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Abstract

The traditional and local edible brown algae Ecklonia cava subspp. kurome (EK) and stolonifera (ES) are rich in minerals,
phlorotannins (brown algal polyphenols), and water-soluble dietary fibres (alginate, laminaran, and fucoidans). These dried
powders increase not only alginate- and laminaran-degrading Bacteroides acidifaciens- and B. intestinalis-like bacteria but
also Faecalibaculum. To elucidate the effect of EK and ES ingredients, other than dietary fibres, on gut microbiota, 100 mL
of ethanolic/aqueous extract solutions (EK-S, ES-S; final solvent was distilled water) were prepared from 100 g of dried sam-
ples. EK-S and ES-S contained total phenolic contents of 160 and 120 pmol phloroglucinol equivalent mL!, respectively. A
diet containing 5% (v/w) EK-S or ES-S was fed to ICR mice for 14 days. Amplicon sequencing of the 16S rDNA (V4) gene
revealed that EK-S and ES-S increased Faecalibaculum abundance 2-fold and more, and this was the predominant genus
(37-38%) in mice. However, the abundances of B. acidifaciens- and B. intestinalis-like bacteria did not increase. Akkermansia
muciniphila-like bacteria were higher in EK-S-fed mice. Faecalibaculum and Akkermansia are regarded as desirable gut
commensals correlated with anti-inflammatory and immunomodulatory effects on the host’s health. These results suggest

that phlorotannins have beneficial functional effects on indigenous gut bacteria responsible for host health.
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Introduction

Hundreds of bacterial species inhabit the human gut and
are an important component of the gut microbial ecosystem
(Collela et al. 2023). In addition, their metabolism can affect
host health. For example, they may alleviate or exacerbate
lifestyle-related and chronic diseases (Swaby et al. 2023).
The gut microbiota is influenced by many factors including
lifestyle and diet, the latter of which has a pronounced and
immediate impact (Tcherni-Buzzeo 2023). The gut microbi-
ota are rapidly and significantly affected by diet within days
to a week prior to the appearance of lifestyle disease markers
and symptoms (David et al. 2014; Zmora et al. 2019).
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The body generates reactive oxygen species (ROS) such as
superoxide anion (O,") radicals, hydrogen peroxide (H,0,),
hydroxyl (OH) radicals, nitric oxide (NO), and singlet oxy-
gen (102) during breathing (Andrés et al. 2023). ROS are
essential for the immune system, but their overproduction
causes inflammation and a range of lifestyle-related, chronic,
and degenerative diseases, including respiratory, neurode-
generative, gastrointestinal, and cancer diseases (Sharma
and Mehdi 2023). There are several reports on antioxidant
components in foods that inhibit ROS generation (Pammi
et al. 2023). Though it is generally recognised that adequate
fibre intake has a positive effect on the intestinal microbiota,
desirable effects of dietary antioxidants, such as astaxanthin
for increased Akkermansia and curcumin for increased Rose-
buria, have been reported (Naliyadhara et al. 2023).

The brown algae of the family Lessoniaceae, genera Eise-
nia and Ecklonia, are known as 'kajime' in Japan. 'Kajime', a
speciality of various regions, has traditionally been used in
meals and is otherwise not used. Therefore, large amounts
of seaweed drift onto the coastline, which have a negative
impact on the environment and fishing industry. Ecklonia
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cava subspp. kurome (EK) and stolonifera (ES) are rich in
water-soluble polysaccharides (alginate, laminaran, and
fucoidan), phlorotannins (brown algal polyphenols), and
minerals and may have various health benefits (Kuda and
Ikemori 2009).

We found that studies in which dried EK and ES pow-
ders were administered to mice fed a high-sucrose, low-fibre
diet resulted in a marked increase in Bacteroides and Fae-
calibaculum in the caecum and a decrease in Allobaculum
(Fujita et al. 2023). In this study, EK and ES feeding led
to a significant increase in cecum volume and a decrease
in bile acids in the cecum. Although both genera belong
to Erysipelotrichaceae, Faecalibaculum is regarded as an
immunomodulatory murine gut commensal (Zagato et al.
2020) and Allobaculum is an obesity-positive related com-
mensal (Zheng et al. 2021). The increase in Bacteroides,
but not Faecalibaculum, was also observed when ferment-
able polysaccharides in brown algae, namely alginate and
laminaran, were given (Takei et al. 2020). Therefore, the
increase in Faecalibaculum might have been influenced by
components other than polysaccharides, such as phlorotan-
nins and minerals.

