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Preface to ”Beta-Glucan in Foods and Health Benefits”

Many articles and manuscripts focusing on the structure, function, mechanism of action, and 
effects of β-glucan have been published recently. Beta-glucan is a general term for polysaccharides 
that consist of β-bonds. Structural studies report that combinations of β-1,3 and β-1,6 bonds form 
long linear β-glucans, and these structures can be detected by specific intestinal receptors, such as 
dectin-1, which then stimulate the immunological system. Cereal β-glucans that have been derived 
from barley and oats have also been widely researched in both animal and human studies. They are 
water soluble, viscous polysaccharides with a linear structure in which glucose is bound through 
β-1,4 and β-1,3 linkages. Many physiological functions, such as anti-obesity effects, reductions in 
postprandial glucose increases, and the normalization of serum cholesterol levels have been reported. 
The recent interest in barley and oat β-glucans has been sparked by reports discussing their prebiotic 
action, which is dependent on molecular weight. A marketing report discussing the health benefits of 
the β-glucans in oats and barley products has also been published. Another β-glucan that has been 
recently reported on is paramylon, a linear β-1,3-glucan in which glucose is β-1,3 bound and that is 
abundant in Euglena gracilis. It is an insoluble and unfermentable polysaccharide which is reported 
to have various physiological functions, including anti-obesity effects and anti-diabetic effects, and 
has been shown to stimulate immune function.

This Special Issue entitled “β-glucan in foods and health benefits” reports on the health benefits 
of indigestible carbohydrates with respect to metabolic diseases and immune functions. The effects of 
β-glucan have been investigated through the use isolated preparations or natural dietary fibers from 
whole grain cereals and brans, yeasts, or Euglena. This Special Issue includes original research 
articles that are based on human intervention studies that address the effects of β-glucan on 
metabolic diseases and immune function-related markers as well as in vitro and in vivo studies. It 
also reviews the health benefits of β-glucans in humans.

Seiichiro Aoe, Tatsuya Morita, and Naohito Ohno
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Editorial

Beta-Glucan in Foods and Health Benefits

Seiichiro Aoe

The Institute of Human Culture Studies, Otsuma Women’s University, Chiyoda-ku, Tokyo 102-8357, Japan;
s-aoe@otsuma.ac.jp

Many articles and manuscripts focusing on the structure, function, mechanism of
action, and effects of β-glucan have been published recently. Beta-glucan is a general term
for polysaccharides that consist of β-bonds. Structural studies report that combinations
of β-1,3 and β-1,6 bonds form long linear β-glucans, and these structures can be detected
by specific intestinal receptors, such as dectin-1, which then stimulate the immunological
system [1]. Cereal β-glucans that have been derived from barley and oats have also been
widely researched in both animal and human studies [2–5]. They are water soluble, viscous
polysaccharides with a linear structure in which glucose is bound through β-1,4 and β-
1,3 linkages. Many physiological functions, such as anti-obesity effects, reductions in
postprandial glucose increases, and the normalization of serum cholesterol levels have
been reported [6,7]. The recent interest in barley and oat β-glucans has been sparked by
reports discussing their prebiotic action, which is dependent on molecular weight [8,9]. A
marketing report discussing the health benefits of the β-glucans in oats and barley products
has also been published [10]. Another β-glucan that has been recently reported on is
paramylon, a linear β-1,3-glucan in which glucose is β-1,3 bound and that is abundant in
Euglena gracilis. It is an insoluble and unfermentable polysaccharide which is reported
to have various physiological functions, including anti-obesity effects and anti-diabetic
effects, and has been shown to stimulate immune function [11,12].

This Special Issue entitled “β-glucan in foods and health benefits” reports on the health
benefits of indigestible carbohydrates with respect to metabolic diseases and immune func-
tions. The effects of β-glucan have been investigated through the use isolated preparations
or natural dietary fibers from whole grain cereals and brans, yeasts, or Euglena. This Special
Issue includes original research articles that are based on human intervention studies that
address the effects of β-glucan on metabolic diseases and immune function-related markers
as well as in vitro and in vivo studies. It also reviews the health benefits of β-glucans
in humans.

Funding: This research received no external funding.

