomic sequences of B. bifidum
BGN4 and B. longum BORI do not include toxic or pathogenic genes related to E. coli, Enterococcus,
Listeria, and S. aureus.

3. Materials and Methods

3.1. Microorganisms

The bacterial strains, including origin, culture medium, and test methods used in this study are

presented in Table 6.
Table 6. Strain list and methods.
Strains Origin Medium Method
Bifidobacterium bifidum BIFIDO Co., Ltd. BHI !, Blood agar 2, whole ~ 3.2,,3.3.,3.4, 352,353,
BGN4 (Hongcheon, Korea) milk 3, LSM-Cys 4, MRS %8 3.5.4.,3.6.,37
Bifidobacterium longum BIFIDO Co., Ltd. BHI !, Blood agar 2 MRS 357, 32,33.,34.,352,354.,
BORI (Hongcheon, Korea) LSM-Cys 4 3.6
Bacteroides fragilis ATCC ~ American Type Culture Collection BHI L 32
25285 (Manassas, VA, USA) )
Bacteroides . .
thetaiotaomicron ATCC American Type Culture Collection BHI ! 32
(Manassas, VA, USA)
29741
Bifidobacterium American Type Culture Collection 4 6
adolescentis ATCC 15703 (Manassas, VA, USA) LSM-Cys ", MRS 352,354
Bifidobacterium animalis ~ American Type Culture Collection MRS 6 354
ATCC 25527 (Manassas, VA, USA) "
Bifidobacterium animalis BIFIDO Co., Ltd. MRS 6 354

subsp. lactis AD011 (Hongcheon, Korea)
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Table 6. Cont.
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Strains Origin Medium Method
Blﬁdobacterzum animalis BIFIDO Co., Ltd. MRS 6 354
subsp. lactis AS60 (Hongcheon, Korea)
Bifidobacterium animalis Isolated from a pharmaceutical 4 6
subsp. lactis BB-12 product, USA LSM-Cys %, MRS 352,354
Bifidobacterium bifidum Korean Collection for Type 4 6
KCTC 3440 Cultures, (Jeongeup, Korea) LSM-Cys*, MRS 352,354
Bifidobacterium breve American Type Culture Collection BHI ! 32
ATCC 15701 (Manassas,VA, USA) ’
Bifidobacterium breve Isolated from a pharmaceutical 4 6
M-16V product, USA LSM-Cys *, MRS 352,354
Bifidobacterium infantis American Type Culture Collection 4 6
ATCC 15697 (Manassas, VA, USA) LSM-Cys ", MRS 352,354
Bifidobacterium longum ~ American Type Culture Collection 4
ATCC 15707 (Manassas, VA, USA) LSM-Cys 352
Bifidobacterium longum Isolated from a pharmaceutical 4
BB536 product, USA LSM-Cys 352
Bifidobacterium longum Korean Culture Center of 4 6
KCCM 91563 Microorganisms (Seoul, Korea) LSM-Cys *, MRS 352,354
Bifidobacterium longum BIFIDO Co., Ltd. 6
RD47 (Hongcheon, Korea) MRS 354
Bifidobacterium
thermophilum KCCM .Korean Culture Center of MRS ¢ 3.5.4
Microorganisms (Seoul, Korea)
12097
Clostridium perfringens ~ American Type Culture Collection BHI 1 32
ATCC 13124 (Manassas, VA, USA) )
Enterococcus faecalis American Type Culture Collection 4
ATCC 29212 (Manassas, VA, USA) LSM-Cys 352
Enterobacter cloacae subsp. American Type Culture Collection BHI ! 32
cloaca ATCC 13047 (Manassas, VA, USA) '
Enterobacter faecalis American Type Culture Collection BHI ! 32
ATCC 19433 (Manassas, VA, USA) )
Lactobacillus acidophilus ~ American Type Culture Collection MRS 5 353
ATCC 4356 (Manassas, VA, USA) o
Lactobacillus fermentum BIFIDO Co., Ltd. 5
AGBG1 (Hongcheon, Korea) MRS 353
Lactobacillus plantarum Korea Food Research Institute BHI L 32
KFRI 708 (Wanju, Korea) )
Listeria itvanovii subsp. American Type Culture Collection Blood Agar 2 33

ivanovii ATCC 19119

(Manassas, VA, USA)

! Ammonia production test (3.2.): B. bifidum BGN4, B. longum BORI, B. breve ATCC 15701, L. plantarum KFRI
708, B. fragilis ATCC 25285, B. thetaiotaomicron ATCC 29741, C. perfringens ATCC 13124, E. cloacae ATCC 13047,
and E. faecalis ATCC 19433 were anaerobically cultured in brain heart infusion (BHI) (BD BBL™, Franklin Lakes, NJ,
USA) medium at 37 °C for 5 days. 2 Hemolytic test (3.3): B. bifidum BGN4 and B. longum BORI were anaerobically
cultured in Blood agar (BHI broth medium supplemented with 1.5% agar and 5% sheep blood) at 37 °C for 2 days.
Listeria ivanovii subsp. ivanovii ATCC 19119, a positive control for hemolysis, was aerobically cultivated in Blood agar
at 37 °C for 2 days. ° Biogenic amine production test (3.4): B. bifidum BGN4 and B. longum BORI, were anaerobically
cultured in whole milk (Seoul Milk, Seoul, Korea) or de Man-Rogosa-Sharpe (MRS) broth (BD Difco™, Franklin
Lakes, NJ, USA) with supplementation of 0.05% (w/w) L-cysteine-HCI (Sigma, St. Louis, MO, USA) at 37 °C for
15 h. * Antimicrobial susceptibility test (3.5.2.): LSM-Cys broth medium supplemented with 0.03% L-cysteine-HCl,
which is composed with 90% of IST and 10% of MRS broth medium. > Antibiotic resistance transferability test
(3.5.3.): Bifidobacterium strains were anaerobically cultured in MRS broth medium with supplementation of 0.05%
(w/v) L-cysteine-HCl and Lactobacillus strains were cultured without L-cysteine-HCl at 37 °C for 18 h. ® PCR assay
on antibiotic resistance gene (3.5.4.): Bifidobacterium strains were anaerobically cultured in MRS broth medium
with supplementation of 0.05% (w/v) L-cysteine-HCl at 37 °C for 18 h. 7 Mucin degradation test (3.6.): B. bifidum
BGN4 and B. longum BORI were anaerobically cultured in MRS broth medium with supplementation of 0.05% (w/v)
L-cysteine-HCl at 37 °C for 48 h. 8 Genetic stability test (3.7.): B. bifidum BGN4 was anaerobically cultured in MRS
broth medium with supplementation of 0.05% (w/v) L-cysteine-HCI.

3.2. Ammonia Production Test

B. bifidum BGN4, B. longum BORI, B. breve ATCC 15701, L. plantarum KFRI 708, B. fragilis ATCC
25285, B. thetaiotaomicron ATCC 29741, C. perfringens ATCC 13124, E. cloacae ATCC 13047, and E. faecalis
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ATCC 19433 were anaerobically cultured in brain heart infusion (BHI) (BD BBL™, Franklin Lakes,
NJ, USA) media at 37 °C for 5 days. The production of ammonia by catalyzed indophenol reaction
was determined according to the method of Chaney and Marbach [67]. To evaluate the generated
extracellular ammonia levels, the media supernatants of each strain were obtained by centrifuging at
10,000x g at 4 °C for 30 min. The media was then adjusted to pH 7 using 1 N NaOH. Two solutions
were prepared as follows: Solution 1 consisted of 2 g phenol and 0.01 g sodium nitroferricyanide
dehydrate dissolved in 200 mL distilled water and Solution 2 consisted of 1 g sodium hydroxide and
0.08 g sodium hypochlorite dissolved in 200 mL distilled water. Aliquots (10 pL) of Solutions 1 and 2
were added to 96 well plates with 100 puL of the media supernatants of each strain. Three replications
of this test were conducted on each strain. The 96 well plates were maintained at room temperature
for one hour, and the absorbance was measured at 625 nm. Bacteria-free BHI medium was used as a
negative control and the ammonia concentration was calculated using a standard curve.

3.3. Hemolytic Test

B. bifidum BGN4 and B. longum BORI were anaerobically cultured in blood agar (BHI broth
medium supplemented with 1.5% agar and 5% sheep blood) at 37 °C for 2 days. Listeria ivanovii subsp.
ivanovii ATCC 19119, a positive control for hemolysis, was aerobically cultivated in blood agar at
37 °C for 2 days. The plates were then analyzed for the presence or absence of microbial hemolysis
properties by holding the plate up to a light source and viewing through both sides of the plate.
Strains that produced green-hued zones around the colonies («x-hemolysis) or did not produce any
hemolysis on the blood plates (y-hemolysis) were considered non-hemolytic. Strains that displayed
blood lyses zones (white-hued zones) around the colonies were classified as microorganisms with
hemolytic (3-hemolysis) properties.

3.4. Biogenic Amine Production Test

B. bifidum BGN4 and B. longum BORI were anaerobically cultured in whole milk (Seoul Milk, Korea)
or de Man—Rogosa-Sharpe (MRS) broth (BD Difco™, Franklin Lakes, NJ, USA)) with supplementation
of 0.05% (w/w) L-cysteine-HCl (Sigma, St. Louis, MO, USA) at 37 °C for 15 h. Four biogenic amines
(cadaverine (>97.0%, Cat. #33211), histamine (>97.0%, Cat. #H7125), putrescine (>98.5%, Cat. #51799),
and tyramine (99%, Cat. #T90344)) were purchased from Sigma-Aldrich (St. Louis, MO, USA).
1,7-Diaminoheptane (internal standard; ISTD, 98%, Cat. #D174708), dansyl chloride (>99.0%, Cat.
#39220), and L-proline (>99.0%, Cat. #P0380) were also purchased from Sigma-Aldrich (St. Louis, MO,
USA). Whatman No. 4 filter paper was obtained from Whatman Intl., Ltd. (Maidstone, UK). Sodium
carbonate (99.0%, Cat. #433401201), ether (99.0%, Cat. #3347551280), and acetone (99.7%, Cat. #A0108)
were obtained from Samchun Pure Chemical Co., Ltd. (Pyeongtaek, Korea).

The biogenic amine analysis extraction procedure was conducted as described by Kim and Ji [68].
Each 5 g sample was weighed and vortexed with 25 mL of 0.1 N HCl for 5 min. After the resulting
homogenate was centrifuged at 10,000 g for 15 min at 4 °C (2236R high-speed centrifuge; Labogene
Aps, Lillerad, Denmark), the aqueous layer was collected, and the residue was re-extracted as described
above. The collected extracts were filtered through Whatman No. 4 filter paper. One milliliter of
each extract was transferred to a glass test tube, and the following was added: 0.1 mL of internal
standard (1,7-diaminoheptane, 100 mg/L), 0.5 mL of saturated sodium carbonate, and 1 mL of 1%
dansyl chloride in acetone. After thoroughly mixing, the test tubes were incubated in a dark water
bath (WBC 1510A; Jeio Tech. Co., Ltd., Seoul, Korea) at 45 °C for 60 min. Subsequently, 0.5 mL of
10% proline and 5 mL ether were added to each sample and allowed to rest for 5 min to remove the
residual dansyl chloride. The supernatants were suspended and evaporated (Scanvac Speed Vacuum
Concentrator; Labogene Aps, Lillered, Denmark) at 20 °C until dry. The dry residue was diluted with
1 mL of acetonitrile (Sigma-Aldrich, St. Louis, MO, USA). The reconstituted sample and standard were
filtered through a 0.2 um syringe filter for HPLC analysis. The HPLC analysis of the biogenic amines
was performed at the National Instrumentation Center for Environmental Management (NICEM) at
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Seoul National University (Seoul, Korea). The HPLC determinations were performed as described in
Table 7.

Table 7. HPLC conditions.

Parameters Conditions
HPLC Thermo Dionex Ultimate 3000 HPLC (Thermo Fisher Scientific, St Peters, MO, USA)
VDSpher C-18 column (4.6 x 250 mm, 5 um) (VDS optilab Chromatographietechnik
Column '
GmbH, Berlin, Germany)
Time (min) Distilled Water (%) Acetonitrile (%)
0 40 60
1 40 60
Mobile solvent 20 0 100
25 0 100
26 40 60
30 40 60
Flow rate 0.8 mL
Column temperature 30°C
Injection volume 20 uL
Detector UV 250 nm

3.5. Antimicrobial Susceptibility and Antibiotic Resistance Transferability Test

3.5.1. Antimicrobial Agents

Twenty antimicrobial agents were used: ampicillin sodium salt (Sigma, Lot#BCBW1243),
carbenicillin disodium salt (Sigma, Lot#116M4834V), cephalothin sodium salt (Sigma Lot#056M4858V),
chloramphenicol (Sigma, Lot#SLBR8869V), clindamycin hydrochloride (Sigma, Lot#021M1533),
dicloxacillin sodium salt hydrate (Sigma, Lot#SZBD263XV), erythromycin (Sigma, Lot#WXBC4044V),
gentamicin sulfate (Sigma, Lot#SLBP3082V), kanamycin sulfate (Sigma, Lot#066M4019V), metronidazole
(Sigma, Lot#MKBZ3056V), mupirocin (Sigma, Lot#106M4733V), neomycin sulfate (Sigma, Lot#LRAB3300),
penicillin G (Sigma, Lot#087M4834V), phosphomycin disodium salt (Sigma, Lot#096M4031V), polymyxin
B sulfate salt (Sigma, Lot#027M4002V), rifampicin (Sigma, Lot#MKCC2435), streptomycin sulfate
salt (Sigma, Lot#SLBT8451), tetracycline (Sigma, Lot#126M4769V), trimethoprim-sulfamethoxazole
(trimethoprim (Sigma, Lot#097M4017V), sulfamethoxazole (Sigma, Lot#BCBT3855)), vancomycin
hydrochloride (USP, Lot#R07250). vancomycin hydrochloride was purchased from USP (Rockville,
MD, USA), and the remaining 19 antimicrobiotics were purchased from Sigma (St. Louis, MO, USA).
Each of the antibiotic powders was dissolved and diluted in appropriate diluents and filter sterilized
prior to addition to LSM-Cys broth medium, composed of 90% of IST and 10% of MRS broth medium.
IST broth was purchased from KisanBio Co., Ltd. (Mbcell Iso-Sensitest Broth, Seoul, Korea) and MRS was
purchased from Becton, Dickinson and Company (BD Difco™ MRS Lactobacilli broth, Franklin Lakes, NJ,
USA). Serial dilutions of antimicrobial agents ranging from 1024 to 0.0032 pg/mL were prepared.

3.5.2. Antimicrobial Susceptibility Test

Minimal inhibitory concentration (MIC) values for all bacterial isolates were determined by the
ISO 10932:2010 broth microdilution procedure [69]. The LSM-Cys broth medium supplemented with
0.03% (w/v) L-cysteine HCI containing antibiotics at different concentrations was used to prepare
each well of a microwell plate. The inoculum was adjusted to a turbidity equivalent to 0.16 to 0.2 at
625 nm as measured by a Hitachi Spectrophotometer (Hitachi High-Technologies Co., Tokyo, Japan).
The solution corresponded to approximately 3 x 108 cfu/mL. Each inoculum was added to a double
strength LSM-Cys broth medium at a rate of 0.2%. A 50 uL diluted bacterial suspension was added
to each well; no negative control well was employed. The microdilution plates were prepared with
a series of twofold dilutions of antibiotics. The microdilution plates were incubated at 37 °C for 48 h in
an anaerobic (5% CO,, 10% H; and 85% N») chamber. The MIC was defined as the lowest concentration
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of antibiotic giving a complete inhibition of visible growth in comparison to an antibiotic-free control
well. The experiments were replicated three times.

3.5.3. Antibiotic Resistance Transferability Test

Conjugal transfer of antibiotic resistance was assessed via the methods of Tannock [70].
Equal bacterial cell volumes (1 mL) of the donor and recipient strains were mixed and centrifuged
at 7000x g for 10 min (2236R high-speed centrifuge; Labogene Aps, Lillerod, Denmark) (see Table 8).
After disposing of the supernatant, the bacterial cell pellet was resuspended in the MRS broth medium
and cultivated at 37 °C for 12 h in an anaerobic chamber. The collected bacterial cells were filtered
through a 0.45 pm microfilter membrane (Whatman Intl., Ltd., Maidstone, UK) and the membrane was
placed on the surface of MRS agar and incubated anaerobically at 37 °C for 24 h. The bacterial cells
were washed with 4 mL of 0.9% sterile saline, diluted to 10~3, 10, and 105, respectively, and then
plated on MRS agar containing gentamicin or tetracycline. The plates were incubated aerobically or
anaerobically at 37 °C for 36 h. Three replicates of all experiments were conducted.

Table 8. Test scheme.

Donor Strains Recipient Strains B. bifidum BGN4 B. longum BORI
L. fermentum AGBG1 N/A1T BORI + AGBG1
L. acidophilus ATCC 4356 BGN4 + ATCC 4356 BORI + ATCC 4356

1 N/ A denotes not applicable because B. bifidum BGN4 was highly susceptible to tetracycline, which resulted in no
growth on the media containing tetracycline.

3.5.4. PCR Assay on Antibiotic Resistance Genes

The experimental conditions of Guo et al. [71] were used for these tests. The genomic DNA of the
pure culture bacteria was extracted using MG™ Cell Genomic DNA Extraction SV miniprep (MGmed,
Seoul, Korea). The extraction was performed according to the manufacturers’ instructions, and the
total bacterial DNA was eluted with 200 uL of sterile water. To ensure that the ratio of absorbance
at 260 nm to absorbance at 280 nm was 1.8-2.0., DNA extracts were aliquoted and stored at —20 °C.
Polymerase chain reactions (PCR) were used to detect antibiotic resistance genes by gene-specific
primers (Table 9). The following reaction mixture was added to each sample: 1.5 uL. DNA (50 ng), 2 uL
primer (100 pmol), dNTP mixture 8 puL, 2XGC buffer I, and adjusted to 50 pL volume by sterilized
distilled water. The amplification program was an initial denaturation step of 94 °C for 5 min, and then
30 cycles of: 94 °C for 30 s, annealing temperature (Table 9) for 30 s, 72 °C for 1 min, and 72 °C for 7
min. The amplicons were analyzed on 1.5% agarose gel to confirm the DNA fragment size.
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Table 9. Primers and conditions for PCR detection .

No. Primer Name Oligo Sequence ™™ (°Q) Product Size Reference
1 Bifidobacterium ) F: 5-TCGCGTCYGGTGTGAAAG-3 55 128b [72]
genus-specific primers R: 5'-GGTGTTCTTCCCGATATCTACA-3' P
. F: 5-CCAAGAGCAATAAGGGCATA-3'
2 Gentamicin aaac(6)-aph(2) R: 5-CACTATCATAACCACTACCG-3' 60 220 bp [73]
. F: 5-GCCGATGTGGATTGCGAAAA-3
3 Kanamycin AphA3 R: 5'-GCTTGATCCCCAGTAAGTCA-3' 52 292bp (741
. F: 5'-ATGGAATTATTCCCACCTGA-3'
4 Streptomycin aadE R: 5-TCAAAACCCCTATTAAAGCC-3/ 50 565bp (741
. . F: 5-AAAAGGGGCAGAGCATG-3' -
5 Trimethoprim dfrA R: 5-AGAAAATGGCGTAATCGGTA-3' 50 474bp 73]
. F: 5-TTAGGTGAAGGGTTAGGTCC-3
6 Tetracycline(K) tet(K) R: 5-GCAAACTCATTCCAGAAGCA-3/ 55 169 bp [76]
. F: 5-GTTGCGCGCTATATTCCAAA-3'
7 Tetracycline(L) fet(L) R: 5"-TTAAGCAAACTCATTCCAGC- >
. F: 5-GTTAAATAGTGTTCTTGGAG-3'
8 Tetracycline(M) tet(M) R: 5-CTAAGATATGGCTCTAACAA-3/ 55 401 bp [77]
. F: 5-GATGGCATACAGGCACAGAC-3'
? Tetracycline(0) £eH(0) R: 5'-CAATATCACCAGAGCAGGCT-3/ >
. F: 5-TGGAACGCCAGAGAGGTATT-3’
10 Tetracycline(S) tet(S) R: 5-ACATAGACAAGCCGTTGACC-3' 55 1923 bp [78]
11 Kanamvycin 2aaD F: 5-TGCGTTTTGACACATCCAC-3' 55
Y R: 5-GGTGTTTATGGCTCTCTTGG-3/

! The experiment conditions are secondary quoted from Guo et al. [71].
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3.6. Mucin Degradation Test

Partially purified Mucin from porcine stomach—Type III, was purchased from Sigma (St. Louis,
MO, USA). An MRS broth medium without a carbon source (i.e., basal medium containing yeast
extract 0.75% (w/v), soy peptone 0.25% (w/v), fish extract 0.25% (w/v), sodium acetate 0.25% (w/v),
ammonium citrate 0.1% (w/v), sodium phosphate monobasic 0.05% (w/v), sodium phosphate dibasic
0.025% (w/v), Tween 80 0.05% (w/v), L-cysteine HC1 0.05% (w/v), maleic acid 0.005% (w/v), taurine
0.00625% (w/v), magnesium sulfate 0.005% (w/v), manganese sulfate 0.0025% (w/v), and distilled
water 98.2% (v/v)) was used as a negative control. To each of the four MRS broth media, 0.5% (w/v)
mucin, 1.0% (w/v) mucin, 0.5% (w/v) glucose, and 1% (w/v) glucose were added. After the inoculation
of the microorganisms in each MRS medium, the samples were cultured at 37 °C for 48 h under
anaerobic conditions. After incubation, the bacterial growth was assessed by measuring absorbance at
550 nm at 12, 24, 36, and 48 h. The initial optical density value of the media was subtracted from the
final value for each test sample.

3.7. Genetic Stability Test

B. bifidum BGN4 was plated on a MRS agar plate via streaking from a stock stored at —80 °C and
incubated anaerobically at 37 °C for 24 h to obtain a single colony. A single colony was inoculated
into 10 mL of MRS broth supplemented with 0.05% (w/v) L-cysteine HCI and regarded as the 2° (1st)
generation (about 10® CFU/mL) of B. bifidum BGN4. B. bifidum BGN4 was incubated at 37 °C for about
12 h under anaerobic conditions to reach about 10° cfu/mL and obtain 210 generations. In the second
subculture, 0.1 mL (1% inoculation, about 10° cfu/mL) of the primary culture was inoculated with
10 mL of MRS broth and cultured under the same conditions to obtain 220 generations of B. bifidum
BGN4. For the third subculture, 0.1 mL (1% inoculation, approximately 10° CFU/mL) of the secondary
culture was inoculated with 10 mL of MRS broth and incubated to 10”7 or 108 CFU/mL to obtain 22°
generations of B. bifidum BGN4. The viable count during cultivation was measured to confirm the
generation number. The genomic DNA of the pure culture bacteria was extracted using MG™ Cell
Genomic DNA Extraction SV Miniprep (MGmed, Seoul, Korea), according to the manufacturer’s
instructions. Whole genome sequencing and analysis were completed using an Illumina MiSeq
sequencer and a Nextera XT Library Preparation kit (Illumina, San Diego, CA, USA). Nextera XT
sequencing indices were used for multiplexing, and the participants were free to choose any sample
index combination. The run acceptance criteria were a sequencing output of 5.6 Gb (to achieve
an average sequencing coverage of 100-fold for the 20 samples with genome sizes of 2.8 Mb) and a Q30
read quality score of 75% [79]. The bioinformatics analysis was performed using Miseq raw data,
and the comparative genomics analysis was completed with three Miseq raw data sets in ChunLab
Co., Ltd. (Seoul, Korea).

3.8. Virulence Factors Researching

The search for virulence factors in B. bifidum BGN4 and B. longum BORI was completed using
the VirulenceFinderl.5 Server, which is a component of the publicly available web-based tool for
whole-genome sequencing(WGS) analysis hosted by the Center for Genomic Epidemiology (CGE)
(http:/ /www.genomicepidemiology.org/). The database system is designed to detect homologous
sequences for the virulence genes related to E. coli, Enterococcus, Listeria, and Staphylococcus aureus
in WGS data [80]. The output consists of best-matching genes from BLAST analysis of the selected
database against the submitted genome of B. bifidum BGN4 or B. longum BORI. The selected %ID
threshold was set at 90.00%, and the selected minimum length was set at 60%. If there is a matching
result, the output shows information on the predicted virulence gene, the % ID, the length of query
and database gene, the position of the hit in the contig, and the accession number of the hit.
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4. Conclusions

Although probiotics have been widely used for their health benefits in food markets around
the world, safety issues, including the side effects of probiotics, should be considered even more
carefully than their clinical effects on consumers’ health. In this study, it is shown that B. bifidum BGN4
and B. longum BORI did not produce ammonia or biogenic amines such as histamine, tyramine, or
cadaverine. A trace amount of putrescine was found in both strains; however, the quantities were
similar to or less than the amount detected in various foods regularly consumed. Neither probiotic
demonstrated hemolysis activity nor mucin degrading activity. Their resistance to antibiotics, however,
was not transferable in this study. These finding suggest that B. bifidum BGN4 and B. longum BORI are
suitable for use in foods with little risk of harmful effects on the consumer.
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The long-term effects of probiotics in the therapy of ulcerative colitis:
A clinical study

Vincenzo Davide Palumbo®®, Marcello Romeo¢, Antonella Marino Gammazza®, Francesco Carini“?, Provvidenza Damiani,
Giuseppe Damianoc, Salvatore Buscemis, Attilio Ignazio Lo Monte“?, Alice Gerges-Geagea“*, Abdo Jurjus?,
Giovanni Tomasello<¢

Aim. Intestinal dysbiosis seems to be the leading cause of inflammatory bowel diseases, and probiotics seems to
represent the proper support against their occurrence. Actually, probiotic blends and anti-inflammatory drugs rep-
resent a weapon against inflammatory bowel diseases. The present study evaluates the long-term (2 years) effects
of combination therapy (mesalazine plus a probiotic blend of Lactobacillus salivarius, Lactobacillus acidophilus and
Bifidobacterium bifidus strain BGN4) on ulcerative colitis activity.

Method. Sixty patients with moderate-to-severe ulcerative colitis were enrolled: 30 of them were treated with a single
daily oral administration of mesalazine 1200 mg; 30 patients received a single daily oral administration of mesalazine
1200 mg and a double daily administration of a probiotic blend of Lactobacillus salivarius, Lactobacillus acidophilus
and Bifidobacterium bifidus strain BGN4. The treatment was carried out for two years and the clinical response evalu-
ated according to the Modified Mayo Disease Activity Index.

Results. All patients treated with combination therapy showed better improvement compared to the controls. In
particular, the beneficial effects of probiotics were evident even after two years of treatment.

Conclusions. A long-term treatment modality of anti-inflammatory drugs and probiotics is viable and could be an
alternative to corticosteroids in mild-to moderate ulcerative colitis.

Key words: bifidobacteria, inflammatory bowel diseases, lactobacilli, microbiota, ulcerative colitis
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INTRODUCTION of a pro-inflammatory enterotype on mucosal layer and
disease activity®.
Inflammatory bowel disease worldwide incidence and Modulation of the intestinal microbiota can be per-

prevalence have been increasing in the last few decades. formed either by antibiotics or by probiotics, but the
Ulcerative colitis (UC) is one of the two major types of former are not good candidates for chronic disease be-
IBD, along with Crohn disease (CD). Unlike CD, which  cause of antibiotic resistance, potential side effects, and
can affect any part of the gastrointestinal tract, UC char-  ecological concerns®. Therefore, the use of probiotics in
acteristically involves the large bowel'?. IBD could be considered a potential aid to the current
There is a large debate about the exact aetiology of  conventional therapies. An accurate analysis of scientific
UC. Proposed causes include environmental factors, im-  data proves that the efficacy of probiotics in the treat-
mune dysfunction, and a likely genetic predisposition. ment of various diseases has been amply demonstrated
The current hypothesis is that genetically susceptible in- and confirmed”. Actually, several studies have focused
dividuals have abnormalities of humoral and cell-mediated  on the effects of probiotic blends on enteral microbiota,
immunity and a generalized enhanced reactivity against  especially in those cases of dysbiosis, when the normal
commensal intestinal bacteria’. This dysregulated muco-  concentration of “good” bacterial flora is impaired by the
sal immune response predisposes to colonic inflamma-  presence of pathogenic bacteria'®!.
tion’. Whether these abnormalities are the cause or the Currently, the standard treatment of UC relies on an
result of the intense systemic inflammatory response in  initial medical management with corticosteroids and anti-
UC is still unresolved. However, it is well documented  inflammatory agents, such as mesalazine, in conjunction
that bacterial microflora is altered in patients with active =~ with a symptomatic treatment with antidiarrheal agents
disease®. Recent studies reported a great variation in the  and rehydration. These treatments have been proven not
effects of microbiota, focusing, in particular, on the effects  to be always reliable in controlling the clinical course of
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Table 1. Modified Mayo Disease Activity Index.

Grade Bowel frequency Rectal bleeding Physician’s global Endoscopy/sigmoidoscopy
assessment finding
0  Normal number of stools No blood seen Normal Normal or inactive disease
per day for this patient
1 1 or 2 more stools than  Streaks of blood with stool Mild disease Mild disease (erythema, decreased

less than half the time
Obvious blood with stool
most of the time

normal
2 3 or 4 more stools than
normal

3 5 or more stools than
normal

Blood alone passed

Moderate disease

vascular pattern)

Moderate disease (marked erythema,
absent vascular pattern, friability,
erosions)

Severe disease (spontaneous bleeding,
ulceration)

Severe disease

the disease!>"* and present side effects in a significant
proportion of patients who do not tolerate the existing
treatments'. In the present open-labeled randomized
controlled study, standard corticosteroid treatment was
substituted for a combination therapy (anti-inflammatory
+ probiotics) for two years, in moderate-to-severe UC and
the disease activity was periodically followed-up according
to the Modified Mayo Disease Activity Index (MMDAI)
(ref.5).

MATERIALS AND METHODS

From January 2011 to December 2012, 60 UC pa-
tients were evaluated clinically and endoscopically to
establish their disease activity, in accordance with the
MMDALI (ref.”), a simplified composite score incorpo-
rating four variables: stool frequency, rectal bleeding, mu-
cosal appearance and physician's rating of disease activity
(Table 1). By employing a four point scoring scale for
each variable, the relative simplicity of the index reduces
the impact of physician and patient subjectivity in dis-
ease scoring. Interestingly, the stool frequency score is
not an absolute number, but relative to “normal” for that
subject. The MMDAI was modified by the deletion of
“friability” from an endoscopy score equal to 1; in fact,
the assessment of mucosa “friability” is an important
subjective parameter and its deletion contributes to the
objectivity of the chosen score. Patients over 18 years of
age with UC and a moderate-to-severe disease (activity
index: 8-12) were considered eligible for the study. The
diagnosis of UC, was established on the basis of standard
clinical, endoscopic and histological criteria. All subjects
were out-patients, attending our Gastroenterology Unit.
A condition of steroid dependence, renal impairment,
pregnancy, lactation or established low compliance, was
considered as an exclusion criterium. The use of other
drugs, such as rectal mesalazine or steroid preparations,
was not allowed during investigation. Patients were free to
leave the study at any time (withdrawal of consent). Other
reasons for withdrawal from the investigation were: lack
of adherence to the therapeutic schedule or programmed
controls (< 85%, poor compliance); onset of symptoms of
relapse, confirmed by instrumental procedures (therapeu-
tic failure); onset of drug-related adverse events requiring

Table 2. Modified Mayo Disease Activity Index (MMDAI)
from t to t,, in group A, B and A vs B.

MMDAI A B AvsB
t, 10.1+1.4 10.2£1.6 ns
t, 7.2£2.0 6.0£1.5 P=0.0109
t, 5.4%1.3 4.8+0.7 P=0.0232
t, 5714 4.8+0.8 P=0.0035
t 6.1£2.0 4.4+0.8 P=0.0001

Table 3. Physician’s global assessment from t; to t,, in group

A, B and A vs B.
Physician’s global
yassessmegnt A B AvsB
t, 2.6+0.7 2.7+0.5 ns
t, 1.9+0.7 1.7+0.7 ns
t, 1.5+0.6 1.3£0.5 ns
t, 1.4£0.6 1.2+0.4 ns
t 1.5+0.6 1.2+0.4 P=0.0040

interruption of treatment. The study was approved by the
local ethics committee and all participants subscribed to
an informed consent.

The patients were divided into two homogeneous
groups: group A, including 22 male and 8 female subjects
aged 35-69 years (mean 43 years), was treated pharma-
cologically with 1200 mg of oral mesalazine once-daily
(Mesavancol® 1200 mg cpr, Giuliani spa, Milan); group
B, which included 19 male and 11 female UC patients
aged between 28 and 71 years (mean 46 years), was
treated with a single daily administration of oral mesala-
zine 1200 mg (Mesavancol® 1200 mg cpr, Giuliani spa,
Milan) and a double administration of a probiotic blend
of Lactobacillus salivarius, Lactobacillus acidophilus
and Bifidobacterium bifidus strain BGN4 (Acronelle®,
Bromatech srl, Milan, Italy). The treatment was carried
out in both groups for two years.

Considering as “t;” the first evaluation, all patients
were subsequently followed-up for 6 (tl), 12 (tz), 18 (t3)
and 24 (t,) months. A new reassessment of the activity
score was carried out at every check-point. Data were
evaluated statistically using the ANOVA method for re-
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peated measures (ANOVA Repeated Measures), and the
two groups compared by means of t test (unpaired t test).

RESULTS

During the 24 months of study, patients treated with
mesalazine and probiotic blend showed better results than
those reached by patients treated with mesalazine alone.
In particular, as Table 2 suggests, the benefits of the pro-
biotic blend in combination with the anti-inflammatory
treatment are tangible and statistically significant after
a period of at least 18 months. Both groups showed an
effective improvement of patient general clinical condi-
tion which is reflected by a global improvement of their
MMDALI, but group B patients advantaged from the use
of probiotics which, probably, enhanced the effects of the
anti-inflammatory treatment.

