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ARTICLE INFO ABSTRACT

Keywords: Barley is rich in soluble dietary fiber including p-glucan and arabinoxylan. Barley p-glucan is fermented by gut
Barley bacteria and, thereby contributes to an effect on intestinal bacterial composition and short-chain fatty acids

Dietary fiber (SCFAs). It also increases GLP-1 secretion via SCFAs receptor. However, few studies have focused on barley

grgﬁj S;Tylan arabinoxylan. Therefore, we have investigated the effects of arabinoxylan from barley on intestinal ferment-
GLP-1 ability and GLP-1 secretion. C57BL/6J mice were fed a high-fat diet containing arabinoxylan-dominant barley

flour without f-glucan (bgl) and high p-glucan-containing barley flour (BF) for 12 weeks. We conducted oral
glucose tolerance test (OGTT) to measure insulin and GLP-1 concentrations. The concentration of SCFAs in the
cecum contents was also determined. Furthermore, we measured mRNA expression assay GLP-1 secretion using
real-time PCR. The OGTT result showed that GLP-1 concentrations at 60 min were increased in mice fed bgl and
BF. Acetic acid and total SCFAs concentrations in the cecum contents were increased in both the barley groups,
and butyric acid was increased in the bgl group. Furthermore, the bgl and BF groups had increased Gpr43, a
receptor for SCFAs, and NeuroD which is involved in L cell differentiation. These results show arabinoxylan as

Short-chain fatty acid

well as B-glucan is involved in the SCFAs-mediated increase in GLP-1 secretion upon barley consumption.

1. Introduction

Barley is a cereal rich in soluble dietary fiber, the main components
of which are p-glucan and arabinoxylan, both non-digestible poly-
saccharides. f-Glucan increases viscosity of digesta when it reaches the
small intestine and delays the absorption of other nutrients [1]. As a
result, postprandial blood glucose levels rise more slowly, and insulin
secretion is reduced, thus improving insulin resistance. Furthermore,
intake of barley p-glucan is also known to normalize blood cholesterol
levels by increasing the excretion of neutral and acidic sterols, thereby
suppressing visceral fat and serum cholesterol accumulation. A benefi-
cial effect of barley consumption has been shown, especially in obese
and hypercholesterolemic individuals [2,3].

Intestinal bacteria mainly ferment barley p-glucan in the cecum and
colon [4], and the effects of intestinal fermentation of barley f-glucan
have been studied. When f-glucan is fermented, short-chain fatty acids
(SCFAs) such as acetic acid, propionic acid, and butyric acid are pro-
duced as metabolites. A meta-analysis study summarizing 14 interven-
tion groups, including 205 participants aged 20-69 years, confirmed the

effect of grain intake on SCFAs production; the results showed that
cereal fiber intake increased total SCFAs (acetate, propionate, and
butyrate) [5]. These SCFAs are absorbed in the intestinal tract and
become a source of energy for the host. Moreover, SCFAs may also
stimulate the release of the incretin hormones glucagon-like protein 1
(GLP-1) via the G protein-coupled receptors 43 (Gpr43) in L-cells of the
gastrointestinal, endocrine cells. GLP-1 triggers secretion of insulin and
improves insulin resistance. Therefore, these previous studies imply that
intestinal fermentation of barley p-glucan suppress postprandial hyper-
glycemia via secretion of GLP-1.

Barley arabinoxylan is the second abundant cell wall polysaccharide
after p-glucan in barley [6]. Wheat bran contains high levels of arabi-
noxylan, while oats contain little [7]. Although levels vary depending on
the variety, barley arabinoxylan is present at 1.97-8.42% in the bran
and 0.70-2.13% in the endosperm [8,9]. A previous study showed that
intake of wheat-arabinoxylan modulated both gut microbiota and lipid
metabolism in obese mice [10]. However, these studies used arabinox-
ylan derived from wheat. Few studies have shown the physiological
function of arabinoxylan from barley on host metabolism. Since
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Table 1
Compositions of the experimental Control and barley diets.

(g/kg diet)

Control diet bgl diet BF diet
Casein 200.0 175.1 171.7
Corn starch 132.0 107.3 132.0
Dextrinized corn starch 197.5 0.0 13.9
Sucrose 100.0 100.0 100.0
Soybean oil 70.0 70.0 70.0
Lard 200.0 194.0 190.9
Cellulose 50.0 31.8 -
Beau Fiber (BF) - - 271.2
Shikoku hadaka S84 (bgl) - 271.2 -
AIN-93G mineral mixture 35.0 35.0 35.0
AIN-93 vitamin mixture 10.0 10.0 10.0
1-Cystine 3.0 3.0 3.0
Choline bitartrate 2.5 2.5 2.5
t-Butylhydroquinone 0.014 0.014 0.014

arabinoxylan and p-glucan have different molecular structures and vis-
cosity, there may be differences in fermentation profile in the gastro-
intestinal tract and the GLP-1 secretory response. Therefore, in this
study, C57BL/6J mice were fed arabinoxylan-dominant barley, which
does not contain p-glucan, and barley flour, which contains high levels
of p-glucan. The main purpose of this study was to investigate the effects
of arabinoxylan from barley on intestinal fermentability and GLP-1
secretion.