Conflicts of Interest: The author declares no conflict of interest.
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Abstract: The black yeast Aureobasidium pullulans produces abundant soluble β-1,3-1,6-glucan—a
functional food ingredient with known health benefits. For use as a food material, soluble β-1,3-
1,6-glucan is produced via fermentation using sucrose as the carbon source. Various functionalities
of β-1,3-1,6-glucan have been reported, including its immunomodulatory effect, particularly in
the intestine. It also exhibits antitumor and antimetastatic effects, alleviates influenza and food
allergies, and relieves stress. Moreover, it reduces the risk of lifestyle-related diseases by protecting
the intestinal mucosa, reducing fat, lowering postprandial blood glucose, promoting bone health,
and healing gastric ulcers. Furthermore, it induces heat shock protein 70. Clinical studies have
reported the antiallergic and triglyceride-reducing effects of β-1,3-1,6-glucan, which are indicators
of improvement in lifestyle-related diseases. The primary and higher-order structures of β-1,3-1,6-
glucan have been elucidated. Specifically, it comprises a single highly-branched glucose residue
with the β-1,6 bond (70% or more) on a backbone of glucose with 1,3-β bonds. β-Glucan shows a
triple helical structure, and studies on its use as a drug delivery system have been actively conducted.
β-Glucan in combination with anti-inflammatory substances or fullerenes can be used to target
macrophages. Based on its health functionality, β-1,3-1,6-glucan is an interesting material as both
food and medicine.

Keywords: Autreobasidium pullulans; β-1,3-1,6-glucan; physiological function

1. Introduction

β-1,3-Glucan, a well-known functional food ingredient derived from mushrooms, has
been reported to exhibit antitumor activity [1–5]. The Reishi mushrooms (Ganoderma lucidum)
and other traditional medicines have been used for generations. For instance, schizophyllan
derived from the Suehirotake mushroom (Schizophyllum commune) and lentinan derived
from the Shiitake mushroom (Lentinus edodes) are manufactured and traded as injectable
anticancer drugs. These compounds comprise β-1,3-glucan with β-1,6-branched structures.
In addition to mushrooms, β-1,3-glucans are derived from ascomycetes and other fungi,
such as baker’s yeast and black yeast, which also compromise β-1,6-branched structures.
Furthermore, β-glucans have been derived from oat and barley, which possess repeating

Nutrients 2021, 13, 242. https://doi.org/10.3390/nu13010242 https://www.mdpi.com/journal/nutrients3
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structures with β-1,3 and β-1,4 bonds in their unbranched primary chains. β-Glucans
derived from seaweeds, such as laminaran, comprise repeating structures with β-1,3 and
β-1,6 bonds (Table 1).

Table 1. Some types of β-glucan with different structures derived from different natural sources.

Type of β-glucan Structure Natural Source and Trivial Name of β-glucan

1,3-β-glucan
(linear unbranched, homogeneous)

bacterium Alcaligenes faecalis, curdlan
algae Euglena gracilis, paramylon
fungus Poria cocos, pachyman
grape Vitis vinifera, callose

1,3-1,6-β-glucan
(linear with 1,6-linked β-glucosyl side branches)

algae Laminaria sp. laminarin (unbranched)
algae Eisenia bicyclis, laminarin (some branched)
fungus Claviceps purpuria, cell wall glucan
fungus Sclerotinia sclerotiorum, cell wall or extracelluar glucan
fungus (black yeast) Aureobasidium pullulas, extracellular glucan
fungus/mushroom schizophyllum commune,extracelluar or cell wall glucan
mushroom Grifola frondosa, cell wall glucan
mushroom Lentinula edodes, cell wall glucan

1,3-1,6-β-glucan
(branch on branch structure)

yeast Saccharomyces cerevisiae, cell wall glucan
yeast Candida albicans, cell wall glucan
yeast Candia utilis, cell wall glucan

1,3-1,4-β-glucan (linear) cereal β-glucan, such as barley, oat, wheat, and rye
Iceland moss Centraria islandia, lichenin

1,3-1,4-β-glucan (linear with 1,4-lincked β-glucosyl
side branches) oyster mushroom Pleurotus ostreatus, cell wall glucan