Table 3 underlines the positive effects of single daily
administration of mesalazine in UC patients. Interestingly,
in group B, the anti-inflammatory action of the treatment
is evidently powered by probiotics, which ameliorate the
clinical response and shorten significantly the time of
recovery. Furthermore, the combined therapy contributed
to maintain constantly low the score in group B, whose
patients showed an acceptable overall clinical condition
up to the end of the study. However, a slight deterioration
could be observed over time, in group A. Data analysis
during the 2 years of treatment in both groups, corrobo-
rates the showed results, remarking the slight benefit of
the combination therapy compared to the sole use of me-
salazine (Table 3).

Stool frequency, the second parameter considered, also
showed a significant improvement due to the combined
treatment, with a slight reduction of frequency in group
B compared to group A (Table 4). Strangely, there was a
slight deterioration at 18 months in group B, whereas in
group A, even in this case, a moderate loss of effectiveness
of the anti-inflammatory therapy could be recognized over
time. Comparing the two groups, the reduction of stool
frequency became statistically significant in group B, at 6
and 24 months of therapy. The table shows a small rever-
sal of the trend at 18 months, when the patients of group
B seemed to lose the advantage supplied by probiotics.

Considering the endoscopic picture (Table 5), both
treatments were already effective only after 6 months. In
group B, patients showed a significant improvement of
intestinal mucosa aspect, compared to group A, and, as
already remarked for the overall clinical condition, the
beneficial effects of combination therapy remained con-
stant for the entire period of study, compared to group A,
whose patients lost some of those benefits already at t..

The evaluation of rectal bleeding more or less followed
the same time lapse already seen for the endoscopic pic-
ture (Table 6). In fact, bleeding decreased in both groups
already at t, but whereas group B enjoyed the positive
effects of probiotics up to 2 years, showing a certain
constancy of values at each check-point, group A, once
again, got progressively worse from 18 months of treat-
ment onwards.
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Table 4. Stool frequency from ¢ to t,, in group A, B

and A vs B.
Stool A B AvsB
frequency
t, 2.4%0.5 2.4%0.6 ns
t, 1.8+0.6 1.4+0.5 P=0.0021
t, 1.3£0.5 1.2+0.4 ns
t, 1.3+0.5 1.3+0.5 ns
t 1.5+0.6 1.0+0.2 P =0.0006

4

Table 5. Endoscopic picture from ¢, to t,, in group A, B

and A vs B.
Endoscopic A B AvsB
finding
t, 2.5+0.5 2.5£0.6 ns
t, 1.8£0.8 1.5+0.6 ns
t, 1.3£0.5 1.2£0.4 ns
t 1.6£0.5 1.1+0.3 P=0.0005
t 1.6£0.6 1.1+0.3 P=0.0005

4

Table 6. Rectal bleeding from t to t,, in group A, B

and A vs B.
Rectal A B AvsB
bleeding
t 2.6£0.6 2.5%0.6 ns
t, 1.7+£0.7 1.4+0.5 P=0.0498
t, 1.3+0.4 1.1x0.3 ns
t, 1.4+0.5 1.1x0.3 P=0.0374
t, 1.5+£0.7 1.1£0.3 P=0.0024
DISCUSSION

In the last few years, intestinal microbiota seems to be
increasingly involved in UC pathogenesis'®". The charac-
teristic chronic inflammation of the colonic mucosa in
UC is likely due to the constant exposure of the mucosal
layer to antigenic endoluminal stimuli. Numerous studies
have identified in intestinal dismicrobism the most impor-
tant endoluminal antigenic stimulus; this, along with the
change of the whole intestinal microenvironment, could
hyperstimulate the immune system and trigger the inflam-
matory process'®%,

Microbiological studies have detected a signifi-
cant reduction of Bifidobacteria and Lactobacilli and
an overgrowth of specific pathogenic strains, such as
Deltaproteobacteria and Bilophila wadsworthia. The use
of probiotics in combination with the standard treatment,
improves patients’ quality of life and life expectancy, re-
ducing significantly clinical symptoms and minimizing
side effects??’. The results of our study confirm the
beneficial effects of probiotics on UC activity, partly by
improving patient’s response to anti-inflammatory treat-
ment. Comparing patients treated with probiotic blend
and mesalazine, and those patients who received the anti-
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inflammatory alone, data report a significant improve-
ment of MMDALI in the former group, after 18 months.
Interestingly, the association of probiotics with mesala-
zine, seems to guarantee a stable effect in the whole pe-
riod of observation, different from the anti-inflammatory
therapy alone, which seems to be burdened by an unsteady
response. Oral 5-ASA administered once daily has been
demonstrated to be as effective and safe as conventional
dosing (twice or three times daily) for maintenance of
remission in quiescent UC (ref.?®). The choice of testing
a specific probiotic blend (Acronelle®, Bromatech srl,
Milan, Italy) was suggested by the distinguishing features
of the bacterial strains contained in the considered probi-
otic blend: Lactobacillus salivarius has a high anti-inflam-
matory and antibacterial activity, especially against some
of those pathogenic bacterial strains, usually present on
the intestinal mucosa of IBD patients®’; Bifidobacterium
bifidum BGN 4 supports Lactobacilli against inflam-
mation, thanks to the chiro-inositol present in its cell
membrane, which seems to reduce the production of
pro-inflammatory cytokines?. Although guidelines® sug-
gest to treat moderate-to-severe UC with corticosteroids,
the contemporary use of Mesavancol® and Acronelle®
allowed to reach an encouraging result, avoiding all those
therapy side effects which usually decrease patient compli-
ance. For the first time, the long-term efficacy (2 years) of
such a probiotic blend has been proven, also demonstrat-
ing the synergistic effect on disease activity, especially
when coupled with anti-inflammatory treatment. Several
authors have already contributed to research in this field,
however, none of them has followed-up moderate-to-severe
UC patients, for a such long period of time. Ishikawa et
al. (ref.’®) reported that Bifidobacteria-fermented milk
(BFM) supplementation reduces the luminal butyrate
concentration, a key molecule in the remission of colitis.
This reduction reflects the increased uptake or oxidation
of SCFAs by the improved colorectal mucosa. Similarly,
Kato et al. (ref.’') found increased levels of faecal butyr-
ate, propionate, and SCFA acid concentrations in patients
with active UC (mild to moderate), who received BFM
together with conventional treatment. In this pilot study,
patients supplemented with BFM showed a significant-
ly lower clinical activity index than the placebo group.
Likewise, the post-treatment endoscopic index and histo-
logical score were reduced in the BFM group. Probio-Tec
AB-25, a mixture of Lactobacillus acidophilus strain La-5
and Bifidobacterium animalis subsp. lactis strain Bb-12,
was tested for the maintenance of remission in patients
with left-sided UC, in a 1-year, prospective, randomized,
double-blind and placebo controlled trial*?. The safety and
tolerance of Probio-Tec AB-25 and the placebo were good.
Gastrointestinal symptoms were reported equally in both
treatment groups and a relationship between Probio-Tec
25 and gastrointestinal side effects could not be estab-
lished. At weeks 4 and 28, Bb-12 or La-5 were detected in
11 patients receiving probiotics. Five patients in the pro-
biotic group (25%) and one patient in the placebo group
(8%) maintained remission after 1 year of treatment. In
the probiotic group, the median time to relapse was 125.5
days, versus 104 days in the placebo group. The use of

375

BIFICO (oral capsules of live enterococci, bifidobacteria,
and lactobacilli) in combination with sulphasalazine and
glucocorticoid exerts some beneficial effects in preventing
the relapse of UC (ref.**). The administration of BIFICO
plus sulphasalazine and glucocorticoid to UC patients
enlarged the number of bifidobacteria and lactobacilli
and reduced the number of enterococci, bacteroides,
and bifidobacteria present in the faeces compared with
the control group. The most studied probiotic in clinical
trials is Lactobacillus rhamnosus, which is present in the
bowel of healthy individuals. Zocco et al. (ref.?*) studied
the efficacy of Lactobacillus rhamnosus GG (LGG)
supplementation versus standard mesalazine for main-
taining disease remission in UC patients. After 6 and 12
months of treatment, the percentage of patients maintain-
ing clinical remission was, respectively, 91% and 85% for
the LGG group (1.8 x 1010 viable bacteria/day), 87% and
80% for the mesalazine group (2400 mg/day), and 94%
and 84% for the combined treatment (LGG plus mesala-
zine). The oral administration of Lacteol (Lacteol Fort,
Rameda, Egypt), a probiotic preparation that contains 1 x
1010 CFU of Lactobacillus delbrueckii and Lactobacillus
fermentum, together with 2400 mg/day of sulfasalazine,
during 8 weeks, to UC patients with chronic diarrhea,
inhibited the extent of inflammation, prevented muco-
sal injury, and alleviated colitis**. In children with distal
active UC, rectal administration of Lactobacillus reuteri
ATCC 55730 (as an enema solution containing 1 x 1010
CFU) for 8 weeks in addition to standard oral mesalazine,
resulted in a significant decrease in the MDAI compared
with the children that received the corresponding placebo.
In addition, all of the children on Lactobacillus reuteri
had a clinical response, whereas only 53% of the chil-
dren on the placebo responded. Clinical remission was
achieved in 31% of the Lactobacillus reuteri group and in
no children of the placebo group*. D’Inca et al. (ref.’)
evaluated the effect of an 8-week oral and/or rectal admin-
istration of Lactobacillus casei DG on colonic-associated
microbiota, mucosal cytokine balance, and TLR expres-
sion in patients with mild left-sided UC. The patients were
divided into three groups: the first group received oral
5-ASA alone, the second group received oral 5-ASA plus
oral Lactobacillus casei DG (8 x 108 CFU), and the third
group received oral 5-ASA and rectal Lactobacillus casei
DG (8 x 108 CFU). A significant improvement of the
histological scores was found in patients receiving the pro-
biotic strain by the oral or rectal route of administration.
Nevertheless, oral supplementation with Lactobacillus
casei DG did not have a significant effect on the counts of
Enterobacteriaceae or Lactobacillus. However, the occur-
rence of Lactobacillus and Enterobacteriaceae cultured
from biopsy specimens was increased and decreased, re-
spectively, in the group that took the probiotic rectally.
Moreover, the rectal administration of Lactobacillus casei
DG significantly reduced TLR-4 and IL-1p levels and sig-
nificantly increased mucosal IL-10.

Probiotics act into the inflamed intestine, destroying
“bad” bacterial flora and restoring previous micro-envi-
ronment conditions. Probably, such an effect this prevents
that abnormal reaction of the human immune system at
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the base of intestinal autoimmune diseases. In this case,
patients treated with probiotics showed an overall im-
provement of all studied parameters: patients showed a
better clinical response, reduced significantly their stool
frequency, maintained easily their haemoglobin values
and exhibited a significant improvement of their gut
mucosa condition. Likely, a random choice of probiotic
strains should not be the right way to cure IBD definitely,
but the present study demonstrates the efficacy of some
“good” bacterial strains in assisting anti-inflammatory
drug mechanism of action.
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Controversy exists regarding the preventive effect of probiotics on the
development of eczema or atopic dermatitis. We investigated whether
supplementation of probiotics prevents the development of eczema in
infants at high risk. In a randomized, double-blind, placebo-controlled
trial, 112 pregnant women with a family history of allergic diseases
received a once-daily supplement, either a mixture of Bifidobacterium
bifidum BGN4, B. lactis ADO11, and Lactobacillus acidophilus AD031,
or placebo, starting at 4-8 wks before delivery and continuing until

6 months after delivery. Infants were exclusively breast-fed during the
first 3 months, and were subsequently fed with breastmilk or cow’s milk
formula from 4 to 6 months of age. Clinical symptoms of the infants
were monitored until 1 yr of age, when the total and specific IgE against
common food allergens were measured. A total of 68 infants completed
the study. The prevalence of eczema at 1 yr in the probiotic group was
significantly lower than in the placebo group (18.2% vs. 40.0%,

p = 0.048). The cumulative incidence of eczema during the first

12 months was reduced significantly in probiotic group (36.4% vs.
62.9%, p = 0.029); however, there was no difference in serum total IgE
level or the sensitization against food allergens between the two groups.
Prenatal and postnatal supplementation with a mixture of B. bifidum
BGN4, B. lactis ADO11, and L. acidophilus ADO031 is an effective
approach in preventing the development of eczema in infants at high
risk of allergy during the first year of life.
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Eczema or atopic dermatitis is a common chronic
inflammatory skin disease, mostly occurring in
children (1). A recent study has shown that the
worldwide prevalence of eczema in childhood
was increasing (2), and the prevalence of eczema
in Korean children aged 6-12 yrs increased
between 1995 (19.7%) and 2000 (27.5%) (3). It
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is speculated that the increasing prevalence of
allergic diseases in developed countries is associ-
ated with the so-called ‘hygiene hypothesis’, in
which a lack of infections or other microbial
exposures at an early age leads to Th2-dominant
immune status and the subsequent development
of allergic diseases (4, 5).



Recently, the role of intestinal microflora has
been emphasized in the maintenance of normal
gut barrier function and development of tolero-
genic immune status (6). Mice raised in a germ-
free environment failed to develop oral tolerance
and had a persistent Th2-dependent immune
response, while reconstitution of intestinal micro-
bes during the neonatal period could reverse this
immune deviation (7). Infants with allergic
diseases showed less intestinal colonization by
Lactobacillus or Bifidobacterium and more colo-
nization by Clostridium relative to non-allergic
infants (8-10). It is also known that specific
intestinal bacteria bring about immune tolerance
via the up-regulation of inhibitory Toll-interact-
ing protein (11). These findings suggest that
certain gut microbes modulate regulatory T cells,
leading to the suppression of allergic disorders
(12).

It remains a matter of controversy whether the
modification of intestinal microflora by supple-
mentation with probiotic bacteria in early life is
effective in preventing eczema. Prenatal and
postnatal supplementation with Lactobacillus
rhamnosus GG has been shown to reduce the
prevalence of atopic eczema at 2 yrs of age. This
protective effect even continued during 7 yrs of
follow-up (13, 14); however, it did not affect the
sensitization rate or the development of asthma
or allergic rhinitis. In another study, early
supplementation with Lactobacillus acidophilus
(LAVRI-A1) did not reduce the prevalence and
severity of atopic dermatitis, but resulted in an
increased proportion of infants with allergic
sensitization at 1 yr of age (15). Those contra-
dictory findings imply that further studies are
needed to assess whether supplementation with
probiotic bacteria at an early age has a pre-
ventive effect on eczema.

In the present study, we investigated whether
prenatal and postnatal administration of a mix-
ture of Bifidobacteria and Lactobacillus could
prevent the development of eczema and sensiti-
zation against common food allergens in infants
at high risk of atopic disease.

Materials and methods
Study design and participants

This study was a randomized, double-blind,
placebo-controlled trial designed to evaluate the
preventive effect of probiotics on the develop-
ment of eczema. A total of 112 pregnant women
with a family history of allergic diseases were
recruited at Samsung Medical Center (Irwon-
dong, Gangnam-gu, Seoul, Korea) from January

Probiotics in primary prevention of eczema

2005 through January 2006. A family history of
allergic diseases was defined according to the
following criteria: (i) when at least one parent or
older sibling of the fetus had eczema, as con-
firmed by a pediatric allergist at enrollment; or
(i1) when one of the parents had been diagnosed
with asthma and/or allergic rhinitis by a physi-
cian, showing house dust mite-specific IgE over
1.0 kU/L by CAP-FEIA immunoassay (Pharma-
cia, Uppsala, Sweden).

Treatment of either probiotics or placebo was
allocated by trials coordinator without detailed
knowledge of the clinical history according to
computerized randomization. The groups were
stratified and block-randomized in accordance
with (1) maternal allergy (allergy vs. no allergy),
(2) older sibling’s eczema, and (3) number of
parents affected by allergic disease (1 vs. 2)
(Table 1).

Mothers in the probiotics group took a mix-
ture of Bifidobacterium bifidum BGN4 [1.6 x 10°
colony forming units (CFU)|, Bifidobacterium
lactis ADO11 (1.6 x 10° CFU), and Lactobacillus
acidophilus AD031 (1.6 x 10° CFU) in 0.72 g of
maltodextrin and 0.8 g of alpha-corn (Bifido
Inc., Hongchungun, Korea) once daily from
8 wks before the expected delivery to 3 months
after delivery. Infants were fed the same powder
dissolved in breast milk, infant formula, or sterile
water from 4 to 6 months of age. Mothers and
infants in the placebo group took maltodextrin
and alpha-corn without probiotic bacteria. The

Table 1. Baseline characteristics of the participants at the time of
randomization

Probiotics group n (%)  Placebo group n (%)

Enrolled number 57 55
Mother’s age (yrs)* 29.93 + 0.37 29.53 + 0.45
Maternal allergic diseases 43 (75.4) 45 (81.8)
Parental history of
allergic disease
Biparents 22 (38.6) 14 (25.5)
Single parent 33 (57.9) 38 (69.1)
Allergic diseases in
participant’s family
Eczema 34 (59.6) 38 (69.1)
AR or asthma 39 (68.4) 27 (49.1)
House dust mite-specific
IgE of parents (kU/L)*
D. pteronyssinus 6.63 £ 1.37 9.60 + 2.56
D. farinae 1041 £ 2.52 12.71 £ 3.01
Paternal smoking 14 (24.6) 19 (34.5)

*Mean + s.e.m.

There were no significant differences between the groups for any of the
variables determined by Student’s t test for continuous data and Pearson’s chi-
square test for all nominal data.

AR, allergic rhinitis.
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probiotic and placebo sachets and contents
looked, smelled, and tasted identical. Compli-
ance was monitored by recording the date at
which the administration period was discontin-
ued, and counting the remaining sachets. All
mothers were requested to breastfeed their
infants for at least 3 months after birth; There-
after, they were permitted to feed their infants
with cow’s milk formula. Lactating mothers and
infants were prevented from eating peanuts and
eggs, as well as yogurt and other probiotic
functional foods, during the course of the study.
Subjects were excluded if they met any one of
the following exclusion criteria: (1) premature
babies delivered at less than 36 wks of gestation;
(2) infants with immune deficiency disease, nec-
rotizing enterocolitis, or congenital disorders; or
(3) those requiring anticancer treatment or a
central venous catheter. In the current study, one
infant with a congenital disorder was excluded.
The study protocol was approved by the
Ethical Committee at the Samsung Medical
Center. Written informed consent was obtained
from all participants. Our study protocol was
registered in ISRCTN (International Standard
Randomised Controlled Trial Number). The
registration number is ISRCTN26134979.

Clinical assessments

Infants were followed up to 1 yr of age, involving
examinations at 3, 6, and 12 months to assess the
occurrence of eczema, the main atopic disease
during infancy. Diagnosis of eczema was con-
firmed when the skin lesions met the criteria of
Hanifin and Rajka (16). The severity of eczema
was determined using the Six Area Six Sign in
Atopic dermatitis (SASSAD) score (17). We also
collected data on various clinical histories such as
gestational age, birth weight, cesarean section
delivery, mother’s age, duration of breastfeeding,
diet, fever (=238.5°C), respiratory tract infection,
hospitalization, acute gastroenteritis, and use of
antibiotics. Diagnosis and clinical assessment of
eczema was performed by a pediatric allergist
who remained unaware of the actual treatment
administered during the entire study period.
Venous blood was obtained at 12 months of
age to measure total IgE and specific IgE against
common food allergens (egg white, cow’s milk,
wheat, peanut, soybean, and buckwheat) using
CAP-FEIA (Pharmacia, Uppsala, Sweden)
according to the manufacturer’s instructions.
Antigen-specific IgE levels greater than 0.35
kU/L were considered positive. ‘Probable egg
allergy’ was defined when the egg white-specific
IgE level was 2 kU/L or higher based on the 95%
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positive predictive value (18). Likewise, infants
were diagnosed as having ‘probable cow’s milk
allergy’ when they showed cow’s milk-specific
IgE of 5 kU/L or higher.

Statistical analysis

We anticipated that this high-risk population
would have a 60% cumulative incidence of
eczema at an early age, and that intervention
with probiotics could reduce the proportion of
cases developing allergic diseases to 30%. The
study design had more than 80% power at the
5% significance level; the estimated size of each
group was 55, which allowed for a 15% dropout
rate.

Pearson’s chi-square test was used to compare
the prevalence of outcome variables and back-
ground factors between the two groups. Logistic
regression analysis was performed to compare
the prevalence of eczema and food allergy, and
multivariable logistic regression was used to
adjust for potential confounding factors (cesar-
ean delivery, breastfeeding, use of antibiotics).
The results are given as Odds Ratio (OR) with a
95% Confidence Interval (CI). Total IgE and
allergen-specific IgE of parents were normally
distributed and assessed using Student’s r-test,
expressed as mean and standard error of the
mean (s.e.m.). All statistical analyses were per-
formed using spss 12.0K for Windows (SPSS
Inc., Chicago, IL, USA). A p value of <0.05 was
considered to be statistically significant.

Results
Characteristics of the participants

A flow chart to show the progress of the present
study is displayed in Fig. I. Among the 159
pregnant women who took a blood test and filled
in the questionnaire, 112 who met the inclusion
criteria were randomized and divided into the
probiotics (n = 57) and placebo (n = 55)
groups. Prenatally, no mother discontinued
administration of the sachets; overall, 90% of
the sachets were administered in both groups.
During the postnatal period, two infants in the
probiotics group and one in the placebo group
were excluded because of poor compliance (less
than 70%); approximately 85% of the sachets
were administered, with no difference in compli-
ance between the groups. The actually treated
prenatal periods were 53.62 £+ 1.75 days in pro-
biotics group and 52.29 + 1.33 days in placebo
group. The actual postnatal period of treatment
was 180.94 £ 5.21 days in probiotics group and
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Recruited
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Screening and randomized

Probiotics
n=>57
Withdrew (n = 14)
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Non feeding BM (n = 3) <

Administration of the other
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A
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Placebo
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Withdrew (n = 9)

Reason:

Declined participation (n = 6)
Non feeding BM (n = 2)
Congenital disorder (n = 1)
Lost connection (n = 2)

A 4

v

3 months follow up

3 months follow up
n=46

Discontinued intervention (n = 4)
Reason:

Declined participation (n = 2)
Non-administration of placebo
(n=1)

Lost connection (n = 1)

A 4

\4

6 months follow up
n=42

Discontinued intervention (n = 7)
Reason:

Declined participation (n = 2)
Poor compliance (n = 1)
Removal (n = 1)

Lost connection (n = 3)

\ 4

v

n =43
Discontinued intervention (n = 8)
Reason:
Declined participation (n = 3) <
Poor compliance (n = 2)
Emigration (n = 1)
Non-administration of probiotics
(n=2)
v
6 months follow up
n=35
Discontinued intervention (n = 2)
Reason: P
Declined participation (n = 1) -~
Lost connection (n = 1)
v
12 months completed the study
n=233

12 months completed the study
n=35

Fig. 1. Flow chart showing the progress of the study.

181.03 £ 5.06 days in placebo group. A total of
44 participants (39.3%) discontinued and ulti-
mately, 68 mothers and their babies (33 in the
probiotics group, 35 in the placebo group)
completed the study (i.e., participated until the
baby was 12 months of age).

There was no difference at the time of ran-
domization between the two groups with respect
to mother’s age, maternal allergic diseases, bipa-
rental allergic diseases, family history of eczema,
paternal smoking, or house dust mite-specific IgE
levels of parents (Table 1). There was also no
significant difference in terms of gestational age,
birth weight, gender, presence of older siblings,
infections, antibiotic use, and hospitalization
during infancy between the two groups when
only those participants successfully followed to
12 months were included (Table 2). The rate of
cesarean delivery in the probiotics group was half

that in the placebo group (15.2% vs. 31.4%;
p = 0.114), and the total duration of the breast-
feeding in the probiotics group was longer than
in the placebo group (9.41 £ 0.61 vs.
7.69 £ 0.70 months; p = 0.068). Although
these findings were not statistically significant,
they were considered as potential confounding
factors in subsequent analyses.

In the current study, the parents were asked to
report any adverse effects whenever they happen.
No serious adverse effects developed and
although non-specific mild symptoms developed,
these were unlikely to have been related to the
administration of probiotics.

Effects of probiotics on development of eczema

The prevalence of eczema was not significantly
different between the two groups at 3 months of
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Table 2. Base and clinical characterization of infants who completed the
1 yr-study

Probiotics Placebo
group n (%) group n (%)
Number at the end of study 33 35
Gestational age (wks)” 39.66 + 0.25 39.47 £ 0.19
Birth weight (kg)* 3.33+£0.07 3.25 + 0.06

Gender (boys/girls) 15/18 15/20

Cesarean section delivery 5(15.2) 11 (31.4)
Duration of breast-feeding (month)’

Exclusive breast-feeding 597 + 0.89 5.26 + 0.88

Total breast-feeding 9.41 £ 0.61 769 +0.70
Presence of older sibling 4(12.1) 6 (17.1)
Infections during follow-up

Fever (=38.5°C) 13 (39.4) 11 (31.4)

Respiratory tract infection 26 (78.8) 26 (74.3)

Acute gastroenteritis 11 (33.3) 7 (20.0)
Antibiotics use during follow-up 13 (39.4) 11 (31.4)
Hospitalization during follow-up 6 (18.2) 6(17.1)

*Mean + s.e.m.

There were no significant differences between the groups for any of the
variables determined by Student’s ¢ test for continuous data and Pearson’s chi-
square test for all nominal data.

age, up to which point lactating mothers were
given the probiotics or placebo (probiotics
group, 18.6% vs. placebo group, 34.8%;
p = 0.086). At 6 months of age, when the
infants were receiving formula supplemented
with probiotics or placebo, the prevalence rate
of eczema in the probiotics group was half that in
the placebo group (20.0% vs. 40.5%; p = 0.053).
At 12 months of age, the prevalence rate of
eczema in the probiotics group was reduced to
less than half that in the placebo group; this
result was statistically significant (18.2% vs.
40.0%; p = 0.048; Table 3).The cumulative inci-
dence of eczema in the probiotics group was
significantly lower than that in the placebo group
at 12 months of age (36.4% vs. 62.9%:;
p = 0.029; Table 3). This result demonstrated
that probiotics protected the infants from devel-
oping eczema.

Table 3. Cross-sectional prevalence and cumulative incidence of eczema at 3

The severity of skin lesions was assessed only
in those with eczema by SASSAD, and compared
between the two groups. Those without eczema
were not scored. There was no significant differ-
ence in the severity of eczema between the two
groups.

IgE sensitization

Sera were obtained from 31 infants in the
probiotics group and 29 in the placebo group
to measure total and specific IgE; eight mothers
(two from the probiotics group, six from the
placebo group) refused to withdraw blood from
their infants. Total IgE level and the frequency of
sensitization against common food allergens was
similar in both groups, suggesting that probiotics
did not affect sensitization (Table 4). The prev-
alence rate of IgE-associated eczema or atopic
eczema in the probiotics group was half that in
the placebo group, although this was not signif-
icantly different (9.7% vs. 20.7%, p = 0.233).
‘Probable egg allergy’ or ‘probable cow’s milk
allergy’ occurred similarly in both groups
(Table 4).

Discussion

In this double-blind, randomized, placebo-con-
trolled study, we demonstrated the preventive
effect of mixed probiotics (B. bifidum BGN4,
B. lactis ADO11, and L. acidophilus ADO031) on
development of eczema in infants at high risk of
atopic diseases. B. bifidum, B. lactis, and
L. acidophilus have been detected in samples
from healthy humans (19, 20), and these probi-
otic bacteria were used in our study. B. bifidum
BGN4 exhibited a prominent adhesive capacity
for intestinal epithelial cells, which is one of
the desirable properties for a probiotic effect (21).
In the CD4 + CD45RB™" T cell transfer
inflammatory bowel disease model, B. bifidum

, 6, and 12 months of age

Probiotics Placebo Adjusted
group group p-value 0R(95% Cl) p-value

Cross-sectional prevalence

3 months 8/43 (18.6%) 16/46 (34.8%) 0.086 0.511 (0.178-1.468) 0.212

6 months 7/35 (20.0%) 17/42 (40.5%) 0.053 0.377(0.119-1.197) 0.098

12 months 6/33 (18.2%) 14/35 (40.0%) 0.048% 0.256(0.067-0.976) 0.046+
Cumulative 12/33 (36.4%) 22/35 (62.9%) 0.029* 0.243(0.075-0.792) 0.019+

incidence

at 12 months

*Significant difference between the groups as determined by Pearson’s chi-square test.
+p value was calculated by multivariable logistic regression analysis adjusted for the antibiatics use, total duration of breastfeeding, and delivery by cesarean

section.
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Table 4. Comparison of sensitization and prevalence of probable food allergy
between two groups

Probiotics Placebo
group n (%)  group n (%) p-value

Number who completed blood test 31 29
Total Serum IgE (kU/L)" 1117 +589 806+ 287 0.638
Food-specific IgE (=0.35 kU/L)

Any food 12 (38.7) 15 (51.7) 0.311

Egg white 9(29.0) 8 (27.6) 0.901

Cow’s milk 9(29.0) 11 (37.9) 0.465

Soybean 31(9.7) 3(10.3) 0.931

Wheat 2 (6.5) 2 (6.9) 0.946

Peanut 1(3.2) 4 (13.8) 0.139

Buckwheat 1(3.2) 2 (6.9) 0.514
IgE-associated eczema 31(9.7) 6 (20.7) 0.233
Probable food allergy

Egg 4(12.9) 4(13.8) 0.919

Cow’s milk 1(3.2) 0(0.0) 0.329
*Mean + s.e.m.

There were no significant differences between the groups for any of the
variables determined by Student’s t test for continuous data and Pearson’s chi-
square test for all nominal data.

BGN4-fed mice showed suppression of inflam-
matory cell infiltration and reduced levels of
CD4 + T lymphocyte infiltration and inflam-
matory cytokine production compared with skim
milk-fed mice (22). Orally administered B. bifi-
dum BGN4 also prevented IgE-mediated oval-
bumin-induced allergy in C3H/HelJ mice (23).
These findings suggest that B. bifidum BGN4
supplementation could be helpful in the control
of aberrant immune responses.

In our preliminary study, mice fed with B. lactis
ADO11 and L. acidophilus AD031 showed sup-
pressed levels of ovalbumin-specific IgE in serum,
reduced concentrations of IL-4 and increased
concentrations of IL-10 and IFN-v in spleen cell
culture assay on ovalbumin-induced allergy
model (24). Additionally, B. lactis ADO11 and
L. acidophilus ADO031 increased the production
of IL-10 in dendritic cells (not published). Previ-
ous studies also have reported that the adminis-
tration of B. lactis or L. acidophilus species
alleviated the symptoms of allergic diseases. For
example, supplementation with B. lactis Bb-12
reduced the severity of atopic eczema in infants
(25), and oral administration of fermented milk
containing L. acidophilus 1L.-92 improved allergic
rhinitis (26). Based on these results, we attempted
to prevent the development of eczema with
mixture of beneficial probiotics (B. bifidum
BGN4, B. lactis ADO11, and L. acidophilus
ADO031), and found these probiotics could be
used for the infants at high risk of developing
eczema.

Recent study revealed that supplementation
with L. acidophilus (LAVRI-A1) did not prevent

Probiotics in primary prevention of eczema

atopic dermatitis, but instead led to an increased
frequency of common antigen sensitization in
infants at high risk of allergy by 1 yr of age (15).
This contradictory result may be attributed to
different study population, the use of different
strain or no prenatal administration of probiot-
ics, despite using the same species, L. acidophilus.
However, further studies are necessary to verify
which species or strains are most beneficial,
because our study used mixture of those probi-
otics, not a single strain.

Several clinical trials have investigated
whether prenatal or indirect supplementation
with probiotics via breastfeeding could enhance
the primary prevention of eczema at an early
age. When prenatal and breastfeeding mothers
were supplemented with L. rhamnosus GG from
2-4 wks before delivery, the rate of their infants’
atopic eczema at 2 yrs of age was half that of
those supplemented with the placebo (13).
Infants born from mothers supplemented with
L. reuteri for 4 wks before delivery showed a
lower frequency of IgE-associated eczema and
positive reaction to a skin prick test than the
placebo group (27). The above results may well
suggest that maternal immunocompetence has
an effect in utero or on breastfeeding infants.
Recent study showed that maternal probiotic
supplementation reduced sensitization in infants
at high risk of developing allergic disecases and
that might have been related to the change in
the composition of breast milk such as TGF-2
(28).

In this prospective study, the frequency of
positive food antigen-specific IgE sensitization
and food allergy in Korean infants at high risk
was not reduced by supplementation with probi-
otics. This result was consistent with that of the
previous study (29), although the reason for the
discrepancy between development of eczema and
sensitization against food allergens was not clear.
However, our data showed that sensitization
against any one of common food allergen
appeared to be lower in probiotics group
(38.7%) than in placebo group (51.7%). The
prevalence of IgE-associated eczema also seemed
lower in probiotics group (9.7% vs. 20.7%). Still
it might be possible to demonstrate the effect of
probiotics on the prevention of sensitization if
investigations with larger study population are
conducted.

Our study is limited by the high drop-out rate.
Some participants stopped participating in the
study without explanation, or moved from the
area. In addition, we excluded all participants
who did not adhere to our protocol. Conse-
quently, a high proportion of participants failed
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to complete the study. Intention-to-treat analysis
may be helpful in such a situation; however, the
full application of intention-to-treat analysis is
possible only when complete outcome data are
available for all randomized subjects. In the
present study, however, data are missing regard-
ing the primary outcome for discontinued par-
ticipants, and the methods employed to deal with
this problem were inadequate, potentially leading
to bias. We analyzed a total of 44 participants
who discontinued or withdrew from the study.
Twenty-three participants dropped out before
the first follow-up, and their development of
eczema was not identified. Among 21 infants who
discontinued the study after 3 months of age, the
occurrence of eczema was 20.0% (2/10) in the
probiotics group and 54.5% (6/11) in the placebo
group at their last visit. Considering that the
prevalence or cumulative incidence of eczema in
the probiotics group is less than half that in the
placebo group, the administration of probiotics
in the discontinued participants appears to have
had a similar preventive effect to that in those
who completed the study. In addition, among
those who successfully completed the 1-yr
study, there was no difference in baseline
characteristics or drop-out rate between the
probiotics group and placebo group. Therefore,
our results suggest that a probiotic mixture was
beneficial in preventing eczema, despite the high
drop-out rate.