Although there are reports on the beneficial effects of
phlorotannins, such as bifidogenic activity (Vazquez-Rod-
riguez et al. 2021), these results were obtained from faecal
cultures and not in vivo. Different mineral mixture contents
in semi-refined diets and salt addition have been reported
to affect the caecal microbiota of mice, but no variation
in Faecalibaculum or Allobaculum has been observed
(Xia et al. 2022). In the present study, to investigate the
Faecalibaculum-promoting and Allobaculum-suppressing
compounds in EK and ES, ethanolic/aqueous extracts of
the algae were administered to mice fed a high-sucrose and
low-fibre diet. The caecal microbiota were analysed using
16S rDNA (V4) amplicon sequencing. The results showed
that EK and ES phlorotannins altered the gut microbial
composition and had potential applications as functional
food ingredients for enhancing human gastrointestinal
health.

Materials and methods
Preparation of ethanolic/aqueous extracts

Dried Ecklonia cava subsp. kurome products harvested in
Ise and Kyushu, Japan, were purchased from Satsumaya
Co. (Chiba, Japan). Dried Ecklonia cava subsp. stolonifera
products were purchased from Ofune Kaisan Co. (Aomori,
Japan). Dried Saccharina japonica holdfast (SJh) was
obtained from a fishing port in Fukushima (Hokkaido,
Japan). Brown algae was harvested, lightly rinsed in water,
and immediately subjected to sun-drying.
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The dried brown algae were pulverised using a blender
(Oster Urban Blender 450 W; Coleman Japan Co., Tokyo,
Japan) and sieved through a 1.0-mm mesh. Dried algae powder
(100 g) was added to 500 mL of 50% (v v ethanol and shaken
at 150 rpm at 50 °C for 30 min twice. After filtration through a
No. 2 filter paper (Advantec Toyo Kaisha, Japan) using an aspi-
rator, 200 mL ethanol was added to the filtered solution (400
mL). This was then centrifuged at 6000 X g for 10 min at 4 °C.
The resulting supernatant was concentrated to 100 mL using a
rotary evaporator. The extracted solutions were labelled EK-S,
ES-S, and SJh-S and were stored at -20 °C until further use.

Major ions and antioxidant properties
Major ions

Among the major five cations (Na*, K¥, NH,", Ca®", and
Mg?") and three anions (CI', PO,*, and SO,*), K*, NH,,
Ca**, Cr, PO43, and SO42' were measured using commercially
available kits from the series of Reagent Set for Water Analyzer
(LR-K, LR-NH4-A, LR-Ca-B, LR-Cl, LR-PO4, and LR-SO4,
respectively; Kyoritsu Chemical-Check Lab., Corp., Japan)
(Takei et al. 2017). Na* was measured using an Na™ ion meter
(LAQUA Twin B-721; Horiba, Japan). Mg2+ concentration was
determined using a commercial kit (Magnesium B-Test Wako;
Fujifilm Wako Pure Chemical Industries, Ltd., Japan).

Total phenolic content (TPC) and antioxidant capacities

The TPC of the aqueous extract solutions was determined
using the Folin—Ciocalteu method as previously reported
(Kuda and Ikemori 2009). TPC was expressed as phloro-
glucinol equivalents per millilitre (PGEq mL™). To evaluate
the antioxidant properties of the aqueous extract solutions,
1,1-diphenyl-2-picrylhydrazyl (DPPH) radical-scavenging
activity, superoxide anion (O,") radical-scavenging activity,
and ferric (Fe)-reducing power were determined as previ-
ously reported (Kuda et al. 2021). The antioxidant properties
were measured and recorded as pmol (+)-catechin/aqueous
extract solution equivalents per millilitre (CatEq mL™").