2. Materials and methods
2.1. Sample preparation and analysis

We used high-p-glucan barley (“Beau Fiber” (BF)) and f-glucan-free
barley (“Shikoku-hadaka 84~ (bgl)). The nutritional composition of each
barley flour is shown in Supplemental Table 1. The concentration of
B-glucan in barley flour was determined by the AOAC 995.16 methods
[11]. Total dietary fiber was determined by AOAC 991.43 methods [12].
Proteins were analyzed using Kjeldahl method [13]. Lipid were extrac-
ted by acid hydrolysis with hydrochloric acid. Extracted lipids were
dried using a rotary evaporator, and their yield was calculated. Soluble
dietary fiber fractions (SDF) were extracted from BF and bgl flour and
analyzed for saccharide composition (Supplemental Fig. 1). 100 ml of
hexane was added to 10 g of barley flour, and the mixture was stirred for
8 h. The residue was then collected by centrifugation, and hexane was
removed. This defatted barley flour was used to extract the SDF
following a previous study [14]. Ten times the volume of distilled water
was added to the residue and adjusted to pH 10 with NayCOs. The so-
lution was then centrifuged, and the resulting supernatant was adjusted
to pH 4.5 with 2 M HCl and centrifuged again. Two times the volume of
ethanol was added to the supernatant with stirring, and the solution was
left overnight to precipitate the gum material. The next day, the solution
was centrifuged and resulting residue was washed with ethanol on glass
filter to obtain barley SDF. SDF was acid-degraded with sulfuric acid to
extract monosaccharides, and the neutralized solution was analyzed
using GC/MS.

2.2. Animals and research design

The animal protocol was approved by the Animal Research Com-
mittee of Otsuma Women’s University (Tokyo, Japan), and implemented
with regulations (No. 21003). We used four-week old C57BL/6J male
mice purchased from Charles River Laboratories Japan, Inc. (Yokohama,
Japan). Each mouse was acclimatized for 7 days on standard chow diet
(NMF, Oriental Yeast Co., Ltd., Shiga, Japan) in plastic cages on a 12-h
light/dark cycle (lights on at 7:30) at a temperature of 22 + 1 °C and
humidity of 50 + 5%. After acclimatization, mice were randomly
divided into three groups according to their body weight. Mice were
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individually placed and then fed the experimental diet and water ad
libitum for 12 weeks. The composition of the experimental diet is shown
in Table 1. The experimental diets were 50% fat energy and prepared by
the addition of lard to the AIN-93G diet. The control diets (C) were
supplemented with insoluble fiber cellulose to give a total dietary fiber
content of 5%. p-Glucan-free barley diets (bgl) and high-p-glucan barley
diets (BF) were supplemented with bgl and BF to give the same fiber
content as the C group. During the experimental study, the food intake
and body weight of mice were monitored two or three times a week. In
the 11th week of the study period, OGTT was performed. Each mouse
was fasted for 8 h, and then orally given 20% glucose solution as 1.5 g/
kg body weight. Blood samples were collected from the tail at 0 (fasted),
15, 30, 60, and 120 min after administration of glucose solution and
blood glucose levels determined using enzymatic methods (Glutest Ace
R, Sanwa Kagaku Kenkyusyo Co., Ltd). The concentrations of total GLP-1
and insulin were determined at 0, 15, 30, and 60 min after adminis-
tration of glucose solution using Enzyme-Linked Immunosorbent Assay
(ELISA), namely the Mouse Insulin ELISA Kit (Shibayagi Co., Ltd.) and
the GLP-1 ELISA kit (FUJIFILM Wako Pure Chemical Corporation),
respectively. The area under the blood concentration-time curve (AUC)
was calculated using the values of blood glucose, insulin, and total GLP-
1 obtained for each period. On the last day of the examination, mice
were sacrificed by isoflurane/CO, anesthesia after fasting for 8 h. The
weights of liver, cecal contents, and adipose tissue were measured. Cecal
contents were stored at —30 °C until SCFA analysis. Ileum were stored in
RNA later RNA Stabilization Reagent (Qiagen) at —30 °C until real time-
PCR analysis.

2.3. Short-chain fatty acids (SCFAs) in cecum contents

The concentration of SCFAs and organic acids in cecal contents of the
mice were determined using GC/MS (GC/MS, 7890B GC system equip-
ped with a 5977A MSD; Agilent) according to a previous study [15]. The
concentrations of SCFAs were calculated by comparing their peak areas
with the internal standard (100 pM crotonic acid).