In particular, many studies in Europe and North America have investigated the effects
of barley-derived β-glucans on lifestyle-related diseases, such as coronary heart disease
and diabetes. In May 2006, the U.S. Food and Drug Administration acknowledged a health
claim label stating that β-glucan “helps reduce the risk of coronary heart disease.” In
October 2009, Europe also approved a health claim that β-glucan “helps maintain normal
blood cholesterol.” In Japan, a Foods with Function Claim under the label of “cholesterol
reduction effect and intestinal control effect” has been submitted. Recently, a study was
conducted to clarify the physiological role underlying the metabolic benefits of barley
β-glucan using a mouse model of high-fat diet (HFD)-induced obesity. Then, metabolic
parameters, gut microbial composition, and the production of fecal short-chain fatty acids
(SCFAs) were analyzed. As a result, the beneficial metabolic effects of barley β-glucan
were found to be primarily due to the suppression of appetite and improvement of insulin
sensitivity, which are induced by gut hormone secretion promoted via the gut microbiota,
and subsequently induced the production of fecal SCFAs [6].

Furthermore, an important source of β-glucans is the cell wall of yeast, such as
Saccharomyces cerevisiae, of which 55–60% is β-glucans. These β-glucans are built of a
glucose backbone with β-1,3 linkages, from which short sidechains branch off linked
by β-1,6 bonds. Approximately 30–35% of insoluble β-glucans are present in the inner
layer of the yeast cell wall, 20–22% of soluble β-glucans in the middle layer, and 30% of
glycoproteins in the outer layer. Therefore, β-glucans in the yeast cell wall are present
in two forms such as insoluble in bases and soluble, and yeast-derived β-glucans are
basically insoluble in water without sufficient purification. An important and traditional β-
glucan derived from yeast is zymosan, an insoluble polymer of glucose with a nanoparticle
size of 1–2 μm in diameter, demonstrating strong antibacterial properties, activation of
macrophages, and induction of cytokine secretion that enhances the immune system [7].
Moreover, β-glucan from Candida utilis has also been introduced as a novel source of yeast
β-glucan [8,9].
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However, the molecular mechanisms underlying the immunostimulatory effects of
β-glucan remain to be elucidated. Recently, macrophages have been reported to harbor
receptors for β-1,3-1,6-glucans. Consequently, β-glucan has attracted much attention as
a potent antigenic agent that stimulates innate immunity [10]. Yadomae (2000) [2] and
Ohno (2000) [3] reported that if all β-1,6-branch side chains were removed from β-1,3-
1,6-glucan, such as yeast β-glucan (zymosan) by a chemically oxidized reaction, little
anticancer activity is observed compared with that before the reaction, suggesting that
β-1,3-glucan with β-1,6-branch enhances immunoactivity.

The black yeast Aureobasidium pullulans produces abundant soluble β-1,3-1,6-glucan,
which possesses strong immunostimulatory activity. A. pullulans (formerly known as
Pullularia pullulans, Hormonema dematioides, or Dematium pullulans) is an imperfect fungus,
which is common in nature and typically found growing in soil and water, as well as on
weathered wood and many other plants. Recently, A. pullulans was taxonomically classified
as an anamorph of the teleomorph Sydowia polyspora. In another taxonomic study, de novo
genome sequencing of four A. pullulans strains was performed [11,12].

The recent taxonomic classification of A. pullulans is as follows:

• Kingdom: Fungi
• Phylum: Ascomycota
• Class: Dothideomycetes
• Subclass: Dothideomycetidae
• Order: Dothideales
• Family: Dothioraceae
• Genus: Aureobasidium
• Species: A. pullulans

In 1969, Arkadjeva first reported the presence of functional polysaccharides in A. pullulans.
In addition [13], Han et al. (1976) used this fungus as a highly nutritious single-cell proteina-
ceous food produced via fermentation using ryegrass hydrolysate as the substrate [14]. β-
glucan has also been produced via fermentation using soybean as the substrate. Furthermore,
Anastassiadis et al. (2007) have reported gluconic acid production [15], and Bharti et al. (2013)
have reported fructo-oligosaccharide production [16]. At present, functional food products
containing A. pullulans-derived, high-purity, solubilized β-1,3-1,6-glucan produced by several
Japanese companies are commercially available [5]. Moreover, the structural details and the
three-dimensional structure of β-glucan have also been clarified, and studies on its use as a
drug delivery system have also been conducted [4,17].