This study showed high prevalence of eczema.
The prevalence (40.0%) at 1 yr and cumulative
incidence (62.9%) of eczema in placebo group
seemed high in the present study. Other studies
also showed that the frequency of eczema in
placebo group was as high as 45-46% (10, 13).
We obtained similar data in our previous study
where the prevalence of eczema was 59% and
41% in cow’s milk formula-fed group and
breastmilk-fed group, respectively, in infants at
high risk of eczema (30). Probably high incidence
of eczema might have been due to the selection of
infants with high risk of developing atopic
disease.

Additionally, our study ended when the infants
were 1 yr of age. Although we could find lower
incidence of eczema in probiotics group, it is not
clear whether this preventive effect persists as
they grow older.

In conclusion, mixture of probiotics (B. bifi-
dum BGN4, B. lactis ADO11, and L. acidophilus
ADO031) have beneficial effect to prevent devel-
opment of eczema in infants at high risk during
their first year of life. Further studies are needed
to understand the basic mechanisms of probiotics
in the primary prevention of eczema.
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Background/Aims: Irritable bowel syndrome (IBS) is
a troublesome disease. Some strains of probiotics re-
portedly exert remarkable immunomodulatory -effects,
and so we designed a prospective double-blind
randomized placebo-controlled clinical study to assess
their effects in Korean adults with IBS. Methods: IBS
patients who met Rome Il criteria were randomly as-
signed to receive composite probiotics or placebo. A
total of 20 billion lyophilized bacteria were ad-
ministered twice daily for 8 weeks. Primary outcome
variables were symptom scores consisting of abdomi-
nal pain, flatulence, defecation discomfort, and sum of
symptom scores. A visual analogue scale was used
to quantify the severity. Secondary outcome variables
consisted of the quality of life and bowel habits in-
cluding defecation frequency and stool form. Results:
Thirty-six and 34 patients were randomized to the
probiotics and placebo groups, respectively. Intention-
to-treat analysis showed significant reductions in pain
after 8 weeks of treatment: —31.9 and —17.7 in the
probiotics and placebo groups, respectively (p=0.045).
The reductions in abdominal pain, defecation dis-
comfort, and sum of scores were more significant in
58 patients with a score of at least 3 on the baseline
stool-form scale. Conclusions: Composite probiotics
containing Bifidobacterium bifidum BGN4, Lactobacillus
acidophilus AD031, and other species are safe and
effective, especially in patients who excrete normal or
loose stools. (Gut and Liver 2009;3:101-107)
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INTRODUCTION

Irritable bowel syndrome (IBS) is one of the most trou-
blesome diseases, which has the high prevalence as well
as the chronic and recurrent course. In United States, IBS
is known as the most common gastrointestinal disease
and comprises 25 to 50% of all referrals to gastro-
enterologists,’ and the prevalence of IBS has estimated to
range 9% to 22% of the population.” In Korea, Park et al.’
reported the prevalence of IBS increased up to 16.8%. A
few effective medicines such as cisapride, tegaserod and
alosetron have been withdrawn from the market because
of their serious adverse drug reactions. There is no specif-
ic treatment that has proven to be effective and safe in
the patients with IBS.

Through previous studies, IBS is known to be asso-
ciated with low-grade inflammation of the intestinal mu-
cosa regardless of whether to be the post-infectious sub-
type or not.*> Although a few clinical studies to evaluate
the immunomodulatory effect of probiotics showed symp-
tom relief in IBS patients, probiotics are not yet used
widely in daily practice.”® As global competetion for
searching more potent strain was heating up, a well-de-
signed clinical study becomed necessary to validate the ef-
fect of promising probiotics. Two in vitro studies using
some strains of Bifidobacterium bifidum demonstrated that
they were effective in inhibiting lipopolysaccharide (LPS)-
induced inflammation, and the later study showed high
LPS-binding capacity and inhibition of inflammatory
cytokine.”'® Kim et al.'' reported Bifidobacterium bifidum
BGN4 strain had the significant immunomodulatory effect
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on the control of inflammatory bowel disease (IBD) using
a mouse model. With composite probiotics including
Bifidobacterium bifidum BGN4 and other promising strains,
we designed a prospective double-blind randomized place-
bo-controlled clinical study to prove the effect in the
Korean adults with IBS.

MATERIALS AND METHODS
1. Study population

Patients were recruited from the outpatient department
of Seoul National University Hospital. The study protocol
was approved by the institutional review board. The in-
clusion criteria were as follows: age of 19-75 years, both
male and female, and the presence of previous gastro-
intestinal symptoms suggestive of IBS using the Rome III
criteria regardless of its subtypes. All participants gave a
written informed consent form that had been approved by
the institutional review board.

The exclusion criteria were as follows: previous ab-
dominal surgery except appendectomy and hernia repair,
history of IBD, current use of medications that may alter
gastrointestinal motility, antibiotics or probiotics within 2
weeks prior to the 1-week run-in period, severe co-mor-
bidity such as cancer, heart or renal failure, gynecologic
disease etc., and pregnant or breast-feeding female.

2. Study design

We performed a parallel-group, double-blinded, random-
ized, placebo-controlled clinical study. A 1-week run-in
observation period was followed by an 8-week treatment
period. During this entire 9-week period, participants
were required to record a daily diary of bowel habits con-
sisting of frequency and consistency. A questionnaire on
irritable bowel symptoms such as abdominal pain, flat-
ulence and defecation discomfort was recorded at base-
line, 4th and 8th week after treatment. A questionnaire
on quality-of-life (QOL) was recorded at baseline and 8th
week.

Primary outcome variables were symptom scores that
consisted of abdominal pain, flatulence, defecation dis-
comfort and the sum of these three symptom scores.
Laborious evacuation, tenesmus and urgency were in-
cluded in questionnaire for defecation discomfort. A 100
mm visual analogue scale (VAS) was used to measure the
severity of each symptom as scores ranging from O to
100. When participants were asked to mark VAS after
treatment, they could look at his or her previous marks.
Secondary outcome variables were bowel habits that re-
corded using a validated Bristol stool form scale and QOL
that recorded using a RAND 36-item health survey.””"*

3. Administration of probiotics

Composite probiotics were composed of 4 viable lyophi-
lized bacteria species: Bifidobacterium bifidum BGN4;
Bifidobacterium lactis ADO11; Lactobacillus acidophilus AD031;
and Lactobacillus casei 1BS041. Each probiotic packet with
equal doses of 4 strains contained total 20 billion lyophi-
lized bacteria in a powder form. A placebo packet con-
taining skim milk powder looked identical to the compo-
site probiotics. Both probiotics and placebo were supplied
by BIFIDO Co., Ltd., Hongchun, Korea. Each participant
in both treatment groups received one packet orally with
water within 10 minutes after a meal, twice daily (40 bil-
lion lyophilized bacteria per day) for 8 weeks.

4. Randomization

We used blocked randomization method with block size
4 or 6 and generated permutations at random using SPSS
for Windows 12.0.1 (SPSS Inc., Chicago, IL, USA) pro-
vided by the medical research collaborating center at our
institution that was independent of medical care. All par-
ticipants were assigned an allocation number in regular
sequence after confirmation of enrollment. For adherence
to double-blind design, the allocation number was match-
ed to a randomization code successively by a clinical trial
pharmacist. Till completion of the study, the clinical trial
pharmacist kept the randomization table sealed off.

5. Sample size calculation and statistical analyses

On the ground of previous reports, we assumed the re-
sponse rates would be 70% in probiotics group and 40%
in placebo group.® The response was defined as reduction
of symptom score by at least 50% after treatment. Other
assumptions for sample size calculation were as follows:
alpha error 0.05; statistical power 0.8; drop-out rate 0.05;
and one-sided test. We used the equation below, the
sample size was estimated as 35 per group in view of
drop-out rate.

(2,v2p@=p) + Z,/p. 0= py) + p,A- p,)
d2

p1 (response rate in probiotics group)=0.7
p2 (response rate in placebo group)=0.4
p=(p1+p2)/2=0.55

d=p2*p1=0.3

Z,=1.65 (alpha error=0.05)

Z5=0.84 (statistical power=0.8)

All data were collected by a single trained interviewer
who was a clinical research coordinator. Week O (the end
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of run-in phase) was considered as baseline in all stat-
istical analyses. The “intent-to-treat” (ITT) population
was defined as all participants who received probiotics or
placebo for at least one week and visited our hospital for
the interview once or more. Efficacy analysis was per-
formed in the ITT population. x’-test was performed to
test response rates. As symptom score, QOL score, con-
sistency and frequency were all continuous variables,
two-sided T-test was performed using the 0.05 signifi-
cance level.

RESULTS

Between 1 November 2007 and 29 February 2008, 76
patients were screened. 5 patients (6.5%) were ineligible
as they did not meet the inclusion criteria, and 1 with-
drew consent. A total of 70 patients were enrolled, 36
were randomized to probiotics group and 34 to placebo.
Demographic and clinical characteristics were similar be-
tween the two groups (Table 1).

1. Compliance and concomitant medications

Of 36 participants assigned to probiotics, 35 completed
treatment as planned. One participant withdrew from the
study due to an exacerbation of abdominal pain asso-
ciated with IBS. Another one participant, who was as-
signed to placebo, withdrew from the study due to an ex-
acerbation of constipation associated with IBS. Both with-
drawn participants were included in efficacy analysis

Table 1. Characteristics of Subjects

based on the definition of ITT population; symptom
scores and the bowel habit were imputed using the mean
value of the group. A total of 68 participants completed
the study. Overall compliance was more than 98% in
both groups.

Eleven of 70 participants required concomitant medi-
cations during the study, 3 in probiotics group and 8 in
placebo. Ten participants, except one in probiotics group
who was prescribed a common cold medication, used lo-
peramide, prokinetics, pain killers, histamine 2 receptor
antagonists, proton pump inhibitors or laxatives due to
an exacerbation of bowel symptoms. According to ITT
principle, all the eleven patients were included in
analyses.

2. Symptom scores, QOL and bowel habits

ITT analyses showed significant reductions of pain
score after 8 weeks of treatment (—31.9 in probiotics
group vs. —17.7 in placebo [p=0.045]) and defecation
discomfort after 4 weeks of treatment (—29.2 vs. —13.5,
respectively [p=0.043]). Subgroup analyses in 58 patients
whose baseline Bristol stool form scales were 3 or more

Table 2. Symptom Scores Analyzed over 4 and 8-week Treat-
ment Period (Two-sided T-test Using the 0.05 Significance
Level)

Characteristics Probiotics (n=36) Placebo (n=34)

Age (years)

Mean (+SE) 362 38+3
Range 21-69 22-72
Females (n) 11 12
Baseline score (+SE)
Pain 50.3 (%3.5) 46.9 (+3.4)
Flatulence 49.9 (*3.6) 49.3 (*4.8)
Defecation 53.5 (+4.0) 47.0 (£5.1)
Sum 153.6 (+8.9) 143.2 (%9.0)
QOL 104.6 (+1.1) 104.7 (+1.4)
Defecation frequency* 8.1 7.1
Stool consistency 4.2 4.0
IBS subtype T
Diarrhea 19 13
Constipation 7 7
Mixed 2 4
Unsubtyped 8 10

QOL, quality-of-life.
*Bowel movements Tper week, TBristol stool form scale;
average for a week, Rome III criteria.

Probiotics Placebo  p-value
ITT population (n=70)

Pain Baseline 50.3 46.9 0.487
4 4 week —23.9 —10.9 0.061

4 8 week —31.9 —17.7 0.045

Flatulence Baseline 49.9 49.3 0.928
4 4 week —18.5 —18.4 0.982

4 8 week —27.0 —21.3 0.437

Defecation Baseline 53.5 47.0 0.311
4 4 week —29.2 —13.5 0.043

4 8 week —30.5 —18.4 0.122

Sum Baseline 153.6 143.2 0.413
4 4 week —71.7 —42.8 0.115

4 8 week —89.5 —57.5 0.064

Subgroup* (n=58)

Pain Baseline 51.2 46.2 0.315
4 4 week —26.9 —5.8 0.004

4 8 week —33.9 —13.3 0.006

Flatulence Baseline 49.2 47.8 0.826
4 4 week —19.6 —13.0 0.463

4 8 week —26.7 —15.9 0.175

Defecation Baseline 53.2 45.0 0.826
4 4 week —30.4 —10.6 0.013

4 8 week —30.0 —14.5 0.064

Sum Baseline 153.6 138.9 0.288
4 4 week —76.9 —29.4 0.010

4 8 week —90.6 —43.6 0.010

*Baseline Bristol stool form scale >3.
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Fig. 1. Pain and flatulence scores analyzed over 4- and 8-week treatment periods.

showed more significant reductions of pain score after 8
weeks of treatment (—33.9 in probiotics group vs. —13.3
in placebo [p=0.006]), defecation discomfort score after 4
weeks of treatment (—30.4 vs. —10.6, respectively [p=
0.013]), and sum of scores after 8 weeks of treatment
(—90.6 vs. —43.6, respectively [p=0.010]) (Table 2, Figs.
1 and 2). Subgroup analyses in 10 patients, whose base-
line Bristol stool form scales were below 3, did not show
any significant changes. Response rate evaluation through
% *-test failed to show significant changes as follows: re-
sponse rate in pain were 64% in probiotics group vs. 44%
in placebo (p=0.248), response rate in defecation dis-
comfort were 58% vs. 41% (p=0.317), and response rate
in sum of scores were 56% vs. 50% (p=0.750), respec-
tively. There was no significant change of QOL and bowel
habits including defecation frequency and stool con-
sistency in both groups (Table 3).

3. Adverse events

There was no serious adverse event associated with
treatments. Twelve of 70 participants reported mild ad-
verse events including common cold, headache, cystitis,
low back pain etc. The number of adverse events per
group was 8, same in both groups.

DISCUSSION

Symptoms of IBS are subjective and there is no ob-
jective test that can measure severity of IBS. Symptom
scores are popular methods for assessing severity of IBS,
but these can be influenced by an interviewer as well as
patients themselves. Strict double-blind design is essential
to assess the effect of probiotics on symptoms in IBS
patients. We could perform a strict double-blinded study
by the help of MRCC and clinical trial pharmacists for

random code generation and code-matching. Patel et al."”
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Fig. 2. Defecation discomfort and sum of scores analyzed over 4- and 8-week treatment periods.

Table 3. Analysis of Quality of Life, Defecation Frequency and
Stool Consistency over 8-week Treatment Period (Two-sided
T-test Using the 0.05 Significance Level)

Probiotics Placebo  p-value
ITT population (n=70)
QOL Baseline 104.6 104.7 0.957
4 8 week  —1.3 -1.1 0.887
Frequenchr Baseline 8.1 7.1 0.414
4 8 week  —0.1 0.1 0.817
ConsistencyT Baseline 42 4.0 0.453
4 8 week 0.2 —0.1 0.430
Subgroup* (n=58)
QOL Baseline 104.4 104.8 0.876
4 8 week  —1.5 -1.7 0.919
Frequenchr Baseline 8.7 7.9 0.553
4 8 week  —0.6 —0.2 0.689
Consistencygf Baseline 4.6 44 0.374
4 8 week  —0.1 —0.4 0.241

QOL, quality-of-life.

*Baseline Bristol stool form scale

+
>3, 'Bowel movements per

week, Bristol stool form scale; average for a week.

reported that placebo response in IBS studies ranged from
16% to 71% via meta-analysis. In our study, the overall
placebo effect was 35% that is comparable with many
other IBS studies and seems to be a matter of course in
double-blinded study.'®"® Strong points of our study de-
sign include strict double-blind design, data collection by
a single trained interviewer, relatively large number of
study population (n=70) and no need of data processing
including adjusting and standardization.

Although Kim et al.®” reported that VSL #3 reduced
flatulence scores in the patients with IBS, probiotics have
not been the standard treatment of IBS due to the follow-
ing reasons: need of huge dose of probiotics (VSL #3,
4.5x10"" bacteria/packet), relatively low efficacy (10 mm
difference from placebo on 100 mm scale) and no effect
in abdominal pain and urgency. A recent report showed
that low dose of one strain (Bifidobacterium infantis 35624,
1x10° bacteria/capsule) reduced symptom scores in IBS
patients,® and the result suggested that the effect of pro-
biotics for IBS was dependent on a specific strain as well
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as dose. Some strains of Lactobacillus were known to be
effective in controlling IBS symptoms.'® A paper studying
an alteration of gut microbiota reported that Lactobacillus
sequences were absent in stool from IBS patients, con-
trary to healthy control.”
dominal pain by probiotics, a recent study demonstrated
that one strain of Lactobacillus acidophilus induced the
expression of mu-opioid and cannabinoid receptors in in-
testinal epithelial cells of rodents and mediated analgesic

functions in the gut.”’ As described in introduction, con-

Regarding the reduction of ab-

sidering the immunomodulatory effect of Bifidobacterium
bifidum BGN4 and potential benefit of Lactobacillus sp. we
selected study medication as composite probiotics com-
posed of Bifidobacterium bifidum BGN4, Bifidobacterium lactis
ADO11, Lactobacillus acidophilus ADO31 and Lactobacillus
casei IBS041. All of them are original strains that were
collected from Koreans and have been never used in clin-
ical study.

We demonstrated that selected composite probiotics
were effective in IBS patients (ITT population, n=70) as
follows: pain reduced by 64% in probiotics group vs. 38%
in placebo (p=0.045), and defecation discomfort reduced
by 55% vs. 29% (p=0.043), respectively. In agreement to
a previous report, probiotics were more effective in pa-
tient who excreted mainly normal or loose stool (baseline
Bristol stool form scale >3, n=58) as follows: pain re-
duced by 66% in probiotics group vs. 29% in placebo
(p=0.006), defecation discomfort reduced by 57% vs.
24% (p=0.013), and sum of scores reduced by 59% vs.
31% (p=0.010), respectively.® In contrast to many reports
that probiotics showed minimal or no effect on abdominal
pain, we demonstrated the beneficial effect in the treat-
ment of IBS symptoms including abdominal pain using
composite probiotics containing Bifidobacterium bifidum
BGN4 and Lactobacillus acidophilus AD031.5®'® Although
Sinn et al.” reported that two strains of Lactobacillus acid-
ophilus reduced abdominal pain by 20% more than place-
bo in IBS patients, we could demonstrate superior effect
of probiotics on abdominal pain up to 37% over placebo.
As compared with VSL #3 that showed effectiveness on
overall score up to 16% over placebo, our composite pro-
biotics were more effective on overall score up to 28%
over placebo.’

x *-test was performed to test the response which was
defined as reduction of symptom score by at least 50%
after treatment in this study, but it could not show sig-
nificant change. Data loss was inevitable in the process of
converting symptom scores into responder status which
was classified as yes or no, and it seemed to be the rea-
son of low sensitivity of x*-test. By simultaneously doing
parametric analyses over changes of individual scores after

treatment, we could demonstrate the effect of probiotics
accurately.

Although the analyses on bowel habits showed slight
decrease of frequency, there was no statistically sig-
nificant change between two groups, which might be due
to low power of this study. A previous study showed nor-
malization of frequency in Bifidobacterium-treated group
through post hoc analyses (n=182) using data stratified by
baseline bowel movements per day.® On the basis of fur-
ther large-scale studies, probiotics are expected to be re-
vealed as effective in correction of bowel habits.

In conclusion, composite probiotics containing Bifido-
bacterium  bifidlum BGN4, Bifidobacterium lactis ADO11,
Lactobacillus  acidophilus  AD031 and Lactobacillus  casei
IBS041 were safe and effective, especially in patients who
excreted mainly normal or loose stool.
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Abstract: Bifidobacterium bifidum BGN4 is a probiotic strain that has been used as a major ingredient
to produce nutraceutical products and as a dairy starter since 2000. The various bio-functional effects
and potential for industrial application of B. bifidum BGN4 has been characterized and proven by
in vitro (i.e., phytochemical bio-catalysis, cell adhesion and anti-carcinogenic effects on cell lines,
and immunomodulatory effects on immune cells), in vivo (i.e., suppressed allergic responses in
mouse model and anti-inflammatory bowel disease), and clinical studies (eczema in infants and
adults with irritable bowel syndrome). Recently, the investigation of the genome sequencing was
finished and this data potentially clarifies the biochemical characteristics of B. bifidum BGN4 that
possibly illustrate its nutraceutical functionality. However, further systematic research should be
continued to gain insight for academic and industrial applications so that the use of B. bifidum BGN4
could be expanded to result in greater benefit. This review deals with multiple studies on B. bifidum
BGN4 to offer a greater understanding as a probiotic microorganism available in functional food
ingredients. In particular, this work considers the potential for commercial application, physiological
characterization and exploitation of B. bifidum BGN4 as a whole.

Keywords: Bifidobacterium; functional foods; probiotics; nutraceuticals

1. Introduction

The term functional foods and/or nutraceuticals can be defined as certain foods reserving
bioactive compounds that likely have beneficial effects in the body beyond basal nutritional ingredients
(i.e., carbohydrate, protein and fat) [1,2]. According to USA Food and Drug Administration (FDA) [3],
“terms such as functional foods or nutraceuticals are widely used in the marketplace and these are
regulated by FDA under the authority of the Federal Food, Drug, and Cosmetic Act, even though they
are not specifically defined by law”. Probiotics and probiotic foods are included within functional
foods and have a growing market and large economic value [4]. The beneficial effects of probiotics on
hosts beyond normal nutrition have attracted special interest from food industry and academia [5].
Functional properties of probiotic cells may offer various solutions to meet commercial demands
for a variety of functional or conventional food products. Health benefits of probiotic cells coupled
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with consumers’ positive awareness regarding self-care, wellbeing and complementary medicine
have reflected into multiple nutraceuticals as a promising ingredient in food industry [6,7]. Recently,
multiple researchers have displayed interests to applications of food and nutraceutical processing to
develop a novel concept of probiotic food or supplements [8,9].

Among the various probiotic bacteria, Bifidobacterium, is one of the most widely used and studied
probiotic bacteria. According to Soto et al. [10], Lactobacillus and Bifidobacterium spp. accounted for
67.5% and 25.6% of microbial population, respectively, in breast milk (obtained from German and
Austrian women, n = 160). Because the initial bacterial colonization is happening at an early stage
of human life cycle, the primary colonization by breastfeeding or formula feeding has an important
role to the individual health by affecting later host homeostasis during the development of the infant
digestive and immune system [11]. Although, Lactobacillus is the major microbial flora in human milk,
Bifidobacterium is the predominant cell species in fecal samples from breastfeed infants [12].

Naturally occurring microbiota in the intestinal tract of breast-fed infants, Bifidobacterium
accounts for more than 80% of microorganisms within the intestine [13-15]. Among the various
Bifidobacterium spp., B. bifidum, B. breve, B. infantis and B. longum are commonly detected bacteria from
breastfed infants [12], whereas formula-fed infants have a complex ecosystem comprising mostly
of coliform bacteria and Bacteroides, with significantly lower prevalence of Bifidobacterium spp. [16].
For marketing purposes, some food researchers in industry have tried to develop infant formula
that stimulates Bifidobacterium spp. to become the dominant flora by constituting bifidogenic factors
(e.g., non-digestible carbohydrates, and galactooligosaccharides) [17].

Recently reported studies showed that Bifidobacterium bifidum, (B. bifidum) is the second most
prominent species that identified in breast-fed infants (the first was B. breve and the third was
B. longum) [18]. As an early colonizer of the infant gut, B. bifidum is widely present among fecal
microbiota, however, the concentration of overall Bifidobacterium spp. is decreased during the
progression of age while B. adolescentis and B. catenulatum reach greater levels in adult guts [19].
Individual results from multiple studies had a little variation, however, it was clear that B. bifidum
is considered a dominant species of gut population in healthy breast-fed infants. This distinctive
ecological feature of B. bifidum spp. attracted microbiologists” interests. Multiple experiments were
carried out with clinical and pre-clinical studies, and proved significant health benefits (e.g., reducing
bowel syndrome, diarrhea and pathogen infections) [20-23].

B. bifidum BGN4 (BGN4) obtained from a breast-fed infant’s fecal sample came to
the forefront in 1996 by its distinctive enzymatic representation: 3-glucosidase (E.C 3.2.1.21) negative [24].
This microorganism was first used to evaluate the expression of mutagenic activity by
-glucosidase-producing gut microbiota that produce deglycosyl hydrolases and catalyze carcinogenic
glycosides (i.e., amygdalin, anthrone-6-O-rhamnoside, 8-hydroxyquinoline-3-D-glucoside, neocycasin
A, quercetin-3-O-rutinoside, guercitrin, robinin, and cycasine).

BGN4 has been applied to multiple nutraceutical products and conventional foods in the global
food markets (e.g., China, Germany, Jordan, Korea, Lithuania, New Zealand, Poland, Singapore,
Thailand, Turkey, USA, and Vietnam) as a probiotic microorganism because of possible benefits to
consumers [25]. Multiple researchers have proven outstanding bio-functional characteristics of BGN4
by in vitro, in vivo, and clinical experiments. Potential benefits of BGN4 include: (i) notable colon cell
binding properties [26,27]; (ii) improved immune function [28-34]; (iii) anti-tumor effects [27,35,36];
(iv) aid in bioconversion of phytochemicals [37-41]; and (v) production of biogenic metabolites [42,43].

These represent the five main findings that have been discussed with regard to functional benefits
from BGN4 with in-depth research. Optimizing cell culture conditions could increase not only BGN4
cell biomass recovery but also its bioactive metabolites. Recently, BGN4 chromosome sequencing was
completed and will therefore be analyzed to further understand the correlation between genetics and
physicochemical properties [44]. This review will highlight the importance of each of the five areas.
In addition, this review will address prominent prototypes of BGN4 products, distinguished genome
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analysis and changed physicochemical attributes of BGN4 and the effect of altered culture conditions
that were studied for the purpose of commercial manipulation.

2. Cell Adhesive Property

Foodborne illness (e.g., salmonellosis, listeriosis and shigellosis) occurs when food consumers eat
a contaminated food with Salmonella, Listeria, and Shigella spp. [45]. Intestinal mucus and epithelial
cells are predominantly susceptible to the attachment of pathogenic microorganisms resulting in active
proliferation and colonization. This microbial adhesion is critical for the beginning of pathogen and
epithelial cell interaction [46]. Consequently, avoiding bacterial adhesion onto the gastrointestinal
mucosa is regarded as an efficient approach for decreasing the risk of foodborne disease [47,48].
Recently, Serafini et al. [49] observed inhibitory properties of B. bifidum PRL2010 against pathogenic
bacteria (i.e., Escherichia coli and Cronobacter sakazakii) regarding enteric adaptation properties using
epithelial intestinal cell monolayers (i.e., Caco-2 and HT-29).

Probiotic microorganisms are defined as “live microorganisms which when administered in
adequate amounts confer a health benefit on the host” by WHO and FAO. Among the many
probiotic strains, Lactobacillus and Bifidobacterium spp. are known as autochthonous microbiota
in the human intestinal tract. These microorganisms have been used in various functional foods
for centuries. The major functional effects that are provided by probiotics are: (i) production of
anti-microbial peptides (i.e., bacteriocins) [50-52]; (ii) assimilation of dietary fibers [53]; (iii) regulation
of fat storage [54,55]; (iv) modulation of mucosal immunity [56]; and (v) regulation of gut flora via
competitive exclusion of pathogenic bacteria resulting in decreased pathogen colonization [57-59].
Among the five key functional effects of probiotics, attachment of probiotic bacteria onto the mucosal
surface of the gastrointestinal tract is regarded as essential for the competitive exclusion of pathogens
and must occur before effective regulation of immune activities, resulting in protective function against
intestinal pathogens [60,61]. The cell adhesion stage of probiotics onto colon cells is essential for the
successful microbial colonization inside of the host’s intestinal tract. This cell adhesion ability has been
regarded as one of the critical screening standards for active probiotic strains [62], since adhesion is
necessary to actively proliferate and provide a resistance to excretion from the intestinal tract as waste
by peristalsis.

Mechanisms of bacterial adhesion onto epithelial cell can be divided into: (i) non-specific
adhesion when regarding physicochemical factors of outer cell surfaces; or (ii) specific adhesion
when considering the expression of specific molecules onto the microbial membranes that directly
attach to the binding sites of epithelial cell mucosal surfaces [60-62]. This adhesion ability is a
function of hydrophobic properties, level of ions, pH, and physical morphology [63]. These factors
considerably affect microbial adhesion onto intestinal tissues of the host, demonstrating the complexity
of preliminary microbial adhesion onto the mucosal surface.

According to Krasowska and Sigler [64], microbial hydrophobicity plays a key role in the initial
interaction with the mucosal surface and epithelial cells of the intestinal lining due to the chemical
composition of the bacterial surfaces. The physicochemical characteristics of the microbial outer
membrane are generally estimated by analysis of cell surface hydrophobicity. It has been proven
that microorganisms that express higher hydrophobicity more effectively attach onto the colon cells
compared to hydrophilic microbial strains [61,62]. High cost and complexity of in vivo models
encouraged attention into the use of an in vitro system for the initial selection and screening of
potentially adherent probiotic microorganisms. Microorganisms that express high adhesive activity
to inanimate surfaces (e.g., hydrocarbon surface) or non-polar solvents are considered hydrophobic,
and cells that express lower adhesive activity are considered hydrophilic [62,64]. Pelletier et al. [65]
reported that the existence of proteinaceous components on the microbial outer layer cause higher
hydrophobicity, while hydrophilic properties are related to the existence of polysaccharides in the cell
wall structure.
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The hydrophobicity of strain BGN4 showed greater affinity towards xylene in similar studies
(Table 1). Abdulla et al. [66] reported six different Lactobacillus strains with the hydrophobicity ranging
from 29.5% to 77.4%. The three strains of Lactobacillus (i.e., L. acidophilus, L. gasseri, and L. jensenii) used
by Boris et al. [67] showed about 80% surface hydrophobicity. B. lactis Bb12 and L. acidophilus LA5
showed surface hydrophobicity with values between 61% and 75% [68]. B. pseudolongum CIDCA 531
expressed 85% surface hydrophobicity [69]. Recently, Pan et al. [70] reported significant correlation
between microbial adhesion property and cell hydrophobicity using 5 different Bifidobacterium strains
(i-e., B. longums P-3, B. animalis H-9, B. animalis P-4, B. asteroids H-10 and B. pseudocatenulatum 1-6) and
Caco-2 with in vitro model. These results suggest that BGN4 may possess high cell adhesion properties
and potent colonization abilities.

Table 1. Microbial hydrophobicity of the cellular surface (CHS) among reference strains.

No. Cell CHS (%) No. Cell CHS (%)
1 B. bifidum BGN4 93 20 B. longum ATCC 15707 <5
2 Bifidobacterium KJ 90 21 B. longums P-3 18.5
3 Bifidobacterium H]J-30 90 22 B. animalis H-9 37.13
4 B. adolescentis ATCC 15703 90 23 B. animalis P-4 17.4
5 B. animalis ATCC 2552 86 24 B. asteroids H-10 49.5
6 B. animalis M6 85 25 B. pseudocatenulatum 1-6 47.3
7 B. animalis Rd60 69.6 26 B. pseudolongum CIDCA 85
8 B. animalis S 66.3 27 B. lactis Bb12 75
9 B. animalis CN2 21 28 L. acidophilus LA5 75.1
10 B. bifidum ATCC 2952 12 29 L. paracasei (lac 1) 80
11 B. bifidum RD54 7 30 L. acidophilus (lac 2) 65
12 B. bifidum MS1 6 31 L. acidophilus (lac 3) 60
13 B. bifidum SH5 6 32 L. acidophilus (lac 4) 30
14 B. bifidum E15 5 33 L. fermentum (lac 5) 45
15 B. bifidum E2-18 <5 34 L. fermentum (lac 6) 65
16 B. bifidum ]JS9 <5 35 L. acidophilus 80
17 B. bifidum SH2 <5 36 L. gasseri 80
18 B. bifidum S]32 <5 37 L. jensenii 80
19 B. infantis ATCC 15697 <5 - - -

The data number 1 to 20, 21 to 25, 26, 27 to 28, 29 to 34 and 35 to 37 were adapted from Kim et al. [26],
Pan et al. [70], Pérez et al. [69], Shakirova et al. [68], Abdulla et al. [66] and Boris et al. [67], respectively.
The level of CHS was evaluated by the cell adhesive method into xylene.

However, we should point out that the hydrophobic surface characteristics of probiotic bacteria
do not consistently bind to epithelial colon cells [71,72]. The distinguished physicochemical surface of
probiotics do not guarantee binding to epithelial colon cells. The adhesion property of microorganisms
is significantly inconsistent and heterogeneous among cell strains [73]. Specifically, some probiotic
strains show effective cell adhesion ability although they express significant hydrophilic properties on
their cell surface [74]. This shows that other aspects that affect cell adhesion should also be considered.
To overcome the limitation of cell hydrophobicity that often accompanies adhesion ability, microbial
adhesion experiments using in vitro models with intestinal epithelial cells have been extensively
investigated [26,27,44,62,73]. The number of microorganisms attached to culture tissues directly shows
the cell adhesion property. Among the various intestinal epithelial cell lines, the enterocyte-like
Caco-2 cells obtained from a human colon have been routinely used to examine microbial adhesion
mechanisms because of their distinctive physicochemical characteristics (i.e., active proliferation
and differentiation under normal enrichment conditions, similar biological characteristics to normal
enterocytes) [75].

