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. Theinterplay between food components and gut microbiota has been considered an important

. factor affecting the functionality of health-promoting foods. In this study, the effects of the probiotic

. Lactobacillus paracasei A221 on the functionality and bioavailability of kaempferol-3-o0-sophroside
(KP3S), a kaempferol-glucoside contained in kale, were investigated in vitro and in vivo. Unlike the type
strain NBRC15889, the A221 strain converted standard KP3S as well as the kaempferol-glucosides in
kale extract into kaempferol (KP). Using an intestinal barrier model, treatment with A221 significantly
improved the effects of kale extract on the barrier integrity in vitro. KP, but not KP3S, clearly induced

. similar effects, suggesting that KP contributes to the functional improvement of the kale extract by

: A221. Pharmacokinetics analyses revealed that the co-administration of A221 and KP3S significantly

. enhanced the amount of deconjugated KP in murine plasma samples at 3 h post-administration. Finally,

. the oral administration of KP to Sod1-deficinet mice, which is a good mouse model of age-related

. disease, clearly ameliorated various pathologies, including skin thinning, fatty liver and anemia. These

. findings suggest that Lactobacillus paracasei A221 is effective for enhancing the anti-aging properties

. of kaempferol-glucosides by modulating their functionality and bioavailability through the direct
bioconversion.

Recent studies on the health-promoting functionality of food have shown the importance of the interplay between
. the gut microbiota and several classes of food components, such as polyphenols or saponins!~%. One famous
. example is the triterpene saponin contained in the traditional Chinese medicinal herb ginseng (Panax ginseng
. Mayer). It has been reported that the bioavailability of ginseng saponins, called ginsenosides, is relatively low, and
. the gut microbiota are responsible for increasing the bioavailability as well as the pharmacological activities of
: these components®S,
It is well documented that certain intestinal bacteria are able to convert the ginsenoside Rb1, a major compo-
nent of ginseng, into the pharmacologically active component M1 (also referred to as Compound K)”-'°. One of
. the unique roles of gut microbiota is to hydrolyze the glucose moieties of Rb1 so that the produced metabolite,
M1, can be more bioavailable, exerting its pharmacological activity at different sites of the body. There are, how-
ever, inter-individual differences in the body'’s ability to produce M1''2. Thus, the standardization of such differ-
ences is of great importance in order to maximize ginseng’s potential health benefits in all individuals.
' Lactobacillus paracasei A221, a probiotic strain, was first isolated from a fermented food and found to be able
© to improve ginseng’s benefits'*'*. This strain is unique in its Rb1-hydrolyzing ability and can produce M1 with-
- out the help of other strains. Beta-glucosidase expressed in the A221 strain is suspected to be responsible for its
. hydrolyzing activity. Ingesting probiotics with a high hydrolyzing ability for certain classes of saponins might help

1R&D Group, Production Development Division, Nagase BeautyCare & Co., Ltd., 2-2-3 Murotani, Nishi-ku, Kobe,
Hyogo, 651-2241, Japan. *Department of Clinical Cell Biology and Medicine, Chiba University Graduate School
of Medicine, 1-8-1 Inohana, Chuo-ku, Chiba, 260-8670, Japan. *Department of Advanced Aging Medicine, Chiba
University Graduate School of Medicine, 1-8-1 Inohana, Chuo-ku, Chiba, 260-8670, Japan. Correspondence and
requests for materials should be addressed to T.S. (email: shimizut@chiba-u.jp)

SCIENTIFICREPORTS| (2018) 8:9239 | DOI:10.1038/s41598-018-27532-9 1


http://orcid.org/0000-0002-3351-3342
mailto:shimizut@chiba-u.jp

www.nature.com/scientificreports/

(a) (b) (c)

mAU mAU
75 1500
KP3S/- 1250 Kale/-
50 1000 1
CH,OH 750
OH 25 ] 500 4
OH
Y, 250 1
0+~ 0
OH 50 1 T T T T T 1500 T T T ’ T
cHon 1 | KP3S/A221 1250 | Kale/A221
Kaempferol-3-o-sophoroside (KP3S) 4, | 1000
] 750
20 \j 500
107 MA[ l 250
S - , B ’ | . |
75 1500
KP3S/NB 1250 3 Kale/NB
50 1000 3
Kaempferol (KP) 750
21 500
250
0__bh T T T T 0 T T T T
0 1 2
40001 Kaempferol (KP) 5 10 5 0 min
3000 4
2000
1000
0 T T T T
0 5 10 15 20 min

Figure 1. Effect of the Lactobacillus paracasei A221 strain on the bioconversion of kaempferol-3-o-sophoroside
(KP3S) and kale components. (a) Chemical structure of kaempferol-3-o0-sophoroside and schematic illustration
of the bioconversion into kaempferol (KP) by the A221 strain. (b) The A221 strain was incubated with KP3S for
72h, and the direct effect of A221 on the metabolism of KP3S was assessed with HPLC. (c) The A221 strain was
incubated in water extract of kale for 72 h and subjected to an HPLC analysis. Arrowhead indicates the peak of
KP.

modulate the functionality of traditional medicines like ginseng. However, despite mounting evidence supporting
the involvement of gut microbiota in the efficacy of Chinese medicinal herbs', studies on the interplay between
the gut microbiota and the components of more general foods, such as vegetables, are scarce.

Kale, a Brassica species, is a common vegetable consumed by Japanese people in their daily lives and is
reported to contain several flavonoid glucosides, such as kaempferol-3-o0-sophroside (KP3S) and kaempferol-
3-o0-sophoroside-7-o-glcuoside (KP3S7G)'¢-!8. Since these components are glucosylated, there may be hidden
functional potentials in these phytochemicals, and biological activities may be induced by the gut microbiota as
well as by certain types of unique probiotics.