In this review, we discuss the production method, safety, and various physiological
functions of β-glucan derived from the black yeast A. pullulans based on previous studies
in MEDLINE database. We searched for articles in MEDLINE using the keywords “black
yeasts,” “functionality,” and ”clinical tests.” We obtained 155 studies, including functional
food cases in animals and clinical trials. Finally, a total of 47 relevant studies to biological
activities, including those published by the authors of this review, were included and their
results were summarized as a review of A. pullulans-derived β-glucan (APβG) functional
food products.

2. Results

2.1. Production of APβG via Fermentation

During APβG production, food ingredients are used as the medium and sucrose as
the sole carbon source for fermentation [18]. The obtained culture solution has a viscosity
of several thousand cP (mPa·s). In addition, a unique manufacturing method by adjusting
the metal salt concentration, pH, and temperature and reducing the viscosity of the culture
solution has proven industrially useful. Accordingly, a stable fermentative production
method for low-viscosity and high-purity APβG has been established.

In Japan, APβG is approved as a thickener under the label of “Existing Food Addi-
tives.” In addition, the culture solution itself is also sold as functional food, and following
recovery and purification, it is also used as a high-purity β-glucan material.

5
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2.1.1. Fermentation

During fermentation, A. pullulans (AP) degrades sucrose as the carbon source into
glucose and fructose under aerobic conditions and utilizes these sugars in that order. This
is accompanied by β-glucan production. Consequently, the viscosity of the culture solution
increases to several thousand cP. AP is an imperfect fungus and typically grows in the
mycelial form; however, it assumes a yeast-like form at the APβG production stage—the
reason it has acquired the moniker “black yeast.” AP also produces black melanin in
the late phase of culture, but ascorbic acid can be used to effectively suppress melanin
production [18,19].

2.1.2. β-Glucan Recovery and Purification

Since the culture solution containing β-glucan has a high viscosity of several thou-
sand cP (mPa.s) or higher, it can be directly used as a functional food material following
sterilization. Upon purification, it is difficult to remove microorganisms because of its high
viscosity. Therefore, various unique methods have been developed.

The black yeast culture solution is subjected to homogenization by physical stirring
or a similar method, and then the yeast cells are separated through a filter press to obtain
an aqueous polysaccharide solution. If necessary, APβG can be recovered as a precipitate
using ethanol precipitation or a similar method and dried to obtain a powdered product of
high purity [20].

β-glucan has a rigid triple helical structure under a neutral pH; however, under
alkaline conditions, the structure changes to a random coil and the solution viscosity is
reduced [1]. Consequently, microorganisms can be easily removed using a filter press and
further dialysis steps can be performed. Finally, high-purity β-glucan can be mass produced
using an alcohol (e.g., ethanol) precipitation method. Interestingly, the solubilized β-glucan
thus obtained can form ultrafine particles (<200 nm) in an aqueous solution, which may be
useful for stimulating intestinal immunity [18].

APβG can be precipitated by adding alum to the black yeast culture solution, following
separation using a filter press to recover APβG. Thereafter, APβG is appropriately diluted
with water and slurried, and then the pH is adjusted to a neutral range. Finally, the solution
is subjected to hydrothermal treatment from 170 to 180 ◦C under 2 MPa for approximately
10 min. The purity of the solution is increased via filtration by adding diatomaceous earth
or activated carbon and ultrafiltration following hydrothermal treatment; the final product
is powdered using freeze drying. Of note, the hydrothermal treatment reduces molecular
weight of APβG [21].

The concentration of high-purity APβG recovered by ethanol precipitation or a similar
method is measured using the phenol–sulfuric acid method using glucose as a reference
material; this method conforms to the one used for measuring reduced sugars. Further-
more, NMR spectroscopy can also be used for qualitative analysis. Structural analysis is
performed using 13C-1H two-dimensional NMR spectroscopy. The C(1)-H signal integra-
tion values of β-1,3 and β-1,6 bonds are 4.8 and 4.5 ppm, respectively. With respect to the
results, β-1,3 bonds are present in the primary chains and β-1,6 bonds in the side chain,
confirming a high degree of branching. In addition, based on the analysis of enzymatic
degradation by exotype β-1,3-glucanase, glucose, and gentiobiose have been confirmed as
the products, and their structures have been demonstrated to harbor β-1,3 bonds in the pri-
mary chain and a single branched glucose with a β-1,6-bond showing over 70% branching.
Gel chromatography using pullulan as a standard and sodium hydroxide as a developing
solvent revealed that the MW of β-glucan thus produced is over 1,000,000 [18,19].