Effects of the ethanolic/aqueous extracts on mice
fed a high-sucrose and low-dietary fibre diet

Animal care

Animal experiments were performed in accordance with the
‘Fundamental Guidelines for Proper Conduct of Animal Experi-
ments and Related Activities in Academic Research Institutions’
under the jurisdiction of the Ministry of Education, Culture,
Sports, Science and Technology, Japan. The study protocol was
approved by the Animal Experiment Committee of Tokyo Uni-
versity of Marine Science and Technology (Approval No. R3-1).
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Thirty 5-week-old male Institute of Cancer Research
(ICR) mice (25 + 2 g) were purchased from Tokyo Labo-
ratory Animals Science Co. (Tokyo, Japan) and housed in
metal wire cages with a 12-h dark/light cycle at 22 + 2 °C.
The mice were acclimatised to a powder control (CT) diet
[50% (w w") sucrose, 15% corn starch, 5% cellulose, 20%
milk casein, 5% corn oil, 3.5% AIN-93 mineral mix, 1%
AIN-76 vitamin mix, 0.3% DL-methionine, and 0.2% cho-
line bitartrate] and provided with distilled water ad libitum.
After 7 days, the mice were divided into five groups: CT, NF
(no fibre), EK, ES, and SJh. The CT group was fed a diet
supplemented with 5% (v wl) distilled water (DW). The NF,
EK, ES, and SJh groups were fed a diet in which cellulose
from the CT diet was replaced with corn starch, with added
5% (v w'') DW, EK-S, ES-S, or SJh-S extracts for 14 days.
During feeding days 11-13, the defaecation frequency and
faecal weight were measured.

At the experimental endpoint, the mice were exsangui-
nated via the abdominal vein under isoflurane anaesthesia,
and the liver, kidneys, spleen, and epididymal fat pads were
removed and weighed. After ligation with yarn, the caecum
was excised and placed on ice until microbial analysis was
performed.

Plasma lipid and glucose levels and caecal bile acid content

Plasma triacylglycerol (TG), total cholesterol (TC), and glu-
cose (Glu) levels were determined using commercial kits
according to the manufacturer’s instructions (Triglyceride
E-Test Wako, Total Cholesterol E-Test Wako, and Glucose
C II-Test Wako, respectively; Fujifilm Wako Pure Chemi-
cals). The total bile acid (TBA) content in the diluted caecal
suspension for the direct cell count was determined using
a commercial kit (TBA-Test Wako, Fujifilm Wako Pure
Chemicals).

Analysis of caecal microbiota

The caecal contents (0.1g) were diluted using 4.9 mL of
phosphate-buffered saline (Nissui Pharmaceutical, Japan),
and the bacterial cell count was determined via dielectro-
phoretic impedance measurements (DEPIM) (Shikano et al.
2019) using a bacterial counter (PHC Ltd., Japan); 16S
rDNA (V4) amplicon sequencing was performed by Fas-
mac Co. Ltd. (Atsugi, Japan). Briefly, DNA was extracted
from 0.1 g of caecal samples and 1 mL of faecal culture
suspensions using an MPure bacterial DNA Extraction Kit
(MP Bio Japan, Japan). A DNA library was prepared using a
two-step polymerase chain reaction (PCR) method (Sinclair
et al. 2015).

The V4 region was amplified using the forward 515f
and reverse 806r primers and ExTaq HS DNA polymer-
ase (Takara Bio, Japan) in the first PCR (94 °C for 2 min;

followed by 20 cycles of 94 °C for 30 s, 50 °C for 30 s, and
72 °C for 30 s; and finally, 72 °C for 5 min). After purifica-
tion of the products using the AMPure XP Kit (Beckman
Coulter Life Science, Japan), individual DNA fragments
were tagged in the second PCR (94 °C for 2 min; followed
by 8 cycles of 94 °C for 30 s, 60 °C for 30 s, and 72 °C for
30 s; and finally, 72 °C for 5 min) using the same polymerase
kit. The DNA libraries were multiplexed and loaded onto an
Illumina MiSeq system (Illumina, San Diego, CA, USA).
Reads with a mismatched sequence in the start region
were filtered using the FASTX Toolkit (http://hannonlab.
cshl.edu/fastx_toolkit/) and 235-260 base-pair reads were
selected. Chimeras in the selected reads were identified and
omitted using the QIIME2 bioinformatics pipeline (https://
qiime2.org/). A feature table was generated using the dada2
denoise-paired option in the QIIME 2 plugin (Poncheewin
et al. 2020), and the sequences were clustered into amplicon
sequence variants (ASVs) using the SILVA 138 database
(https://www.arb-silva.de/). The obtained sequences were
deposited in the DDBJ Sequence Read Archive (DRA) under
the accession number DRA DRAO017128 (https://ddbj.nig.