In this study, the unique property of Lactobacillus paracasei A221 in the metabolism of kaempferol-glucoside,
namely KP3S, was investigated, and the relationship between the structural change of flavonoid-glucoside and
its functionality was assessed using the in vitro intestinal barrier model of the Caco-2 cell line. In addition, the
effect of A221 on the bioavailability of KP3S was also verified in vivo using C57/B6 mice. Finally, the effect of KP,
which is expected to be produced through the bioconversion of kaempferol-glucosides, was tested in hairless
Sod1-deficinet (Sod1~'~) mice, a good mouse model of aging phenotypes to obtain clues on the significant role of
KP in age-associated disorders.

Results

Probiotic Lactobacillus paracasei A221 converted KP3S into KP. Because numerous flavonoids,
such as kaempferol and quercetin, are usually contained in vegetables in the form of glucosides, their health-pro-
moting functionalities may be somewhat masked compared to their respective aglycones. To evaluate this possi-
bility, we investigated the need for the bioconversion of flavonoid glucosides by intestinal bacteria. The probiotic
lactic acid bacteria and kale, which has been reported to contain kaempferol-glcuosides such as KP3S and
KP3S7G, were chosen as the model bacteria and food material, respectively'”.

Before evaluating the change in kale’s components, the direct effect of lactic acid bacteria treatment on KP3S
was investigated (Fig. 1a). KP3S is composed of an aglycone and a disaccharide part, which is directly attached
to position 3 of the C-ring via O-linkage. The disaccharide part consists of two glucose molecules that are linked
to each other with beta-1,2 glycoside linkage, resulting in a sophoroside type disaccharide. Co-incubation of
this flavonoid glucoside with Lactobacillus paracasei A221 for 72h showed a specific peak at 19.5 min, which
corresponded to the peak of the aglycone KP (Fig. 1b). However, treatment of KP3S with Lactobacillus paracasei
NBRC15889, the type strain of Lactobacillus paracasei, showed no such changes, suggesting that the conversion
of KP3S into KP is strain-dependent.
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Figure 2. The LC-MS? analysis of the peak at 8.2 min for kale water extract. (a) The compound at 8.2 min was
purified and subjected to an HPLC analysis. (b) Full scan spectra (LC-MS) of the compound at 8.2 min as well as
LC-M$? and LC-MS? spectra are shown. Arrowhead indicates unique ions shown by LC-MS, LC-MS, and LC-
MS; analyses of KP3S7G. (c) The deduced chemical structure and fragment pattern of the compound at 8.2 min.

Because we detected a direct role of the A221 strain in the metabolism of KP3S, we next evaluated changes in
the components of kale. As stated in the Methods section, treating kale water extract with A221 for 72 h lead to
the disappearance of the main peak at 8.2 min and the appearance of a new peak of KP (Fig. 1c). For the peak at
8.2min, an LC-MS analysis revealed the chemical formula to be C33H,O,;, which corresponds to the formula of
KP3S7G. Further results of the LC-MS? analysis showed three fragmented ions of m/z 609, 429 and 285, suggest-
ing that the peak compound at 8.2 min was KP3S7G, the other type of kaempferol-sophoroside, with an addi-
tional glucose moiety at position 7 of kaempferol aglycone (Fig. 2). Kale water extract treated with NBRC15889
did not show any apparent changes. These results show that the A221 strain is able to convert KP3S and KP3S7G
in kale into aglycone by its unique beta-glucosidase activity.

A221 regulated the barrier-enhancing properties of kale water extract, including kaempferol-
glucosides. Using a Caco-2 intestinal barrier model, the efficacy of lactic acid bacteria-treated kale extracts
was investigated in a functional analysis. As shown in Fig. 3a, treating Caco-2 cells with NBRC15889-treated kale
extract or the kale extract without lactic acid bacteria treatment did not show any clear changes in the transepithe-
lial electrical resistance (TEER) values compared to the vehicle control group at any time intervals. A221-treated
kale extract, however, significantly increased the TEER values at 1.5, 3 and 6 h post-treatment, suggesting that the
efficacy of kale extract on the barrier integrity was enhanced by the treatment with this strain.

Because the involvement of unknown components from the A221 cell body was speculated, 50% ethanol
extract of A221 was prepared and subjected to the same assay. However, there were no apparent changes in the
TEER values with the treatment of A221 extract (data not shown), suggesting that the component of the A221 cell
body does not contribute to the change in the TEER. Since KP in the A221-treated kale extract might be involved
in the increase in the TEER value, Caco-2 cells were tested with either KP or KP3S, which is used hereafter as
a model glucoside in kale, to determine whether or not aglycone was superior to its sophorosides in terms of
increasing the barrier integrity. Figure 3b shows that KP significantly increased the TEER value in the Caco-2
model in a dose-dependent manner, whereas KP3S induced no apparent changes. In accordance with the above
experiment, treatment with A221-treated kale extract but not with NBRC15889-treated kale extract nor with
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Figure 3. The role of A221 in improving the barrier-enhancing property of kale water extract. (a) The intestinal
barrier-enhancing property was assessed for each test sample as described in the Methods section using a
Caco-2 in vitro model. The Caco-2 cell monolayer was differentiated and treated with test samples on the apical
side, and TEER values were recorded at the indicated time intervals. (b) KP and KP3S were administered

to Caco-2 cells, and the TEER values were recorded as in the previous experiment. *P < 0.05 vs. Vehicle.

**P < 0.01 vs. Vehicle.

vehicle-treated kale extract clearly induced tight junction formation, as assessed by an immunohistochemical
study using anti-claudin-4 and anti-occludin antibodies (Fig. 4a).