2.2. Structure and Bioactivity of APβG

APβG exhibits an array of physiological activities. The biological activity of β-glucan
depends on its primary structure, conformation, and molecular weight. Therefore, the
primary structure of APβG was clarified using NMR spectroscopy, and its physiological
activity was assessed. It comprised a primary chain of β-1,3-D-glucan and side branches of
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β-1,6-β-D-glucopyranosyl units at every two residues as the major structure or a primary
chain of β-1,3-D-glucan and a side chain of β-1,6-β-D-glucopyranosyl units every three
residues as the minor structure [20]. Moreover, the higher-order conformation of APβG
had a delicate triple helical structure [17].

In addition, APβG exhibits immunostimulatory effects, such as immune cell accu-
mulation, as well as priming effects on the intestinal bacteria. According to many studies
reviewed here, β-1,3-glucans with many β-1,6 glucopyranosyl branches, such as APβG,
have unique structures, even though they are isolated from different organisms, including
bacteria and plants, among others [5,20].

Interestingly, a unique hydrothermal process for the preparation of APβG may pro-
duce an active reagent [21]. Reprocessing APβG increased low molecular weight fractions,
suppressive activities were markedly enhanced, and the resulting APβG was estimated
to have a low MW of approximately 10,000. Lipopolysaccharide (LPS)-induced nitrogen
oxide (NO) synthesis and tumor necrosis factor (TNF)-α production in RAW264.7 cells
were suppressed by the resulting low molecular weight APβG in a dose-dependent man-
ner. Therefore, low molecular weight fractions obtained by the hydrothermal processing
of APβG may result in potential reagents that control inflammation induced by various
pathogens [22].

2.3. Safety

The black yeast culture solution is a safe material for human consumption and has
been registered as a thickener and stabilizer under the label “Existing Food Additives.”
Accordingly, it is also utilized in food products in Japan. According to the “Survey and
Study on Review of Safety of Existing Food Additives” by the Japan Food Chemistry
Research Foundation of the Ministry of Health, Labor and Welfare Foundation (June 2004),
there were no problems associated with the administration of repeated doses of this solution
for 90 days or later and the results of mutagenicity test were negative, confirming the safety
of the black yeast culture solution as a food ingredient [23]. On the other hand, pullulan,
which is an α-1,4-1,6-glucan, produced by A. pullulans, is admitted as a food additive
in both the United States (NO.GRN000099, generally recognized as safe (GRAS) status)
and Europe (EFSA-Q-2003-138); thus, A. pullulans are considered safe for consumption of
food use.

In addition, β-1,3-1,6-glucan is safe for use in food products and cosmetics as a high-
purity commercial ingredient as we describe below. In studies of APβG-containing food
products in human participants, three times the recommended dose was administered for
four months or two years and no obviously abnormal findings were noted in clinical tests,
indicating its safety as a food material [24]. In addition, a Japanese company has been
selling the APβG-containing food product named “Aureobasidium cultured solution” as a
dietary supplement since 1999, and the estimated amount sold exceeds several hundred
tons. Of note, there have been no reports of complaints related to adverse health effects
from the customers (data not shown).

2.4. Physiological Function of β-1,3-1,6-glucan

Various physiological functions of β-1,3-1,6-glucan have been confirmed, and its novel
functions have been revealed using oral administration experiments in animal models.
Clinical trials have also been conducted. Table 2 summarizes the results of such studies,
and the key physiological functions of β-1,3-1,6-glucan are described below.
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Table 2. Various bioactive functions of β-1,3-1,6-glucan from black yeast Aureobasidium pullulans (APβG).

No. Author, Year, Reference 1 Item of Chracterization or Healthy
Function

Outline of Functionality and Efficacy

1 Arkadjeva
1969 [13] Single cell protein The first information on bioactive polysaccharide

from A. pullulans.