BGN4 was compared to twenty different strains of Bifidobacterium spp. (i.e., B. bifidum, B. animalis,
B. adolescentis, B. infantis and B. longum) separated from human fecal samples to evaluate cell adhesion
properties [26]. According to Crociani et al. [76], cell adhesive properties of Bifidobacterium spp. are
highly variable between strains of the identical genus. Kim et al. [26] clearly illustrated that binding
between BGN4 whole cells and well-defined brush border microvilli on Caco-2 using scanning electron
microscope (SEM). Among the various strains of Bifidobacterium, BGN4 showed the largest number
of cells bound to the Caco-2 cells with highest cell surface hydrophobicity (93%) (Figure 1). Recently,
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2.2 Mb of the BGN4 genome sequence was completely decrypted [44]. The comparative genomic
analysis clearly elucidated the existence of a homolog (BBB_0596) of the B. bifidum MIMBb75 outer
protein (BopA) that aids in the sticking of microorganisms onto a Caco-2 cell layer [44].

Figure 1. Adhesion of B. bifidum BGN4 onto the epithelial Caco-2 cell observed by: (a) optical
(magnification of 1000 x ); and (b) scanning electron microscopy (magnification of 20,000 x, interaction
with microvilli of Caco-2 and B. bifidum BGN4). Microbial adherence in (a) was observed after simple
staining with crystal violet. Panel (b) was adapted from Kim et al. [26].

Despite this, very little research was done on specific adhesion related to the molecular
mechanisms which possibly affects the strong adhesion properties, overall these findings evidently
demonstrated the notable cell adhesive ability of BGN4 onto epithelial cell with its high hydrophobicity
under in vitro conditions, and thus could represent better ability to colonize in the gastrointestinal
tract with protracted transit. More detailed understanding of the: (i) adhesive mechanisms of BGN4
under the molecular level; (ii) fecal samples; and (iii) intestinal lining by biopsies could allow us to
know the significance of adhesive ability of BGN4 and its applications to functional foods.

3. Immune-Modulatory Effects of B. bifidum BGN4

Multiple probiotic strains have shown significant bio-functional properties concerning boosted
host immune functions. One of the important roles of probiotic bacteria is immune-modulatory
activities for the prevention and regulation of multiple enteric diseases in the host [77]. According to
Galdeano [78], orally consumed fluorescent-labeled probiotic cells were identified in the immune
system (i.e., Payer’s patches and lamina propria mucosa) in the small intestine and lymphoid tissues
(i.e., lymph nodules and colonic crypts). This report provides convincing evidence of a direct interplay
between probiotic microorganisms and immune cells in the host’s intestinal lining.

Among the various immune cells, phagocytic cells (i.e., neutrophils, monocytes and macrophages)
in the intestinal mucosa play an essential role in both stimulation of inflammatory responses against
potential enteric pathogens and tolerance of normal colonic luminal nutrients and microbes as an
innate immune system [79]. When macrophages are under an inflammatory stimuli, they generate
cytokines, including Interlukin (IL)-1, IL-6, IL-8, IL-12, and tumor necrosis factor (TNF), which recruits
other inflammatory cells. Phagocytic cells are attracted toward specific infection sites to engulf the
opsonized targets using phagocytosis. They recognize pathogens using chemotaxis stimuli and/or
straight physical connections [80-82]. Multiple reports have shown a significantly promoted phagocytic
capacity of phagocytes by probiotic supplementation as an immunomodulator [83]. Therefore, the
evaluation of the level of cytokines and macrophage activity using an in vitro assay is considered an
indirect way of analyzing bio-functional effects of probiotic cells.

Lee et al. [28] reported the significant immunoregulatory capacities of whole-cell and cell-free
extracts derived from BGN4. In this work, when macrophages were exposed to BGN4, active cell
division, greater cytokine production and active phagocytic property were observed. Since then,
various studies have focused on the interactions between outer cell wall and immune cells, however,
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little work that employs intercellular ingredients has been reported before. Therefore, they also
extracted four different BGN4 cell fractions (i.e., whole-cell, cell free extracts, purified cell wall and
supernatant) and treated cell lines to evaluate the level of cytokine produced by macrophages. As a
result, each fraction showed different patterns of immune reactions. The whole cell fraction represented
the strongest TNF-o expression. The cell-free extracts of BGN4 induced the highest IL-6 production.

This work was confirmed and further explained by Kim and Ji [29]. They made an attempt to
determine the significance of type of BGN4 cell fractions with special focus on location within the
host immune system. All BGN4 cell fractions (i.e., cell free extracts, whole cell fractions and cell wall
fractions) significantly stimulated the production of IL-10 and IL-6. Cell free extracts of the BGN4
were able to induce greater morphological modification of macrophages with increased phagocytosis
properties compared to macrophages treated with other BGN4 fractions (i.e., whole cell and cell wall
fractions). The use of an in vitro assay clearly showed the immunomodulatory properties of BGIN4
that activate differentiation of macrophages.

Another experiment was performed to examine the immune responses of intragastrically
administrated BGN4 in a murine model of peanut allergy to provide further support function of
BGN4 based on in vivo experiments [30]. They concluded that BGN4 treatment in an animal model
showed anti-allergic and immunomodulatory effects by decreased levels of peanut-specific IgE and
IL-4 and increased levels of IL-12 and the ratio of Interferon (IFN)-y/IL-4. Kim et al. [31] also reported
clinical properties of BGN4 to inflammatory bowel disease using a mouse model. The BGN4-fed
group showed minimal signs of thickened wall and inflammatory cell infiltration, in a clinical sense,
such as: (i) thickened wall; (ii) crypt elongation; (iii) reduction of goblet cells; and (iv) maintaining
the level of cluster of differentiation (CD) 69, IFN-y, TNF-« and MCP-1 in the mouse intestine than
its counter group. The in vivo approaches employed in this work clearly suggest further functional
characterization of BGN4 on the control of the aberrant intestinal immunity.

However, an additional question is: does BGN4 show potent immune stimulating effects within
clinical experiments? This answer is critical to prove practical benefits of BGN4. Despite various
in vitro, in vivo data, the precise mechanism of action of BGN4 was not fully demonstrated and could
be multifactorial in clinical research.

According to Hong et al. [32], a probiotics mixture containing 2 x 100 of lyophilized cells
(i.e., BGN4, B. lactis ADO011, L. acidophilus AD0O31and L. casei IBS041) was effective to relieve irritable
bowel syndrome. They randomly divided two groups (1 = 36 and 34; age: 19-75 years; sex: male and
female; symptoms: presence of previous gastrointestinal disease) as probiotics and placebo groups,
respectively. Their work clearly demonstrated that probiotics treatment was statistically significant in
the reduction of abdominal pain and defecation discomfort after eight weeks of probiotics treatment
compared to placebo groups (n =70, —31.9 vs. —17.7, p = 0.045), and concluded “composite probiotics
containing BGN4, L. acidophilus AD031, and other species are safe and effective, especially in patients
who excrete normal or loose stools”.

Kim et al. [33] used different strategies to characterize functional effect of BGN4 for their role in
eczema. Through the randomized, double-blind and placebo-controlled experimental design (n = 112,
screened and randomized pregnant women having family history of allergic diseases), they evaluated
the preventive function of BGN4 against progress of eczema. They concluded that the prevalence
of eczema can be statistically significantly decreased by BGN4 treatment compared to its counter
placebo group (completed sample number: n = 68, p = 0.048, BGN4 group: 18.2% vs. placebo: 40.0%).
Interactions among gut microbiota, intestinal epithelial cells and mucosal dendritic cells in the lamina
propria, and their impact in innate immunity has been the focus of multiple researchers in recent
decades [84]. Specifically, Kim et al. [34] discussed function of BGN4 treatment into the dendritic cells.
With comparison of cell culture conditions (i.e., single culture of dendritic cells or co-culture of dendritic
cells and mouse epithelial cell monolayers), multiple conditions for exerting immune-modulatory
reactions were evaluated. The authors concluded that BGN4 significantly upregulated the expression
of I-Ad and cluster differentiation (i.e., CD86 and CD40) (p < 0.05) with increased secretion levels
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of pro-inflammatory cytokines (i.e., IL-6 and TNF-«). These results indicate that BGN4 potentially
stimulates immune modulation via interaction of dendritic cells in the gut homeostasis.

As noted above, there are multiple experiments that provide evidence that BGN4 potentially
affects the host immune systems and exerts protective actions from allergens through in vitro and
in vivo studies, and show promising advances in the application of nutraceutical fields. Accumulating
results indicate that some symptoms that are triggered by artificially treated allergens or antigens
can be relieved by BGN4. Although physiologic outcomes have suggested possible benefits of
BGN4, clinical efficacy of BGN4 has not been clearly established using single type of cell ingredient.
Therefore, available evidence is not enough to demonstrate whether BGN4 may be more effective
for bio-functionality in the human body than other microorganisms. Interpretation of the functional
evidence of BGN4 is hampered by the presence of numerous other microorganisms. Further physiologic
investigations are necessary to design formulations and to understand the basic mechanisms and
bioavailability for studies of physiologic actions using single type of BGN4.

4. Anticancer Effects of B. bifidum BGN4

Colorectal cancer is a global health issue; in particular, South Korea showed the highest number
of colon cancer cases in the world. As the third leading type of cancer in the world, approximately
1.4 million cases were identified in 2012 [85]. According to the American Cancer Society [86], colon
cancer is the second leading cause of cancer mortalities with an expected 49,190 deaths in 2016.
The international incidence and mortality rates of colorectal cancer are rapidly increasing in multiple
countries as eating habits have been altered to a more occidental manner (i.e., low-dietary fibers,
high-fat and high-protein) [87].

Various studies have reported that fermented food products can significantly prevent tumor
growth by decreasing the risk of long-standing inflammatory responses in colon cancer. Probiotic
microorganisms normally contained in fermented food products are known to offer functional effects
on mucosal damages, specifically preventing the effects of cancer on the digestive tract [88]. Probiotics
have multiple therapeutic advantages, playing significant roles in decreasing the mutagenicity of
the epithelial layer, as reported in various experimental models of colorectal cancer [56]. In-depth
investigations have shown that the relationship between colorectal cancer and probiotics seems to be
primarily dependent on bioactive metabolites of probiotic bacteria, which lead to the generation of
therapeutic anti-carcinogenic compounds [89].

Certain probiotic microorganisms and their extractions demonstrate growth inhibitory activities
on adenocarcinoma cell lines. In particular, fractions from Bifidobacterium and Lactobacillus spp.
containing high levels of microbial carbohydrates (i.e., extracellular glycoproteins, peptidoglycan,
and polysaccharide) displayed profound tumor-suppressing activities [90-92]. These studies have
demonstrated on evaluating the properties of probiotic fractions and extractions with regard to the
decrease of viability or size of cell lines. However, proving the selective inhibition on cancer cells
by probiotics treatment is critical with regard to the screening and selection of anti-carcinogenic
substances. Moreover, anti-carcinogenic properties of probiotic microorganisms on colorectal cancer
significantly differ from strain to strain, making it necessary to screen novel probiotic strains for tumor
inhibitory effects [93]. Therefore, researchers should attempt to study the selectivity, sensitivity and
specificity on noncancerous as well as cancerous cell lines using multiple probiotics.

Microbial polysaccharides are produced by probiotic bacteria with various health-promoting
effectiveness. Their chemical structures, complexity and molecular weights differ among the probiotic
species, resulting in expression of different physicochemical characteristics in both in vitro and
in vivo systems. The antagonistic properties of probiotic bacteria against gastrointestinal illneses
have been the subject of many clinical investigations, demonstrating varied functional properties.
According to Nagaoka et al. [94], probiotic polysaccharides extracted from B. breve YIT4014 and
4043, and B. bifidum YIT4007 have shown anti-ulcer activities both directly (i.e., epidermal and
fibroblast growth factor) and indirectly (e.g., immune system stimulating: increased production
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of 6-keto-prostaglandin F1 « by macrophage). Specifically, polysaccharides containing rhamnose as a
major content (more than 60%) showed greater effectiveness in healing gastric ulcers. The soluble
polysaccharides produced from L. acidophilus 606 also expressed the inhibitory effects on progression
of colorectal cancer cell lines such as HeLa, PANC-1 and HT-29 cells and partially induced apoptosis
into the HT-29 [90]. However, the polysaccharides from L. acidophilus 606 exhibited minimum toxicity
into healthy human embryo fibroblasts.

These findings provided motivation to our group for observation and hypothesis on the correlation
between BGN4 treatments and human colon cancer. Ku et al. [27] and You et al. [36] have demonstrated
the tumor-suppressing activity of whole cell and its fractions of BGN4 on diverse adenocarcinoma cell
lines. They also attempted to clarify whether such properties were human colon cancer cell-specific.
Among the 30 kinds of different strains of Bifidobacterium tested in these studies, BGN4 showed the
greatest anti-proliferative effects on human colon cancer cell lines. In particular, the polysaccharide
fractions comprising chiroinositol, rhamnose, glucose, galactose, and ribose that were extracted from
BGN4 induced significant growth inhibition of cancer cell lines (i.e., HT-29 and HCT-116), but did not
show any growth inhibition of FHC (normal human colon cell) or Caco-2 cells, which are generally
used as control group because of similar physicochemical properties with normal cells [95].

Previously, Shim et al. [35] discussed health benefits of fermented soy milk by BGN4, and
confirmed that dietary BGN4 decreases the size of azoxymethane-induced aberrant crypt foci in rats.
The combination of soymilk and BGN4 showed significant synergistic effects on reducing the number
of aberrant crypt foci. The size and number aberrant crypt focus are commonly used biomarkers for
colorectal cancer in rodents [96] and often regarded as the earliest histopathologic lesion linked to
colon cancers [97].

The simple assessments of a decreased cell proliferation and aberrant crypt foci levels using
in vitro and in vivo experiment are not enough to evaluate anti-cancer and/or anti-tumor properties of
BGN4 due to the complexity of cancer development, which is linked to numerous cellular mechanisms.
However, the anti-proliferation properties of BGN4 onto multiple cancer cell lines could be used as
an example of the interaction between Bifidobacterium spp. and host. The interactions between BGN4
and colon cancer stimulated novel manners of cancer suppression and suggested the treatments of
cell extractions with probiotic substances for the purpose of gaining anticancer properties. Further
mechanistic studies and human epidemiological studies are necessary to elucidate the role of BGN4
and its extractable polysaccharides as a therapeutic option for anticancer or antitumor effects using
animal models to take advantage of clinical properties derived from BGN4.

5. Industrial Application: Biocatalysis

Applications of health benefits from probiotics depend on the production of functional
cell metabolites [5,7,52,56]. The commercial significance of health beneficial metabolites (i.e.,
polyssacchrides, bacteriocine, y-Aminobutyric acid (GABA), and S-Adenosyl-L-Methionine (SAM))
from probiotic bacteria has stimulated the use of these bacteria as “Biological Factories” of value
added products [98]. Bio-functional metabolites are produced by a variety of probiotic cells, especially
Lactobacillus and Bifidobacterium spp., and have been intensively studied due to their broad spectrum
of bio-functional properties and beneficial roles in human body. Due to the significance of probiotic
cells in the expression properties of functional molecules, probiotic cells have been used in industry
manufacturing for the production of value-added molecules [7,9,21,33,75].

Normally, the claimed functional benefits are likely achieved with high level of probiotic cells,
however, multiple studies showed poor nutraceutical availability of some probiotic microorganisms
in functional food products and found that they often exist at lower concentration in cells than those
claimed on product packages [99]. Due to severe food processing and storage conditions (e.g., heat and
acid treatment, artificial and natural preservatives, freeze and osmotic shock, and oxygen stress) often
applied during the manufacturing step, maintaining cell activity and viability are practical challenge.
Moreover, during the long-term period of circulation, viability of probiotic cells in product does not
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meet the criteria at the end of shelf life. Therefore, it is necessary to maintain cell viability and ensure
probiotic effect for consumers” needs [100]. A simple addition of probiotic cells into foods cannot
guarantee health benefits to consumers. Therefore food industries have also encountered a number
of difficulties when claiming the functional effects on the package of food products. For this reason,
industry researchers and marketers have pursued to explore more applications of probiotics that can
potentially be utilized in industry geared at several different markets [99]. Recently, various studies
have proposed to use probiotic immobilization techniques to maintain microbial functionality and
viability [101].

Extensive attention has been paid to the potential of using whole cell and/or cell fractions to
facilitate the production of functional molecules [7,36,102]. Food and biotechnology industries have
used advances in probiotics and their enzymes to produce value-added plant metabolites and/or
their chemically transformed substances. Recently, bio-functional potentials of traditional herbal
medicines and normal plants have emerged, resulting in notable progress in commercial developments
of functional foods and/or nutraceuticals [41,102-106]. Specifically, to improve the quality of herbal
resources, multiple probiotic cells and their enzymes have been applied for decades with commercial
and domestic purpose in Korea under the concept of “fermented plant medicine” in the development
and launch of nutraceuticals that is conceptually differentiated to other products [9,107].

This trend can be explained by favorable images of probiotics and herbal medicines among
Korean consumers. According to Sir6 et al. [1], “Consumers need to understand the benefits, not the
science behind the product”. Because of consumers’ limited understanding of functional foods and
their health benefits, use of novel bio-functional materials could generate unnecessary work load and
marketing cost to advertise and inform specific functional effects to consumers [99].

Phytochemicals are biologically and nutraceutically valuable plant metabolites. The isolation
and recovery of target natural products from plants is often available for small quantities, specifically
when small amounts of target molecules are naturally produced by plants and preserved in them [108].
Therefore, artificial pre-treatment (i.e., physical, chemical and enzymatic treatment) of phytochemicals
to modify their chemical structures results in an increased yield of bioactive molecules and has
conventionally been used to overcome limited supply issues. According to Gao et al. [107],
biotransformation is “a chemical reaction that is catalyzed by whole cells (microorganisms, plant
cells, animal cells), or by isolated enzymes due to high stereo- or regioselectivity combined with the
high product purity and high enantiomeric excesses”. Bioavailable plant metabolites, specifically
when they are in a glucoside form, are known to be functionally fortified by a deglycosylating
process [9]. This biotransformation process selectively hydrolyzes target molecules and enables the
structural conversion into valuable products. Biotransformation using biological catalysis can be
carried out under relatively mild operational conditions compared to physical (heat treatment) reaction
and/or chemical (i.e., acid and basic) catalyst counterparts, abridging the multifaceted manufacturing
process [108-110]. Recently, biotransformation utilizing catalytic activity of microbial glycosidases
has been recognized as useful technology in nutraceutical and pharmaceutical industries. Specifically,
biotransformation of phytochemical glycosides using probiotic glycosyl hydrolases has played a great
role in the production of bio-functional phytochemical aglycones with attractive potential for practical
applications [102]. This bio-catalytic process using probiotic enzymes has been studied and applied
as an essential manufacturing tool for enhancing the bio-functional and nutritional values of herbal
medicines [107]. Through the fermentation process, plant glycosides can be catalyzed to aglycone,
which has better bio-functional effects. Probiotic whole cells and their extracts (i.e., purified enzyme,
cell-free extracts and crude homogenates) are increasingly utilized in the nutraceutical industry as
key ingredients [9]. They have also been used as bio-catalytic agents that play a fundamental role in
the bioconversion of herbal glycosides into aglycones induced by microbial enzymes belonging to
different groups of glycosidases.

Panax ginseng, meaning “cure-all”, and its major functional metabolite, ginsenosides, are
one of the widely-researched herbal medicines and phytochemicals [109]. There are multiple
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studies available covering various pharmaceutical properties of ginsenosides. In accordance with
molecular mechanism, various pre-clinical and clinical studies have suggested that the regulatory
properties of deglycosylated ginsenosides on diverse cellular mechanisms (i.e., cell cycle regulator
(cyclin-dependent kinase), transcription factor (myc gene), signal protein (vascular permeability factor),
tumor suppressors (cellular tumor antigen p53), cyclin-dependent kinase inhibitor (CDK-interacting
protein 1), negative regulator of the p53 (mouse double minute 2 homolog) and apoptosis regulators
(B-cell lymphoma-extra large, B-cell lymphoma-2 and X-linked inhibitor of apoptosis protein, etc.)) may
have the anti-carcinogenic ability in prevention and management of cancer and chronic diseases [102].
Many studies have reported the phytoestrogenic properties of soy milk and soy isoflavones. Multiple
evidences have shown that soy-derived phytoestrogens play inhibitory roles in osteoporosis, obesity
and diabetes [111-114]. However, the functional effect of ginsenosides and soy isoflavones in
in vivo systems are significantly dependent on enzymes of gut flora [115]. Therefore, merging
probiotics and these phytochemicals may improve beneficial effects associated with intake of this
plant medicine. Daidzein, genistein and glycitein that deglycosylated from of daidzin, genistin and
glycitin have been introduced as chemo-preventive compounds for certain types of cancer (i.e., colon,
breast and prostate) [116] and osteoporosis [117]. Similar to glycosylated ginsenosides, multiple
studies demonstrated that the soy isoflavones in plants should be catalyzed into deglycosylated form
(i.e., daidzein and genistein) for the effective absorption into blood stream across the gastrointestinal
tissue [118]. The higher bioavailability after deglycosylation process has been demonstrated in in vivo
experiments and explained by lower molecular weight and greater hydrophobicity than those of
glycosidic compounds.

Because BGN4 naturally does not produce 3-glucosidase during fermentation, soy isoflavones
and ginsenoside glycosides cannot be catalyzed into the more bio-functional aglycones [24]. In this
sense, BGN4 had practical limitation for industry application. Some researchers have manipulated
expression vector to produce the recombinant BGN4 strain by cloning the structural 3-glucosidase
gene from naturally 3-glucosidase producing Bifidobacterium spp. (i.e., B. lactis ADO11, B. lactis SH5
and B. lactis RD68) [37-41]. B-glucosidase of B. lactis AD011 was cloned and overexpressed to apply
ginsenoside conversion by Kim et al. [38]. BGN4 was employed as a sub-cloning and overexpression
host for cloning of 3-glucosidase of B. lactis AD011. However, BGN4 transformants (B141 and B893)
could not use to catalyze artificial substrate (pNP-{3-D-glucopyranoside) as well as natural substrates
(ginsenosides). To attack this problem, Wang et al. [39] have attempted to highlight the necessity of
powerful promoters for BGN4 in inducing significant expression of cloned genes with special focus
on an exploration of the activity configurations of the promoters in BGN4. They proved that the
activities of promoters were a function of microbial growth rates and that the use of P919 is effective to
express of high-levels of foreign genes as a BGN4 promoter by hydrolyzing pNP-f-D-glucopyranoside
into p-nitrophenyl and glucose. However, it should be considered that microbial 3-glucosidases are
quite unspecific catalysts whose specificities and activities possibly depend on a structural diversity
of glycosides.

Recently, Youn et al. [37] highlights further how genetically-transformed BGN4 can be
characterized as a 3-glucosidase producer to practically apply for hydrolyzing natural products
in which sugar moieties are linked to functional groups by a glycosidic bond (glycosides). They have
constructed multiple expression vectors systems using bifidobacterial promoters (i.e., pamy, p919
and p572), OREF (i.e., bbg572), terminator (i.e., 572t) and signal sequences (i.e., ssamy) to produce
new recombinant (3-glucosidase-positive BGN4. The recombinant (-glucosidase, Bp572bbg572t
was applied to catalyze multiple disaccharides (i.e., cellobiose, sophorose, laminaribiose and
gentiobiose), Isoflavones (i.e., daidzin, genistin, and glycitin), ginsenosdies (i.e., Rb1 and Rb2) and
Quercetins (i.e., isoquercetrin and spiraeoside) and successfully degraded glycosidic linkages between
two molecules. This work would be practically useful for an application in phytochemical and
bioconversion industries due to the understanding the vector systems/enzyme functions relationship.
You et al. [41] also successfully carried out enzymatic catalysis of the isoflavone glycosides (i.e., daidzin,
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genistin and glycitin) into isoflavone aglycones (i.e., daidzein, genistein and glycitein) using a novel
recombinant 3-glucosidase. The 3-Glu gene of B. lactis AD011 consisting of 1.4 kb was cloned and the
recombinant 3-glucosidase was overexpressed in BGN4.

As a result, BGN4 notably produced 3-glucosidase and could be applied to convert ginsenoside
glycosides and soy isoflavones into deglycosylated forms. The catalysis of plant glycosides using
recombinant BGN4 would be applicable for commercial purposes [111,115]. The combination of this
recombinant BGN4 with plant compounds could be utilized to produce fermented plant medicines
with elevating amount of bioactive forms of ginsenosides and isoflavones. In addition, the synergistic
effects generated by indigenous functional properties of BGN4 and its biogenic metabolites can be
possibly expected. Recently, 110 Nobel Prize winners from diverse domains (i.e., medicine, economics,
physics, chemistry, literature and peace) issued a statement in their support of modern genetic
engineering, such as GMOs [119]. However, resistance to genetically-engineered probiotics from
food consumers may exist in food market, resulting in the search for a new market (i.e., biomedical
and pharmaceutical markets) exploitation beyond food or nutraceuticals, and consumers’ paradigm
shift seems be necessary for successful commercial applications [1,9]. Before extensive utilization
of genetically tailored BGN4 in nutraceutical products, consideration of possible safety issues and
consumers’ prejudice is necessary.

6. Industrial Application: Bioactive Molecules

Among the various functional cell metabolites, GABA, a ubiquitous non-protein amino acid, is
widely present in natural resources including bacteria, plants, and animals [8]. This molecule acts as a
major inhibitory neurotransmitter in the brains of vertebrates and is produced by x-decarboxylation of
glutamate by glutamate decarboxylase [120]. Recently, multiple studies have reported bio-functional
effects of GABA (i.e., hypotensive, energy boosting, tranquilizing, lessens signs of aging, diuretic
effects and anti-diabetes) [120,121]. Microbial glutamate decarboxylase, which is critical in GABA
production, is widely distributed in probiotic cells. Multiple Lactobacillus spp. have expressed an
ability to produce GABA in various levels depending upon the density of glutamates in the cell culture
broth [122,123]. Recent reports have shown that Gastrodia elata, a traditional Asian plant medicine often
applied for the treatment of neurodegenerative diseases and headaches, represses the degradation
of GABA [124] and protects against neuronal damage. As a raw material, Gastrodia elata is regarded
as a useful raw material for the GABA production due to the synergistic anti-hypertensive functions
originated from Gastrodia elata [125].

To develop fermented Gastrodia elata products containing considerable amount of GABA,
Kim et al. [30] applied Lactobacillus brevis GABA 100 and BGN4 simultaneously as a starter culture for
Gastrodia elata fermentation. Previously, Kim et al. [126] reported high GABA-producing properties of
Lactobacillus brevis GABA 100 that is isolated from Korean kimchi. The total GABA productivity was
further increased by the co-culture of L. brevis GABA 100 with BGN4. The level of GABA observed
during the co-culture was higher compared to the culture inoculated only by L. brevis GABA 100
by further decreasing media pH compared to its decrease in the single culture of L. brevis GABA
100. According to Komatsuzaki et al. [127], maintaining low pH (about 5) is necessary for effective
GABA production. However, during the fermentation, normally the pH level of the cell culture media
increased due to the enhanced level of GABA in the media.

As discussed above, due to the bioactive functionality of probiotic bacteria and its value-added
metabolites, interest in mass production and industrial applications of biogenic molecules has been
growing. Specifically, SAM, a commercially available and FDA-approved dietary supplement, has
often been obtained and produced through chemical synthesis and cell fermentation. However,
chemical synthesis has issues with production cost and generation of low purity products with optical
isomers [128]. SAM, which is an amino acid naturally produced in the human body, plays a key role
in transmethylation as a methyl donor. Multiple studies have extensively revealed the functional
effects of SAM. As an important nutraceutical ingredient, SAM showed anti-depressant [129], anti-liver
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disease [130], and anti-headache effects [131]. According to Kim et al. [43], BGN4 produced a higher
level of SAM compared to other microorganism. They used 25 kinds of different lactic acid bacteria
(i.e., Bifidobacterium, Enterococcus, Lactobacillus, Lactococcus, Pediococcus, Streptococcus and Weissella spp.)
and evaluated the productivity of SAM in culture media. The SAM productivity of BGN4 was at least
two times higher than other bacterial strains. They also applied BGN4 to develop SAM-reinforced
yogurt and reported favorable sensory value for commercial purposes [42]. However, little work
was done to elucidate how productivity of above mentioned metabolites may be influenced by
environmental factors including media ingredients, temperature and presence of other bacteria for
commercial purposes. Nonetheless, above mentioned experimental data supports that BGN4 can be
used in nutraceutical products as a microbial ingredient due to the benefits for human health.

7. Increase Biomass Productivity

For the commercialization, estimating productivities of cell and/or biogenic metabolites is
necessary for cost-effectiveness of product manufacturing. In this sense, determination of appropriate
media ingredients and formula design are important to enhance total cell-biomass productivity, as both
biochemically and physiologically affect probiotic cultures [132]. When considering production costs
of cell or biogenic molecules for commercial application, microbial enrichment for biomass production
can be halted at the time of maximum productivity and some are left to run for longer, depending
on the culture condition [133]. However, there are several pragmatic obstacles in mass production
Bifidobacterium spp. and its metabolites for commercialization due to: (i) lower cell productivity after
enrichment; and (ii) higher production cost compared to other aerobic or facultative anaerobic cells.

Kwon et al. [134] worked to develop a strategy to obtain high BGN4 biomass with greater
metabolic products by combination of crossflow filter and cell reactor. Specifically, they submerged
hollow fiber membrane (0.4 um cut off, polyvinylidene fluoride, surface area of 25 m?) bioreactor with
suction and gas sparging to maintain anaerobic conditions. By using this method, they were able to
observe higher BGN4 viability and lower microbial harms generated by shear stress during crossflow
filtration processes compared to conventional membrane reactor culturing. About 5 and 7 folds greater
productivity of BGN4 cell biomass and viable cell counts (i.e., 12.0 g/L of biomass productivity and
2.2 x 1019 CFU/mL of maximum cell count) were observed when submerged hollow fiber membrane
bioreactor was applied for BGN4 enrichment compared to the microorganism levels achieved through
conventional batch culture (i.e., 4.5 g/L of biomass productivity and 3.0 x 10° CFU/mL of maximum
cell count).

Recently, Ku et al. [27] and Ji et al. [135] have reported more systematic approaches to increase
BGN4 biomass productivity. They examined multiple factors, including: (i) media ingredients; (ii) types
of acid; and (iii) incubation time when they utilized a two-step culture method that significantly affects
the total recovery of BGN4 biomass and its bioactive metabolites. They reported that the phytic acid in
culture media plays important role in improving the productivity and economic of BGN4 cell biomass
and its biogenic molecules by changing microbial morphology and increasing size of the cell, although
additional phytic acid treatments constitute a small portion from the overall costs of culture media
formulation. These results agreed with various results showing that microbial shape and morphologies
increase in the group in which media was treated with supplemented acids compared with those of
control group [136-139]. It seems that the putative morphological modification effects of organic and
mineral acids are likely due to their ability to act as cation chelators to induce response of the microbial
mesosome control [140].

Even though multiple researchers have observed the putative role of acids as major inducer for the
morphological modification of various bacteria, the molecular mechanisms underlying the producing
properties of cell biomass are still largely unknown. Because chromosome sequencing data is available
for BGN4, this information can be potentially utilized for designing better conditions of the biomass
recovery than is currently possible. Moreover, transcription profiling over the fermentation procedures
will provide information for stress and acid tolerance genes for BGN4. Additional work is necessary to
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better understand how genetic characteristics of BGN4 affect the recovery and production of BGN4
and its bioactive molecules using post-genomic approaches.

8. From Comparative Genomics to Functionality of BGN4

The Bifidobacterium genus is currently comprised of 47 recognized taxa, which have been isolated
from six different ecological environments including the gut and oral cavity of human and animals
insect hindgut, sewage and fermented foods [141-143]. The Bifidobacterium taxa can be clustered into
six different phylogenetic taxa: B. adolescentis, B. longum, B. pseudolongum, B. boum, B. pullorum, and
B. asteroidsgroups [144]. Although B. bifidum species have been represented one of the dominant bacteria
from the gastrointestinal tract of breast milk-fed infants, B. bifidum is not included in six phylogenetic
groups mentioned above, suggesting its unique and specific genomic composition [19,145].

The publicly available genome sequences to date contain three complete genomes of B. bifidum
strains obtained from infant stool samples including BGN4 and 12 draft genome sequences
(NCBI source). Among the genus Bifidobacterium, 23 complete bifidobacterial genome sequences
are available. The size of B. bifidum genome is approximately 2.2 Mb (range, 2.14-2.28 Mb) and GC
content is about 62% (Table 2).

Table 2. Publicly available genome datasets of three different B. bifidum strains.

Strain Name B. bifidum BGN4 B. bifidum PRL2010 B. bifidum S17
Accession NC_017999.1 NC_014638.1 NC_014616.1
Sequencing Status Complete Complete Complete
Genome Size (bp) 2,223,664 2,214,656 2,186,882
G + Cratio (%) 62.65 62.67 62.76
Number of Chromosones 1 1 1
Number of Contigs 1 1 1
Number of ORFs 1834 1706 1783
Number of rRNA Genes 9 9 9
Number of tRNA Genes 52 52 53

In accordance with the analysis of other bifidobacterial taxa, enzymes in charge of the transport
and metabolism of carbohydrates (Clusters of Orthologous Genes, COG category, G) were identified
from the genome of BGN4 (Table 3), such as glycosyl hydrolases whose substrates are various oligo-
and polysaccharides including human milk oligosaccharides (HMOs) and intestinal mucin [146,147].
Genome analysis of bifidobacterial species has revealed that the genus B. bifidum have adapted
to ecological niches where there is a limited source of other nutrients except carbohydrates [148].
The B. bifidum pan-genome consisted of 2970 COGs and the core-genome was represented by 1295 genes.
Those genes were dedicated to housekeeping functions of bacterial cells such as DNA replication,
transcription and translation transport and metabolism of carbohydrates and amino acids, as well as
host-interacting components of bacteria including sortase-dependent pili, tight adherence (fad) locus
and murein lytic enzyme (TgaA). The pili structures reported to be crucial for interacting with host and
other gut microbiota [141].