ac.jp/).
Statistical analysis

Analysis of variance, followed by Tukey’s post hoc test
for in vitro and in vivo experiments, respectively, were
performed using the statistical software MEPHAS (http://
www.gen-info.osaka-u.ac.jp/testdocs/tomocom/). Statisti-
cal significance was set at p < 0.05. Alpha diversity of the
caecal microbiota was determined using Shannon—Wiener
(H'") and Simpson (D) indices (Kim et al. 2017). To estimate
the beta diversity and detect key bacterial groups, principal
coordinate analysis (PCoA) and linear discriminant analysis
(LDA) effect size (LEfSe) were performed using the Micro-
biomeAnalyst web service (https://www.microbiomeanaly
st.ca/).

Results
Major ions and antioxidant properties
Major ions

The salinities and major ions in the ethanolic/aqueous solu-
tions are summarised in Table 1. The salinities of EK-S,
ES-S, and SJh-S were 2.2 + 0.1%, 4.8 + 0.1%, and 5.6 +
0.4% (w/v), respectively. Among the major cations, the K*
concentration in the SJh-S and ES solutions (795 + 66 and
635 + 87 umol mL!) was higher than that in EK solution
(95 + 9 pmol mL™!). The Na* concentration was the highest
in ES-S (405 + 20 pmol mL"). The ratio of K* to Na* in
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Table 1 Major cations and

. . . E. kurome E. stolonifera S. japonica holdfast
anions in aqueous/ethanolic
extracts of Ecklonia cava Salnity (% w/v) 220£0.11° 4.83 +0.12° 5.60 + 0.36"
subsp. kurome, E. cava Cations (umol mL"))
subsp. stolonifera, and holdfast . H . . .
of Saccharina japonica K 95+9 635 + 87 795 + 66
Na* 125 +9¢ 405 + 20* 173 + 14°
Ca®* 13.7 +2.7° 342+ 1.1° 205+ 1.7°
Mgt 44+02° 155+ 0.7 9.0+ 1.7°
NH} 14 +0.1° 79£1.9 12.6 +1.2°
Anions(pmol mL)
Cr 64+ 8° 268 + 5° 349 4+ 2°
Noje 131+ 19° 9+ 15° 7+ 15°
Poi— 8.24 + 0.90* 1.34 + 0.09" 7.25 + 1.49%
Ratio of K to Na (K Na'!) 0.76 + 0.12° 1.57 +0.21° 4.58 +0.23*

Values are mean + standard deviation (SD, n =3).

#¢ Values with different superscript letters indicate significant differences at p < 0.05.

the SJh-S solution (4.6 + 0.2) was much higher than that in
the other solutions. Ca** and Mg2+ inES-S(34+1,16+£2
pmol mL!) were also higher than those in EK-S and SJh-S.
Although the dominant anion in the ES-S and SJh-S was
CI' (268 + 5, 349 + 12 pmol mL™), SO, was high in EK-S
(131 + 19 pmol mL™1).

TPC and antioxidant properties

TPC levels in the ethanolic/aqueous extract solutions of
EK-S and ES-S were 160 and 120 pmol PGEq mL™, respec-
tively (Fig. 1A). The DPPH radical-scavenging capacity
was high in the EK-S and ES-S solutions (Fig. 1B). The
O, radical-scavenging capacity and Fe-reducing power
were the highest in EK-S, followed by ES-S (Fig. 1C, D).
The DPPH and O, radical-scavenging capacities and Fe-
reducing power correlated with the TPC results, expressed
as ¥ = 0.957, 0.981, and 0.993, respectively .
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Fig. 1 Total phenolic content (TPC, A), DPPH and superoxide anion
radical- scavenging capacities (B, C), and Fe-reducing power (D) of
ethanolic/aqueous extract solutions from dried products of Ecklonia
cava subsp. kurome (EK-S), E. cava subsp. stolonifera (ES-S), and
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Body, faecal, and organ weights, and levels
of plasma lipids, plasma glucose, and caecal bile
acid

No disease symptoms or abnormalities were observed in
any of the mice during the feeding period. The mean initial
body weight of mice was 35-36 g (Table 2), and there was
no significant difference in body weight gain (9.1-11.4 g).
Defaecation frequency and faecal weight in the NF group
were 2-fold lower than those in the CT group. Although
faecal weight increased with EK-S and ES-S administration,
there were only minor differences. There was no significant
difference in organ weights between the NF group and mice
fed the extract solutions.