In the experiment using KP and KP3S, KP showed the clear accumulation of claudin-4 and occludin at the site
of the tight junction, while KP3S did not show such changes (Fig. 4b). These results suggest that the hydrolysis of
the disaccharide part in KP3S is needed to result in tight junction formation and barrier improvement in vitro,
and the A221 strain is involved in such processes.

Effects of A221 on the bioavailability of KP3S. In addition to their influence on biological activities, the
hydrolysis of glucosides has been considered a factor affecting the bioavailability of components like ginsenoside
in ginseng*. Because A221 was found to convert KP3S into KP, the administration of the A221 strain might also
modulate the bioavailability of KP3S. To investigate this possibility, the permeability of KP and KP3S was eval-
uated first using a Caco-2 model. As shown in Fig. 5a, the concentration of KP in the basolateral compartment
increased in a time-dependent manner when the intestinal model was treated by KP at the apical side. In contrast,

SCIENTIFICREPORTS | (2018) 8:9239 | DOI:10.1038/s41598-018-27532-9 4



www.nature.com/scientificreports/

(@)
Claudin-4 — Occludin

Kale/A221 Kale/NB Kale/A221 Kale/NB

b
v Claudin-4 Occludin

Figure 4. A221-treated kale water extract as well as KP promoted tight junction formation in a Caco-2
intestinal barrier model. (a) Differentiated Caco-2 cells were treated with each of the test samples for 6 h,
followed by fixation and immunohistochemical staining using anti-claudin-4 and anti-occludin antibody as
described in the Methods section. (b) In order to assess the important role of aglycone, either KP or KP3S was
administered to Caco-2 cells and processed in the same manner as (a).

neither KP3S nor KP was detected in the basolateral compartment in the KP3S-treated group, suggesting that the
sophoroside moiety has a hindering effect on the passive diffusion of KP3S through the Caco-2 cell layer.

Next, the direct effect of A221 strain on the bioavailability of KP3S was tested using male C57/B6 mice. After
a 16-h fasting period, KP3S was orally administered to each mouse weighing approximately 20 g by gavage at
0.42 mg dissolved in 200 ul of water, which corresponds to the administration of 21 mg/kg KP3S. In order to assess
the effect of the A221 strain, 25 mg of freeze-dried powder was administrated along with KP3S, and the whole
plasma was collected at 0, 3 and 6h for each experimental group. The plasma samples were then subjected to
beta-glucuronidase and sulfatase treatment in order to liberate free aglycone, with the resulting KP quantified by
an HPLC analysis. As shown in Fig. 5b and c, the plasma samples of the group that received the co-administration
of KP3S with the A221 strain showed a significant increase in the amount of deconjugated KP at 3h compared
with the group treated without the A221 strain.

Based on the results of the in vitro permeability assay using Caco-2 cells mentioned above, the promotion of
KP3S bioconversion by the A221 strain was strongly suspected to be involved in the improvement of its bioavaila-
bility. To confirm the reduction of KP3S and the appearance of KP, 0.42 mg of KP3S was co-incubated with 25 mg
of A221 freeze-dried powder in microtubes for 3h at 37°C and then subjected to an HPLC analysis. Figure 5d
shows the reduction of KP3S at the retention time of 12.5min and the clear appearance of KP at 19.5 min by the
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Figure 5. The effect of the A221 strain on the bioavailability of KP3S. (a) An in vitro study on the permeability
of KP and KP3S using the Caco-2 intestinal barrier model was carried out. KP and KP3S were administered

to Caco-2 cells on the apical side at 28.6 and 61 mg/ml, respectively, and the concentration of each chemical

in the basolateral compartment was quantified by an HPLC analysis. **P < 0.01 vs. initial (Oh). (b) The effects
of A221 administration on the bioavailability of KP3S were assessed using C57/B6 mice with the protocol
described in the Methods section. Deconjugated KP in the plasma sample was quantified by an HPLC analysis
at different time points. *P < 0.05 vs. KP3S. (c) Representative HPLC chromatograms of a plasma sample are
shown for the group treated with only KP3S and the group treated together with A221. Arrowhead indicates
the peak of deconjugated KP, and BA indicates the peak of Biochanin A. (d) The bioconversion of KP3S into
KP was confirmed in microtubes by incubating A221 with KP3S in the same sample preparation for the in vivo
administration experiment. Arrowhead indicates the peak of KP.

treatment with A221 dry powder. These results indicate that A221 contributes to the bioavailability of KP3S by
directly converting the substrate into the more permeable aglycone KP.

Effects of long-term treatment of KP in a dermatological aging mouse model. To address the
significance of KP in terms of the biological activity in vivo, the long-term administration of KP was carried out
in hairless Sod1~/~ mice, a good mouse model of chronological aging including dermatological thinning!*-2.
Fatty liver is also reported in Sod1-deficient mice?. The oral administration of KP to these mice at 10 mg/kg for 8
weeks significantly improved the thickness of the overall skin, as shown in Fig. 6a,b. The thinning of the dermis
was clearly attenuated by the treatment of KP. Furthermore, the liver weight, the number of red blood cells, and
the levels of plasma 8-isoprostan, which is a marker of oxidative stress, were also significantly ameliorated com-
pared with the group without KP treatment (Fig. 6¢), indicating that KP has great potential as a biological active
component for suppressing various age-associated pathologies caused by oxidative damage.