Duranti et al. [141] analyzed the average abundance of bifidobacterial DNA from 11 metagenomic
datasets of the gut microbiome from infants and found that the relative abundance of B. bifidum DNA
was 12.42% in breast milk-fed infants compared with the 0.24% in formula milk-fed infants. This
result was consistent with the genomic analysis representing specialized catabolic ability of B. bifidum
to utilize host glycans in an aspect of adapting to infant gut. Turroni et al. [146] also showed the
specific ability of B. bifidum PRL2010 metabolizing host-derived glycans, especially HMOs and mucin.
A comparative genomics study based on 15 genomes of B. bifidum strains helped to elucidate the
evolutionary force for successful adaptation of this species to specific ecological niches (i.e., infant gut)
by assessing genomic variability and complexity [141,142,147]. The genetic variability of B. bifidum was
13.7% of the total genomic pool of B. bifidum, and this was relatively lower than 15.3% of mobilome
value in the genus Bifidobacterium [141,149].
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Table 3. Summary of genome analysis comparing COGs of three B. bifidum strains (analyzed by the authors based on NCBI datasets).

14 of 23

B. bifidum BGN4

B. bifidum PRL2010

B. bifidum S17

COG Description
Number of Genes % Number of Genes % Number of Genes %

] Translation, ribosomal structure and biogenesis 136 10.56% 135 10.39% 135 10.48%
K Transcription 95 7.38% 95 7.31% 93 7.22%
L Replication, recombination and repair 102 7.92% 107 8.24% 100 7.76%
D Cell cycle control, cell division, chromosome partitioning 24 1.86% 22 1.69% 23 1.79%
o Posttranslational modification, protein turnover, chaperones 50 3.88% 50 3.85% 50 3.88%
M Cell wall/membrane/envelope biogenesis 75 5.82% 81 6.24% 79 6.13%
N Cell motility 6 0.47% 6 0.46% 5 0.39%
P Inorganic ion transport and metabolism 50 3.88% 49 3.77% 49 3.80%
T Signal transduction mechanisms 47 3.65% 50 3.85% 47 3.65%
c Energy production and conversion 50 3.88% 50 3.85% 51 3.96%
G Carbohydrate transport and metabolism 118 9.16% 117 9.01% 118 9.16%
E Amino acid transport and metabolism 135 10.48% 137 10.55% 136 10.56%
F Nucleotide transport and metabolism 56 4.35% 55 4.23% 56 4.35%
H Coenzyme transport and metabolism 45 3.49% 44 3.39% 44 3.42%
I Lipid transport and metabolism 35 2.72% 36 2.77% 36 2.80%
Q Secondary metabolites biosynthesis, transport and catabolism 6 0.47% 7 0.54% 6 0.47%
R General function prediction only 150 11.65% 148 11.39% 153 11.88%
S Function unknown 108 8.39% 110 8.47% 107 8.31%

Total 1288 100% 1299 100% 1288 100%
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In case of glycobiomes, B. bifidum showed a relatively small size of genes and especially reduced
capabilities to catabolize high-molecular plant polysaccharides. However, it should be noted that
B. bifidum contain enriched gene-sets undertaking the metabolism of host-derived glycans and
health-beneficial glyco-conjugated phytochemicals. The comparative genomic analysis of BGN4 strain
with other B. bifidum strains and whole bifidobacterial taxa has not been reported yet. Further study
focusing on identification of unique BGN4 genes, which are capable of encoding specific colonizing
factors, key enzymes catalyzing HMO and glycones, and immunomodulatory molecules expressed
and secreted by BGN4, should be helpful to reinforce the multiple functionality of BGN4.

9. Conclusions

This systematic review summarizes bio-functionality of BGN4 assessed by in vitro, in vivo and
clinical studies and potential of BGN4 for industrial applications and explains what is known and
unknown based on available data (Figure 2). To demonstrate a precise mechanism of exploitation
of BGN4 for human body, multifactorial clinical research and well-controlled molecular level work
should be further pursued. However, potential functional value of BGN4 was clearly established
through multiple in vitro and in vivo and clinical experiments. Moreover, BGN4 has been applied
practically in commercial products with a mass production. Summarized information on BGN4 would
be valuable to guide design with insight of future experiments to know mechanisms of functionality,
clinical trials and commercial applications.

Figure 2. Schematic representation of biofunctional properties: Biotransformation of phytochemicals
(a); high cell adhesion property with high surface hydrophobicity (b); and direct (c); and indirect
immunomodulatory effects (activation of macrophages (d); and dendritic cells (e)) of B. bifidum BGN4
to host.

Acknowledgments: This work was carried out with the support of “Cooperative Research Program for
Agriculture Science & Technology Development (Project No. PJ01123001 and PJ01123002)”, Rural Development
Administration of “the Promoting Regional specialized Industry (Project No. R0004140)”, the Ministry of Trade,



Int. ]. Mol. Sci. 2016, 17, 1544 16 of 23

Industry and Energy (MOTIE) and Korea Institute for Advancement of Technology (KIAT), and “Research program
of SGER (Project No. NRF-2015R1D1A1A02062267)”, National Research Foundation of Korea. The authors wish to
thank Raymond RedCorn and Emily R. Coleman at Purdue University, and Jaycey Hardenstein of Eli Lily for their
review and feedback of this paper. The authors would also like to thank Michael R. Ladisch and Eduardo Ximenes
at Purdue University for their supports to Seockmo Ku.

Author Contributions: Seockmo Ku initiated this work in partial fulfillment of his degree at Seoul National
University under the supervision of Geun Eog Ji, and the mentorship of Hyun Ju You and Myeong Soo Park.
Seockmo Ku performed the literature search and was the primary author of the review. Seockmo Ku wrote
Sections 1-7, and Section 9. Hyun Ju You wrote Section 8. Myeong Soo Park and Geun Eog Ji edited and revised
the review. Geun Eog Ji and Hyun Ju You designed the review template. All authors discussed drafts and
approved the final manuscript for publication.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations

BGN4 Bifidobacterium bifidum BGN4
CD cluster of differentiation:
FDA USA Food and Drug Administration
GABA Y-Aminobutyric acid

IFN Interferon

IL Interleukin

SAM S-Adenosyl-L-Methionine
SEM scanning electron microscope
TNF tumor necrosis factor
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ABSTRACT

Previous researchers have documented that probiotic bacteria can have anti-obesity effects on mice fed a
high fat diet (HFD) and improve metabolic syndrome. The beneficial effects of the probiotic bacteria are
suggested to be strain dependent. In this study, two candidate lactobacteria strains, Lactobacillus casei
IBS041, Lactobacillus acidophilus AD031 and two bifidobacteria strains, Bifidobacterium bifidum BGN4 and
Bifidobacterium longum BORI, were individually administered to HFD-fed mice for 8 weeks. B. longum
BORI significantly suppressed mouse weight gain without affecting food intake. L. acidophilus and
B. bifidum BGN4 significantly decreased triglyceride levels in mouse liver while B. longum BORI signifi-
cantly lowered total cholesterol levels in liver. L. acidophilus and B. bifidum BGN4 significantly inhibited
serum activities of aspartate transaminase and alanine transaminase. Diet supplementation with
L. acidophilus, B. bifidum BGN4 and B. longum BORI efficiently improved hepatocyte hydropic degener-
ation and hepatic steatosis. Of the four probiotic candidates, the bifidobacteria B. longum BORI and
B. bifidum BGN4, developed in our laboratory, and L. acidophilus AD031showed excellent anti-obesity

effects and suppressed lipid deposition in liver.

© 2016 Published by Elsevier Inc.

1. Introduction

Obesity is one of the leading preventable causes of death
worldwide, and increases the risk of developing various diseases,
especially type 2 diabetes mellitus and cardiovascular diseases
[1,2]. Gut microbiota was reported to be associated with metabolic
homeostasis and obesity [3]. Intestinal bacteria can digest dietary
carbohydrates to produce more short chain fatty acids (SCFA) such
as acetate, propionate, butyrate and lactate and thereby increase
energy harvest in the host organism [4]. Furthermore, such SCFA
can play a role as metabolic regulators that can influence the
expression of host genes in intestine and facilitate absorption of
nutrients and differentiation of adipose tissue [5]. In the intestine of
mice fed a high fat diet (HFD), more lipopolysaccharides (LPS) from
gram-negative bacteria are incorporated into chylomicrons and
absorbed by the host [6,7]. Moreover, LPS and some pathogens can
disrupt tight junctions and increase intestinal permeability [8,9].
Elevated levels of LPS in serum, known as endotoxemia, results in
obesity-coupled inflammation [10], which is related to metabolic
syndrome, insulin resistance, and atherosclerosis [11,12]. In

* Corresponding author. Seoul National University, Seoul, 151-742, Republic of
Korea.
E-mail address: geji@snu.ac.kr (G.E. Ji).
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0006-291X/© 2016 Published by Elsevier Inc.

addition, long term HFD can lead to non-alcoholic hepatic steatosis,
which is characterized by an excessive accumulation of tri-
acylglycerol (TAG) within hepatocytes [13].

Despite controversy and criticism over the use of probiotics
[14,15], they have been shown to have anti-obesity potential [16].
Bifidobacterium bifidum BGN4 and Bifidobacterium longum BORI,
developed in our laboratory, have shown a variety of novel pro-
biotic activities [17]. B. bifidum BGN4 has been documented to
produce high amounts of S-adenosyl-L-methionine [18,19] and
anticarcinogenic polysaccharides [20,21]. Moreover, it can suppress
allergic responses [22—24], exert high adhesion to enterocyte-like
Caco-2 cells [19], and prevent inflammatory bowel disease
[25,26]. B. longum BORI is able to produce anti-rotavirus protein and
reduce the severity of clinical symptoms in rotavirus-infected
children [27]. In this study, we investigated the anti-obesity ef-
fects of these two bifidobacteria and compared them to those of
two lactobacilli, Lactobacillus casei 1BS041 and Lactobacillus aci-
dophilus AD031 by using a HFD mouse model.

2. Materials and methods
2.1. Probiotic bacteria

Freeze-dried powder of L. casei (LC) IBS041, L. acidophilus (LA)
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ADO031, B. bifidum BGN4 (BGN4) and B. longum BORI (BORI) were
provided by Bifido Co., Ltd. (Hongchun, Korea).

2.2. Animals and diets

The ICR mice (age 7weeks), purchased from Central Lab. Animal
(Seoul, Korea), were housed under a 12 h light/12 h dark cycle in a
controlled room with a temperature of 23 + 3 °C and a humidity of
50% + 10%. After acclimating to the facility for 1 week, mice were
randomly divided into 6 groups (n = 9) and fed a low fat diet (LFD;
10% of total calories from fat, Table 1), a HFD (60% of total calories
from fat, Table 1), or a HFD supplemented with LC, LA, BGN4, or
BORI probiotic powder for 8 weeks. Probiotic powder was sus-
pended in drinking water at a density of 5 x 108 CFU/mL and the
suspension was changed every second day. All mice were allowed
free access to food and water. Mouse body weight and food intake
were determined every second week. All animal-related proced-
ures were approved by Institutional Animal Care and Use Com-
mittee of Seoul National University.

2.3. Histopathologic evaluation

After consuming an LFD or HFD for 8 weeks, mice underwent
12 h of fasting prior to being anaesthetized with Zoletil 50 (Virbac,
Carros, France) and dissected. Blood samples were collected by
heart punctures. Livers and epididymal fat pads were removed, and
portions of each were fixed in 10% paraformaldehyde for subse-
quent H&E staining while the remaining portions stored at —80 °C
for subsequent analyses.

2.4. Serological analyses

Serum levels of TAG, total cholesterol (TC), high density lipo-
protein cholesterol (HDL-C) and activity levels of aspartate trans-
aminase (AST) and alanine transaminase (ALT) were determined by
using test Kits obtained from Asanpharm (Seoul, Korea). Low den-
sity lipoprotein cholesterol (LDL-C) levels were calculated by
applying the formula LDL-C = TC — HDL-C — Triglycerides/5.

2.5. Hepatic lipid analyses

Total lipid was extracted from mouse liver by using the Folch
method [28] with some modifications. Approximately 25 mg of
liver was mixed with 20 fold of phosphate buffer saline and ho-
mogenized. Subsequently, 300 pL of the homogenate was mixed
with 800 pL chloroform and 400 pL methanol and allowed to stand
overnight at 4 °C. Afterward, 240 pL of 0.88% KCl solution was added

Table 1
Formula of low fat diet and high fat diet.

and the mixture was vortexed vigorously and then centrifuged at
1000 g for 15 min. The lower centrifuged layer was evaporated
under a hood and the residue was dissolved in 100 pL of iso-
propanol. Levels of TAG and TC were determined by using appro-
priate kits from Asanpharm.

2.6. Real-time polymerase chain reaction

Total RNA was extracted from adipose tissue by using an RNA
extraction kit purchased from Takara Bio (Kusatsu, Japan). After-
ward, 0.5 pg of total RNA from each sample were reverse-
transcribed to ¢cDNA by using a cDNA synthesis kit from Takara
Bio. Relative quantifications of gene transcripts for TNF-a, IL-1J,
and CD68 were completed by using SYBR premix from Takara Bio
on a Applied Biosystems 7500 system. Primer sequences of GAPDH
were: forward 5-ACC ACA GTC CAT GCC ATC AC-3/, reverse 5'-TCC
ACC ACC CTG TTG CTG TA-3'. Primer sequences of TNF-o were:
forward 5’-TCT TCT CAT TCC TGC TTG TGG-3/, reverse 5'-GGT CTG
GGG CAT AGA ACT GA-3'. Primer sequences of IL-1p were: forward
5/-GCC CAT CCT CTG TGA CTC AT-3/, reverse 5'-AGG CCA CAG GTA
TTT TGT CG-3'. Primer sequences of CD68 were: forward 5-TTC
AGG GTG GAA GAA AGG TAA-3/, reverse 5-CAA TGA TGA GAG GCA
GCA AGA-3'. Relative mRNA levels were normalized to the GAPDH
level and expressed as values of relative expression compared to
that of the HFD group.

2.7. Statistical analysis

were examined by using one-way ANOVA followed by applying
Duncan's multiple range tests. Statistical analyses used the SPSS
statistical package (Chicago, IL, USA). Significance level of test re-
sults was set at p < 0.05.

Results are expressed as mean + standard error. Differences

3. Results

3.1. Effects of probiotic supplementation on food intake and weight
parameters

Mice fed the LFD consumed more food than mice fed the HFD
because of the low energy density of the LFD. Each of the four
experimental groups (LC, LA, BGN4, and BORI) consumed approx-
imately the same amount of food as that consumed by the HFD
group, which indicates that probiotic supplementation did not
significantly influence food intake (Fig. 1). However, all four
experimental groups had a lower body weight than that of the HFD
group (Fig. 2). In particular, supplementation of BORI significantly

LFD (10% calorie from fat)

HFD (60% calorie from fat)

Formula g/Kg Formula g/Kg
Casein 210.0 Casein 265.0
L-Cystine 3.0 L-Cystine 4.0
Corn Starch 280.0 Maltodextrin 160.0
Maltodextrin 50.0 Sucrose 90.0
Sucrose 325.0 Lard 310.0
Lard 20.0 Soybean Oil 30.0
Soybean Oil 20.0 Cellulose 65.5
Cellulose 37.15 Mineral Mix, AIN-93G-MX (94046) 48.0
Mineral Mix, AIN-93G-MX (94046) 35.0 Calcium Phosphate, dibasic 3.4
Calcium Phosphate, dibasic 2.0 Vitamin Mix, AIN-93-VX (94047) 21.0
Vitamin Mix, AIN-93-VX (94047) 15.0 Choline Bitartrate 3.0
Choline Bitartrate 2.75 Blue Food Color 0.1

Yellow Food Color 0.1
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800 lower than that of the HFD group. In addition, supplementation
200 with BORI or LA significantly decreased liver weight. Supplemen-
I tation with BGN4 ameliorated weight gain, FER, and liver weight
600 b _ (Table 2). However, epididymal fat pad weight was not influenced
% 1 M A A mLFD by supplementation with any of the four probiotic bacteria tested.
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Fig. 1. Food intake of mice fed with a low fat diet or high fat diet.
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After mice were fed the LFD or HFD for 8 weeks, the liver TAG and
TC levels were determined. HFD intake increased the liver TAG and
TC levels over those in mice fed the LFD. All probiotic supplemented
groups showed lower TAG and TC levels than those in the HFD
group. The groups supplemented with LA or BGN4 had significantly
lower deposition of TAG in liver, whereas the BORI supplement
group had a significantly lower TC level in liver (Fig. 3A, B, and C).

3.4. Effects of probiotic supplementation on inflammation of
adipose tissue

Body weight (g)

As shown in Fig. 4A, all probiotic supplemented groups showed
significantly smaller adipocyte sizes than that in the HFD group.
Numerous “crown-like” structures are shown in the representative
photograph of H&E-stained HFD group adipose tissue, indicating
that numerous macrophages had infiltrated the adipose tissue.
Regardless, macrophage infiltration was suppressed in all probiotic
supplemented groups, but particularly in the LA, BORI, and BGN4
groups (Fig. 4B). Expression of CD68, a macrophage marker, was
slightly suppressed in the four probiotic supplemented groups
(Fig. 4C). Furthermore, expressions of cytokines TNF-a and IL-18

0 2 4 6 8

Time (week)

Fig. 2. Effect of probiotic bacteria on body weight of mice during the 8 weeks (n = 9).

suppressed mouse weight gain (Table 2). With regard to the food

effect ratio (FER; i.e., body weight gain per gram of food intake), all
experimental groups had a lower FER value than that of the HFD
group. The FER values of the LA and BORI groups were significantly

also showed a decrease in the four probiotic supplemented groups,
particularly in the BGN4 group, though not statistically significantly
(Fig. 4D and E).

Table 2
Effects probiotic bacteria on weight parameters of mice.
LFD HFD LC LA BGN4 BORI

Original BW (g) 37.2+35 37.2+26 372+24 372+28 372 +22 372+22
Final BW (g) 56.4 + 7.8 69.8 + 8.2 68.2 + 10.9 63.0 + 9.4 65.5 + 8.5 62.3 +9.7
Weight gain (g) 19.2 +5.1° 32.6 +6.7° 31.0 + 9.0° 25.8 + 9.0% 27.8 + 7.6° 25.1 £ 8.7°
Food Intake (g) 2535 2218 2210 2286 2207 2203
FER (mg/g) 67 + 9° 132 + 10° 126 + 297 101 + 217 112 + 15% 102 + 12°
Liver (g) 22+03° 3.0 + 0.6 2.6 +0.6% 24 +05° 25+ 0.5% 23+05°
Epididymal fat (g) 25+08 32+08 34+09 30+ +1.0 32105 29+1.0

FER, food effect ratio = weight gain (mg)/food intake (g). ?°° Means not sharing a common letter are significantly different groups at p < 0.05.(n = 9).

Table 3
Effects probiotic bacteria on serological parameters of mice.
LFD HFD LC LA BGN4 BORI

TAG (mg/dL) 110.9 + 20.0 751 +11.7 83.8 +13.2 79.7 +17.3 72.2 + 164 73.2 +204
TC (mg/dL) 134.7 + 344 115.8 + 30.2 107.7 + 33.2 99.2 +28.3 107.1 + 36.2 101.7 £ 35.3
LDL-c(mg/dL) 309 +17.5 17.5 + 204 18.7 + 364 32.8 +15.0 37.2 +28.7 16.8 + 145
HDL-c(mg/dL) 88.5 + 20.8 86.9 + 14.0 64.9 + 16.1 67.8 +20.7 74.7 + 184 75.5 + 25.5
ALT (IU/L) 51 +53° 11.8 + 6.5° 5.5+ 5.8” 39+34° 5.8 + 6.8° 8.4 +3.9%
AST (IU/L) 13.1 £ 7.0° 303 + 12.1¢ 19.9 + 11.7% 17.1 £ 10.9° 14.7 + 6.9° 22.3 + 8.29

abe Means not sharing a common letter are significantly different groups at p < 0.05. (n = 7).
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Fig. 3. Effects of probiotic bacteria supplementation on liver lipid contents and hepatocyte health. ?>° Means not sharing a common letter are significantly different groups at
p < 0.05. (A) Content of TAG in the liver of mice (n = 7); (B) Content of TC in the liver of mice (n = 7); (C) H&E staining of mouse liver; (D) hydropic degeneration of hepatocytes.
Hydropic degeneration area of liver was evaluated on the basis of the photograph of H&E staining in the way of double blind.

4. Discussion fat diet [29—31]. In this work, B. longum BORI significantly inhibited
weight gain in mice without affecting their level of food intake

Previous studies have reported that some strains of lactobacteria (Fig. 1 and Table 2). It has been reported that feces of obese mice
and bifidobacteria could suppress weight gain of murine fed a high contain less energy than that of lean mice [4]. Hamad et al. [32]

Fig. 4. Effects of probiotic bacteria supplementation on adipocyte size, macrophage recruitment and inflammation of adipose tissue. *° Means not sharing a common letter are
significantly different groups at p < 0.05. (A) adipocyte size; (B) H&E staining of adipose tissue; (C) relative expression of CD68 in adipose tissue (n = 5); (D) relative expression of
TNF-o. in adipose tissue (n = 5); (E) relative expression of IL-1f in adipose tissue (n = 5).
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reported a decrease in the maximum lymphatic absorption of TAG,
phospholipids, and cholesterol in rats fed milk fermented by
Lactobacillus gasseri SBT2055. Since different intestinal bacteria
may degrade different food substances, simplification in the kinds
of bacteria within the gut microbiota might decrease the total en-
ergy harvest of that host.

In support of previous studies [33,34], we observed that B.
longum BORI and L. acidophilus significantly suppress an increase in
liver weight (Table 2), a result that is attributed to less fat being
deposited in liver. As shown in the photographs in Fig. 3C, livers of
mice fed with probiotic supplements had fewer white fat droplets
than that in the HFD group. In addition, Fig. 3A shows that the TAG
levels in the probiotic supplemented groups are lower than that in
the HFD group.

Non-alcoholic fatty liver disease (NAFLD) occurs when fat is
deposited in the liver due to causes other than excessive alcohol
use, and NAFLD is the most common liver disorder in developed
countries [35,36]. Metabolic disorders such as lipodystrophy result
in hydropic degeneration of hepatocytes, which, in this study, was
significantly lowered by feeding with a probiotic supplement
(Fig. 3D). Both ALT and AST levels are commonly measured clini-
cally as a part of a diagnostic evaluation of hepatocellular injury in
order to determine liver health [37,38]. In the present study, ALT
and AST activity levels in the probiotic supplemented groups were
lower than that of the HFD group (Table 3). Furthermore, as shown
in Fig. 3B, the liver TC levels of mice supplemented with probiotics
were lower than that of mice in the HFD group. Probiotic bacteria
exerting bile acid hydrolase activity can increase fecal bile acid
deconjugation and excretion as well as hepatic bile acid neo-
synthesis in mice [39—41], and cholesterol is used to synthesize
new bile acids in a homeostatic response, resulting in a lowering of
hepatic cholesterol levels [40].

In previous studies, probiotic bacteria were shown to suppress
increases of plasma TAG and cholesterol induced by consuming a
HFD [34,42]. However, these effects were not observed in our study
(Table 3).

Certain lactobacteria and bifidobacteria have been reported to
reduce adipocyte size in HFD-fed mouse model [30,43]. This effect
was also observed in the present study (Fig. 4A). All four probiotic
bacteria assessed in this study (L. casei, L. acidophilus, B. bifidus
BGN4 and B. longum BORI) significantly reduced adipocyte size of
mice fed the HFD.

When fed a HFD, more LPS are incorporated into chylomicrons
and absorbed into the circulatory system, which leads to chronic
low-grade inflammation. Increased necrosis-like adipocyte cell
death in the obesity is probably due to the detrimental effects of
adipocyte hypertrophy and may result in recruitment of macro-
phages to adipose tissue [44]. Dead adipocytes are often found
surrounded by macrophages in so-called “crown-like” structures
and are thought to scavenge cell debris and free lipid droplets [45].
In the photographs showing our H&E staining results (Fig. 4B),
there are more “crown-like” structures in the HFD group and fewer
such structures in the LA, BGN4, and BORI groups.

Expression levels of CD68 in the probiotic supplemented groups
were lower than that in the HFD group, although the difference was
not significant (Fig. 4C). In addition, the probiotic supplemented
groups showed a pattern of inhibiting the mRNA levels of the TNF-o.
and IL-1B cytokines, which was especially apparent in the BGN4
group (Fig. 4D and E).

Certain kinds of probiotics tightly adhere to the intestinal mu-
cosa during their colonization of the intestinal tract, a gut region
where they repetitively compete with other bacteria, such as
enteropathogens [46,47]. Probiotic bacteria are reported to enhance
expressions of occludin and ZO-1, and they maintain the integrity of
tight junctions [48,49]. Through these actions, endotoxemia may be

reduced, which can be of benefit in instances of systemic chronic
inflammation and metabolism syndrome.

In summary, B. longum BOR], L. acidophilus, and B. bifidum BGN4
can efficiently suppress weight gain and liver fat deposition in mice,
and those supplements have a tendency to inhibit macrophage
recruitment and cytokine release.
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For the development of a food-grade expression system for
Bifidobacterium, a strong promoter leading to high-level ex-
pression of cloned gene is a prerequisite. For this purpose,
a promoter screening host-vector system for Bifidobacterium
has been established using p-glucosidase from Bifidobacte-
rium lactis as a reporter and Bifidobacterium bifidum BGN4
as a host, which is B-glucosidase negative strain. Seven pu-
tative promoters showing constitutive high-level expression
were selected through microarray analysis based on the ge-
nome sequence of B. bifidum BGN4. They were cloned into
upstream of B-glucosidase gene and transformed into Esche-
richia coli DH5a and B. bifidum BGN4. Promoter activities
were analyzed both in E. coli and B. bifidum BGN4 by
measuring B-glucosidase activity. -Glucosidase activities in
all of the transformants showed growth-associated charac-
teristics. Among them, P919 was the strongest in B. bifidum
BGN4 and showed maximum activity at 18 h, while P895
was the strongest in E. coli DH5a at 7 h. This study shows
that novel strong promoters such as P919 can be used for
high-level expression of foreign genes in Bifidobacterium and
will be useful for the construction of an efficient food-grade
expression system.

Keywords: Bifidobacterium, promoter, expression, vector

Introduction

Bifidobacterium is a strictly anaerobic Gram-positive bacte-
rium with high guanine and cytosine content and often Y-
shaped or clubbed morphology. They all contain fructose-6-
phosphate phosphoketolase, which can be used as a differ-
ential marker for the genus Bifidobacterium (Bezkorovainy
and Miller-Catchpole, 1989; Mitsuoka, 1990). Bifidobacterium
is a major commensal bacterium in the intestines of humans
and animals. It is considered to play a beneficial role in the

*For correspondence. (G.E. Ji) E-mail: geji@snu.ac.kr; Tel.: +82-2-880-
8749; Fax: +82-2-884-0305 / (M.S. Park) E-mail: mspark@ianyang.ac.kr;
Tel.: +82-31-441-1347; Fax: +82-31-441-1347

maintenance of the balance of normal intestinal flora in
humans (Park et al., 2008).

Ever since the first report on the existence of plasmids in
the genus Bifidobacterium (Sgorbati et al., 1982), continuous
progress has been made in the development of cloning vectors
for Bifidobacterium to improve its probiotic characteristics
(Kullen and Klaenhammer, 2000). A high-level expression
system requires a strong promoter to express foreign genes
in a host. Many Escherichia coli promoters have been re-
ported to contain a -10 region similar to those of Lactoba-
cillus acidophilus promoters (Kullen and Klaenhammer,
2000), but they cannot be used in foods because of their
non-food-grade nature. Therefore, the development of food-
grade expression systems has been pursued in various studies
using genetic elements derived from food-grade microor-
ganisms (Kim et al., 2009). For this purpose, the screening
of strong promoters from food-grade microorganisms is an
important research area (Kim et al., 2009). However, only a
few studies have reported the characterization of promoters
from the genus Bifidobacterium. Park et al. (2008) constructed
an expression vector using a 16S rRNA promoter of Bifido-
bacterium longum and expressed cholesterol oxidase from
Streptomyces in B. longum. Klijn et al. (2006) used the gusA
gene of E. coli as a reporter and characterized 3 promoters
from B. longum using microarray analysis.

Reporter genes are generally used to select recombinant
plasmids and characterize promoter strength in various bac-
terial strains (Sirard et al., 1995; Gibson and Tabita, 1996;
Rist and Kertesz, 1998).

In this report, we constructed a promoter screening host-
vector system for Bifidobacterium. The structural gene of
B-glucosidase from Bifidobacterium lactis ADO11 was cloned
into pBES2, a Bifidobacterium-E. coli shuttle vector, and B-
glucosidase-free Bifidobacterium bifidum BGN4 was used
as a host. Seven putative promoters selected on the basis of
microarray analysis of B. bifidum BGN4 were then cloned
and tested for their promoter activities.

Materials and Methods

Bacterial strains, media, and plasmids

E. coli DH5a was grown in Luria-Bertani broth (Difco, USA)
at 37°C with vigorous shaking. B. bifidum BGN4 was grown
in MRS medium (Difco) supplemented with 0.05% (w/v)
L-cysteine-HCI at 37°C. Ampicillin and chloramphenicol
(Sigma, USA) were used at concentrations of 50 and 3.6
pg/ml, respectively, for transformant selection. The bacterial
strains and plasmids used in this work are listed in Table 1.



Table 1. Bacterial strains and plasmids
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Strain or plasmid

Relevant characteristics

Source or reference

Strains
E. coli DH5a Cloning host
B. bifidum BGN4  B-glucosidase negative source of promoters

Plasmids
pBES2 Cm', Amp": E. coli-Bifidobacterium shuttle vector
PBES2-16pG
pBES2-G Promoter screening vector for Bifidobacterium containing promoterless -glucosidase gene
PGEM-T easy Amp', M13ori pBR322o0ri, linear T-overhangs vector
pBES2-632G pBES2 derivative containing the P632 promoter upstream of B-glucosidase
pBES2-644G pBES2 derivative containing the P644 promoter upstream of B-glucosidase
PBES2-895G pBES2 derivative containing the P895 promoter upstream of p-glucosidase
pBES2-834G pBES2 derivative containing the P834 promoter upstream of B-glucosidase
pBES2-888G pBES2 derivative containing the P888 promoter upstream of B-glucosidase
pBES2-919G pBES2 derivative containing the P919 promoter upstream of B-glucosidase

pBES2-1527G

Hanahan (1983)

Park et al. (2003)

pBES2 derivative containing 16S rRNA promoter from Bifidobacterium longum upstream of B-glucosidase Park et al. (2008)

pBES2 derivative containing the P1527 promoter upstream of B-glucosidase

This work (Fig. 1)
Promega

This work

This work

This work

This work

This work

This work

This work

General cloning techniques and vector construction

The chromosomal DNA of B. bifidum BGN4 was isolated
using a PureLink™ Genomic DNA Kit (Invitrogen, USA)
according to the manufacturer’s instructions and used as a
template for polymerase chain reaction (PCR) amplification.
Seven genomic DNA regions predicted to have promoter
activity were amplified using each primer set containing
Xbal and BamHI restriction sites (Table 2). PCR products
were ligated into a pGEM-T Easy vector (Promega, USA)
and transformed into E. coli DH5a using the CaCl, method
(Sambrook et al., 1989). Plasmid DNA was isolated from E.
coli DH5a using a Plasmid Purification Mini Kit (Nucleogen,
Korea) according to the manufacturer’s instructions. DNA
fragments were purified from the agarose gel using a gel
extraction kit (QIAGEN Korea Ltd., Korea). All restriction
enzymes were purchased from Promega.

Microarray analysis

A total of 1,000 probes were designed based on the genome
sequence data of B. bifidum BGN4 (not published), and
Combimatrix customized chips for these genes were designed
and manufactured by Macrogen Inc. (Korea). B. bifidum
BGN4 was grown in MRS medium supplemented with
0.05% (w/v) L-cysteine-HCI with or without controlling the
pH at 5.0 with 4 N NaOH. A 5-L jar fermenter (Hanil Inc.,
Korea) was used to cultivate the B. bifidum BGN4. During
cultivation, 1.5 ml of culture broth was harvested at the in-
dicated time points and the total RNA was extracted using

Table 2. Primers for amplifying the putative promoters from B. bifidum BGN4

a RiboPure™ Bacteria Kit (Ambion Inc., USA) according
to the manufacturer’s instructions. Microarray analysis was
performed at Macrogen Inc.

Transformation of Bifidobacterium

Expression vectors were prepared from E. coli DH5a using
an Axyprep Midi Kit (Axygen Biosciences, USA) and me-
thylated using GpC methyltransferase (M.CviPI; NEB, USA)
according to the manufacturer’s instructions. After methyl-
ation, the expression vectors were transformed into B. bifi-
dum BGN4 by electroporation according to Kim et al. (2010).
The fructose-6-phosphate phosphoketolase test and plasmid
preparation was conducted to confirm the correct trans-
formants among the developed colonies.

Sequence analysis of the putative promoter

DNA sequence analysis was performed using the Applied
Biosystems 3730 DNA Analyzer at the Genome Research
Facility of Seoul National University.

The promoter regions and transcription starting points of
7 putative promoters were predicted using the program at
http://www.fruitfly.org/seq_tools/promoter.html. The min-
imum promoter score was fixed at 0.7.