Although there were no significant differences in the
plasma lipid and glucose levels, the TC and glucose tended
to be lower in the EK group than in the NF group. EK-S
feeding reduced the caecal TBA by 5 fold.

[<Ys) 25 r a 2.5

£ 5

?:'O'_-'_,ZO--} a 352.0-3

g e S E

3.g st a0 & 15

tn-&(; Eg b

-8 S

8_010- _ggl.o

= <}

©E o E

L:.S_ T 3

— o =05

ON b [ c
0 - 0.0 M

EK-S ES-S SJh-S EK-S ES-S SJh-S

Saccharina japonica holdfast (Sjh-S). Values represent the means +
standard deviation (SD, n = 3). * Values with different superscript
letters indicate significant differences at p < 0.05.
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Table 2 Body, faecal, and organ weights, and content of plasma lipids
and glucose, and caecal bile acid in the mice fed control diet , no fibre
(NF) diet, and NF containing 5% (v/w) Ecklonia cava subsp. kurome

(EK), E. cava subsp. stolonifera (ES), or Saccharina japonica hold-
fast (SJh) ethanolic/aqueous solution

Control NF EK ES Sjh
Body weight (g)
Initial 350+ 1.6 36.0 +£0.6 358 +£0.5 36.0 +£0.6 36.0 £ 0.5
After 14 days 44.5 + 3.4 457+ 13 45.0 +0.7 474+ 1.6 450+23
Gain 14 days™! 95+ 1.9 9.8+0.8 9.2+0.8 114+ 1.1 9.1+1.9
Defecation
Frequency (n day™! mouse™!) 41 + 1° 22 +1° 26+ 1° 25+ 1° 23+ 1°
Weight (g day™! mouse™) 0.529 + 0.025° 0.209 + 0.008¢ 0.268 + 0.007% 0.302 + 0.013° 0.231 + 0.002¢¢
Organ weights (g)
Liver 2.476 + 0.250 2.702 +0.119 2.513 +0.100 2.798 + 0.134 2.742 + 0.157
Kidneys 0.580 + 0.030 0.554 +0.019 0.612 + 0.026 0.613 + 0.028 0.607 + 0.023
Spleen 0.098 + 0.008 0.106 + 0.007 0.093 + 0.009 0.101 + 0.003 0.108 + 0.007
Caecum 0.286 + 0.008% 0.318 + 0.022%® 0.352 + 0.019* 0.372 + 0.024 0.250 +0.014°
Epididymal fat pads 1.778 + 0.362 1.928 + 0.144 1.859 +0.235 2.038 + 0.284 1.735 £ 0.213
Plasma lipids and glucose (mg 100 mL™)
Tryacyl glycerol 139 + 26 132 + 16 129 + 12 137+ 8 126 £ 8
Total cholesterol 205 £ 15 222 + 10 203 + 15 232 + 11 205 + 16
Glucose 308 + 21 335+ 18 280 + 14 303 + 10 308 + 10
Caecal bile acid (pmol g!) 0.838 + 0.718% 1.022 + 0.274% 0.177 + 0.045° 0.402 + 0.090%° 1.009 + 0.171°

Values are mean =+ standard error of the mean (SEM, n =6).

¢ Values with different superscript letters indicate significant differences at p < 0.05.

Caecal microbiota
Total bacterial counts and microbiome diversity

The direct total bacterial cell count in the caecum of the mice
measured using DEPIM was approximately 10.3-10.7 log
cells g'!, which tended to be lower in the EK group, although
the difference was not significant (Fig. 2A). The total number
of reads was 65,000-79,000 (Fig. 2B), which was lower in the
CT group than in the other groups. The average number of
ASVs in the CT group was 150, which was 1.5-2-fold higher
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Fig.2 Direct cell count (A), total amplicon sequence read number
(B), amplicon sequence variant (ASV) number (C), and alpha diver-
sity indices (D, E) of the caecal microbiota in mice fed a control diet
(CT), no fibre diet (NF), and NF containing 5% (v/w) Ecklonia cava
subsp. kurome (EK), E. cava subsp. stolonifera (ES), or Saccharina
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than those in the NF, EK, and SJh groups (Fig. 2C). Compared
with the CT diet, alpha diversity indices [Shannon—Wiener
index (H') and Simpson’s index (D)] were lowered with diets
not containing cellulose (Fig. 2D,E).