2.4. Real-time PCR about L cell function

Total RNA in the ileum was extracted using a RNeasy Mini Kit
(Qiagen), and cDNA synthesized from RNA. Expression of mRNA
relating to L cell function was determined by real-time PCR using an
Applied Biosystems Quant3 Real-Time PCR System and PowerUp SYBR
Green Master Mix (Thermo Fisher Scientific). RNA primer sequences are
shown in Supplemental Table 2. The 22T method was used for rela-
tive mRNA expression analysis. We used 36B4 as a reference gene and
calculated ACT compared to 36B4. Next, we calculated AACT as the
difference between ACT for the C group and other groups (bgl, BF) in
terms of cDNA solution added to each primer. Relative expression levels
are presented as fold changes relative to the C group (arbitrary units).

2.5. Counts of gut microbiota in cecal digesta

The counts of major gut microbiota in the cecum were analyzed by
real-time PCR according to a previous study [16]. Total DNA of the
cecum digesta was extracted using QIAamp® Fast DNA Stool Mini kit
(Qiagen). DNA was mixed with PowerUp SYBR Green Master Mix and
bacterial primers at the genus level (Supplemental Table 3). This
mixture solution was amplified, and threshold cycle (Ct) values ob-
tained. Similarly, we prepared standard DNA solution by serially
diluting each standard bacterial strain, amplified and obtained Ct values
(Supplemental Table 3). A calibration curve was prepared from the Ct
values of the standard strains, and colony-forming units (CFU) in the
cecum digesta calculated.
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Fig. 1. Soluble fiber composition of barley flours, feed intake of mice fed
experimental diet, and blood glucose and GLP-1 responses during OGTT (A)
Compositional analysis of water-soluble fiber fractions extracted from bgl and
BF flours. (B) Feed intake of mice fed a high-fat diet containing bgl and BF for
12 weeks. (C-D) Glycemic response and AUC during OGTT performed at week
11 of the study. (E-F) Concentration of GLP-1 in the OGTT performed at week
11 of the study and AUC calculated from 30 min to 60 min. Results are shown as
the mean + SE (n = 8 mice per groups). *p < 0.05, **p < 0.01, {p = 0.06;
assessed with Dunnett’s multiple comparison test with the C group.

2.6. Statistical analysis

All statistical analysis was performed using R studio software (ver.
1.3.1093; R-Tools Technology Inc., Richmond Hill, ON, Canada). Sam-
ple sizes were calculated from our previous study mice data which was
based on differences in cecum total SCFAs concentrations of 3.2 pmol/g
with a standard deviation (SD) of 2.0 pmol/g [17]. The sample size was
then calculated with the result that 7 mice were required in total (type I
error () = 0.05, 1 — g = 0.80); a total of 24 mice were used, n = 8 per
group. All data are presented as mean =+ standard error of the mean (SE).
Significant differences between the experimental groups were deter-
mined by Dunnett’s multiple comparison test with the control group. A p
value < 0.05 is considered statistically significant.

3. Results

3.1. Compositional analysis of water-soluble fiber fractions extracted
from barley flour

Soluble fiber components of different varieties of barley were
analyzed using GC/MS (Fig. 1A, Supplemental Table 4). Glucose, which
is the p-glucan fraction, accounted for 84.4% of the total SDF in BF; in
bgl was 35.7%. Because bgl flour does not contain B-glucan (Supple-
mental Table 1), the glucose fractions in bgl may be derived from
another soluble fiber. Arabinose and xylose, which are the arabinoxylan
fractions, accounted for 4.9% and 8.3% of BF; bgl were 20.4% and
40.4%, respectively. A previous study reported arabinose and xylose
ratios of 26.3% and 38.3%, respectively, for whole-grain barley
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Fig. 2. Cecum weight and concentration of SCFAs in cecum contents of mice
(A) Cecum weight of mice with cecum contents. (B) Concentration of SCFAs in
cecum contents of mice. Results are shown as the mean + SE (n = 8 mice per
groups). *p < 0.05, **p < 0.01, {p = 0.06; assessed with Dunnett’s multiple
comparison test with the C group.

extracted with alkali [18], results which are mostly consistent with this
study. Therefore, SDF of BF had a high purity of p-glucan, and bgl had
high arabinoxylan.