Promoter activity assay

The B-glucosidase activities of recombinant E. coli DH5a
and B. bifidum BGN4 were analyzed using p-nitrophenyl-p-
D-glucopyranoside as a substrate to compare the promoter

Sequences of primers

Primer names

Forward Reverse
P632 5'-tctagaACGAATAGGCAGGCGTTGCTG -3’ 5'-ggatccGCTGGCTCCTTTGTTTGCGTA-3’
P644 5"-tctagatCACGCGCAGCTGTTTTGAAG-3’ 5'-ggatccGTAATTGTCCTCCTGGACGT-3’
P895 5'-tctagaATCGTACAGCACGAAAACCGT-3’ 5'-ggatcc TGCCGTCCGCCCTTTCTAGCG-3’
P834 5'-tctagaTTTTCGGCGGGTCTTCGGTCC-3' 5'-ggatcc CATCGAGGCATGATTGTAGCA-3’
P888 5"-tctaga TTGCCGCTGCCGGTCGTATCG-3’ 5'-ggatccAGCCTTACAGTCCATTCCTTG-3
P919 5'-tctagaTGAAGTGTGTCGTGTGGCGT-3' 5'-ggatccTGGTGTACCTTTTCTTGCTT-3'
P1527 5'-tctagaGCCTCGATGGCGGCTTCGGG-3' 5'-ggatccAATGGCTCTCCTTGTAATAC-3'

Forward and reverse primers were designed to contain Xbal (tctaga) and BamHI (ggatcc) sites, respectively
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Table 3. List of genes with high-level median signal values in microarray data for B. bifidum BGN4

Median signal values”

Gene names  Gene Comments® With pH control Without pH control
8° 9 10 11 8 9 10 11

644 Tuf 65535 65535 65535 65535 65535 65535 65535 65535

1527 rpsP 65535 65535 65535 65535 65535 65535 65535 65535
919 rplM 9911.5 16664.5 15641 15974.5 17120 16380 25741 16061.5
888 rpm] 53734 54808.5 50175.5 45308.5 61536 65535 63081 59946
632 ybhL 58367.5 56733.5 53298 59489.5 55920 60428.5 65535 57233.5
834 cell wall 51138 41770.5 54758 48567.5 52433 57057 65535 58731
895 rplR 18737 20172.5 10552.5 15758.5 17589.5 16451.5 19626 9422.5

*Tuf, peptide elongation factor Tu; rps, ribosomal protein small; rpl, ribosomal protein large; rpm, ribosomal protein medium; ybh, putative inner membrane protein; cell wall,
cell wall biogenesis

® The maximal median signal value was set at 65535 and the bigger signals were also indicated as 65535

©8, 10 min before NaOH input; 9, 40 min after NaOH input; 10, 70 min after NaOH input; 11, 160 min after NaOH input

strengths.

B. bifidum BGN4 and B. lactis ADO11 were cultured in MRS
medium supplemented with 0.05% (w/v) L-cysteine-HCl at
37°C. Nine B. bifidum BGN4 transformants harboring pBES2-
632G, pBES2-644G, pBES2-895G, pBES2-834G, pBES2-888G,
PpBES2-919G, pBES2-1527G, pBES2-G, and pBES2-16pG were
cultivated in MRS medium supplemented with 0.05% (w/v)
L-cysteine-HCl and 3.6 pg/ml of chloramphenicol at 37°C.

E. coli DH5a transformants (pBES2-632G, pBES2-644G,
pBES2-895G, pBES2-834G, pBES2-888G, pBES2-919G, pBES2-
1527G, pBES2-G, and pBES2-16pG) and E. coli DH5a were

0f 100 pul of 1 M Na,CO;. The released p-nitrophenol (pNP)
was measured at 405 nm using pNP (Sigma) as a standard.
One unit (U) of enzyme activity was defined as the amount
of enzyme that liberated 1 pmol of p-nitrophenol (pNP)
per min at 37°C.

Results

Microarray analysis of B. bifidum BGN4
When B. bifidum BGN4 was grown in MRS medium, the pH

cultured in LB medium at 37°C with vigorous shaking, and
ampicillin was used at 50 pug/ml as necessary.

During cultivation, 1.0 ml of culture broth was harvested
at indicated times and centrifuged at 10,000xg for 2 min.
The cell pellet was washed twice with 200 pl of ice-cold 20
mM phosphate buffer (pH 5.0), disrupted by sonication in
500 pl of the same buffer, and centrifuged at 10,000xg for 2
min at 4°C to obtain the supernatant as crude enzyme.
Fifteen microliters of enzyme solution was mixed with 10 pl
of 5 mM p-nitrophenyl-p-D-glucopyranoside and incubated
at 37°C for 20 min. The reaction was stopped by the addition

decreased and reached 5.0 after 8 h, 10 min. Subsequently,
the pH of the one reactor was controlled at 5.0 by 4 N
NaOH, while the other was not. The pH controlled reactor
showed better growth and reached higher optical density
after 10 h, 50 min. In this study, we attempted to obtain
promoters of Bifidobacterium showing constitutive high-
level expression. Microarray data analysis revealed 7 genes
showing constitutively high-level expression in both culture
conditions (Table 3). Among them, 644 and 1527 were the
strongest, 919 and 895 were the weakest, and 888, 632, and

Table 4. Nucleotide sequences of the putative promoters from B. bifidum BGN4

Promoter (size) Promoter sequences

P632 (102 bp)

AcgaataggcaggcgttgctggtgtgatgctcaaggcetgaacattaatgatttgttcagecttetecgttacgaTGaagcGtacgcaaacaaaggagecage (0.74)

Ttttcggegggtcttcggtecccgecagtgagattcatctctattattctcccgggagtgtegegeeggtegtgtgaagattgecggttttccegtgatgt TGeegaTatggegtgatttectagegtgagt
gttttcaggcgaagatgeatgectgtgtgetacaatcatgectcgatg (0.73)
Atcgtacagcacgaaaaccgtgegeggggecgtttggctactgectttcccgatageccattgaaaategtgtacggataggtgtatcggegeactgagaggegagaataatgggctatetgeatttcga
ggggttgatggcagagtagaggcgctccgggaaccgceatgattccaacaaccgtagggcagtgataccgaggggatcgtgetctgacaacctcacgaaacgcagatagegecgaggggcggcagec
ctgaggggatatgacaggattcgggcgtgcgacacgeccgaattccctataggtaccectggtgctttaattaacaagttgectgttttgggctcgcaaattggaa TcaaaaAagegagegtggaacaa
ggggtccgtttcgacgggcttcttgeatgtctacgcactgatgtggttatggecgegaaaagtattttegtgtgtcatgetcgecggtgecctttagcaggatggtaatagtcaacgaatcgctagaaaggg
cggacggca (0.72)

Cacgcgeagctgttttgaagccgtaagtgtctccagtcageggtaaaatcatataccgetgactgggttctggcetccaaagtggcaagaaacccagaaacccagtacaa TGtageGagtgtettgtge
cgcaagcgcaagccaactacacgagacgtccaggaggacaattac (0.97)

P834 (180 bp)

P895 (526 bp)

P644 (173 bp)

TgaagtgtgtcgtgtggcgttgcgaaatgtcaaaggtggcgttatcaTagaggAttgttgtgtttccctaaggggtccttcaaagegctttcccactcgecatcgaggactttcagggageccacggata
atgaggccgaaaccgecaagectgaccagegeggeagtccaageccggaacacaataagcaagaaaaggtacacca (0.81)

919 (206 bp)

Gectegatggeggcttegggcetggacagegtccaagcaaacccgecgttatecgtatcgaaaccgeccgetgegaccggecaaggtaccecatgtggecgtatetegttttcaaggggttgatttegget
ccgecggacatctatctgegtttcaagggggcgecaaaacgcgatatccgaagtatgatcggegaaataccaacggaatcatgeggttcttgggccacttatactttgggaccaaccectcgaaacgeag
ataggcattcggaacaacacgaatcaacccctcgaaatgcagatagecccgaatectecgecagtgaatgecgaccaggetttcaageatcacgtcagacaccttgegegecgatgtttttgecacateg
accccgacgatcgcetegecagetccagegtgtegggtatccaccectatgegttataatttatcggttattcgtgatgggtggagecctetcattetgectttcatgaggaacacgtgggttctcggttgagg
tgccccacacacaatcvaaaaTccgcaAacctagtattacaaggagagccatt (0.90)

P1527 (576 bp)

TtgccgetgecggtegtatcgecggeaggageaaggataaagcaagaaattataacgggtcatgeacgectcggegtgtegtgaccegttatgatatattctttaaatttggtgTgtcttcggacatacaa
gTGtaaTacacccaAggaatggactgtaaggcet (0.93, 0.78, 0.96)

P888 (164 bp)

Predicted promoter regions are underlined and transcription start points are in bold and capitalized. Putative TG-dinucleotide is indicated in bold italic and putative ribosome
binding site are shown in gray boxes. The numbers in parentheses are predicted promoter scores.
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TCTAGA(p start ---pr end)GGATCC ATG ACG ATG ACG TTC CCG AAG Fig. 1. Schematic map of the promoter screening
Xbal BamHl Met Thr Met Thr Phe Pro Lys vector pBES2G containing the E. coli origin of
replication (Ori). The B-glucosidase reporter gene
is in broken line, the chloramphenicol acetyl
BamHl transferase gene (CAT) is light gray, and the B.
longum replicon pMG1 that predicted replication

proteins Rep is in black. The cloning sites at the

start of the B-glucosidase reporter gene are ex-

panded and annotated with restriction sites (Xbal

and BamHI) plus translation products above the

plasmid.
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Fig. 3. Specific B-glucosidase activities of recombinant E. coli DH5a har-
boring various promoters grown in LB medium at 7 h. P, pBES2G; 16P,
16S rRNA promoter from B. longum MG1; a, E. coli DH5«

amplified and cloned as described in the ‘Materials and
Methods’ section. The amplified fragments were 102-576 bp
in size. The promoter prediction revealed one possible pro-
moter region in P632, P834, P895, P919, P888, P1527, and
three in P888. The -16 sequence and TG motif was ob-
served (Table 4).

Construction of expression vectors using promoters

The B-glucosidase gene (YP_002469020 of CP001213) from
B. lactis ADO11 was cloned into E. coli-Bifidobacterium
shuttle vector pBES2 to construct pBES2G (Fig. 1). f-Gluco-
sidase was used as a reporter to evaluate each promoter’s
expression level. Each putative promoter region was inserted
upstream of B-glucosidase gene in the pBES2G vector and
transferred to E. coli DH5a (Fig. 1). The promoterless vector
PBES2G was used as a negative control. Each recombinant
expression vector was then purified from E. coli DH5aq,
methylated in vitro, and transformed into B. bifidum BGN4.

Cell growth and promoter activity assay

To examine the activity of each promoter, cells of all wild-
type and recombinant strains were cultivated as described
in the ‘Materials and Methods’ section. The promoter ac-
tivities were analyzed by measuring p-glucosidase using p-
nitrophenyl-B-glucopyranoside as a substrate. As expected,
all promoters were shown to produce B-glucosidase when
B. bifidum BGN4 was used as the expression host (Fig. 2),
whereas promoterless vector and wild-type B. bifidum BGN4
did not show B-glucosidase activity (Fig. 2). The p-glucosi-
dase activity increased with cell growth and decreased after
the stationary phase. Maximal activity was observed at 18 h
at the final stage of the exponential phase (Fig. 2).

The P919 promoter showed the strongest specific p-glu-
cosidase activity among the promoters examined in B. bifi-
dum BGN4 at 18 h, while the others were weaker than that
of the original host B. lactis ADO11.

The enzyme activities of recombinant E. coli DH5a were
higher than their corresponding activities of recombinant

014

012

01 f

008

0.06 |

0.04

0.02 r

Specific activity (U/mg protein)

644 632 919 834 895 BB& 1527 P B4 lactis 16P

Fig. 4. Specific p-glucosidase activities of B. lactis AD011 and recombi-
nant B. bifidum BGN4 with various promoters and in MRS at 18 h. The
legends for each strain are the same as those of Fig. 2.

B. bifidum BGN4 and the maximum activity was detected
at 7 h (data not shown). Among them, P895 was the strongest
in E. coli DH5a and P919 was the second. Recombination
with P888, P834, P1527, or without promoter produced little
activity as shown in wild-type E. coli DH5a (Fig. 3).

Discussion

Microarray analysis of total RNA from B. bifidum BGN4
revealed 7 genes showing relatively high-level expression
among 1,000 genes during cultivation with or without pH
control. However, these data represent promoter strength
at the transcription level. The promoters should be ana-
lyzed at the translation level to determine their strength as
well. For this reason, we established a promoter screening
host-vector system using B-glucosidase as a reporter and
B-glucosidase-negative B. bifidum BGN4 as a host. Seven
putative promoters from the B. bifidum BGN4 were then
cloned and their promoter activities were analyzed by the
measurement of B-glucosidase activity in both B. bifidum
BGN4 and E. coli DH5a. Based on these results, P919 and
P895 yielded the strongest enzyme activities, while micro-
array showed that P644 and P1527 were stronger than
P919 and P895 (Table 3). This result suggests that we have
to consider the expression levels at both the translational
and the transcriptional stages to screen strong promoters.
In our previous study, we constructed an expression vector
using a 16S rRNA promoter from B. longum MGI and suc-
cessfully expressed cholesterol oxidase in both E. coli and
B. longum. However, this promoter unexpectedly failed to
produce B-glucosidase activity in B. bifidum BGN4 (Fig. 4),
although it showed moderate enzyme activity in E. coli
DH5a (Fig. 4). This might be explained by the absence of
homology between the promoter region of the 16S rRNA
of B. bifidum and that of B. longum (data not shown). This
result indicates that each promoter has host specificity. These
genes were predicted to encode ribosomal proteins (919,
895, 1527) and the peptide elongation factor Tu (644). Kim



et al. (2009) also cloned the tuf promoter as a strong pro-
moter for Lactococcus according to microarray analysis of
Lactococcus lactis.

Although one study reported that lactic acid bacteria pro-
moters have the similar activities in L. lactis and E. coli (Jeong
et al., 2006), there is no such report for Bifidobacterium. In
this study, the promoter activities in E. coli DH5a were higher
than those in B. bifidum BGN4. This might be due to the host
range of the respective promoters (Kim et al., 2009). The
copy number of the same shuttle vectors may affect their
promoter activities when they are present in different hosts.
The E. coli-Bifidobacterium shuttle vector pBES2 harbors
ori for E. coli and B. longum MG1. The difference of the
Bifidobacterial species can affect the activity of the pro-
moter and ori. The growth rates of the recombinant E. coli
DH5a at 7 h were also greater than those of recombinant
B. bifidum BGN4 at 18 h.

The analysis of the activity patterns of the promoter in B.
bifidum BGN4 suggested that promoter activity was growth-
associated, revealing a general characteristic of constitutively
expressed genes. There was no significant difference in growth
patterns between B. bifidum BGN4 and recombinant B. bi-
fidum BGN4 strains (Fig. 2). This result suggested that the
strong promoters developed in this study did not inhibit
the growth of B. bifidum BGN4.

Many studies have shown that the -10 and/or -35 hexamer
sequences greatly affect promoter strength (McCracken et al.,
2000). Additionally, other factors such as TG motif (Helmann,
1995), spacers, UP elements (Estrem et al., 1998), and pro-
moters’ 3-dimensional structures were reported to affect
transcription efficiency (Jensen and Hammer, 1998). In many
Gram-positive bacteria, the -16 region TG motif was observed
1 bp upstream of the -10 sequence (Voskuil and Chambliss,
1998). However, the -16 region TG motif was found -6 bp
upstream of the -10 sequence in the 7 promoters of B. bifi-
dum BGN4 (Table 4).

When the putative promoter sequences were analyzed using
NCBI BlastN database, all of them showed homology only
within other B. bifidum genomes except for P919. Interes-
tingly, sequences that were highly homologous with P919
were found in B. bifidum (100%), Bifidobacterium dentium
(90%), B. longum (95%), Bifidobacterium adolescentis (88%),
and Bifidobacterium animalis (83%). Therefore, we suggest
that promoter P919 may work in these Bifidobacterium
species with strong activity. The presently characterized
promoters will be useful for the development of food-grade
expression systems for Bifidobacterium.
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Abstract

AIM: To investigate cytokine production and cell sur-
face phenotypes of dendritic cells (DC) in the presence
of epithelial cells stimulated by probiotics.

METHODS: Mouse DC were cultured alone or together
with mouse epithelial cell monolayers in normal or in-
verted systems and were stimulated with heat-killed
probiotic bacteria, Bifidobacterium lactis AD011 (BL),
Bifidobacterium bifidum BGN4 (BB), Lactobacillus casei
IBS041 (LC), and Lactobacillus acidophilus AD031 (LA),
for 12 h. Cytokine levels in the culture supernatants
were determined by enzyme-linked immunosorbent as-
say and phenotypic analysis of DC was investigated by
flow cytometry.

RESULTS: BB and LC in single-cultured DC increased
the expression of I-Ad, CD86 and CD40 (I-Ad, 18.51 vs
30.88, 46.11; CD86, 62.74 vs 92.7, 104.12; CD40, 0.67
vs 6.39, 3.37, P < 0.05). All of the experimental probiot-
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ics increased the production of inflammatory cytokines,
interleukin (IL)-6 and tumor necrosis factor (TNF)-a.
However, in the normal co-culture systems, LC and LA
decreased the expression of I-A° (39.46 v 30.32, 33.26,
P < 0.05), and none of the experimental probiotics in-
creased the levels of IL-6 or TNF-a.. In the inverted co-
culture systems, LC decreased the expression of CD40
(1.36 vs -2.27, P < 0.05), and all of the experimental
probiotics decreased the levels of IL-6. In addition, BL
increased the production of IL-10 (103.8 vs 166.0, P
< 0.05) and LC and LA increased transforming growth
factor-B secretion (235.9 vs 618.9, 607.6, £ < 0.05).

CONCLUSION: These results suggest that specific pro-
biotic strains exert differential immune modulation me-
diated by the interaction of dendritic cells and epithelial
cells in the homeostasis of gastrointestinal tract.

© 2012 Baishideng. All rights reserved.
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INTRODUCTION

The gastrointestinal (GI) tract is an immunologic organ

March 28,2012 | Volume 18 | Issue 12 |



with continuous antigen exposure in the form of food,
normal bacteria and pathogens. Despite numerous anti-
genic challenges, the complicated mucosal immune sys-
tem maintains GI homeostasis 2z the concerted actions
of the various mucosal immune cells. Dendritic cells (DC),
dedicated antigen-presenting cells, modulate the immune
balance in the GI tract'!. DC can take up antigens directly
by extending their dendrites into the lumen or indirectly
after transport of the antigens by M cells overlying Peyer’s
patch™. Antigen-carrying DC may traffic through the
lymphatics to the mesenteric lymph nodes'" mediating
the homing of activated effector/memory T cells and
IgA-secreting B cells™ and inducing regulatory T cells
to produce interleukin (IL)-10 and transforming growth
factor (TGF)-B". These roles depend on the regulation
of cell surface expression of co-stimulatory molecules
and production of inflammatory chemokines and cyto-
kines” .

DC can recognize and present microbial components
using pattern receptor system which includes toll-like-re-
ceptor (TLR). TLR can interact with microorganism-asso-
ciated molecules such as peptidoglycan, lipoprotein, and
lipopolysaccharide“2’16]. Bifidobacterinm and Lactobacillus are
major components of the commensal microbes of the GI
tract and atre frequently used as probioticsm’lsj. Probiotics,
defined as live microorganisms which, when consumed
in appropriate amounts in food, confer a health benefit
on the host", exert various host ?hysiological responses
such as immunomodulatory effect”™. Recent experiments
reported that DC could be modulated by probiotics.
Several Lactobacillus species could regulate DC surface
expression and cytokine production. In addition, the
probiotics mixture VSL No. 3 upregulated the expression
of major histocompatibility complex (MHC) class I and
co-stimulation molecules”

DC are often located close to epithelial cells, populat-
ing the subepithelial dome of Peyer’s patches, immedi-
ately adjacent to the follicle-associated epithelium and
the lamina propria®*Y. Intestinal epithelial cells secrete
many mediators, including functional peptides such as
defensins, mucins, chemokines, and cytokines such as
IL 8%% TLR5 on the epithelium is a key mediator of
pro-inflammatory responses to flagella from commensal
bacteria”*", Flagella also stimulate the maturation of re-
sponsive DC™,

Interaction between DC and epithelial cells is integral
to the intestinal immune system. We hypothesized that
epithelial cells stimulated by probiotics could regulate the
maturation of DC. Accordingly, the present study investi-
gated the pattern of cytokine production and the surface
phenotype of DC in the presence of epithelial cells polar-
ized by heat-killed probiotic bacteria.

MATERIALS AND METHODS

Preparation of probiotic bacteria

Bifidobacterium bifidun BGN4 (BB) was isolated from heal-
thy infant fecal matter and identified in our laboratorym.
Bifidobacterinm lactis ADO11 (BL), Lactobacillus casei IBS041
LO), and Lactobacillus acidophilus ADO31 (LA) were provid-
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ed by the Research Institute of Bifido Co. Ltd. (Hongchun,
Gangwondo, South Korea). Four probiotic bacteria were
anaerobically propagated in de Man, Rogosa, and Sharpe
(Difco, Detroit, M1, United States) broth containing 0.05%
L-cysteine (Sigma, St. Louis, MO, United States) at 37 'C
until mid-log phase was reached. Subsequently, probiotics
were inoculated at 1% and anaerobically cultured in de
Man, Rogosa, and Sharpe (Difco) broth containing 0.05%
L-cysteine (Sigma) at 37 ‘C. Lactobacillus species were incu-
bated for 16 h, and Bifidobacteirum species were incubated
for 24 h to late log phase. The bacteria were collected by
centrifugation at 1000 X g for 15 min at 4 'C and washed
twice with phosphate-buffered saline (PBS). After wash-
ing, the bacteria were resuspended in 1 mL of PBS and
incubated at 95 ‘C for 30 min to prepare heat-killed bac-
teria cells. The killed bacteria were collected by centrifuga-
tion at 1000 X g for 15 min and then lyophilized (Combi-
514R, Hanil Science Industrial, Seoul, South Korea).

Generation of CMT-93 monolayers

CMT93 was derived from carcinomas of C57BL mouse
large intestine. The cells have an epithelial morphology
and forms acini, junctional complexes, and microvilli with
attached glycoproteinm]. CMT-93 cells were maintained
in DMEM (Gibco Life Technologies, United Kingdom)
supplemented with 10% heat-inactivated fetal bovine se-
rum (FBS) (Invitrogen, Paisley, United Kingdom) and 1%
penicillin/streptomycin (Invitrogen), and were incubated
at 37 'C in a humidified atmosphere of 5% CO2. Mono-
layers were grown in 24-well Corning Costar Transwell
plates (Corning Inc., United States) with 3 pm pore-size
filter inserts. In the normal co-culture system, 5 X 10°
cells were seeded into the inserts, and the wells were filled
with 1 mL medium. In the inverted co-culture system,
inserts were removed and inverted in tissue culture dishes,
and the cells of the same volume were seeded to the ex-
posed filter membrane. The culture dishes were filled with
enough medium to sink the inserts. The transwell inserts
were cultured for 3-4 d until CMT-93 established mono-
layers. Confluence of the cells was confirmed when the
trans-epithelial electrical resistance (TEER; Millicell ERS
Ohmmeter, Millipore, Eschborn, Germany) exceeded the
cut-off point of 250 Q/ cm’.

JAWS 1T cell preparation

JAWS I, mouse bone marrow-derived immature DCP!
were maintained in a-MEM (Gibco) supplemented with
5 ng/ml GM-CSF (Sigma, St. Louis, MO, United States),
20% heat-inactivated FBS (Invitrogen), and 1% penicil-
lin/streptomycin (Invitrogen). The mixture was incubated
at 37 'C in a humidified atmosphere of 5% COa. The
cells were cultured at a 1/2 subcultivation ratio for 5-6 d
in complete medium.

Co-culture experiment model

The co-culture experiment model is shown in Figure 1.
JAWS II cells were harvested, washed, and resuspend-
ed in RPMI1640 complete medium (Gibco) containing
5 ng/ml. GM-CSF (Sigma), 10% heat-inactivated FBS

March 28,2012 | Volume 18 | Issue 12 |
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Figure 1 Effect of non-stimulated intestinal epithelial cells on surface
phenotype of dendritic cells. Fluorescence activated cell sorter analysis of
dendritic cells (DC) cultured alone or co-cultured with non-stimulated epithelial
cell monolayers for 12 h showing DC surface phenotype by staining with I-A’.
Data are shown as the mean fluorescent intensity (MFI) £ SEM of three repre-
sentative experiments. Significant difference between the single culture and co-
culture as determined by Student's t-test (P < 0.01).

(Invitrogen), and 1% penicillin/streptomycin (Invitrogen).
A total of 1 x 10° JAWS I cells were added into lower
chambers, and the normal and inverted cultured CMT-93
monolayer inserts were placed in the JAWS 1II seeded
transwell plates. One hundred pg/mL of the experimen-
tal bactetia or 10 pg/mL of LPS (Sigma) were added to
the CM'T-93 monolayer inserts. For comparison, JAWS 11
cells were also plated at the same concentration in 24 well
tissue culture plates (Corning Inc.), and the same amount
of the bacteria or LPS were added to the cells. The single-
or co-cultured cells were incubated with 1 mIL RPMI1640
complete medium at 37 ‘C in a humidified atmosphere of
5% COz2 for 12 h.

Flow cytometry analysis

Incubated JAWS II cells were harvested and washed three
times in cold FACS buffer (Dulbecco’s PBS; Gibco,
2% FBS) and then stained with the approPriate mono-
clonal antibodies: PE-conjugated anti-I-A®, anti-CD80,
anti-CD86, and anti-CD40 at a final concentration of
10 pg/mL for 30 min at 4 'C in the dark. Isotype control
antibodies were hamster IgG2 k, rat IgG2a k, and mouse
IgG2b. The stained cells were analyzed immediately by
FACSCalibur (Becton Dickinson, San Diego, CA, United
States). All of the antibodies used in this flow cytometry
analysis were purchased from Pharmingen (San Diego,

CA, United States).

Cytokine measurement

JAWS 1T cell supernatants were harvested from the lower
chamber of the Transwell or from the JAWS 1T cultured-
alone plate following incubation, and were assayed for
levels of 1L-6, IL-10, IL-12p70, tumor necrosis factor
(TNF)-a, and TGF- using enzyme-linked immunosor-
bent assay . Briefly, Nunc-Immuno-Maxisorp plates (Nunc,
Roskilde, Denmatk) were coated with 2 pg/mL of rat
anti-mouse 1L-6 and TGF-f capture antibodies in coating
buffer (1.6 g/L. Na2COs, 7.1 g/L. NaHCOs), pH 9.5, or
2 png/mL of rat anti-mouse IL-10, IL-12p70, and TNF-a
capture antibodies in coating buffer (11.8 g/I. NazHPOsq,
16.1 g/1. NaH2POs), pH 6.5, overnight at 4 C. After
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washing and blocking, 100 pl. of 1:100 diluted (IL.-6)
or undiluted (IL-10, IL-12p70, TNF-o0 and TGF-p) su-
pernatant was added to individual wells and incubated
overnight at 4 “C. Plates were washed, and biotinylated rat
anti-mouse 11-6, 11.-10, I1.-12p70, TNF-a and TGF-f
monoclonal antibodies (2 pg/mL) and HRP-conjugated
streptavidin were added to the plates for cytokine de-
tection for 1 h at room temperature. The reactions were
developed with the 3,3’,5,5-tetramethylbenzidine substra-
te (Fluka, Neu-Ulm, Switzerland) for 30 min at room
temperature. The color reactions were stopped with 2 N
H>SO4 and analyzed at 450 nm. Equivalent levels of 1L-6,
1L-10, IL-12p70, TNF-o and TGF-§ were measured for
comparison with a reference curve generated using stan-
dards of these cytokines.

Statistical analyses

Data are presented as the mean & SE, indicated by bars
in the figures. All statistical analyses were performed us-
ing SPSS 12.0K for Windows (SPSS Inc., Chicago, 1L,
United States). Differences between the single culture and
co-culture were determined by Student’s t-test, and differ-
ences between cytokine levels were analyzed by analysis
of variance followed by Duncan’s multiple range test. The
P values < 0.05 were considered to be statistically signifi-
cant.

RESULTS

Development of stable CMT-93 epithelial cell monolayers
To obtain stable CMT-93 intestinal epithelial cell mono-
layers, we monitored the culture every day for TEER
using a MillicelllERS ohmmeter for a period of 7 d. On
day 3, normal insert monolayer integrity was obtained at
300-500 Q/cm’, and inverted insert monolayer integrity
was obtained at 250-350 Q/cm’. In addition, the genera-
tion of epithelial cell monolayers was observed on the
surface of the inserts by microscope (data not shown).
Monolayers between day 3 and 4 were used for co-culture
experiments. After co-culture with DC for 12, the integri-
ty of CMT-93 monolayer was evaluated by TEER. There
was no difference between before and after co-culture in
terms of the resistances within the margin of error.

Dendritic cells phenotype modulation during co-
culturing with epithelial cells

DC surface phenotypes were compared in the presence
and absence of epithelial cells. The expression of MHC
class 11 I-A" on the normal and the inverted co-cultured
DCs was upregulated compared with that of the single-
cultured DC (single culture, 18.51 £ 2.86; normal co-
culture, 39.46 * 2.53; inverted co-culture, 52.03 + 2.41;
Figure 1). Co-culture with epithelial cells did not alter the
DC surface expression of CD80, CD86 and CD40 (data

not shown).
Effect of probiotics on the expression of major histocom-

patibility complex class II and costimulatory molecules
We performed flow cytometery analyses to examine the
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Figure 4 Effect of probiotics on the production of cytokines from single- or co-cultured dendritic cells. Supernatants were obtained from probiotic-treated
dendritic cells (DC) cultured in the presence or absence of intestinal monolayers for 12 h. Levels of interleutkin (IL)-6 (A), IL-10 (B), IL-12p70 (C), tumor necrosis fac-
tor (TNF)-a. (D), and transforming growth factor(TGF)-f3 (E) were determined by enzyme-linked immunosorbent assay. Data are shown as mean + SE of three repre-
sentative experiments. Different letters indicate significant differences among the control, lipopolysaccharides (LPS), and probiotics determined by Duncan’s multiple
range test (P < 0.05). Significant difference between the single culture and co-culture as determined by Student's t-test (P < 0.05). BL: Bifidobacterium lactis AD011;
BB: Bifidobacterium bifidum BGN4; LC: Lactobacillus casei IBS041; LA: Lactobacillus acidophilus AD031.

12p70 secretion. 11.-12 directed the differentiation of T the results of these earlier studies suggested that probi-

cells toa Thl phenotype[m' Nier reported that Bifidobacte-
rinm bifidum enhanced the expression of CD86 and MHC
class II in human neonatal DC, which led in turn to the
polarization of IFN-y-producing T cells'”. Mohamadza-
deh ez ol showed that Lactobacillus gasseri, Lactobacillus
Jobnsonni, and Lactobacillus renteri upregulated the expres-
sion of MHC class II, CD40, CD80 and CD86 in human
myeloid DC and increased the level of 11.-12p70 which
induced the polarization from CD4(+) and CD8(+) T
cells to T helper 1 and Tcl cells. Meanwhile, Drakes ¢# al™
showed that probiotic products containing Lactobacillus
and Bifidobacterinm upregulated the expression of MHC
class II, CD40, CD80 and CD86, and did not induce
the production of IL.-12p70 in mouse DC. Additionally,
mouse bone marrow-derived DC treated with Lactobacillus
reuteri induced Th2 immune responsem. Taken together,
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otics upregulated the expression of MHC class II and
differently modulated co-stimulatory molecules such as
1L-12p70 and T' cell polarization, depending on the DC
origin and the strain of probiotics.

Interestingly, in the present study the effects of pro-
biotics on cytokine production and the surface phenotype
in co-cultured DC with epithelial cells were markedly
different from those in single-cultured DC. All of the ex-
perimental probiotics induced the production of pro-in-
flammatory cytokines, IL.-6 and TNF-q, in the single cul-
tured DC. TNF-¢ mediated vatious immune responsesm],
and over-production of TNF-q, could play a role in tissue
damage and intestinal pathologiesm’%]. In contrast with
the results from the single system the experimental pro-
biotics reduced or did not affect the expression of I—Ad,
CD86 and CD40 or the production of I1.-6, IL-12p70
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B-Glucosidase is necessary for the bioconversion of
glycosidic phytochemicals in food. Two Bifidobacterium
strains (Bifidobacterium animalis subsp. lactis SHS and B.
animalis subsp. lactis RD68) with relatively high B-
glucosidase activities were selected among 46 lactic acid
bacteria. A B-glucosidase gene (bbg572) from B. lactis was
shotgun cloned, fully sequenced, and analyzed for its
transcription start site, structural gene, and deduced
transcriptional terminator. The structural gene of bbg572
was 1,383 bp. Based on amino sequence similarities, bbg572
was assigned to family 1 of the glycosyl hydrolases. To
overexpress bbg572 in Bifidobacterium, several bifidobacteria
expression vectors were constructed by combining several
promoters and a terminator sequence from different
bifidobacteria. The maximum activity of recombinant
Bbg572 was achieved when it was expressed under its own
promoter and terminator. Its enzyme activity increased
31-fold compared with those of its parental strains. The
optimal pH for Bbg572 was pH 6.0. Bbg572 was stable at
37-40°C. It hydrolyzed isoflavones, quercetins, and
disaccharides with various B-glucoside linkages. Bbg572
also converted the ginsenosides Rb1 and Rb2. These results
suggest that this new B-glucosidase-positive Bifidobacterium
transformant can be utilized for the production of specific
aglycone products.