Beta-diversity and LEfSe

PCoA at the genus level (Fig. 3A) revealed that the com-
position of the gut microbiota of the EK and ES groups,
not the Sjh group, differed from that of the NF group. EK
consumption further altered the composition of the gut
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plot represents the third quartile, median, first quartile, and mini-
mum values of six mice per treatment group. “° Values with different
superscript letters indicate significant differences at p < 0.05.
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Fig.3 Results of principal coordinate analysis (PCoA) (A) and lin-
ear discriminant analysis (LDA) effect size (LEfSe) plot (B) at the
genus level and composition of the caecal microbiota at the phylum
(C), family (D), and genus (E) levels in mice fed a control diet (Cont.,
CT), no fibre diet (NF), and NF containing 5% (v/w) Ecklonia cava

microbiome compared to ES consumption. Figure 3B shows
that the LDA score was 4.0 and higher at the genus level.
The LEfSe results suggest that Faecalibaculum, Bacteroides,
Akkermansia, Parasutterlla, Parabacteroides, and Alistipes
were EK- and ES-responsible gut indigenous genera.

Microbiota at the phylum, family, and genus levels

The caecal microbiota profile at the phylum, family, and genus
levels, expressed by relative abundance, is shown in Fig. 3C-
E. The predominant phylum in the CT group was Firmicutes
(81 £+ 2%), followed by Actinobacteriota (10 + 3%), Des-
ulfobacteriota (4.7 + 2.1%), and Bacteroidota (2.7 + 1.4%)
(Fig. 3C). The NF diet increased Actinobacteriota (23 + 3%)
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CT NF EK ES SJh

CT NF EK ES SJh

subsp. kurome (EK), E. cava subsp. stolonifera (ES), or Saccharina
Japonica holdfast (SJh) ethanolic/aqueous solution. *° Values with
different superscript letters indicate significant differences at p <
0.05.

and decreased Desulfobacteriota (0.31 + 0.13%) and Bacte-
roidota (0.43 + 0.13%). Compared with the NF diet, the EK
and ES diets increased Bacteroidota. (9.0 + 2.3% and 7.7 +
1.3%), Although not very abundant, EK-S increased Verru-
comicrobiota from 0.31 + 0.13% to 1.8 + 0.3%.

Among the Firmicutes, the predominant family in the
CT group was Erysipelotrichaceae (27 + 8%), followed
by Lachnospiraceae (17 + 6%), Lactobacillaceae (15 +
6%), and Streptococcaceae (15 + 2%) (Fig. 3D). Further,
the NF diet reduced Lachnospiraceae (1.9 + 0.5%). Com-
pared to the NF group, EK-S and ES-S decreased Strepto-
coccaceae from 9.9 + 1.6% to 5.3 + 0.9% and 4.6 + 0.5%,
respectively. Among the phylum Bacteroidota increased by
EK-S and ES-S, Bacteroidaceae was dominant, followed by
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Muribaculaceae. Almost all Actinobacteriota, Verrucomi-
crobiota, and Proteobacteria consisted of Bifidobacteriaceae,
Akkermansiaceae, and Sutterellaceae species, respectively.
Among the Erysipelotrichaceae found in the NF group,
Allobaculum (24 + 2%) and Faecalibaculum (18 + 4%) were
predominant (Fig. 3E). The Allobaculum count was suppressed
in the EK (13 + 1%) and ES (11 + 4%) groups. In contrast,
Faecalibaculum abundance was significantly higher in the EK
(39 = 2%) and ES (38 + 7%) groups than in the NF group.