2 Han et al.,
1976 [14] Intestinal immunity

Production of single-cell protein from cellulosic
wastes using A. pullulans. A. pullulans cells were not
toxic, and the values of their feed intake, weight gain,
and protein efficiency ratio were superior to those of
other cells.

3 T. Suzuki et al.,
2004 [25] Intestinal immunity

Intestinal immunostimulatory and modulatory
effects. Cellular-level in vitro experiments using
mouse lymphocytes from Peyer’s patch showed that
immunoglobulin A was produced at APβG
concentrations ranging from 0 to 200 μg/mL in a
dose-dependent manner.

4 Kimura et al.,
2006 [26] Antitumor

Antitumor and antimetastatic actions in mice. The
antitumor and antimetastatic actions of APβG may be
involve in the enhancement of intestinal immune
functions through the increases in NK- and
IFN-gamma-positive cell numbers.

5 Kim et al.,
2007 [27] Reduction of inflamamatory

Reduction of the acute inflammatory responses
induced by xylene application in mice.
Xylene-induced acute inflammatory changes were
significantly and dose-dependently decreased by
beta-glucan treatment (up to 250 mg/kg).

6 Kimura et al.,
2007 [28] Anti food allergy

The anti-food allergic action of beta-glucan may be
caused by the induction of IFN-g production in the
small intestine and splenocytes. APβG diets (0.5–1%)
significantly inhibited not only the OVA-specific IgE
elevation but also reduced the production of IFN-g
and the number of CD8- and IFN-gamma-positive
cells from the splenocytes and in the small intestine,
respectively.

7 Kimura et al.,
2007 [29] Anti stress

Inhibitory actions of APβG (100 mg/kg) on the
increase in corticosterone level and reduction of NK
activity induced by restraint stress. These effects may
be associated with the abrogation of interleukin-6
(IL-6) and IL-12.

8 Shin et al.,
2007 [30] Reduction of osteoporosis

APβG exhibited favorable effects on
ovariectomy-induced osteoporosis. It significantly
and dose-dependently suppressed the decrease in
bone weight, bone mineral content, failure load, bone
mineral density, and serum calcium and phosphorus
levels and the increase in serum osteocalcin levels.

9 Ikewaki et al.,
2007 [31] Immunomodulatory mechanism

APβG may have unique immune regulatory or
enhancing properties. It stimulated the production of
interleukin-8 (IL-8) or soluble Fas (sFas); however, it
did not stimulate that of IL-1beta, IL-2, IL-6, IL-12
(p70 + 40), IFN-g, TNF-a, or soluble Fas ligand
(sFasL), in either cultured PBMCs or cells of the
human monocyte-like cell line U937.

10 Tada et al.,
2008 [20] Structure information

The primary structure of APβG and its biological
activities were determined and evaluated,
respectively using NMR spectroscopy. The structure
comprises a mixture of a 1-3-beta-D-glucan backbone
with single 1-6-beta-D-glucopyranosyl side-branching
units in every two residues (major structure) and a
1-3-beta-D-glucan backbone with single
1-6-beta-D-glucopyranosyl side-branching units in
every three residues (minor structure).
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Table 2. Cont.

No. Author, Year, Reference 1 Item of Chracterization or Healthy
Function

Outline of Functionality and Efficacy

11 Tada et al.,
2009 [32] Immunomodulation mechanism

Immunomodulatory effect of APβG on DBA/2
mouse-derived splenocytes in vitro. APβG strongly
induced the production of various cytokines,
especially Th1 cytokines (e.g., IFN-g and IL-12p70)
and Th17 cytokines (e.g., IL-17A), but did not induce
the production of IL-4, IL-10, and TNF-a on
splenocytes in vitro.

12 Tada et al.,
2009 [33] Immunomodulatory mechanism

This is the first study in which the branched chains at
position 6 of beta-D-glucan strongly contribute to its
recognition by antibodies in human sera. APβG
reacted to IgG antibodies in human sera and the IgGs
recognize branched chains at position 6.