Discussion

This study was designed to clarify the effect of the probiotic Lactobacillus paracasei A221strain on the properties
of flavonoid glucosides, such as kaempferol-glucoside, from the perspective of functional improvement and the
bioavailability of food-derived phytochemicals. In this study, this strain was found to convert KP3S into KP, and
this process was suggested to be involved in the improvement of kale’s functionality in terms of intestinal barrier
strengthening in vitro, since KP clearly increased the TEER value and tight junction formation whereas KP3S
did not. This is consistent with the findings reported by Suzuki et al., who found that KP enhances the intestinal
barrier function in vitro®. In view of the structural difference, KP possesses the free hydroxyl functional group
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Figure 6. KP ameliorates the pathological phenotypes of Sod1~'~ mice. (a) KP was orally administered for eight
weeks to male Sod1~/~ mice at 10 mg/kg, and skin sections were prepared. Hematoxylin and eosin staining was
carried out, and representative images were shown for the different subjects in each groups. (b) The thickness

of whole skin, epidermis, and dermis were quantified and compared among groups. (c) The effects of KP
administration on the ratio of liver/body weight, the number of red blood cells, and the amount of 8-isoprostans
were quantified and compared among groups. *P < 0.05 vs. KO Vehicle. **P < 0.01 vs. KO Vehicle.

at position 3 in the C-ring, while that of KP3S is used for the glucoside linkage. Additional studies will help clar-
ify whether or not the hydroxyl functional group on the C-ring is participating in the barrier-enhancement of
Caco-2 cell monolayer by KP.

Because approximately 10-15 pM of KP was contained in the A221-treated kale extract sample, as determined
in an HPLC analysis, and the extent of increase in TEER value treated with 10 uM KP was still lower than that in
the A221-treated kale group, other unknown components might also be involved in the functional improvement
of kale water extract. As such, the cell body extract of A221 was also tested for the TEER analysis. However, no
clear changes were observed. Further analyses are required to clarify other factors affecting the intestinal TEER
value and tight junction formation induced by A221-treated kale water extract.

The ability of A221 to influence the bioavailability of KP3S was also investigated by an experiment using C57/B6
mice. The plasma samples were compared in order to measure the deconjugated KP between the experimental group
that received the co-administration of A221 and KP3S and that without A221. The results revealed a significant
increase in the amount of KP in the former group at 3h post-administration. In addition, the permeability of KP was
found to be superior to that of KP3S in Caco-2 barrier models. As reported by Makino et al., quercetin glucosides
with unique disaccharides, such as gentiobioside, showed difficulty in being hydrolyzed by rat intestinal epithelium,
suggesting that its intestinal uptake is relatively low?. Since KP3S possesses sophoroside, which has a unique beta-
1,2 glycoside bond, KP3S may need to be hydrolyzed by intestinal bacterium before absorption by the intestine, like
ginsenoside Rb1, which also possess the same sophoroside moiety at position 3 in its steroidal structure.

Substantial effort has been undertaken to improve the flavonoid bioavailability, and structural changes in
flavonoid glucosides have been proposed as important factors influencing their absorption?. These findings sug-
gest that the A221 strain may contribute to the bioavailability of KP3S by promoting the hydrolysis of flavonoid
glucosides to achieve a more-permeable aglycone form.
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Of note: the mice without A221 administration still showed deconjugated KP in their plasma samples
(Fig. 5¢). Given the diversity of commensal bacteria species in the intestine, certain types of intestinal bacteria
might be responsible for the basal absorption of KP through the spontaneous hydrolysis of KP3S. Indeed, the fecal
sample of mice without A221 treatment still showed KP3S-hydrolyzing ability (data not shown). However, a more
detailed study will be required to confirm which bacteria have KP3S-hydrolyzing potential and to see if there are
inter-individual differences in the bioavailability of KP3S, like ginsenoside saponin, of which the bioavailability
depends on the individual intestinal environment!!2,

Finally, the biological effect of KP aglycone was investigated using Sod1~/~ mice through oral gavage adminis-
tration, and clear ameliorations not only in the skin thinning but also in the liver weight as well as the number of
red blood cells were observed. Although the precise mode of action by KP was not clear, these results suggest that
promoting the production of KP from KP3S might have an important role in the enhancement of KP3S anti-aging
activity in vivo.

The experimental results obtained in this study suggest that the function and bioavailability of flavonoid glu-
cosides might be modulated by the intestinal microflora, like Rb1 ginsenoside saponin. It is documented the
disaccharide part of rutin, a flavonoid glucoside with the rutinose part added at position 3 of quercetin, affects its
bioavailability””. On one hand, it is reported that some Lactobacillus strains can hydrolyze the rutinose moiety of
rutin, suggesting that such intestinal bacteria can modulate its bioavailability and pharmacological activities®.
There is also a report by Uskova et al. that the biological activity of rutin was improved by co-administration with
Lactobacillus casei 114001%. Furthermore, Hesperidin, a flavonoid glucoside contained in citrus fruits, possesses
the same disaccharide as rutin at position 7 of hesperetin, and some of the Bifidobacterium strains are reported
to show hydrolyzing activities for the rutinose moiety*. Thus, the roles of intestinal bacteria are diverse and con-
sidered important not only in the field of herbal medicine but also in the field of more general foods, including
Brassica vegetables, as discussed in this paper.

Given these findings, this study provides for the first time insight into the potential benefit of cer-
tain Lactobacillus strains, particularly A221, in the improvement of the functionality and bioavailability of
kaempferol-glucoside through the bioconversion into KP. Further analyses are desired to address whether or not
KP is a central player in the biological activity of KP3S and whether or not the simultaneous administration with
A221 strain generates beneficial outcomes in aging mouse models.