ASV level

Figure 4 shows a heat map of the top 30 ASVs with a high
abundance and significant differences between groups by
abundance with a defined name using BLASTn in National
Center for Biotechnology Information (https://blast.ncbi.
nlm.nih.gov/Blast.cgi). In total, 10, 5, and 1 ASVs differed
between the NF and EK, ES, and SJh groups, respectively.
In the phylum Firmicutes, all three Allobaculum ASVs (ID-
2, 22, and 23) were dominant in the NF and SJh groups.
In contrast, three Faecalibaculum ASVs (ID-0, 16, and 17),
which were assumed to be F. rodentium-like bacteria, were
dominant in the EK and ES groups. In the phylum Bacte-
roidota, Phocaeicola vulgatus-like bacteria (ID-8 and 35)
were abundant in the EK and ES groups. Parabacteroides
goldsteinii-like bacteria (ID-33) were high in EK. An ASV of
Akkermansia (ID-19) and an ASV of Sutterellaceae (ID-25)

that were high in EK were defined as A. muciniphila- and
Parasutterella excrementihominis-like bacteria, respectively.
Three Bifidobacteria, which were increased in the NF diet
group, were defined as B. pseudolongum-like bacteria.

Discussion

The ratio of K to Na* (K:Na) is important for individuals
who take diuretics to control hypertension and experience
excessive K excretion (Little et al. 2023). Various plants
that require salt tolerance possess transport systems that
accumulate K* in their bodies (Chen et al. 2019). These
results suggest that SJh (Table 1) is a particularly promising
K*-supplying food.

The high TPC and strong antioxidant properties of EK-S
and ES-S observed in the present study (Fig. 1) corroborate
with previously reported results for hot water extracts of EK
and ES (Kuda and Ikemori 2009; Fujita et al. 2023). Phlo-
rotannins are phenolic compounds found in brown algae,
which are known for their powerful antioxidant effects,
along with other properties, such as anticancer, antiviral,
anti-inflammatory, and anti-diabetic abilities (Kuda et al.
2021; Shrestha et al. 2021; Pradhan and Ki 2023). These
activities are related to body, liver, and spleen weights.
Furthermore, the significant reduction in the gut bile acids
by EK, also observed in this experiment, may be related to
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Fig.4 Heat map of the top 30 selected abundant ASVs in the cae-
cal microbiota of mice fed control diet (CT), no fibre diet (NF), and
NF containing 5% (v/w) Ecklonia cava subsp. kurome (EK), E. cava

subsp. stolonifera (ES), or Saccharina japonica holdfast (SJh) etha-
nolic/aqueous solution. * Values with different superscript letters
indicate significant differences at p < 0.05.
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enterohepatic circulation and lipid metabolism (Collins et al.
2022). However, in this study, owing to the short adminis-
tration period, the only significant difference was in faecal
weight compared to that in the NF group, with an increasing
trend in caecal weight (Table 2).

The effects of these diets on the intestinal microbiota are
known to occur earlier than those caused by lifestyle changes
in various disease conditions (David et al. 2013). In a previ-
ous study, 5% (w w!) EK and ES powder-containing diets
significantly increased caecal weight that was 2.4 and 1.7
fold higher than that of the NF group (Fujita et al. 2023). The
main factors contributing to the increase in caecal weight are
assumed to be changes in osmotic pressure owing to the
water-holding capacity of soluble dietary fibres (alginate and
laminaran) and stimulation of intestinal epithelial cells by
gut fermentation (Nakata et al. 2016); moreover, the effect
of phlorotannins on intestinal metabolism may be involved.

The high and low abundances of the caecal Actinobacte-
riota (Bifidobacterium) and Bacteroidota, respectively, in the
NF mice in our study have also been observed in a previous
report (Kuda et al. 2017). Bifidobacterium was decreased
and Bacteroidota was increased by EK, ES, and SJh powders
(Fujita et al. 2023; Midorikawa et al. 2023). In this study,
although Bacteroidota were slightly increased by EK-S and
EK-S, Bifidobacterium was not reduced, suggesting that
these bacterial groups are more influenced by dietary fibre
than by the polyphenols in brown algae (Fig. 3). Among the
Bacteroidaceae species, Bacteroides acidifaciens-, Bacte-
roides intestinalis-, and Phocaeicola vulgatus-like bacteria
were increased by EK and ES (Fujita et al. 2023). Algi-
nate and laminaran intake increase caecal B. acidifaciens
and B. intestinalis, respectively, but not P. vulgatus (Takei
et al. 2020). The increased ASVs of P. vulgatus-like bac-
teria (ID-8 and 35 in Fig. 4) can be considered one of the
phlorotannin-responsible gut indigenous bacteria (RIB) in
ICR mice. P. vulgatus-like bacteria are also increased by
other brown algae rich in phlorotannins, such as Sargas-
sum horneri (Lee et al. 2022). There are several reports on
the correlation between the health functions of polyphenols,
such as quercetin, and gut P. vulgatus abundance (Etxeber-
ria et al. 2015), but there is no research on the relationship
between phlorotannins and gut P. vulgatus in vivo. P. vulga-
tus is a human and rodent gut indigenous bacteria, which is
beneficial in immunoregulation, obesity management, and
coronary artery disease interventions (Xu et al. 2023).