3.2. Arabinoxylan contributes to the increase in GLP-1 secretion upon
barley flour consumption

C57BL/6J mice were fed a high-fat diet with bgl and BF flour for 12
weeks. There was no difference in food intake of the mice that consumed
each test diet with them consumed equivalent amounts of energy
(Fig. 1B). Final weight, body weight gain, food efficiency ratio, and
abdominal fat were significantly lower in the BF group compared to the
C group (p < 0.05) (Supplemental Table 5). In the OGTT, blood glucose
levels during fasting, after glucose solution administration at 30 min and
AUC were significantly lower in the BF group compared to the C group
(p < 0.05) and tended to the lower at 60 min (p = 0.06) (Fig. 1C-D).
Insulin levels during fasting were significantly lower in the BF group
compared to the C group (p < 0.05) and tended to the lower at 15 min (p
= 0.06) (Supplemental Fig. 2A). There was no significant difference in
GLP-1 concentration at fasting and 15 and 30 min after glucose solution
administration. However, GLP-1 concentrations at 60 min were signifi-
cantly higher in the BF and bgl groups than in the C group (Fig. 1E). The
AUC from 30 to 60 min after glucose administration was significantly
higher in both the bgl and BF groups than in the C group (Fig. 1F).
Therefore, the increase in GLP-1 secretion caused by barley consump-
tion was a function not only of -glucan but also of arabinoxylan.

3.3. Barley flour intakes with different fiber sources increase short-chain
fatty acids

We investigated the effects of barley flour consumption on intestinal
fermentation. The weight of the cecum with contents significantly
increased in the BF group compared to the C group (p < 0.05), and the
bgl group also tended to increase (p = 0.10) (Fig. 2A). The concentra-
tions of acetate, succinate, and total SCFAs in the cecum content were
significantly higher in the bgl and BF groups compared to the C group (p
< 0.05) (Fig. 2B). The concentrations of butyrate and valerate were
significantly higher in the bgl group compared to the C group (p < 0.05).
Thus, both arabinoxylan and p-glucan in barley result in increased me-
tabolites in the gut. Furthermore, the observed increased in intestinal
bacteria differ with the different sources of soluble fiber. The counts of
Clostridum leptum group were significantly higher in the BF group
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Fig. 3. mRNA expression levels related to L-cell function in the ileum (A) mRNA expression levels of genes related to L cells in the ileum. (B) Correlation analysis
between mRNA expression levels for L cells and SCFAs. Numbers are correlation coefficients between each factor. Results are shown as the mean + SE (n = 8 mice per
groups). *p < 0.05, **p < 0.01; assessed with Dunnett’s multiple comparison test with the C group.

compared to the C group (p < 0.05). The counts of Lactobacillus were
significantly higher in the bgl group compared to the C group (p < 0.05)
(Supplemental Table 6).

3.4. Effect of each barley flour on the expression levels of genes involved
in GLP-1 secretion and L-cell differentiation

We investigated the level of mRNA for genes related to L cell function
and GLP-1 secretion in mice. Expression of Gpr43, a type of G protein-
coupled receptor, were significantly increased in the bgl and BF
groups compared to the C group (p < 0.05) (Fig. 3A). Expression of Pcl,
a rate-limiting enzyme that converts proglucagon (Pgcg) to GLP-1, was
significantly increased in the bgl and BF groups compared to the C group
(Fig. 3B). Expression of NeuroD, which is involved in L cell differenti-
ation was also significantly increased in the bgl and BF groups compared
to the C group (p < 0.05) (Fig. 3C). There was no significant difference in
the expression level of Ngn3 and Pgcg in each group (Fig. 3D-E).
Moreover, Pcl was positively correlated with acetate, butyrate, and
total SCFAs (p < 0.05). Similarly, NeuroD and Gpr43 were positively
correlated with butyrate (p < 0.05) (Fig. 3F). These results indicate that
arabinoxylan can affect L-cell differentiation and GLP-1 secretion genes
via an increase in SCFAs, even if barley does not contain p-glucan.

4. Discussion

In this study, we investigated the effects of barley arabinoxylan on
intestinal fermentability and GLP-1 secretion in mice fed p-glucan-free
barley. The results show that barley arabinoxylan intake increases
SCFAs in the intestine and enhances GLP-1 secretion, as does barley
B-glucan. Moreover, we show that barley arabinoxylan can affect L-cell
differentiation and GLP-1 secretion genes via increased SCFAs. To our

knowledge, the present study is the first to show an increase in GLP-1
secretion via increased SCFAs upon intake of arabinoxylan derived
from barley.