Methods

Chemicals. Standard chemicals of kaempferol (KP) and kaempferol-3-o-sophoroside (KP3S) were purchased
from Extrasynthese (Lyon, France) and Chengdu Biopurify Phytochemicals, Ltd. (Sichuan, China), respectively.
Biochanin A, beta-glucuronidase and sulfatase were all obtained from Sigma-Aldrich (St. Louis, MO, USA).
Anti-claudin-4 (ab15104) and secondary antibodies of goat anti-rabbit IgG FITC (ab6717) were purchased from
Abcam (Cambridge, UK). Anti-occludin antibody (#711500) and goat anti rabbit IgG Alexa fluor 594 (#R37117)
were purchased from Thermo Fisher Scientific (Waltham, MA, USA).

Microorganism and culture medium.  Lactobacillus paracasei A221 was isolated from a fermented food
as previously described'® and was provided by Nagase BeautyCare & Co., Ltd. This strain is deposited in the
International Patent Organism Depository, National Institute of Technology and Evaluation (Kisarazu, Chiba
292-0818, Japan) as FERM BP-10123. The strain was cultured in Lactobacilli Inoculum Broth (Nissui, Tokyo,
Japan) and seeded onto an MRS agar plate for colony isolation. Lactobacillus paracasei NBRC15889 was obtained
from NBRC bank and propagated as the A221 strain. For the preparation of the freeze-dried powder of A221,
cells were cultured for 48 h and collected by centrifugation, and the resulting cell pellet was then subjected to the
freeze dry apparatus.

Preparation of lactic acid bacteria-treated kale extracts. Raw kale leaf was crushed with a blender,
and 120 g of blended leaf was soaked into 400 ml of distilled water. The mixture was heated at 80 °C for 1.5h to
extract water soluble components. The solution was then divided into 3 flasks, each of which contains 100 ml of
kale water extract. For the preparation of A221-treated kale extract, 1 x 10 cfu of the A221 strain was inoculated
into the kale water extract and kept at 37 °C for 72 h. The mixture was freeze-dried once and then re-extracted
with 50% ethanol. After evaporating the solvent, the residue was reconstituted with distilled water and
freeze-dried to obtain powder of A221-treated kale extract. The same procedure was applied for the NBRC15889
strain-fermented kale extracts. For the non-treated kale extracts, autoclaved distilled water was added instead of
lactic acid bacteria culture solutions. At the point of evaluation, all samples were reconstituted in 50% ethanol at
50 mg/ml for the stock solution.

High-performance liquid chromatography (HPLC) analyses.  To monitor the effect of lactic acid bac-
teria treatment on the component of the kale, the stock solution of each obtained extracts was subjected to an
HPLC analysis (LCsolution; Shimazu, Kyoto, Japan) using a 3.9 x 150-mm pBondasphere C18 column (Waters,
Milford, MA, USA). The following gradient elution was used: solvent A, 2.0% acetic acid; solvent B, acetonitrile.
The following gradient system was used: from 5% B at 0min to 20% B at 10 min and then to 80% B at 25 min.
HPLC was performed at a flow rate of 1.0 ml/min and monitored at 365 nm. On the HPLC analysis, the peak
of KP was confirmed at 19.5 min. To identify the peak at 8.2 min, the water extract of kale leaf was subjected to
polyamide C-200 (Wako Pure Chemical Industries, Osaka, Japan) column chromatography for purification. The
fraction containing the peak was then separated by column chromatography using TOYOPEARL HW40S (Tosoh
Bioscience, Tokyo, Japan). LC-MS? was conducted for the purified compound, and a parent ion of m/z 771 as well
as fragmented peak ions of m/z 609, 429 and 285 indicating KP3S7G were all measured in negative-ion mode
according to the report by Ferreres et al.'°.
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To investigate the effect of lactic acid bacteria on the metabolism of KP3S, lactic acid bacteria strains were
inoculated in 4 ml of Lactobacilli Inoculum Broth (Nissui) and cultured for 72 h. At the end of the culture, 1 ml
of bacteria suspension was transferred to a 1.5-ml tube and centrifuged to obtain a cell pellet. The standard KP3S
was reconstituted in autoclaved distilled water at 50 ug/ml, and 100 ul was added directly to the cell pellet. The
samples were kept at 37 °C for 72 h, adjusted to 50% ethanol concentration, and finally subjected to the HPLC
analysis.

Freeze-dried powder of A221 was also prepared in the metabolism analysis of KP3S in conjunction with the
experiment on the bioavailability of KP3S in vivo. In this experiment, 0.42 mg of KP3S was treated with or without
25mg of A221 freeze-dried powder in 200 ul of autoclaved water and incubated for 3h at 37°C in 1.5-ml micro-
tubes. After that, the samples were adjusted to 50% ethanol concentration and subjected to an HPLC analysis.

The evaluation of the intestinal barrier function in vitro. Caco-2 cells obtained from ATCC
(Manassas, VA, USA), were grown in Dulbecco’s modified Eagle’s medium (GIBCO; Thermo Fisher Scientific)
supplemented with 10% fetal bovine serum (FBS), 50 pg/ml of streptomycin and 50 ug/ml of penicillin at 37°C
under 5% CO,. For the intestinal barrier evaluation, Caco-2 cells were seeded onto a 12-well Thincerts plate
(Greiner Bio-one, Monroe, NC, USA) at 1 x 10° cells/well. Cells were grown for 14 days for differentiation, with
the culture medium replaced every 3 days. Once the in vitro intestinal barrier model had been established, the
culture medium containing either non-treated kale extract, A221-treated kale extract or NBRC15889-treated kale
extract was added to the cup of the cell monolayer and incubated for the indicated period. For the vehicle group,
ethanol was added at the final concentration of 1%. The TEER values were measured using Millicell (Millipore,
Billerica, MA, USA) at each interval, and the percentage of increase compared to the initial values was recorded.
For the evaluation of KP and KP3S, the same procedure was applied.