Among Erysipelotrichaceae, Allobaculum is positively
associated with multiple dietary- and lifestyle-related dis-
eases, including obesity and diabetes (Zheng et al. 2021).
This genus was suppressed by EK, ES, and SJh (Fujita et al.
2023; Midorikawa et al. 2023), and did not decrease with
alginate and laminaran (Takei et al. 2020). In the present
study, although Allobaculum tended to be low in EK-S and
EK-S (Fig. 3C), there may have been a combined effect
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of polyphenols and dietary fibres in brown algae. In con-
trast, caecal Faecalibaculum, which was estimated to be F.
rodentium-like bacteria, was increased by TPC-rich EK,
ES, and S. horneri, but not by alginate or laminaran (Takei
et al. 2020; Lee et al. 2022; Fujita et al. 2023). These results
suggest that F. rodentium-like bacteria is the most common
phlorotannin-RIB in ICR mice. Faecalibaculum rodentium
is regarded as a murine gut commensal that has a protec-
tive effect against intestinal tumours and is positively cor-
related with antioxidant and anti-inflammatory foods and
compounds, such as Sichuan pepper and glycine (Zagato
et al. 2020; Zhang et al. 2021; Xia et al. 2023).

Akkermansia is an important genus that maintains the
mucosal layer in its host (Cheng and Xie 2021). Its abun-
dance may negatively correlate with obesity and diabetes (Xu
and Feng 2020). Prebiotics that increase Akkermansia are
currently under research, with several reports indicating the
Akkermansia-increasing effects of polyphenols (Rodriguez-
Daza et al. 2021). In a previous study, EK, ES, and S. horneri
powders increased Akkermansia abundance, which was more
significant than that observed in the present study (Lee et al.
2022; Fujita et al. 2023). Akkermansia increased in mice fed a
high-fat diet supplemented with fucoidan (Zheng et al. 2020).
Furthermore, Parasutterella, which was abundant in the EK-S
group, is an anaerobic genus belonging to Betaproteobacteria.
Although the roles of Parasutterella in the gut environment
are unclear, the relative abundance of P. excrementihominis
has been associated with different host health outcomes, such
as inflammatory bowel disease, obesity, diabetes, and fatty
liver disease (Ju et al. 2019).

As previously mentioned, EK and ES powders signifi-
cantly increased F. rodentium-like bacteria and Akkermansia
and decreased Allobaculum in the murine caecum. How-
ever, F. rodentium-like bacteria and Akkermansia were
not increased by brown algal soluble dietary fibres such as
alginate and laminaran. The results of this study showed an
increase in F. rodentium-like bacteria following EK-S and
ES-S intake. Additionally, Akkermansia can be considered
a phlorotannin-RIB. These results evidenced that phloro-
tannins and RIBs have beneficial functional properties that
improve host health. These findings can guide the usage of
brown algae as a functional food for human gastrointestinal
health. Based on the results of this study, an analysis of the
composition of phlorotannins in different EK and ES species
and the effect of different types of phlorotannins on the gut
microbiota will be performed in the future.

Conclusion
To clarify the effects of EK, ES, and SJh on gut microbi-

ota, their ethanolic/aqueous extracts were used. Amplicon
sequencing revealed that the diets containing 5% (v w!)
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EK-S and ES-S, but not SJh-S, increased Faecalibaculum
significantly. This effect was observed in the diet containing
5% (w/w) EK and ES dried powder, but not with alginate,
laminaran, or SJh. In contrast, the alginate- and/or laminaran-
degrading bacteria, B. acidifaciens- and B. intestinalis-like
bacteria, were dominant in mice fed the EK, ES, and SJh diets.
Akkermansia muciniphila-like bacteria were also abundant in
the EK-S mice than in the NF mice. These suggest that phloro-
tannins and RIBs have beneficial functional properties on host
health. Hence, brown algae has potential use as a functional
food for improving human gastrointestinal health.
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