In the OGTT, GLP-1 levels were increased in the barley groups after
glucose administration. barley-fed to GLP-1 concentrations increased
dramatically in both barley-fed groups 60 min after glucose adminis-
tration, suggesting GLP-1 was efficiently secreted in response to elevated
blood glucose levels. A previous study indicated that C57BL/6J mice fed
barley flour (2% p-glucan) with a high-fat diet increased GLP-1 secretion
and improved insulin sensitivity [19]. Thus, barley flour high in
B-glucan may improve glucose tolerance through increased GLP-1
secretion. However, the effect was also observed for barley flour
which does not contain p-glucan (bgl group). A previous study reported
that overweight women (BMI 25.0-29.9 kg/m?) increased postprandial
GLP-1 by intake of a cereal containing arabinoxylan from wheat
compared to a low fiber cereal [20]. In contrast, another study showed
that pigs fed diets containing 5% arabinoxylan (from wheat) and 5%
B-glucan (from oats) did not change GLP-1 concentrations in OGTT [21].
These previous studies have used wheat-derived arabinoxylan in their
experiments. The present study is the first evidence that barley-derived
arabinoxylan intake increases GLP-1 secretion in the OGTT. However,
35.7% of the SDF extract of bgl likely due to glucose derived from
multiple polymers, except for f-glucan (Supplemental Table S4).
Therefore, these polymers may also have affected GLP-1 secretion.
Moreover, in the bgl group, the suppression of postprandial blood
glucose rise could not be confirmed. The discrepancy may be due to the
lower soluble fiber content in the bgl group compared to the BF group.
Because equal amounts of each barley flour were supplemented with the
experimental diets, the amount of soluble dietary fiber differed. More-
over, GLP-1 promotes insulin secretion in a glucose-dependent manner
[22], but insulin concentrations at 60 min of sugar administration did
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not increase in any group. Further studies are needed to determine the
effects of arabinoxylan and f-glucan on insulin secretion.

The present study shows that barley-derived arabinoxylan as well as
pB-glucan contributes to an increase in SCFAs. This can be attributed to
the fermentation properties of xylose and arabinose. A previous study
indicated that xylose increased butyrate in the ileum while arabinose
caused an increase in the colon [23]. Moreover, another study which
used a cumulative gas generation method using pig feces to examine the
kinetics of fermentation and end products after 48 h [24], showed that
the ratio of SCFAs product was similar for arabinoxylan and p-glucan
substrates. This study suggests that the increase in SCFAs upon barley
consumption is not necessarily dependent solely on p-glucan. Further-
more, the expression of the SCFAs receptor, Gpr43, was significantly
increased in both barley groups compared to C group. Activation of
Gpr43 is involved in SCFAs-stimulated GLP-1 secretion [25]. The posi-
tive correlation found between Gpr43 and butyrate and acetate data
(Fig. 3F) supports this hypothesis. Moreover, the mRNA expression level
of NeuroD was also significantly increased in the bgl and BF groups.
Increased GLP-1 secretion in the OGTT may be due to increased L-cell
counts in the ileum. In our previous study data indicated that high
p-glucan barley consumption increased ileal NeuroD and cecal GLP-1
pool size [26]. The current study shows similar results, suggesting that
barley-derived arabinoxylan may also increase L-cell numbers by
increasing SCFAs.

The microbiota in the cecal contents which increased in the BF group
was different to the C group showing increased Clostridium leptum group.
The Clostridium leptum group ferment indigestible carbohydrates to
produce SCFAs [27]. In contrast, the bgl group showed increased
Lactobacillus. Lactobacillus are resident anaerobic lactic acid bacteria
that heteroferment sugars and produce lactic acid and acetic acid [28]. A
previous in vitro study reported that arabinoxylan extract from wheat
supported the growth of Lactobacillus and Bifidobacterium and the
growth rate was higher than with inulin [29]. Another in vivo study
showed that rats fed high-fat diets supplemented with arabinoxylan
showed increased Lactobacillus in the colon [30]. The present study is
consistent with these previous studies by showing that arabinoxylan
from barley also selectively increased Lactobacillus spp. In this study,
different bacteria selectively fermented f-glucan and arabinoxylan. This
may be due to the difference in the fermentation rate or fermenting
substrates of arabinoxylan and p-glucan. The structure of fermentable
substrates, such as polymerization degree and molecular weight, affects
the fermentation rate [31]. Because Lactobacillus is an indigenous
anaerobic Lactobacillus, arabinoxylan may be mainly fermented in the
proximal colon. In contrast, because Clostridium leptum group is anaer-
obic, it is suggested that p-glucan may be fermented in the distal colon.
Future research is needed to clarify the fermentation characteristics of
arabinoxylan derived from barley flour. Moreover, previous in vivo study
indicated that in rats-fed barley flour rich in soluble fibers such as
B-glucan, resistant starch, and fructan caused increases in the fermen-
tation capacity of the entire digestive tract more than other barley flours
[4]. Therefore, barley flour rich in p-glucan and arabinoxylan may in-
crease the diversity of gut microflora. In conclusion, we demonstrate
that two fermentable dietary fibers in barley affect physiological func-
tion through intestinal fermentation.

Funding

This work was supported by the funding from Hakubaku Co., Ltd.
Declaration of competing interest

The authors declare the following financial interests/personal re-
lationships which may be considered as potential competing interests:
Seiichiro Aoe reports financial support was provided by Hakubaku Co.,

Ltd. Kento Mio reports a relationship with Hakubaku Co., Ltd that in-
cludes: employment.