For the assessment of the permeability using the Caco-2 barrier model, KP and KP3S were reconstituted in
DMEM at 28.6 and 61 mg/ml, respectively, both of which were adjusted to 100 uM. Each sample (500 uL) was then
applied to the apical side of the Thincert wells. Basolateral samples (100 uL) were then collected at the indicated
time intervals, and ethanol was added to each sample to make a 50% ethanol concentration. The samples were
then subjected to an HPLC analysis to quantify the amount of KP or KP3S in the basolateral culture medium.

Immunohistochemistry. Caco-2 cells were seeded into 2-well slide chambers (NUNC) at 1 x 10° cells/well
and subjected to differentiation. After differentiation, the cells were exposed to either non-treated kale extract,
A221-treated kale extract or NBRC15889-treated kale extract at 1 mg/ml for an additional 6 h. Ethanol was used
at the final concentration of 1% for the vehicle control group. KP and KP3S were added to the cells at 100 uM
and DMSO was used at the final concentration of 0.1% for the vehicle control group. The cells were then fixed
with an ice-cold mixture of acetone and methanol (1:1). After wash out with PBS, the cells were treated with PBS
containing 5% goat serum for 2h at room temperature to block nonspecific signals. Rabbit anti-claudin-4 or
rabbit anti-occludin was added to the cells at 1:200 overnight, after which secondary anti-body treatment (goat
anti-rabbit IgG FITC for claudin-4 and goat anti rabbit IgG Alexa fluor 594 for occludin) was performed for 2 h at
room temperature. Once slides were prepared, the cells were imaged at 300 x by fluorescent microscopy.

In vivo experiment for the bioavailability of KP3S. Al of the animal experiments performed in this
study were approved by the ethics committee of Chiba University based on their internal guidelines. After a 1-week
acclimatization period, all male C57/B6 mice (C57BL/6N]Jcl; CLEA Japan, Tokyo, Japan) were subjected to a 16-h
fasting period. After that, they were subdivided into two groups. One group received 0.42 mg of KP3S, which
was reconstituted in 200 ul of autoclaved distilled water, by a single gavage treatment. The other group received
KP3S together with 25 mg of A221 freeze-dried powder, which was also reconstituted in water with KP3S. Whole
blood samples were then collected at 0, 3 and 6 h post-administration, followed by plasma preparation (n=6 per
each time points). Each plasma sample was adjusted to 400 ul with distilled water and spiked with Biochanin A
as an internal standard at a final concentration of 0.02 mg/ml’!. After adding 0.1 volume of 0.58 M acetic acid,
beta-glucuronidase and sulfatase were added to each plasma sample at final concentrations of 4 x 10° units/L
and 1.5 x 10° units/L, respectively, and incubated at 37 °C for 2h for deconjugation.

Each sample was then subjected to solvent extraction with 7.5 volume of acetone and dried under N, gas.
Finally, the extracts were reconstituted with 400 ul of ethanol and subjected to an HPLC analysis. For the stand-
ard, sequential dilutions of KP were prepared in 400 pl of distilled water, and Biochanin A was spiked into each
dilution. The same procedure as for plasma was applied to the standard preparation, which was then subjected
to an HPLC analysis. Deconjugated KP was quantified, and the concentration in the plasma was calculated after
adjustment, with the dilution rate depending on the initial plasma sample volumes.

The evaluation of the bioactivity of KP in hairless Sod1-deficient mice. The method for preparing
hairless SodI~/~ mice has been described elsewhere!. For the experiment of KP in vivo, five-week-old male mice
were divided into three groups (n==8 mice per group): a wild-type vehicle control group, Sod1~/~ vehicle con-
trol group and Sod1~/~ KP group. KP was administered orally with gastric gavage at 10 mg/kg daily for 8 weeks.
Distilled water was administered to mice in vehicle control group. At the end of the administration, mice were
sacrificed, and whole blood was collected. The number of red blood cells was then measured with an automatic
hematology analyzer (Celltac MEK-4150; Nihon Kohden, Tokyo, Japan). In addition, the liver weight was meas-
ured to evaluate the effect of KP. Skin specimens was subjected to hematoxylin and eosin staining to measure the
thickness of the epidermis and dermis.
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Statistical analyses. For the in vitro intestinal barrier experiment, Dunnett’s test was conducted between
vehicle control and tested groups at each time interval. For the experiments of in vivo bioavailability of KP3S,
Student’s t-test was applied to evaluate the difference between administration with KP3S and that with the A221
strain. In the experiment using hairless Sod1~/~ mice, statistical analyses were performed by a one-way analysis
of variance followed by Tukey’s test. P < 0.05 was considered significant.

References

1. Cardona, F, Andres-Lacueva, C., Tulipani, S., Tinahones, F. J. & Queipo-Ortuno, M. I. Benefits of polyphenols on gut microbiota
and implications in human health. ] Nutr Biochem 24, 1415-1422, https://doi.org/10.1016/j.jnutbio.2013.05.001 (2013).

2. Marin, L., Miguelez, E. M., Villar, C. J. & Lombo, F. Bioavailability of dietary polyphenols and gut microbiota metabolism:
antimicrobial properties. Biomed Res Int 2015, 905215, https://doi.org/10.1155/2015/905215 (2015).

3. Braune, A. & Blaut, M. Bacterial species involved in the conversion of dietary flavonoids in the human gut. Gut Microbes 7,216-234,
https://doi.org/10.1080/19490976.2016.1158395 (2016).

4. Leung, K. W. & Wong, A. S. Pharmacology of ginsenosides: a literature review. Chin Med 5, 20, https://doi.org/10.1186/1749-8546-
5-20 (2010).