Keywords: B-Glucosidase, Bifidobacterium, promoter, terminator

B-Glucosidase is an important enzyme that hydrolyzes -
glucosides by cleaving the B-p-glucosidic linkages and
liberating glucose moieties [8]. B-Glucosidases are widely
distributed in living organisms and play vital roles in many
biological processes, such as the degradation of cellulosic
biomass [11], cyanogenesis [24], the cleavage of glucosylated
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flavonoids [25], and the production of fuel ethanol from
lignocelluloses [23]. A number of biologically active
components of natural products, such as ginsenoside,
isoquercetin, daidzein, and genistein, are glycosides that
are important functional ingredients of natural food
materials. Interestingly, the biological effects of many
glycosides are not attributable to their glycoside forms, but
to their aglycones [15, 19]. Aglycones are highly bioactive
because of their unimpeded intestinal absorption, unlike
the corresponding glycosides, which are not absorbed
across enterocytes because of their greater hydrophilicity
and higher molecular weights [3, 34, 38]. When glycosides
are ingested as food components, their bioavailability can
be enhanced by the hydrolysis of their sugar moieties by
the various glycosidases of the intestinal microflora.
Intestinal microflora differ between individuals, so the
bioavailabilities of the glycosidic phytochemicals differ. To
overcome these individual differences in the bioavailability
of phytochemicals in food materials, the bioconversion of
phytochemicals by glycosidases before oral administration
has been studied.

The genus Bifidobacterium is recognized by the World
Health Organization and the Food and Agriculture
Organization as one of the most important probiotic
microorganisms [18], except for B. scardovii and B.
dentium, which might cause clinical infection and dental
caries [7, 36]. Several groups of bacteria are known to
express [-glucosidase activity, including species of
Bifidobacterium [13], which are a major component of
the human gastrointestinal tract microflora. Previously, B-
glucosidase was expressed in Escherichia coli [20,27-29]
and used in various fields related to carbohydrate chemistry.
However, safety problems must be addressed before
recombinant enzymes are used in the food industry. Because
it is generally nonpathogenic, Bifidobacterium may be
advantageous as the host cells to produce various recombinant
food-grade enzymes.
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For this purpose, Kim et al. [22] cloned the structural gene
of B-glucosidase from B. lactis ADO11 at the downstream
of the 16S rRNA promoter and ribosome binding site
(RBS) of the bifiobacterial expression vector, pPBES16PR,
and expressed in E. coli. However, they did not show any
detectable B-glucosidase activity in B. bifidum BGN4.

To overcome our previous study, we have cloned,
sequenced, and sucessfully overexpressed the bifidobacterial
B-glucosidase gene in B. bifidum BGN4 by constructing
several expression vector systems using bifidobacterial
promoters, a signal sequence, and a terminator. The pH
and temperature stability and substrate specificity of the
overexpressed B-glucosidase were characterized.

MATERIALS AND METHODS

Bacterial Strains and Culture Conditions

The B-glucosidase-deficient Escherichia coli XL1 blue MR, E. coli
DH5a, and B. bifidum BGN4 were used as cloning, subcloning, and
expression hosts, respectively. E. coli XL1 blue MR and E. coli
DH5a were cultured aerobically in Luria—Bertani (LB) broth (Becton
Dickinson, Sparks, MD, USA) at 37°C for 15h with vigorous
shaking and supplemented with 100 pg/ml ampicillin (LBA; Sigma,
St. Louis, MO, USA). If necessary. Bifidobacterium species were
cultured anaerobically in brain heart infusion (BHI) broth (Becton
Dickinson) supplemented with 0.05% (v/w) L-cysteine-HCI (Sigma),
at 37°C for 16 h. The transformed B. bifidum BGN4 cells were
grown in modified transgalactooligosaccharide propionate (TP)

Table 1. Bacterial strains and plasmids.

[17] broth supplemented with 1% (w/v) glucose instead of
transgalactooligosaccharides (TOS), and 3.6 pg/ml chloramphenicol
(BioBasic, Markham, ON, Canada) was added if necessary. The
bacteria and plasmids used in this study are listed in Table 1.

Screening of Lactic Acid Bacteria for their B-Glucosidase
Activities
Various lactic acid bacteria, including 21 Bifidobacterium spp., nine
Lactobacillus spp., eight Bacillus spp., two Lactococcus spp., two
Enterococcus spp., one Leuconostoc sp., two Weissella spp., and
one Pediococcus sp., were used in this study (data not shown).
These bacteria were cultivated in BHI broth supplemented with
0.05% r-cysteine'HCl for 16h at 37°C. An aliquot (1.0 ml) of
culture broth was centrifuged at 6,000 xg for 10 min at 4°C and
washed twice with 500 pl of 50 mM phosphate bufter (PB, pH 6.0).
The cells were resuspended in 500 pl of the same buffer and disrupted
by sonication (VCX 400; Sonics & Materials Inc., Newton, CT,
USA). The cell-free extracts were obtained by centrifugation at
6,000 xg for 10 min at 4°C. The substrate specificity of each cell-
free extract was determined using p-nitrophenyl-B-p-glucopyranoside
(PNPG) as the substrate (Sigma). An aliquot (90 pl) of each cell-
free extract was mixed with 10 pl of 10 mM pNPG substrate and
incubated at 37°C for the appropriate time. The reaction was
stopped with 100 ul of 1M Na,CO; and the absorbance was
measured at 405 nm. One unit of enzyme activity corresponded to
the amount of enzyme that liberated 1 pmol of p-nitrophenol (pNP)
per minute at 37°C. The amount of liberated pNP was calculated
using a standard pNP solution (Sigma) and the protein concentration
was measured with the Bradford method using bovine serum
albumin (Bio-Rad, Piscataway, NJ, USA) as the standard, according
to the manufacturer’s instructions.

Strain or vector Relevant characteristics or genotype Source or
reference
Bacterial strains
SH5 B. lactis SH5, wild type; Glu+ (original host of bbg572)
RD68 B. lactis RD68, wild type; Glu+
BGN4 B. bifidum BGN4, wild type; Glu-; Transformation host
DH5a E. coli DH5a, [12]
F-(80dlacZ M15) (lacZYA-argF)U169hsdR17(r-m+) recAl endAl relAl deoR; Cloning host
XL1 blue MR E. coli XL1 blue MR, A(mcrAd)183 A(mcrCB-hsdSMR-mrr)173 endAl Stratagene
supE44 thi-1 recAl gyrA96 relAl lac; Cloning host
Bpamyss572 B. bifidum BGN4 harboring pamyss572
Bp919ss572 B. bifidum BGN4 harboring p919ss572
Bp572ss572 B. bifidum BGN4 harboring p572ss572
Bp919bbg572 B. bifidum BGN4 harboring p919bbg572
Bp572bbg572 B. bifidum BGN4 harboring p572bbg572
Bp572bbg572t B. bifidum BGN4 harboring p572bbg572t
Plasmids
SuperCos1 Cosmid  A(mcrA) 183 A(mcrCB-hsdSMR-mrr)173 endAl supE44 thi-1 recAl gyrA96 relAl lac Stratagene
pUCI18 Amp'
pBES2 Amp", Cm"; E. coli-Bifidobacterium shuttle vector' [32]
pBESAF2 Amp", Cm'"; E. coli-Bifidobacterium shuttle vector'® [31]

pUC572PT

Amp": pUC18 with 2.276 kb insert of B. lactis DNA containing the bbg572pt




Construction of Cosmid Library of Bifidobacterium
Chromosomal DNA was extracted from Bifidobacterium species
with the method of Choi et al. [5] and partially digested with
Sau3Al (Promega, Madison, WI, USA). The SuperCos 1 cosmid
vector (Stratagene, La Jolla, CA, USA) was digested with BamHI
(Promega) and treated with calf intestinal alkaline phosphatase
(Promega), and then ligated to the DNA fragments using a T4 DNA
Ligation Kit (Stratagene). The ligation mixture was packaged in
vitro using the Gigapack III Gold Packaging Extract (Stratagene)
and transformed into E. coli XL1 blue MR according to the
manufacturer’s instructions. To select the bacterial clones expressing
B-glucosidase activity, 5-bromo-4-chloro-3-indolyl B-p-glucopyranoside
(Wako Pure Chemical Industries, Osaka, Japan)-containing plates
supplemented with ampicillin (Biobasic Inc., Toronto, ON, Canada)
were used. Blue colonies were isolated as positive clones and used
for further analysis. Plasmids were isolated from E. coli with the Midi
Plus Ultrapure Plasmid Extraction System (Viogene, Taipei, Taiwan).
The transformed E. coli cells were used to construct a genomic library.

Cloning of the Bifidobacterium B-Glucosidase Genes and Sequence
Analysis

DNA fragments encoding [-glucosidase were isolated from a
cosmid genomic library using Midi Plus (Viogene) and partially
digested with BamHI. These were subcloned into the cloning vector
pUC18, digested with BamHI, and used to transfect E. coli DHa as
the cloning host, according to standard procedures [33].

The positive colonies showing B-glucosidase activity were isolated
and the plasmids were purified and subjected to restriction and
sequence analyses. The nucleotide sequences were determined
with the BigDye Terminator v. 3.1 Kit (Applied Biosystems, Foster
City, CA, USA) and the ABI 3730xl Genetic Analyzer (Applied
Biosystems) in Bionicsro (Seoul, Korea). The promoter regions were
predicted using the program at http://www.fruitfly.org/seq_tools/
promoter.html. and the terminator regions were predicted with the
program at http:/linux1.softberry.com.

Analysis of Transcription Start Sites
The transcriptional start site of bbg572 was determined by 5'-rapid
amplification of cDNA ends (5'-RACE) using a RACE kit (Clontech,
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Palo Alto, CA, USA). mRNA from the Bifidobacterium species was
reverse transcribed using SMARTScribe reverse transcriptase and 5'-
CDS PrimerA provided by the manufacturer. After first-strand
cDNA synthesis, the cDNA was tailed and amplified by PCR using
a universal primer provided in the 5'-RACE kit and combined with
the bbg572-gene-specific primer (5'-GGAATGACGCGCGGCACG
CCAATCGAG-3"). PCR was performed under the following
conditions: 5 min denaturation at 94°C, followed by 25 cycles at
94°C for 30's, 63°C for 30s, and 72°C for 3 min; and the reaction
was completed with a final extension at 72°C for 10 min. The PCR
product was cloned into the pGEM-T Easy vector (Promega) and
confirmed by sequencing.

Construction of a Vector Encoding p-Glucosidase and
Transformation of Bifidobacterium

The target genes were amplified using PfuUltra 11 Fusion HS DNA
polymerase (Stratagene) and each primer set (Table 2), according to
the manufacturer’s instruction manual.

First, the structural gene of the B-glucosidase, bbg572, was PCR
amplified from the cosmid library using the appropriate primer set
for each gene (Table 2) and cloned into the Bifidobacterium shuttle
vector pBES2 [32] to construct pBES-bbg572. B. bifidum BGN4, a
B-glucosidase-negative host, was transformed with this plasmid,
according to the method of Kim et al. [21].

Second, to study the regulatory effects of the promoter and
terminator sequence, regions of different gene promoters (pamy,
p919 and p572) and the region of the gene terminator (572f) were
amplified from each template using the primer sets for each gene
(Table 2). The amplified putative promoter sequences were digested
with restriction enzymes and then cloned into pBES-bbg572 digested
with the same restriction enzymes to incorporate the promoter
upstream from the P-glucosidase gene. B. bifidum BGN4 was then
transformed with the constructs individually. The amplified signal
sequence (ssamy) was fused between the promoter and the structural
gene in the corresponding vectors. The amplified putative terminator
sequence of the P-glucosidase gene was digested with restriction
enzymes and then cloned downstream from the structural gene in
p572bbg572. B. bifidum BGN4 was then transformed with each
construct individually. The 7 constructs are described in Table 3.

Table 2. Primers for amplifying the B-glucosidase gene and putative promoters from Bifidobacterium.

Sequences of primer

Primer name Product Reference
Forward (5 — 3) Reverse (5 — 3)
primerbbg572pt ggatccATGACGATGACGTTCCC 2aattc TGTGGGATGTTGTCCC bbg572pt
primerbbg572p tctagaATGACGATGACGTTCCC 2aattc TGTGGGATGTTGTCCC bbg572p
(p572+bbg572)

primerbbg572 ggatccATGACGATGACGTTCCC® 2aattc TGTGGGATGTTGTCCC bbg572

agtactATGACGATGACGTTCCC®
primerbbg572t ggatccATGACGATGACGTTCCC? 2aattc TGTGGGATGTTGTCCC bbg572t

agtact ATGACGATGACGTTCCC® (bbg572+5721)
primerPamy tctagaGAAATACCGCAATGCACG  ggatccGGCTCCTTTATTCCTTTTC  pamy [31]
primer919P tctagaTGAAGTGTGTCGTGTGG ggatccTGGTGTACCTTTTCTTG p9I19 [37]
primer572P tctaga ATGCTGCTCCTTATGTGTC  ggatccTGCTGATTCCTCC pS72
primerSSamy ggatccATGAAACATCGGAAACC agtact GGCCTGTGCTGCGG ssamy

Restriction enzyme sites are indicated by small letters: Xbal tctaga, BamHI ggatce, EcoRI gaattc, Scal agtact. *Primers were used to construct p919bbg572,
p372bbg572, and p572bbg572t. "Primers were used to construct pamyss372, p919ss572, p504ss572, and p572ss572.
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Table 3. Constructed vectors with the cloned -glucosidase gene.

Promoter Signal sequences ORF Terminator .
Plasmid
pamy p919 p372 ssamy bbg572 572t

0 0 p919bbg572
0 0 p572bbg572
0 0 0 p572bbg572t

o o o pamyss572

o o o p919ss572

0 0 p504ss572

0 0 0 p572ss572

Analysis of B-Glucosidase Activity in Recombinant B. bifidum
BGN4

The B-glucosidase activities of recombinant B. bifidum BGN4 were
analyzed using pNPG as the substrate to compare the strengths of
the promoters and terminator.

The recombinant B. bifidum BGN4 strains were cultured overnight
at 37°C in modified TP broth supplemented with 3.6 pg/ml
chloramphenicol. An aliquot (80 pl) of each culture broth was
transferred to 8 ml of modified TP broth containing 3.6 pg/ml
chloramphenicol and incubated for 16 h. The B-glucosidase activities
were determined with pNPG as described previously.

Optimal pH, Temperature, and Time of the B-Glucosidase
Activity

The optimal pH for the recombinant B-glucosidase activity was
determined with 10 mM pNPG as the substrate in 50 mM PB buffer
at pH 3.0-8.0. pNPG (10 pl) was added to 90 pl of cell-free extract
in each buffer [pH 2.0-8.0; 50 mM glycine-HCI (pH 2.0), 100 mM
citric acid-citrate buffer (pH 3.0-6.0), 50 mM Tris-HCI buffer (pH
7.0-8.0)] and incubated at 37°C for 30 min. The reaction was
stopped with 100 ul of 1M Na,CO; and the absorbance was
measured at 405 nm.

To evaluate the optimal temperature for enzyme activity, the cell-
free extract in 50 mM PB buffer (pH 6.0) was maintained at 10—
80°C for 30 min, and the remaining activity was determined as
described above.

The specific activity of B-glucosidase according to the culture
timewas determined over a time range of 0-32h. Each cell-free
extract in 50 mM PB (pH 6.0) was maintained at 37°C for 30 min,
and the activity was determined as described above.

Substrate Specificity of B-Glucosidase

Cellobiose, sophorose, laminaribiose, gentiobiose, daidzin, daidzein,
genistin, glycitin, glycitein, and isoquercetrin were purchased from
Sigma. Quercetin-3,4-di-O-B-p-glucoside and quercetin-7-O-f-p-
glucoside were purchased from Extrasynthese (Genay, France).
Genistein and quercetin-7-glucoside were purchased from Chengdu
Biopurify Phytochemicals Ltd (Chengdu, China). Ginsenoside
standards such as compound K, Rbl, Rb2, Rc, Rd, F1, Rg3, and
Rh1 were purchased from Cogon Chemical (Chengdu, China); F2,
Rg2(S), and Rh2(s) were from LKT Laboratories (St. Paul, MN,
USA); Rgl was from Wako Pure Chemical Industries; Rg3 (S) and
Re were from BTGin Co. Ltd (Daejeon, Korea). All standard
ginsenosides were dissolved in water (containing 3% Tween 80) as
individual solutions, and saccharides were dissolved in water. Other

substrates were dissolved in methanol (J.T. Baker, Phillipsburg, NJ,
USA).

The cell-free extract from the overnight culture of the recombinant
B. bifidum BGN4 was prepared in 50 mM PB (pH 6.0), as
described above. Reaction mixtures (200 pl) containing 180 pl of
cell-free extract and 1 mg/ml ginsenosides were incubated at 37°C
with shaking. Samples were harvested at 24 h and analyzed with
thin-layer chromatography (TLC), according to Chi and Ji [4].

For the hydrolysis of disaccharides, 180 pl of cell-free extract in
50 mM PB (pH 6.0) was mixed with 20 pl of 100 mM disaccharide
in the same buffer and incubated at 37°C. At 24 h, the samples were
analyzed with TLC using n-butanol:formic acid:water (4:8:1) as the
developer. They were visualized by spraying with 10% H,SO, and
drying at 120°C for 10 min.

For the hydrolysis of the flavonoid glycosides, 180 pl of cell-free
extract in 50 mM PB (pH 6.0) was mixed with 20 pl of 100 mM
quercetin and incubated at 37°C. After 24 h, the samples were
analyzed with TLC using n-butanol:acetic acid:water (7:1:2) as the
developer. The samples were visualized by spraying them with 10%
H,SO, and drying at 120°C for 10 min.

For the hydrolysis of the isoflavone glycosides, 180 pl of cell-free
extract in 50 mM PB (pH 6.0) was mixed with 20 pl of 100 mM
isoflavone and incubated at 37°C. After 24 h, the samples were
analyzed with TLC using chloroform:methanol:water (65:35:10) as
the developer. The isoflavones were visualized under a UV lamp at
254 nm.

RESULTS AND DISCUSSION

Sequence Analysis of Bifidobacterium B-Glucosidase
Genes

Two B. lactis strains (SH5 and RD68) showing relatively
high B-glucosidase activities were selected from 46
experimental lactic acid bacterial strains. After the
construction of cosmid libraries in E. coli using the
genomic DNAs from these two strains, about 30 clones
with B-glucosidase activity were isolated for each construct.
One clone from each screened colony showing the greatest
enzyme activity was selected. The fragment insert in the
cosmid was digested with BamHI and subcloned into
pUC18, and the B-glucosidase-positive clones were isolated.
Sequence analysis of the two cloned B-glucosidase genes



showed that the B-glucosidase gene from B. lactis SH5
was identical to that of B. lactis RD68 with respect to its
open reading frame (ORF), putative promoter region, and
putative terminator region. As a consequence, the [-
glucosidase gene from B. lactis SH5 was designated as
bbg572pt and used for further study (Fig. 1). bbg572pt
comprised 2,276 bp and contained one ORF. A putative
terminator sequence was located downstream of the ORF.
The putative ribosome binding site (RBS), AGGAGGA,
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was detected (gray box; Fig. 1) upstream of the OREF,
which is similar to the RBS of B. longum MG1 [30]. The
deduced amino acid sequence contained 460 residues,
with a molecular mass of 50.71 kDa, with 85%, 68%,
70%, and 69% amino acid sequence identities with the -
glucosidases from B. breve clb, B. breve CECT7263, B.
dentium ATCC27679, and B. longum subsp. infantis
ATC15697, respectively (Fig. 2). Based on these amino
acid sequence similarities, the B-glucosidase encoded by

Fig. 1. Nucleotide and deduced amino acid sequences of the bbg572pt in pUC18 (pUC572PT).

The putative terminator sequence is indicated by bold letters. The putative ribosomal binding site (RBS) is indicated in the gray box and capitalized.
Transcription start points are in bold and capitalized. The predicted promoter region is underlined. The translational termination site is marked by an
asterisk. The sequence data are available in GenBank under the accession number JX274651.
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Fig. 2. Multiple sequence alignment of B-glucosidases from
Bifidobacterium.

Bbg572, Bifidobacterium lactis SHS and RD68; CECT7263, Bifidobacterium
breve CECT 7263; ATCC15697, Bifidobacterium longum subsp. infantis
ATCC 15697, ATCC27679, Bifidobacterium dentium ATCC 27679; clb,
Bifidobacterium breve clb. A region conserved in glycosyl hydrolase
family 3 is boxed. Conserved amino acid residues are indicated by asterisks.

bbg572 was assigned to glycosyl hydrolase family 1. The
overall GC content of Bifidobacterium is generally
55.0%-67.0%, which is higher than those of other bacteria
[35]. The GC content of bbg572 was 63%, which is
slightly lower than that of the B-glucosidase from B. breve
clb (65.1%) [28].

Analysis of the Transcription Start Point
The putative promoter was predicted upstream from
bbg572 (Fig. 1) and designated as p572. The putative —10

Fig. 3. 5'-Rapid amplification of cDNA ends (RACE) result of
the bbg572.

Lane M, 1 kb DNA ladder. A labeled 27-mer oligonucleotide primer
complementary to nucleotide 756—782 (257 bp from the initiation codon)
of the bbg572pt was utilized to define the transcription start points (£sps)
indicated in lane 2. The zsps are indicated by arrows.

and -35 positions in the promoter region showed homology
with the consensus sequence of E. coli, and this promoter
induced successful expression of bbg572 in E. coli DH5a
(data not shown). 5'-RACE analysis revealed two potential
transcription start points (zsps) for bbg572 (the G and A
residues in Fig. 3). The -10 region (tgtatt) and —-35 region
(ttgege) upstream from the G residue displayed 66.7% and
50% identity, respectively, to the corresponding E. coli
consensus sequences. The -10 region (tatatt) and -35
region (ttgcgg) upstream from the A residue displayed
83.3% and 50% sequence identity, respectively, to the
corresponding E. coli consensus sequences.

The divergence in sequence homology in the -35
regions is consistent with many previous studies that have
shown that transcription readily occurs in E. coli even in
the absence of absolute similarity in this region [6].

Expression of B-Glucosidase in B. bifidum BGN4
Strong promoters are required for the enhanced expression
of a target gene. In our previous studies, we have successfully
expressed foreign genes in B. longum using several
promoters, including p919 from B. bifidum BGN4 [37] and
pamy from the a-amylase gene of B. pseudocatenulatum
INTS7 [31]. To compare the strengths of these promoters,
several vectors were constructed with combinations of
promoters and reporter (bbg572) and transformed into the
B-glucosidase-negative strain B. bifidum BGN4 as the
host. Promoter strength was analyzed by measuring the [3-
glucosidase activity using pNPG.



Fig. 4. Specific B-glucosidase activities of wild-type Bifidobacterium
spp. and recombinant B. bifidum BGN4 with various vector
constructs.

The total B-glucosidase activity was determined at 37°C in the 50 mM
Tris-HCI, pH 6.0, with pNPG as a substrate. SH5, B. lactis SH5; RD68, B.
lactis RD68; others, B. bifidum BGN4 harboring each vector.

When the signal sequence of the amylase gene (ssamy)
was inserted between the promoter and reporter gene to
induce the extracellular expression of bbg572, all of the
transformants containing ssamy showed unexpectedly low
B-glucosidase activities in B. bifidum BGN4 (Fig. 4). The
ssamy also failed to export the bbg572 products expressed
in B. bifidum BGN4. The intracellular B-glucosidase activity
of Bp572ss572 was 1,186-fold higher than its extracellular
activity (data not shown). This might be attributable to the
incompatibility between the transformation host and the
promoters and ssamy used. We assumed that the change in
transformation host affected the activities of the promoters
and ssamy, causing low protein expression and secretion.
Many previous studies have shown that the -10 and -35
sequences affect the promoter strength [26]. Other factors,
such as the TG motif [14], spacers, UP elements [9], and
the promoter’s three-dimensional structure, are also reported
to affect the efficiency of transcription [16].

In the expression system for bbg572, p572 was a stronger
promoter than pamy or p919 (Fig. 4). In the expression
systems for bbg572, the expression of B-glucosidase was
markedly enhanced by the deletion of the ssamy. The
removal of ssamy resulted in a 24.35-fold increase in
Bp572bbg572 (1.5 mU/pg protein) and a 137-fold increase
in that of Bp919bbg572 (0.78 mU/pg protein) (Fig. 4).

It is well known that the transcription terminator enhances
the expression of a gene [1]. A putative transcription
terminator was found downstream of bbg572 and designated
as 572t. It was added downstream of the bbg572 in
p572bbg572 to produce p572bbgS572t. The addition of
the terminator caused a 25.4% increase in the specific
B-glucosidase activity in B. bifidum BGN4 (Fig. 4). The
B-glucosidase activity of B. bifidum BGN4 harboring
p572bbg572¢t was 1.89 mU/pg, which was much higher
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Fig. 5. Specific B-glucosidase activities of Bp572bbg572t (A)
according to the culture time, and relative B-glucosidase activities
of Bp572bbg572t at pH range from 2 to 8 (B) and temperature
range from 20°C to 80°C (C).

The cell-free extract of Bp572bbg572t was used as enzyme and pNPG as a
substrate.

than those of B. lactis SH5 (31.32-fold) and B. lactis RD68
(15.88-fold) (Fig. 4).

Biochemical Characterizations of the B-Glucosidase
Activity of Cell Extracts from Transformants Harboring
p572bbg572t

The B-glucosidase activity of Bp572bbg572t has been
analyzed according to culture time, pH, and temperature.
As shown in Fig. SA, the specific activity increased according
to the culture time, peaking at 16 h and decreasing slowly
thereafter.
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The optimal pH for Bp572bbg572t was pH 6.0
(Fig. 5B), which is consistent with those of most bacterial
B-glucosidases, which have pH optima in slightly acidic or
neutral pH ranges [10]. In previous studies, the optimal
pHs of the B-glucosidases from B. breve 203, B-D-glucosidase
I and B-p-glucosidase II, were 6.0 and 5.5, respectively
[20], and that of the B-glucosidase of B. breve clb was pH
5.5128].

When the enzyme activity was investigated in the
temperature range of 20—80°C, Bp572bbg572t exhibited
more than 95% of its maximal activity at 30—-50°C, with a
sharp decrease above 50°C (Fig. 5C).

In the previous study, the optimal temperatures of the -
glucosidase enzymes from B. breve 203, B-pD-glucosidase I
and B-p-glucosidase 11, were 45°C and 40°C, respectively
[20], and that of the B-glucosidase from B. breve clb was
45°C [28].

Substrate Specificity of the Recombinant B-Glucosidase
from B. bifidum BGN4

The substrate range of Bp572bbg572t was investigated
using various disaccharides, isoflavones, quercetins, and
ginsenosides (Tables 4 and 5). As a control, the cell extract
of B. bifidum BGN4 harboring pBESAF2 [31] showed no

Table 4. Substrate specificities of Bp572bbg572t.

Enzyme
Substrate Linkage activity
Bbg572
Disaccharides
Cellobiose O-B-D-glucosyl-(1 —>4)-p-glucose O
Sophorose O-B-D-glucosyl-(1 —2)-p-glucose O
Laminaribiose  O-B-D-glucosyl-(1 —3)-p-glucose O
Gentiobiose O-B-D-glucosyl-(1—6)-p-glucose O
Isoflavone
Daidzin Daidzein 7-O-p-p-glucoside 0]
Genistin Genistein 7-O-p-p-glucoside o
Glycitin Glycitein 7-O-p-p-glucoside 0]
Quercetin
Isoquercetrin Quercetin-3-0-B-p-glucoside 0]
Spiraeoside Quercetin-4-O-B-p-glucoside o
Quercetin-3,4-di-O-B-p-glucoside O
Quercetin-7-O-B-p-glucoside o

detectable glycosidic activity on various substrates (data
not shown).

Table S. Substrate specificity of Bp572bbg572t on various ginsenosides.

Enzyme activity

Ginsenoside R1 R2 R3
Bbg572
20(S)-Protopanaxadiol type
Compound K OH H 0O-Glc* x
F2 0-Glc H 0-Glc x
Rbl 0-Glc™'Glc* H 0-Glc*-'Gle o)
Rb2 0-Glc™'Glc* H 0-Glc’-'Arap® 0
Rc 0-Glc™'Glc* H 0-Glc*-'Araf® x
Rd 0-Gl¢*-'Gle? H 0-Gl¢* x
20(S)-Protopanaxatriol type
F1 OH OH 0-Gl¢* x
Re OH 0-Glc*-'Rha’ 0-Glc* x
Rgl OH 0-GI¢* 0-Gl¢* x
Rg2(S) OH 0-Glc*'Rha’ OH x
Rg3(S) 0-Gle-Glc* H H x
Rg3(R) 0-Gle-Glc* H H x
Rhl OH 0-Glc* OH x
Rh2(S) 0-Gl¢* H H x

Arap, a-L-arabinopyranosyl; Araf, a-L-arabinofuranosyl; Gle, B-p-glucopyranosyl; Rha, o-L-rhamnopyranosyl.



Fig. 6. TLC chromatogram of the hydrolysis product of various
disaccharides (A), isoflavones (B), quercetins (C), and ginsenosides
using cell freee extract of Bp572bbg572t.

(A) 1, Glucose; 2, cellobiose; 3, sophorose; 4, laminaribiose; 5, gentiobiose;
Lanes 6 to 9, hydrolysis products of cellobiose (lane 6), sophorose (lane 7),
laminaribiose (lane 8), and gentiobiose (lane 9). (B) 1, Daidzein; 2, daidzin;
3, glycitein; 4, glycitin; 5, genistein; 6, genistin; Lanes 7 to 9, hydrolysis
products of daidzin (lanes 7), glycitin (lanes 8), and genistin (lanes 9). (C)
1, Quercetin; 2, isoquercetrin; 3, spiracoside; 4, isoquercitrin; 5, quercetin-
7-O-B-p-glucoside; Lanes 6 to 9, hydrolysis products of isoquercetrin
(lanes 6), spiracoside (lane 7), isoquercitrin (lane 8) and quercetin-7-O-f3-
p-glucoside (lane 9). (D) 1, Rg3; 2, Rd; 3, Re; 4, Rb2; 5, Rb1; Lanes 6 to 7,
hydrolysis products of Rbl (lanes 6), and Rb2 (lane 7).
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Bp572bbg572t was able to hydrolyze B-1,2 (sophorose),
B-1,3 (laminaribiose), [-1,4 (cellobiose), and B-1,6
(gentiobiose) linkages between two glucose molecules. It
showed [B-glucosidase activities on the ginsenoside Rbl,
Rb2, and seven flavonoids (daidzin, genistin, glycitin,
isoquercetrin, spiraeoside, quercetin-3,4-di-O-p-pD-glucoside,
and quercetin-7-O-B-D-glucoside). No release of hydrolysis
products by Bp572bbg572t was observed for the
protopanaxadiol-type ginsenosides compound K, Rc, and
Rd, or the protopanaxatriol-type ginsenosides F1, Re, Rgl,
Rg2(S), Rg3(S), Rg3(R), Rhl, and Rh2(S) (data not
shown).

B-Glucosidases are used to hydrolyze phenolic compounds
and phytoestrogen glucosides to improve their biological
activity, and have several applications in the field of
medicine, and in the food industry [2]. In this study, we
focused on the various glycoside specificities of recombinant
B-glucosidase (Bp572bbg572t) and its full potential
exploitation to increase the activity of B-glucosidase. The
bbg572 encodes an enzyme of glycosyl hydrolase family 1
and selectively catalyzes the cleavage of glucosidic bonds.

In this study, we found that the highest expression level
of bbg572 in B. bifidum BGN4 was achieved when using
its own promoter and terminator. Furthermore, the expression
level was 31.32-fold higher than that of the original strain
B. lactis SH5. Furthermore, our results of bioconversion of
several glycosidic phytochemicals suggest that these new
B-glucosidase-positive transformants of B. bifidum BGN4
can be utilized for the production of specific aglycone
products for the food industry and many biotechnological
applications.
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Abstract

Probiotics have been proposed to ameliorate cognitive impairment and depressive disorder via the gut-brain axis in patients and experimental
animal models. However, the beneficial role of probiotics in brain functions of healthy older adults remains unclear. Therefore, a randomized,
double-blind, and placebo-controlled multicenter trial was conducted to determine the effects of probiotics on cognition and mood in community-
dwelling older adults. Sixty-three healthy elders (65 years) consumed either placebo or probiotics containing Bifidobacterium bifidum BGN4
and Bifidobacterium longum BORI for 12 weeks. The gut microbiota was analyzed using 16S rRNA sequencing and bioinformatics. Brain
functions were measured using the Consortium to Establish a Registry for Alzheimer’s disease, Satisfaction with life scale, stress questionnaire,
Geriatric depression scale, and Positive affect and negative affect schedule. Blood brain-derived neurotrophic factor (BDNF) was determined
using enzyme-linked immunosorbent assay. Relative abundance of inflammation-causing gut bacteria was significantly reduced at Week 12 in
the probiotics group (p < .05). The probiotics group showed greater improvement in mental flexibility test and stress score than the placebo
group (p < .05). Contrary to placebo, probiotics significantly increased serum BDNF level (p < .05). Notably, the gut microbes significantly
shifted by probiotics (Eubacterium and Clostridiales) showed significant negative correlation with serum BDNF level only in the probiotics
group (R, =-0.37,R; = -0.39, p < .05). In conclusion, probiotics promote mental flexibility and alleviate stress in healthy older adults, along
with causing changes in gut microbiota. These results provide evidence supporting health-promoting properties of probiotics as a part of
healthy diet in the older adults.

Keywords: Probiotics, RCT, Gut microbiota, Cognitive function, Mood status, Healthy older adults

Aging is characterized by progressive decline in biological functions
of the organism (1). The functions of the central nervous system also
change during normal aging, leading to age-associated cognitive de-
cline and mood disorders that are common and major health issues
among older adults (1). Most industrialized countries are facing a
rapid increase in the proportion of older adults considered to be in
the danger zone of neurological diseases (1,2). Beyond the increasing
risk of health issues, the critical social problems such as high eco-

© The Author(s) 2020. Published by Oxford University Press on behalf of The Gerontological Society of America.
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nomic burden and low growth potential of an aging society have
ensued (2). Therefore, development of efficient preventative and
therapeutic strategies targeting neurodegenerative disorders should
be considered as a public health priority to promote healthy aging in
the global population.