Biochemistry and Biophysics Reports 32 (2022) 101343
Data availability
No data was used for the research described in the article.
Acknowledgements

The authors would like to thank the Editor of NAI, Inc. Provided
editorial support, including checking proofreading.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.bbrep.2022.101343.

References

[1] R. Chutkan, G. Fahey, W.L. Wright, J. McRorie, Viscous versus nonviscous soluble
fiber supplements: mechanisms and evidence for fiber-specific health benefits,

J. Am. Acad. Nurse Pract. 24 (2012) 476-487, https://doi.org/10.1111/j.1745-
7599.2012.00758.x.

[2] K.M. Behall, D.J. Scholfield, J. Hallfrisch, Diets containing barley significantly
reduce lipids in mildly hypercholesterolemic men and women, Am. J. Clin. Nutr.
80 (2004) 1185-1193, https://doi.org/10.1093/ajcn/80.5.1185.

[3] Y. Wang, S. V Harding, P. Eck, S.J. Thandapilly, T.H. Gamel, E.-S.M. Abdel-Aal, G.
H. Crow, S.M. Tosh, P.J. Jones, N.P. Ames, High-molecular-weight p-glucan
decreases serum cholesterol differentially based on the CYP7A1 rs3808607
polymorphism in mildly hypercholesterolemic adults, J. Nutr. 146 (2015)
720-727, https://doi.org/10.3945/jn.115.223206.

[4] S. Aoe, C. Yamanaka, M. Fuwa, T. Tamiya, Y. Nakayama, T. Miyoshi, E. Kitazono,
Effects of BARLEYmax and high-p-glucan barley line on short-chain fatty acids
production and microbiota from the cecum to the distal colon in rats, PLoS One 14
(2019), 0218118, https://doi.org/10.1371/journal.pone.0218118.

[5] J. Bai, Y. Li, W. Zhang, M. Fan, H. Qian, H. Zhang, X. Qi, L. Wang, Effects of cereal
fibers on short-chain fatty acids in healthy subjects and patients: a meta-analysis of
randomized clinical trials, Food Funct. 12 (2021) 7040-7053, https://doi.org/
10.1039/D1FO00858G.

[6] A.S. Hassan, K. Houston, J. Lahnstein, N. Shirley, J.G. Schwerdt, M.J. Gidley,

R. Waugh, A. Little, R.A. Burton, A Genome Wide Association Study of
arabinoxylan content in 2-row spring barley grain, PLoS One 12 (2017), e0182537,
https://doi.org/10.1371/journal.pone.0182537.

[7] T. Oda, S. Aoe, H. Sanada, Y. Ayano, Effects of soluble and insoluble fiber
preparations isolated from oat, barley, and wheat on liver cholesterol accumulation
in cholesterol-fed rats, J. Nutr. Sci. Vitaminol. 39 (1993) 73-79, https://doi.org/
10.3177/jnsv.39.73.

[8] J. Moza, H.S. Gujral, Influence of non-starchy polysaccharides on barley milling
behavior and evaluating bioactive composition of milled fractions, Food Chem. 218
(2017) 137-143, https://doi.org/10.1016/j.foodchem.2016.09.034.

[9] X. Zheng, L. Li, Q. Wang, Distribution and molecular characterization of p-glucans
from hull-less barley bran, shorts and flour, Int. J. Mol. Sci. 12 (2011) 1563-1574,
https://doi.org/10.3390/ijms12031563.

[10] A.M. Neyrinck, S. Possemiers, C. Druart, T. Van de Wiele, F. De Backer, P.D. Cani,
Y. Larondelle, N.M. Delzenne, Prebiotic effects of wheat arabinoxylan related to the
increase in bifidobacteria, roseburia and Bacteroides/prevotella in diet-induced
obese mice, PLoS One 6 (2011), €20944, https://doi.org/10.1371/journal.
pone.0020944.

[11] B. V Mccleary, D.C. Mugford, M.C. Camire, T.S. Gibson, K. Harrigan, M. Janning,
F. Meuser, P. Williams, Determination of 8-glucan in barley and oats by
streamlined enzymatic method: summary of collaborative study, J. AOAC Int. 80
(1997) 580-583, https://doi.org/10.1093/jaoac/80.3.580.

[12] S.C. Lee, L. Prosky, J.W. De Vries, Determination of total, soluble, and insoluble
dietary fiber in foods—enzymatic-gravimetric method, MES-TRIS buffer:
collaborative study, J. AOAC Int. 75 (1992) 395-416, https://doi.org/10.1093/
jaoac/75.3.395.

[13] J. Kjeldahl, Neue Methode zur Bestimmung des Stickstoffs in organischen Korpern,
Fresenius’ Z. fiir Anal. Chem. 22 (1883) 366-382, https://doi.org/10.1007/
BF01338151.

[14] P.J. Wood, J. Weisz, P. Fedec, V.D. Burrows, Large-scale preparation and properties
of oat fractions enriched in f-glucan, Cereal Chem. 66 (1989) 97-103.