5. Choi, K. T. Botanical characteristics, pharmacological effects and medicinal components of Korean Panax ginseng C A Meyer. Acta
Pharmacol Sin 29, 1109-1118, https://doi.org/10.1111/j.1745-7254.2008.00869.x (2008).

6. Wang, H. Y., Qi, L. W,, Wang, C. Z. & Li, P. Bioactivity enhancement of herbal supplements by intestinal microbiota focusing on
ginsenosides. Am J Chin Med 39, 1103-1115, https://doi.org/10.1142/S0192415X11009433 (2011).

7. Tawab, M. A,, Bahr, U,, Karas, M., Wurglics, M. & Schubert-Zsilavecz, M. Degradation of ginsenosides in humans after oral
administration. Drug Metab Dispos 31, 1065-1071, https://doi.org/10.1124/dmd.31.8.1065 (2003).

8. Hasegawa, H. Proof of the mysterious efficacy of ginseng: basic and clinical trials: metabolic activation of ginsenoside:
deglycosylation by intestinal bacteria and esterification with fatty acid. ] Pharmacol Sci 95, 153-157 (2004).

9. Wang, C. Z. et al. Ginsenoside compound K, not Rb1, possesses potential chemopreventive activities in human colorectal cancer. Int
J Oncol 40, 1970-1976, https://doi.org/10.3892/ij0.2012.1399 (2012).

10. Shao, X. et al. Protective effect of compound K on diabetic rats. Nat Prod Commun 10, 243-245 (2015).

11. Kim, K. A. et al. Comparative analysis of the gut microbiota in people with different levels of ginsenoside Rb1 degradation to
compound K. PLoS One 8, €62409, https://doi.org/10.1371/journal.pone.0062409 (2013).

12. Wan, J. Y. et al. Significant difference in active metabolite levels of ginseng in humans consuming Asian or Western diet: The link
with enteric microbiota. Biomed Chromatogr 31, https://doi.org/10.1002/bmc.3851 (2017).

13. Hasegawa, H. & Benno, Y. Clinical evaluation of probiotic Lactobacillus paracasei A221 for standardizing ginseng-hydrolyzing
potentials of human intestinal bacteria. J Trad Med 23, 42-46 (2006).

14. Kitaoka, K. et al. Fermented ginseng improves the first-night effect in humans. Sleep 32, 413-421 (2009).

15. Chen, E et al. Could the gut microbiota reconcile the oral bioavailability conundrum of traditional herbs? ] Ethnopharmacol 179,
253-264, https://doi.org/10.1016/j.jep.2015.12.031 (2016).

16. Ferreres, E, Llorach, R. & Gil-Izquierdo, A. Characterization of the interglycosidic linkage in di-, tri-, tetra- and pentaglycosylated
flavonoids and differentiation of positional isomers by liquid chromatography/electrospray ionization tandem mass spectrometry. J
Mass Spectrom 39, 312-321, https://doi.org/10.1002/jms.586 (2004).

17. Cartea, M. E., Francisco, M., Soengas, P. & Velasco, P. Phenolic compounds in Brassica vegetables. Molecules 16, 251-280, https://
doi.org/10.3390/molecules16010251 (2010).

18. Schmidst, S. et al. Identification of complex, naturally occurring flavonoid glycosides in kale (Brassica oleracea var. sabellica) by high-
performance liquid chromatography diode-array detection/electrospray ionization multi-stage mass spectrometry. Rapid Commun
Mass Spectrom 24, 2009-2022, https://doi.org/10.1002/rcm.4605 (2010).

19. Shibuya, S. et al. Collagen peptide and vitamin C additively attenuate age-related skin atrophy in Sod1-deficient mice. Biosci
Biotechnol Biochem 78, 1212-1220, https://doi.org/10.1080/09168451.2014.915728 (2014).

20. Watanabe, K. et al. Superoxide dismutase 1 loss disturbs intracellular redox signaling, resulting in global age-related pathological
changes. Biomed Res Int 2014, 140165, https://doi.org/10.1155/2014/140165 (2014).

21. Shibuya, S. et al. Palladium and platinum nanoparticles attenuate aging-like skin atrophy via antioxidant activity in mice. PLoS One
9, 109288, https://doi.org/10.1371/journal.pone.0109288 (2014).

22. Watanabe, K., Shibuya, S., Ozawa, Y., Izuo, N. & Shimizu, T. Resveratrol Derivative-Rich Melinjo Seed Extract Attenuates Skin
Atrophy in Sod1-Deficient Mice. Oxid Med Cell Longev 2015, 391075, https://doi.org/10.1155/2015/391075 (2015).

23. Uchiyama, S., Shimizu, T. & Shirasawa, T. CuZn-SOD deficiency causes ApoB degradation and induces hepatic lipid accumulation
by impaired lipoprotein secretion in mice. J Biol Chem 281, 31713-31719, https://doi.org/10.1074/jbc.M603422200 (2006).

24. Suzuki, T., Tanabe, S. & Hara, H. Kaempferol enhances intestinal barrier function through the cytoskeletal association and
expression of tight junction proteins in Caco-2 cells. ] Nutr 141, 87-94, https://doi.org/10.3945/jn.110.125633 (2011).

25. Makino, T. et al. Enzymatically modified isoquercitrin, alpha-oligoglucosyl quercetin 3-O-glucoside, is absorbed more easily than
other quercetin glycosides or aglycone after oral administration in rats. Biol Pharm Bull 32, 2034-2040 (2009).

26. Thilakarathna, S. H. & Rupasinghe, H. P. Flavonoid bioavailability and attempts for bioavailability enhancement. Nutrients 5,
3367-3387, https://doi.org/10.3390/nu5093367 (2013).