The gut microbiota, a collection of microorganisms found in
the gastrointestinal tract, has pivotal roles in anatomical, physio-
logical, and immunological host functions (3,4). The gut microbiota

1
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undergoes a significant transition in its composition and function
during aging and these alterations can affect health and age-related
diseases (5,6). Based on a series of studies, it is now becoming evident
that maintaining gut microbial balance during aging is imperative
for healthy late life (7). Recently, the emerging concept of gut-brain
axis, referring to a bidirectional relationship between gut and brain,
has linked gut microbiota to age-related neurodegenerative diseases,
such as Alzheimer’s disease, and mood disorders including depres-
sion and anxiety (8-12). The interplay between gut and brain in-
volves a complex network of endocrinological, immunological, and
neural mediators, which has been considered as a critical target for
the manipulation of brain health and neurodegenerative diseases
(13-15).

Diet is one of the critical lifestyle factors for physical and mental
well-being throughout the life span, including later life (16,17).
A growing body of evidence suggests that dietary components or
nutrients affect various biological functions including brain ac-
tivity (10,16,18-20). Therefore, research is actively focusing on
the emerging concept of brain health preservation through dietary
interventions. Probiotics, as part of a healthy diet, have received
increasing attention for their potential to regulate brain health via
the microbiota—gut-brain axis (9,21). Probiotic bacteria have been
shown to affect intestinal microbial dynamics and homeostasis, and
influence the physiology of the intestine and distal organs, including
the brain (22). However, most of the current evidence comes from
animal experiments, and it is crucial yet challenging to assess whether
such findings can be translated to humans. Thus, it is critical to val-
idate the clinical properties and effects of probiotics on human gut
and brain health, particularly focusing on independently living older
individuals, which can be majorly affected by cognitive and mental
disorders. Therefore, we conducted a randomized, double-blind,
placebo-controlled, multicenter trial to test our hypothesis that pro-
biotic consumption has beneficial effects on intestinal health, and
contributes to ameliorate cognitive and mental impairment in the
older adults.

Materials and Methods
Study Design

The study was a randomized, double-blind, placebo-controlled,
multicenter clinical trial examining the effects of probiotics con-
sumption on intestinal and brain health in elders over the age of 635,
conducted at Seoul National University (Seoul, Republic of Korea)
and Bundang Jesaeng Hospital (Seongnam, Republic of Korea) from
March 2018 to March 2019. The study included a 2-week wash-
out period and a 12-week intervention period. During a 2-week
wash-out phase, eligible participants were instructed to refrain from
dietary supplements including probiotics and other dietary supple-
ments. Participants were then randomly assigned to one of the two
following groups: Placebo or Probiotics group. During the interven-
tion period, participants consumed their assigned products twice
a day for 12 consecutive weeks. They visited the clinic at baseline
(Week 0), Week 4, Week 8, and Week 12 for a compliance check
and blood and fecal samples were collected at each visit; and they
conducted neuropsychological test at baseline, Week 4 and Week
12. Participants were asked not to change their usual dietary habits
and health-related behaviors during the period of intervention. They
were asked to record treatment intake, and unusual events such as
the use of medication and experiencing adverse events in a daily
manner in order to check the adherence to the study. This work is
registered with CRiS (Clinical Research Information Service; http:/

cris.nih.go.kr; https://cris.nih.go.kr/cris/search/search_result_st01_
en.jsprseq=14020&ltype=&rtype=. Registration ID: KCT0003929).

Participants

Participants were recruited from communities in Seoul and
Seongnam in the Republic of Korea. Recruitment flyer was posted
at Gwanak-gu Community Health Center (Seoul, Republic of
Korea), Seoul W Internal Medicine Clinic (Seoul, Republic of Korea)
and Bundang Jesaeng Hospital (Seongnam, Republic of Korea).
Candidates were invited to an onsite screening, which includes
interviews asking about health history, health-related behavior,
and dietary habits. Assessment of physical and cognitive functional
status was conducted using activities of daily living, instrumental ac-
tivities of daily living, and Mini-Mental State Examination (MMSE)
by experienced research staff.

Criteria for eligibility

Eligible subjects had to be over 65 years old and to consent to be
randomly assigned and refrain from consuming any other dietary
supplements, which include other probiotics, yogurts with live, ac-
tive cultures or supplements, and immune-enhancing supplements,
during the period of the study. We excluded participants with the use
of antibiotics, anti-inflammatory medications, gastrointestinal medi-
cine within the past 3 months; and with regular intake of probiotics
within the past 3 months. Participants who are incapable of living
independently based on activities of daily living and instrumental
activities of daily living score were excluded. A total of 107 candi-
dates entered for screening and a total of 63 subjects enrolled for the
study. This study was approved and monitored by the Institutional
Review Board of Seoul National University (IRB No. 1801/002-015)
and Bundang Jesaeng Hospital (IRB No. IMCN18-01), and written
informed consent was obtained from all participants.

Study Capsules

Participants were provided with either placebo or probiotics. For the
probiotics, participants were asked to consume two capsules after
the meal in the morning and evening, which made a total of four
capsules (a total of 1x10° colony-forming unit of Bifidobacterium
bifidum BGN4 and Bifidobacterium longum BORI in soybean oil)
to be taken per day. For the placebo, each capsule contained 500 mg
of soybean oil only. Treatment products were not able to distinguish
by package, color, taste, and smell in order to maintain treatment
allocation concealed from participants and study staff. Test products
were provided by Bifido Inc. (Seoul, Republic of Korea).

Randomization

Study coordinator who was not involved in the study generated a
random sequence using GraphPad Prism (version 6.05; GraphPad
Software, San Diego, CA) and the random number was stratified
by sex with 1:1 allocation. The allocation sequence was concealed
from the researchers and details of the allocated group were given
on color code containing the sequential number which was prepared
by product provider. Independent study coordinator dispensed either
placebo or probiotics capsules according to a computer-generated
randomized sequence.

Blinding

All participants, study coordinators, and researchers were blinded
throughout the entire study. The study was unblinded after all statis-
tical analyses were completed.
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Sample Collection

Twelve-hour fasting blood samples and stool samples were
collected at each visit (baseline, 4th, 8th, and 12th week).
Blood samples were collected into serum separating tube and
ethylenediaminetetraacetic acid-coated tubes for serum and
plasma isolation, respectively. Serum and plasma samples were
aliquoted and immediately stored at -80°C for later analysis.
For stool sample collection, we provided a stool collection tube
that contains DNA stabilizing preservative reagent (Norgen
Biotek, Thorold, ON, Canada). We instructed participants, fol-
lowing manufacturer’s instructions, to collect fecal samples into
the tubes and mix gently until the stool sample is completely
submerged into the preservative. Participants were instructed to
collect stool samples within the 48-hour period before visiting;
the tubes were kept tightly sealed and stored at room tempera-
ture (15-25°C) until they were shipped. After the samples were
shipped to the laboratory, aliquots of 180~200 mg of stool sam-
ples were immediately stored at -80°C until later analysis.

Outcome Assessments

The primary outcomes include results from cognitive function and
mood tests at the end of the experiment. The secondary outcomes
were gut microbial composition and anthropometric assessments
measured at each visit; and neuronal biochemistry marker from the
blood (brain-derived neurotrophic factor [BDNF]) at the end of the
experiment.

Anthropometric measures

Body weight and height were measured at each visit using weight
scales and stadiometers. BMI was calculated as weight in kilograms
divided by height in meters squared.

Evaluation of intestinal health

Participants completed a general health questionnaire that asks
about improvements in bowel habits at 4th, 8th, and 12th week,
respectively. The questionnaire measures 10 bowel habits, asking
whether there were improvements in the following parameters in the
last 4 weeks: overall bowel health; frequency of defecation; amount
of defecation; feeling of incomplete evacuation; stool odor; abdom-
inal cramping; bowel sounds; number of gas passage; abdominal
distention; and frequency of diarrhea. Participants responded with
a 5-point scale that ranges from 1 (“not at all”) to 5 (“very much”);
and the higher scores indicate that there was improvement in each
parameter.

Gut microbiota analysis

Genomic DNA extraction

Total bacterial DNA was isolated from stool by using the QIAamp
fast DNA Stool Mini Kit (QIAGEN, Hilden, Germany) according to
the manufacturer’s instructions with the following additional steps.
Extracted genomic DNA was confirmed via gel electrophoresis and
was quantified by spectrophotometer NanoDrop ND-2000 (Thermo
Scientific, Waltham, MA).

Amplification of 16S rRNA gene and sequencing

Hypervariable regions (V3-V4) of 16S ribosomal ribonucleic acid
(rRNA) gene were amplified using barcoded universal primers for
each sample. Polymerase chain reaction (PCR) was carried out
by using BioFact F-Star tag DNA polymerase (BioFACT, Seoul,

Republic of Korea). Briefly, a final volume of 50 pL of PCR reaction
contained about 20 ng of DNA template, 5 pL of 10x Taq buffer
(20 mM Mg?), 1 pL of 10 mM dNTP mix, 2 pL of forward and
reverse barcoded primers (10 pmol/uL), and 0.25 pL of DNA poly-
merase. PCR reactions were amplified using a GeneAmp PCR system
9700 (Applied Biosystems, Foster City, CA). The PCR program was
as follows: initial for 5 minutes hold at 94°C, followed by 28 cycles
of denaturation (30 seconds, 95°C), annealing (30 seconds, 60°C),
and extension (30 seconds, 72°C), with a final extension step (10
minutes, 72°C) followed by holding at 4°C. The PCR product was
confirmed by using 1% agarose gel electrophoresis and visualized
under a Gel Doc system (BioRad, Hercules, CA). The amplified prod-
ucts were purified with PureLink Quick Gel Extraction and PCR
Purification Combo Kit (Invitrogen, Carlsbad, CA) and quantified
by the Qubit 2.0 fluorometer (Invitrogen). The size of library was
assessed by BioAnalyzer (Agilent Technologies, Santa Clara, CA).
The amplicons were pooled and sequenced with an Illumina MiSeq
sequencing system (Illumina, San Diego, CA).

Bioinformatic analysis of sequencing data

Microbial sequences were processed using QIIME2 (version 2019.1)
(23). Briefly, sequences were denoised to remove the sequences
with low-quality score and chimeras via DADA2. Then, denoised
sequences were clustered into operational taxonomic units (OTUs)
and OTU representative sequences were aligned based on SILVA
database (version 132) at 99% sequence identity with scikit-learn
Naive Bayes-based machine-learning classifier. A phylogenetic tree
was generated using MAFFT and FastTree method for diversity ana-
lyses. Downstream analyses on alpha diversity were carried out to
measure dissimilarities in richness and evenness of microbial com-
munity. Comparisons of relative abundance between groups were
performed to identify the differential features across the samples.

Evaluation of cognitive function and mood status

The Korean version of the Consortium to Establish a Registry for
Alzheimer’s Disease (CERAD-K) was used to measure cognitive
function. The CERAD-K, a validated measure for the screening of
Alzheimer’s disease, assesses cognitive function including 11 tests
measuring domains of language function, memory function, visuo-
spatial processing function, and attention and executive function
(24).

A validated 20-item self-reported questionnaire was used to ask
the level of stress in a category of burn-out, depression, and anger
during the past 1 month (25). Participants responded with a 5-point
scale that ranges from 1 (“never”) to 5 (“very often”). Total scores
were calculated, and higher scores mean higher level of stress. The
quality of life (QoL) was measured with the Satisfaction With Life
Scale (SWLS), a validated subjected report of global life satisfaction
(26). It consists of five items with a 7-point scale that ranges from
1 (“not at all”) to 7 (“very much”). Responses were summed and
higher scores indicate higher QoL. The Korean version of Geriatric
Depression Scale (GDS-K) was used to evaluate the level of depres-
sion. The GDS-K is a 30-item self-reported questionnaire which is
a validated instrument for the diagnosis of clinical depression (27).
Each question was answered with binary responses (“yes” or “no”)
and scored as either 0 or 1 point. The cumulative score is calcu-
lated, and the higher score means the higher level of depression. The
Positive Affect and Negative Affect Schedule (PANAS) is a validated
self-report instrument in the assessment of positive and negative
affect (28). The PANAS is comprised of two 10-item scales which

020z Ae Tz uo Jasn Arelqi 8assauua] Jo Ausianiun Aq y¥TTZ8S/060€e|B/eu0iab/s60T 0T/I0poRIISHe-ajoIe-a0ueApe/ABojoluoiaBpawolg/wod dno olwapede//:sdny Wwoi) papeojumod



4 Journals of Gerontology: BIOLOGICAL SCIENCES, 2020, Vol. XX, No. XX

measure both positive and negative affect, respectively. Each item is
assessed with S-point scale of 1 (“not at all”) to 5 (“very much”).
The summed scores from each positive and negative affect indicate
the level positive and negative affect, respectively.

Serum biochemical markers

Serum BDNF level was measured using BDNF DuoSet ELISA kit
(DY248; R&D Systems, Wiesbaden-Nordenstadt, Germany) and
DuoSet Ancillary Reagent kit 2 (DY008; R&D Systems) according
to the manufacturer’s instructions. Briefly, sample or standard was
added to a plate coated with capture antibody and the plate was
incubated for 2 hours at room temperature. After washing the plate
sufficiently, detection antibody was added to the plate and the plate
was incubated for 2 hours at room temperature. Streptavidin con-
jugated to horseradish peroxidase was added to each well and the
plate was incubated for 20 minutes at room temperature. Then sub-
strate solution was added to each well for 20 minutes of incuba-
tion at room temperature following sufficient washing with wash
buffer, and the plate was ready for determining the optical density
at 450 nm wavelength using a microplate reader (SpectraMax iD3,
Molecular Devices, Austria).

Statistical Analysis

Sample size

To detect a significant change in cognitive function with a two-sided
5% significance level and a power of 80%, a sample size of 32 was
determined, given a 20% of dropout rate.

Analysis plan

The normality assumption and homogeneity of variance were tested
by Kolmogrov-Smrinov test for study variables. For the comparison
analysis of variables at the baseline between groups, we used inde-
pendent #-test, % tests, or Fisher’s Exact Tests. To compare the differ-
ence between groups at each time point and delta value between the
visits (A(Week 4-Week 0), A(Week 8—Week 0), and A(Week 12-Week
0)) between the two groups, we performed unpaired #-test, Mann—
Whitney U test or generalized linear model (GLM). To compare the
difference between baseline and the data from end point (Week 12),
we used paired #-test or Wilcoxon signed rank test. To detect the
difference between groups over the visits, we used a mixed-model
analysis of variance (ANOVA) or Friedman test as a nonparametric
alternative to the repeated measures ANOVA. Correlations were as-
sessed by Spearman rank correlation analysis. Correction for mul-
tiple testing was performed based on the false discovery rate or
Bonferroni correction. The p < .05 and false discovery rate <0.05
were considered statistically significant in all statistical analyses. All
statistical analyses were conducted using Partek (version 6.6; Partek,
Saint Louis, MI), SPSS (version 25.0; SPSS Inc., Chicago, IL), or
GraphPad Prism (version 6.0; GraphPad Software, San Diego, CA).

Results

General Characteristics of Participants at Baseline

A total of 107 volunteers were screened for eligibility and 63
subjects were enrolled for the study (Supplementary Figure 1). Sixty-
three participants were randomized, with 31 and 32 subjects in the
placebo and probiotics group, respectively. Fifty-three individuals
completed the study and 10 participants withdrew the consent and
discontinued the study, and no clinically relevant adverse events were
reported during the intervention. When comparing characteristics of

participants who withdrew (N = 10) and those who completed the
trial (N = 53), there were no significant differences (Supplementary
Table 1). Therefore, we confirmed that randomization was suc-
cessful. In all analyses, we included data from participants who com-
pleted the intervention. Demographic and clinical characteristics at
baseline are summarized in Supplementary Table 2. Average age was
72.00 and 71.11 years in the placebo and probiotics group, respect-
ively, with no significant difference (p = .4538). The ratio of male
to female and BMI did not significantly differ between two groups.
Socioeconomic characteristics, including educational level, marital
status and type of household, and other health-related characteristics
such as cigarette use, alcohol use, physical activity, and self-evaluated
health status, were not different between the placebo and probiotics
group. In addition, cognitive functions and depression scores, deter-
mined by MMSE and Geriatric Depression Scale (GDS-K), were not
different between two groups at the baseline.

Probiotic Supplementation Beneficially Influenced
Intestinal Health and Gut Microbial Communities

To assess the effect of probiotics on intestinal health, participants filled
questionnaire at 4th week, 8th week, and 12th week, respectively, asking
whether there were improvements in bowel habits in the last 4 weeks.
Bowel habits such as frequency and amount of defecation; feeling of in-
complete evacuation; stool odor; number of gas passage; bowel sounds;
and abdominal distention were not significantly improved both in the
placebo and probiotics group during the intervention period (data not
shown); however, scores in frequency of gas passage and abdominal
distention showed significant improvements in the probiotics group
compared with the placebo (3.44 + 0.19 vs 2.77 + 0.21; 3.15 + 0.22 vs
2.46 = 0.22, respectively; p < .05, Figure 1A and B).

In order to address whether the improvement was driven by any
changes in the intestinal bacterial communities, gut microbiome pro-
filing analysis was performed in all participants. Bacterial genomic
DNAs from stool samples collected at baseline, 4th week, 8th week,
and 12th week were sequenced using 16S rRNA sequencing tech-
nology. After preprocessing of bacterial sequences for quality con-
trol as described in the Methods, we obtained a total of 10,273,269
raw reads and average reads of 80,260 per sample. To examine
the effect of probiotics consumption on gut microbial diversity, we
calculated Pielou’s evenness index, Faith’s phylogenetic diversity,

Figure 1. Beneficial influence of probiotic supplementation on intestinal
health and gut microbiota. (A,B) Improvement scores in frequency of gas
passage and abdominal distention measured at each visit are shown. Data
are presented as mean (SEM). (C) Relative abundance of the gut microbiota
at the phylum level and (D-G) at the genus level was measured throughout
the intervention. Data are presented as mean (min-max). *p < .05 based on
the Mann-Whitney U test; “p < .005, *p < .05 based on a post hoc analysis
of Friedman test.
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observed OTUs, and Shannon’s diversity index. We found no sig-
nificant changes in the diversity both in the placebo and probiotics
group during the intervention period (Supplementary Figure 2A-D).
Further, we compared the relative abundance of OTUs and specific
bacterial taxa at the different phylogenetic levels. Microbial compos-
ition at OTU level showed no significant differences during the inter-
vention both in the placebo and probiotics group (Supplementary
Figure 2E). At the phylum level, no significant changes in relative
abundance were detected during the intervention both in the pla-
cebo and probiotics group (Figure 1C). However, at the genus level,
we found significant changes in the gut microbial composition in the
probiotics group and no changes in the control group (Figure 1D-G).
The relative abundances of Eubacterium, Allisonella, Clostridiales,
and Prevotellaceae gradually changed during the intervention, and
significantly decreased at Week 12 in the probiotics group (p < .05).

Probiotic Supplementation Improved Brain Function
and Increased Peripheral BDNF Levels

To evaluate the impacts of probiotic supplementation on cognitive
function, each participant was tested by the CERAD-K, a validated
cognitive test battery that scores language, memory, visuo-spatial
processing, and attention/executive functions. The assessment was
performed at baseline, Week 4, and Week 12 (Table 1). The changes
at the fourth week from baseline in the probiotics group were not
different from those in the placebo group for all the domains of the
cognitive assessment; however, the changes at Week 12 from baseline
in the scores of mental flexibility test were significantly different be-
tween placebo and probiotics group (Table 2). Interestingly, mental
flexibility showed a significant improvement at Week 12 in the pro-
biotics group compared with the placebo group (p < .05, Figure 2A).
In addition, study subjects filled series of questionnaires to evaluate
the impact of probiotics on mood status including quality of life,
stress, depression, and positive and negative affect. The 12-week
consumption of probiotics did not change the scores of quality
of life, GDS-K, and PANAS; however, it did affect the stress score
(Table 2). While the stress score was increased in the placebo group
(1.38 = 0.86), it was dramatically decreased in the probiotics group
(-2.85 = 1.16; p < .05, Figure 2B).

The observations that probiotic supplementation improved the
cognitive function and mental stress prompted us to determine the
level of BDNF in blood. BDNF is a neurotrophic factor known to be
crucial for learning, memory function, and stress. In contrast to the
placebo group (-3.32 = 2.35), serum BDNF level was significantly
increased at Week 12 in the probiotics group (3.68 = 2.69; p < .05,
Figure 3A). In addition, to address the question of whether changes
in intestinal bacterial communities be related to the serum level of
BDNE, we conducted correlation analysis between the relative abun-
dance of each genera and the level of BDNE. It is of interest that
Eubacterium and Clostridiales showed a significant negative correl-
ation with the level of serum BDNF only in the probiotics group
(Ry=-0.37 and R, = -0.39; p < .05, Figure 3B). These findings sug-
gest that reduction in the relative abundances of Eubacterium and
Clostridiales in the gut driven by probiotic supplementation closely
related to the increase in the serum BDNE, thereby improving brain
functions.

Discussion

In the present study, we conducted a randomized, double-blind,
placebo-controlled, multicenter trial to address the impact of

Table 1. Cognitive Function Before and After the Intervention

=27)

Probiotics (N

26)

Placebo (N

bp for A(Week

12-Week 0)

bp for A(Week

4-Week 0)

Week 12 *p-value

Week 4

Week 0

Week 4 Week 12 *p-value

Week 0

Language function

.39
23

.86
.70

.40
<.005

15.41 (4.17)

15.67 (5.17)
12.70 1.49)

14.44 (4.48)

.01

16.88 (4.55)
12.23 (2.23)

16.42 (4.59)*

12.19 (2.26)

14.96 (4.05)
11.69 (2.19)

Verbal fluency

12.96 (1.34)

12.15 (1.56)

28

Boston naming test

Memory function

47
.68

12
.58

<.001
<.005
.18

3.79)"

1.65)"

71

15
.38

13.27)
0.63)

.88
42

.30
<.001

.90

1.72)%

22.22

3.10)"
1.88)

7.52
89.30
9.63
9.52

19.30)
0.74)
2.39)

21.33

2.81)
1.82)

6.85
83.44

23.06)
0.97)
3.05)

9.37
8.89

18.26

<.001

4.74)"

6.19
84.68

.01

1.92)*

13
.09

16.50)
1.53)
2.30)

9.22
7.93

.02

22.23

3.63)

7.54
92.21

1.78)

14.47)
1.25)
2.57)

9.23
9.23

20.77

4.42)
1.92)

7.27
94.24

18.87)
1.77)
2.81)

9.27
8.88

18.92
6.38
83.83
8.77
8.15

Word list encoding
Word list recall

Word list savings

Word list recognition

Constructional praxis recall
Visuo-spatial processing function

.74

S5

10.52 (1.01) 31

10.33 (1.44)

36 10.00 (1.64)

10.00 (1.60) 10.27 (1.34)

10.04 (1.43)

Constructional praxis
Attention and executive function

21

.36
97
.06

.06

44.41 (21.62)
131.11 (58.44)%

46.22 (21.47)
148.26 (67.32)

47.33 (18.78)"
172.59 (86.95)

<.001

47.35 (15.91)"
161.19 (78.26)

49.73 (17.99)*

164.65 (77.22)

61.88 (26.82)
189.69 (82.28)

Trail making test A

.39
.03

15
48

Trail making test B
Mental flexibility
Digit span test

.10

2.08 (0.85)
14.59 (3.88)*

2.30 (0.96)

2.72 (1.56)
13.41 (4.48)

2.52 (1.68)
13.65 (4.54)

2.46 (1.54)
14.23 (4.23)

2.15 (0.97)
13.35 (5.18)

.16

23

<.005

15.33 (3.81)"

.59

Note: Data are presented as mean (SD).

*p-value from Friedman test; ®p-value from the Mann—-Whitney U test or GLM analysis (after adjusting for baseline value) for between-group analysis for the comparison of delta value; “'p <.005, *p < .05 based on a post

hoc analysis of Friedman test; fp < .05 based on the Mann—Whitney U test for between-group analysis at each time point.
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Table 2. Mood Status Before and After the Intervention

=27)

Probiotics (N

26)

Placebo (N

bp for A(Week 1
2-Week 0)

bp for A(Week 4—

Week 0)

Week 4 Week 12 ap-value

Week 0

Week 4 Week 12 ap-value

Week 0

.18
.04
39
12
.69

12
.10
27
.59
.88

.38
.10
12
.86
.66

20.74 (5.85) 20.33

.07

21.58 (6.68)
32.50 (11.46)
6.15 (5.72)
25.58 (6.25)*
15.54 (5.27)

5.45)

29.33

31.74 (11.77)

37
.74
.09
.39

13.17)
6.16)

6.96

27.52
14.67

7.59 (4.61)
28.59 (6.69)
14.78 (4.73)

7.20)*
5.41)

21.38
31.73
6.23

26.08

7.26)

12.24)
5.87)
7.89)
6.54)

15.54

22.88

QoL

31.12

Stress

6.31
28.46

Depression

Positive affect

16.62

Negative affect

Quality of life.
*p-value from Friedman test; p-value from the Mann—Whitney U test for between-group analysis for the comparison of delta;

Note: Data are presented as mean (SD). QoL

'p <.005, *p < .05 based on a post hoc analysis of Friedman test; /p < .05 based on the

Mann-Whitney U test for between-group analysis at each time point.

Figure 2. Improved cognitive and mental functioning after probiotic
supplementation. (A) Change from baseline of cognitive performance score
in the mental flexibility test is shown. Reduction in the performance score
of mental flexibility indicates improved attention and executive function.
(B) Change from baseline of stress level is shown. Reduction in the change
indicates a reduced level of mental stress. Data are presented as mean (SEM).
*p < .05 based on the Mann-Whitney U test for the comparison analysis of
changes from baseline between the two groups.

Figure 3. Elevated level of serum BDNF after probiotic supplementation. (A)
Change from baseline of serum BDNF is shown. Data are presented as mean
(SEM). *p < .05 for time x treatment from a mixed-model analysis of variance.
(B) Scatter diagrams with regression lines show the relationship between
relative abundance of shifted gut bacteria after probiotic supplementation
and the level of serum BDNF Measurements were rank-normalized and
plotted separately for the placebo and probiotics group. Correlation
coefficient (R;) and p-values based on Spearman rank correlation analysis.
BDNF = Brain-derived neurotrophic factor.

probiotics on intestinal health and how they contribute to ameli-
orating cognitive and mental decline in the older adults. Our find-
ings demonstrate that probiotics have system-wide effects on the
gut-brain axis in healthy community-dwelling older adults by pro-
moting cognitive and mental health and changing the gut microbial
composition.

Emerging evidence has suggested that probiotics have consider-
able impacts on various cerebral functions through the regulation of
the gut-brain axis, but the current studies are mainly focused on pa-
tients with mild cognitive impairment, Alzheimer’s disease, and major
depressive disorder (29-32). However, while neurodegenerative dis-
orders and psychological distress are a common threat to well-being
in old age, nutritional intervention to prevent or delay age-associated
decline in brain function in the general older population is still
underexplored. In fact, there is only one report on the effects of
probiotic consumption in healthy older adults, showing that milk
fermented by Lactobacillus helveticus IDCC3801 improved cog-
nitive functions in healthy older adults (33). However, the sample
size was too small and the criteria for the study participants did
not represent the general population of older adults. Therefore, the
critical need for clinical studies in the general population has been
raised. To the best of our knowledge, this is the first well-controlled
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clinical study demonstrating system-wide effects of probiotics on the
gut—brain axis, which encompasses the large-scale analysis of the gut
microbiota and multiple aspects of brain functions in healthy older
population.

Randomized controlled trials (RCTs) are very challenging for sev-
eral issues but the most rigorous method, which provides the most
reliable evidence for clinical practice; however, there are few RCTs
specifically designed for older adults because it is difficult to recruit
older people, particularly community-dwelling older adults (34-36).
Therefore, older adults have been excluded from clinical trials and
most studies focused on older group of patients (36). In addition, it
is relatively hard to follow up and contact older people during a trial
which increases the risk of dropout and reduces compliance (36,37).
Despite these challenges, in the present study, participant compli-
ance was good as the average rate of compliance to intervention
was 96.5%, with a dropout rate of 15.9% only. Moreover, it is im-
portant to note that the present study recruited older adults without
diseases, not focusing on good responders to a treatment effect such
as patients with neurological disorders, which makes our findings
more applicable as a generalized health care strategy in community-
dwelling older population.

In the probiotics group, the gut microbial composition shifted
gradually, and the most relevant change was the reduction in
the abundance of bacteria that cause inflammation including
Eubacterium, Allisonella, and Prevotellaceae. It has been identified
that Eubacterium and Prevotellaceae species, which were significantly
reduced after probiotic consumption, are proinflammatory micro-
biota associated with autoimmune disease and chronic intestinal in-
flammation in mice (38,39). Of note, the genus Allisonella, whose
abundance was significantly reduced in the probiotics group, pro-
duces histamine, a biogenic monoamine inducing proinflammatory
response both centrally and systemically (40). Moreover, in patients
with Alzheimer’s disease, elevated levels of histamine stimulate
neuroinflammation via induction of low-grade systemic inflamma-
tion (40). Therefore, these findings may parallel our hypothesis that
probiotic supplementation in the older adults may negatively affect
inflammaging, a characteristic of chronic low-grade inflammatory
status in older adults, via the modulation of microbial composition.
However, further studies are required to assess whether the probiotic
supplementation affects immunological mechanisms.

The findings of the present study suggest that interaction between
the gut microbiota and the central nervous system may underlie the
improvements in cognitive and cerebral functioning upon probiotic
supplementation and explain the concomitant changes in peripheral
neuromodulators. BDNE, a neurotrophic factor vital for synaptic for-
mation, plasticity, and neuroimmune responses, has long been studied
to assess its critical role in learning, memory formation, and affective
disorders (41,42). Previously, the influence of diet and nutrition on
BDNF has been explored; and serum BDNF has been shown to be in-
creased in response to dietary supplements in humans. For example,
a 1-week of oral consumption of o-linolenic acid increased the level
of serum BDNF in healthy young adults (43). Also, a 6-week supple-
mentation with natural extracts rich in flavonoids and polyphenolic
compounds enhanced serum BDNF levels in physically active men
(44). In the present study, it was notable that the beneficial impact of
a 12-week probiotic intervention on serum BDNF levels was evident
in older population. More recently, BDNF has emerged as a pivotal
link in the gut-brain axis (41,42). Several studies demonstrated that
gut dysbiosis correlates with reduced expression of BDNF, which al-
ters cognitive function and triggers anxiety-like behavior in germ-free
animals (45,46), supporting a role of BDNF in the gut-brain axis.

Interestingly, we observed that the relative abundance of significantly
shifted gut microbes correlated with the level of serum BDNF in the
probiotics group only. This indicates that administration of pro-
biotics may affect the interaction between the gut microbiome and
the host BDNE, thereby improving brain functions. Overall, the evi-
dence from this study shows that the shifts in microbial community
mirrored changes in the cognitive and mental scores.

Several mechanisms could explain the interaction between changes
in abundance of commensal bacteria and brain function observed
in the probiotics group. First, it is plausible that the production of
neurotransmitters, such as y-Aminobutyric acid (GABA), dopamine,
acetylcholine, serotonin, by commensal bacteria, and neurochemicals
including BDNF, may directly or indirectly modulate cognition and
mood status (47). As shown in a previous study, probiotic adminis-
tration influences GABA receptor throughout the brain, with reduced
stress-induced anxiety- and depression-like behaviors in rodents (48).
Moreover, inflammation-mediated pathways might initiate the patho-
genesis of neurodegeneration via the microbiota—gut—brain axis. With
respect to inflammaging during normal aging, chronic low-grade in-
flammation in older adults may affect neuroinflammation by modu-
lating glial cells, which stimulates cognitive impairment (47). One of
the routes to translate systemic inflammatory signals into the brain
is stimulation of microglia by peripheral cytokines that cross the
blood-brain barrier, leading to a proinflammatory status in the brain
and dysregulation of neurological processes (47). Additionally, the
immunomodulatory roles of circulating immune cells in neuroplasticity
also affect the expression of BDNF (49,50). Therefore, it is plausible
that mitigation of inflammaging in older adults with probiotic inter-
vention might positively impact on cognitive and mental functions
via the modulation of BDNF signaling. Further studies are needed to
clearly demonstrate the effect of probiotics on inflammatory status
and gut microbiome at the functional level.

The present study is not without limitations. First, direct evidence
of improvement in peripheral and cerebral inflammation by probiotic
consumption is lacking, which might be the crucial interface linking
the gut—brain axis in the present study. Therefore, further mechanistic
studies might be needed to elucidate the role of probiotic supplementa-
tion by finding biomarkers to link the axis. Second, although cognitive
functions were evaluated by validated neuropsychological assessment
battery tasks taking at least 60 minutes per subject by a professionally
trained panel, psychological assessments of mood status were based
on the participants’ self-reporting; therefore, possible recall bias may
exist. Additionally, although our results indicated that the benefit of
3 months duration of probiotic intervention was evident, there were
no significant changes in some of the cognitive functions in the neuro-
psychological assessment battery in which we assume that the study
duration was not enough to monitor the improvements. Therefore,
further studies are required with a longer period of intervention.
Despite these limitations, this is the first study examining the effects of
probiotic supplementation on brain functions in community-dwelling
older adults. In conclusion, our study showed that probiotic supple-
mentation is beneficial for improving cognitive and mental health in
community-dwelling healthy older adults with changes in gut micro-
bial composition. These results provide evidence that probiotics have
health-promoting properties as part of a healthy diet in the general
population of independently living older adults.

Supplementary Material

Supplementary data are available at The Journals of Gerontology,
Series A: Biological Sciences and Medical Sciences online.
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