[15] K. Atarashi, T. Tanoue, K. Oshima, W. Suda, Y. Nagano, H. Nishikawa, S. Fukuda,
T. Saito, S. Narushima, K. Hase, S. Kim, J. V Fritz, P. Wilmes, S. Ueha,

K. Matsushima, H. Ohno, B. Olle, S. Sakaguchi, T. Taniguchi, H. Morita, M. Hattori,
K. Honda, Treg induction by a rationally selected mixture of Clostridia strains from
the human microbiota, Nature 500 (2013) 232-236, https://doi.org/10.1038/
nature12331.

[16] K. Matsuda, H. Tsuji, T. Asahara, Y. Kado, K. Nomoto, Sensitive quantitative
detection of commensal bacteria by rRNA-targeted reverse transcription-PCR,
Appl. Environ. Microbiol. 73 (2007), https://doi.org/10.1128/AEM.01917-07,
6695-6695.

[17] K. Mio, C. Yamanaka, T. Matsuoka, T. Kobayashi, S. Aoe, Effects of p-glucan rich
barley flour on glucose and lipid metabolism in the ileum, liver, and adipose tissues


https://doi.org/10.1016/j.bbrep.2022.101343
https://doi.org/10.1016/j.bbrep.2022.101343
https://doi.org/10.1111/j.1745-7599.2012.00758.x
https://doi.org/10.1111/j.1745-7599.2012.00758.x
https://doi.org/10.1093/ajcn/80.5.1185
https://doi.org/10.3945/jn.115.223206
https://doi.org/10.1371/journal.pone.0218118
https://doi.org/10.1039/D1FO00858G
https://doi.org/10.1039/D1FO00858G
https://doi.org/10.1371/journal.pone.0182537
https://doi.org/10.3177/jnsv.39.73
https://doi.org/10.3177/jnsv.39.73
https://doi.org/10.1016/j.foodchem.2016.09.034
https://doi.org/10.3390/ijms12031563
https://doi.org/10.1371/journal.pone.0020944
https://doi.org/10.1371/journal.pone.0020944
https://doi.org/10.1093/jaoac/80.3.580
https://doi.org/10.1093/jaoac/75.3.395
https://doi.org/10.1093/jaoac/75.3.395
https://doi.org/10.1007/BF01338151
https://doi.org/10.1007/BF01338151
http://refhub.elsevier.com/S2405-5808(22)00143-1/sref14
http://refhub.elsevier.com/S2405-5808(22)00143-1/sref14
https://doi.org/10.1038/nature12331
https://doi.org/10.1038/nature12331
https://doi.org/10.1128/AEM.01917-07

K. Mio et al.

[18]

[19]

[20]

[21]

[22]

[23]

of high-fat diet induced-obesity model male mice analyzed by DNA microarray,
Nutrients 12 (2020) 3546, https://doi.org/10.3390/nul12113546.

H. Yao, Y. Wang, J. Yin, S. Nie, M. Xie, Isolation, physicochemical properties, and
structural characteristics of arabinoxylan from hull-less barley, Molecules 26
(2021) 3026, https://doi.org/10.3390/molecules26103026.

J. Miyamoto, K. Watanabe, S. Taira, M. Kasubuchi, X. Li, J. Irie, H. Itoh, I. Kimura,
Barley p-glucan improves metabolic condition via short-chain fatty acids produced
by gut microbial fermentation in high fat diet fed mice, PLoS One 13 (2018),
https://doi.org/10.1371/journal.pone.0196579.

D. Lafond, K. Greaves, K. Maki, H. Leidy, D. Romsos, Effects of two dietary fibers as
part of ready-to-eat cereal (RTEC) breakfasts on perceived appetite and gut
hormones in overweight women, Nutrients 7 (2015) 1245-1266, https://doi.org/
10.3390/nu7021245.

A.M. Pluschke, B.A. Williams, D. Zhang, S.T. Anderson, E. Roura, M.J. Gidley, Male
grower pigs fed cereal soluble dietary fibres display biphasic glucose response and
delayed glycaemic response after an oral glucose tolerance test, PLoS One 13
(2018), €0193137, https://doi.org/10.1371/journal.pone.0193137.

A. De Silva, V. Salem, C.J. Long, A. Makwana, R.D. Newbould, E.A. Rabiner, M.
A. Ghatei, S.R. Bloom, P.M. Matthews, J.D. Beaver, W.S. Dhillo, The gut hormones
PYY3-36 and GLP-17-36 amide reduce food intake and modulate brain activity in
appetite centers in humans, Cell Metabol. 14 (2011) 700-706, https://doi.org/
10.1016/j.cmet.2011.09.010.