27. Hollman, P. C. et al. The sugar moiety is a major determinant of the absorption of dietary flavonoid glycosides in man. Free Radic Res
31, 569-573 (1999).

28. Beekwilder, J. et al. Characterization of Rhamnosidases from Lactobacillus plantarum and Lactobacillus acidophilus. Appl Environ
Microbiol 75, 3447-3454, https://doi.org/10.1128/ AEM.02675-08 (2009).

29. Uskova, M. A, Kravchenko, L. V., Avrenjeva, L. I. & Tutelyan, V. A. Effect of Lactobacillus casei 114001 probiotic on bioactivity of
rutin. Bull Exp Biol Med 149, 578-582 (2010).

30. Amaretti, A., Raimondi, S., Leonardi, A., Quartieri, A. & Rossi, M. Hydrolysis of the rutinose-conjugates flavonoids rutin and
hesperidin by the gut microbiota and bifidobacteria. Nutrients 7, 2788-2800, https://doi.org/10.3390/nu7042788 (2015).

31. Barve, A. et al. Metabolism, oral bioavailability and pharmacokinetics of chemopreventive kaempferol in rats. Biopharm Drug Dispos
30, 356-365, https://doi.org/10.1002/bdd.677 (2009).

Acknowledgements

We thank Drs. Shuichi Shibuya and Naotaka Izuo (Department of Advanced Aging Medicine, Chiba University
Graduate School of Medicine, Chiba, Japan) for their helpful discussion. This work was supported by grants from
Nagase BeautyCare & Co., Ltd.

SCIENTIFICREPORTS | (2018) 8:9239 | DOI:10.1038/s41598-018-27532-9 10


http://dx.doi.org/10.1016/j.jnutbio.2013.05.001
http://dx.doi.org/10.1155/2015/905215
http://dx.doi.org/10.1080/19490976.2016.1158395
http://dx.doi.org/10.1186/1749-8546-5-20
http://dx.doi.org/10.1186/1749-8546-5-20
http://dx.doi.org/10.1111/j.1745-7254.2008.00869.x
http://dx.doi.org/10.1142/S0192415X11009433
http://dx.doi.org/10.1124/dmd.31.8.1065
http://dx.doi.org/10.3892/ijo.2012.1399
http://dx.doi.org/10.1371/journal.pone.0062409
http://dx.doi.org/10.1002/bmc.3851
http://dx.doi.org/10.1016/j.jep.2015.12.031
http://dx.doi.org/10.1002/jms.586
http://dx.doi.org/10.3390/molecules16010251
http://dx.doi.org/10.3390/molecules16010251
http://dx.doi.org/10.1002/rcm.4605
http://dx.doi.org/10.1080/09168451.2014.915728
http://dx.doi.org/10.1155/2014/140165
http://dx.doi.org/10.1371/journal.pone.0109288
http://dx.doi.org/10.1155/2015/391075
http://dx.doi.org/10.1074/jbc.M603422200
http://dx.doi.org/10.3945/jn.110.125633
http://dx.doi.org/10.3390/nu5093367
http://dx.doi.org/10.1128/AEM.02675-08
http://dx.doi.org/10.3390/nu7042788
http://dx.doi.org/10.1002/bdd.677

www.nature.com/scientificreports/

Author Contributions

Author’s roles: Y.S., Y.O. and T.S. designed the research. Y.S., Y.O., K.I. and T.T. performed the research. Y.S., Y.O.,
T.T. and T.S. analyzed the data. Y.S., Y.O. and T.S. discussed the hypothesis and interpreted the data. Y.S. and T.S.
wrote and edited the article. T.S. coordinated and directed the project.

Additional Information
Competing Interests: Yosuke Shimojo and Kentaro Igami are employees of Nagase BeautyCare & Co., Ltd.
Other authors declare no competing financial interests. The authors declare no non-financial interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

SE ] icense, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2018

SCIENTIFICREPORTS | (2018) 8:9239 | DOI:10.1038/s41598-018-27532-9 11


http://creativecommons.org/licenses/by/4.0/

	Probiotic Lactobacillus paracasei A221 improves the functionality and bioavailability of kaempferol-glucoside in kale by it ...
	Results

	Probiotic Lactobacillus paracasei A221 converted KP3S into KP. 
	A221 regulated the barrier-enhancing properties of kale water extract, including kaempferol-glucosides. 
	Effects of A221 on the bioavailability of KP3S. 
	Effects of long-term treatment of KP in a dermatological aging mouse model. 

	Discussion

	Methods

	Chemicals. 
	Microorganism and culture medium. 
	Preparation of lactic acid bacteria-treated kale extracts. 
	High-performance liquid chromatography (HPLC) analyses. 
	The evaluation of the intestinal barrier function in vitro. 
	Immunohistochemistry. 
	In vivo experiment for the bioavailability of KP3S. 
	The evaluation of the bioactivity of KP in hairless Sod1-deficient mice. 
	Statistical analyses. 

	Acknowledgements

	Figure 1 Effect of the Lactobacillus paracasei A221 strain on the bioconversion of kaempferol-3-o-sophoroside (KP3S) and kale components.
	Figure 2 The LC-MS3 analysis of the peak at 8.
	Figure 3 The role of A221 in improving the barrier-enhancing property of kale water extract.
	Figure 4 A221-treated kale water extract as well as KP promoted tight junction formation in a Caco-2 intestinal barrier model.
	Figure 5 The effect of the A221 strain on the bioavailability of KP3S.
	Figure 6 KP ameliorates the pathological phenotypes of Sod1−/− mice.