E. Ivarsson, S. Roos, H.Y. Liu, J.E. Lindberg, Fermentable non-starch
polysaccharides increases the abundance of
Bacteroides-Prevotella—Porphyromonas in ileal microbial community of growing
pigs, Animal 8 (2014) 1777-1787, https://doi.org/10.1017/51751731114001827.

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

Biochemistry and Biophysics Reports 32 (2022) 101343

B.A. Williams, D. Mikkelsen, L. le Paih, M.J. Gidley, In vitro fermentation kinetics
and end-products of cereal arabinoxylans and (1,3;1,4)-p-glucans by porcine
faeces, J. Cereal. Sci. 53 (2011) 53-58, https://doi.org/10.1016/j.jcs.2010.09.003.
G. Tolhurst, H. Heffron, Y.S. Lam, H.E. Parker, A.M. Habib, E. Diakogiannaki,

J. Cameron, J. Grosse, F. Reimann, F.M. Gribble, Short-chain fatty acids stimulate
glucagon-like peptide-1 secretion via the G-protein-coupled receptor FFAR2,
Diabetes 61 (2012) 364-371, https://doi.org/10.2337/db11-1019.

S. Suzuki, S. Aoe, High p-glucan barley supplementation improves glucose
tolerance by increasing GLP-1 secretion in diet-induced obesity mice, Nutrients 13
(2021) 527, https://doi.org/10.3390/nul13020527.

P. Louis, H.J. Flint, Diversity, metabolism and microbial ecology of butyrate-
producing bacteria from the human large intestine, FEMS Microbiol. Lett. 294
(2009) 1-8, https://doi.org/10.1111/j.1574-6968.2009.01514.x.

J. Walter, Ecological role of lactobacilli in the gastrointestinal tract: implications
for fundamental and biomedical research, Appl. Environ. Microbiol. 74 (2008)
4985-4996, https://doi.org/10.1128/AEM.00753-08.

C. Paesani, E. Salvucci, M. Moiraghi, L. Fernandez Canigia, G.T. Pérez,
Arabinoxylan from Argentinian whole wheat flour promote the growth of
Lactobacillus reuteri and Bifidobacterium breve, Lett. Appl. Microbiol. 68 (2019)
142-148, https://doi.org/10.1111/lam.13097.

S. Li, Y. Sun, X. Hu, W. Qin, C. Li, Y. Liu, A. Liu, Y. Zhao, D. Wu, D. Lin, Q. Zhang,
D. Chen, H. Chen, Effect of arabinoxylan on colonic bacterial metabolites and
mucosal barrier in high-fat diet-induced rats, Food Sci. Nutr. 7 (2019) 3052-3061,
https://doi.org/10.1002/fsn3.1164.

S.A. Hughes, P.R. Shewry, G.R. Gibson, B.V. McCleary, R.A. Rastall, In vitro
fermentation of oat and barley derived p-glucans by human faecal microbiota,
FEMS Microbiol. Ecol. 64 (2008) 482-493, https://doi.org/10.1111/j.1574-
6941.2008.00478.x.


https://doi.org/10.3390/nu12113546
https://doi.org/10.3390/molecules26103026
https://doi.org/10.1371/journal.pone.0196579
https://doi.org/10.3390/nu7021245
https://doi.org/10.3390/nu7021245
https://doi.org/10.1371/journal.pone.0193137
https://doi.org/10.1016/j.cmet.2011.09.010
https://doi.org/10.1016/j.cmet.2011.09.010
https://doi.org/10.1017/S1751731114001827
https://doi.org/10.1016/j.jcs.2010.09.003
https://doi.org/10.2337/db11-1019
https://doi.org/10.3390/nu13020527
https://doi.org/10.1111/j.1574-6968.2009.01514.x
https://doi.org/10.1128/AEM.00753-08
https://doi.org/10.1111/lam.13097
https://doi.org/10.1002/fsn3.1164
https://doi.org/10.1111/j.1574-6941.2008.00478.x
https://doi.org/10.1111/j.1574-6941.2008.00478.x

	Arabinoxylan as well as β-glucan in barley promotes GLP-1 secretion by increasing short-chain fatty acids production
	1 Introduction
	2 Materials and methods
	2.1 Sample preparation and analysis
	2.2 Animals and research design
	2.3 Short-chain fatty acids (SCFAs) in cecum contents
	2.4 Real-time PCR about L cell function
	2.5 Counts of gut microbiota in cecal digesta
	2.6 Statistical analysis

	3 Results
	3.1 Compositional analysis of water-soluble fiber fractions extracted from barley flour
	3.2 Arabinoxylan contributes to the increase in GLP-1 secretion upon barley flour consumption
	3.3 Barley flour intakes with different fiber sources increase short-chain fatty acids
	3.4 Effect of each barley flour on the expression levels of genes involved in GLP-1 secretion and L-cell differentiation

	4 Discussion
	Funding
	Declaration of competing interest
	Data availability
	Acknowledgements
	Appendix A Supplementary data
	References