13 Kimura et al.,
2009 [34] Protection of intestine

Protective effects of APβG (50 and 100 mg/kg twice
daily) against the toxicity of UFT (combination of
tegafur (1-(2-tetrahydrofuryl)-5-fluorouracil) and
uracil) in mice bearing colon 26 tumors. Histological
analysis showed that the damage found in the villi of
the small-intestine by UFT was inhibited by the orally
administered beta-glucan.

14 Sumiyoshi et al.,
2009 [35] Reduction and control of blood glucose

Reduction and control of blood glucose level in mice.
In the 100 mg/kg and 200 mg/kg APβG dose groups,
the increase in blood glucose from 15 to 30 min after
glucose administration was minimal, after which the
blood glucose level decreased, and significantly
decreased 60 min after administration.

15 Yoon et al.,
2010 [36] Immunomodulatory mechanism

Immunomodulatory effects of exopolymers of A.
pullulans containing APβG, which were orally
administered at 10 mL/kg, were evaluated on
cyclophosphamide (CPA)-treated mice. APβG can be
effectively used to prevent an immunosuppress
mediated (at least partially) and the recruitment of T
cells and TNF-a-positive cells or enhancement of their
activity.

16 Tada et al.,
2011 [37] Immunomodulatory mechanism

Immunomodulatory production of various cytokines
in DBA/2 mouse-derived splenocytes in vitro was
found via dectin-1-independent pathways. The
production of IFN-γ in DBA/2 mouse-derived
splenocytes by APβG was not inhibited following a
treatment with an anti-dectin-1 neutralizing antibody.

17 Tada et al.,
2011 [38] Immunomodulatory mechanism

The induction of cytokines by APβG was dependent
on the existence of a granulocyte macrophage
colony-stimulating factor (GM-CSF). GM-CSF is
indispensable for the induction of cytokines by APβG
in mouse-derived splenocytes, similar to a typical
1,3-β-D-glucan from Sparassis crispa (SCG).

18 Tanaka et al.,
2011 [39] Reduction of ulcer

Oral administration of APβG (>100 mg/kg)
ameliorated the gastric lesions induced by ethanol
(EtOH) or HCl in mice. The administration of APβG
also suppressed EtOH-induced inflammatory
responses through the protection of the gastric
mucosa from the formation of irritant-induced lesions
by increasing the levels of defensive factors, such as
HSP70 and mucin.

19 Muramatsu et al.,
2012 [40] Anti virus

Oral administration of A. pullulans-cultured fluid
enriched with APβG exhibits efficacy in protecting
mice infected with a lethal titer of the A/Puerto
Rico/8/34 (PR8; H1N1) strain of the influenza virus.
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Table 2. Cont.

No. Author, Year, Reference 1 Item of Chracterization or Healthy
Function

Outline of Functionality and Efficacy

20 Ku et al.,
2012 [41] Anti allergy

The effect of APβG, orally administered at 125
mg/kg, on ovalbumin (OVA)-induced allergic asthma
was found in OVA-inducing asthmatic mice. The
increase in body weight after OVA aerosol challenge,
lung weight, total leukocytes and eosinophils in
peripheral blood, total cell numbers, and neutrophil
and eosinophils in BALF were detected in the OVA
control compared to sham control (non-OVA).

21 Uchiyama et al.,
2012 [42] Microbiome

The effects of oral administration on bacterial flora in
the intestines of domestic animals, using Holstein
cows and newborn Japanese Black calves, were
observed. The expressions of TNF-α and interleukin
(IL)-6 in all cows became slightly lower and the
bacterial flora were tendentiously changed.

22 Kim et al.,
2012 [43] Reduction of osteoarthritis

Osteoarthritis (OA) was effectively induced by
anterior cruciate ligament transection and partial
medial meniscectomy (ACLT&PMM) by APβG
(42.5mg/kg).

23 Sato et al.,
2012 [44] Anti allergy

Effective therapeutic treatment of allergic diseases,
inhibition of mast cell degranulation, and passive
cutaneous anaphylaxis (PCA) were shown. APβG
(100 to 150 mg/kg) dose-dependently inhibited the
degranulation of both rat basophilic leukemia
(RBL-2H3) and cultured mast cells (CMCs) activated
by calcium ionophore A23187 or IgE.

24 Tanioka et al.,
2012 [45] Anti microorganism

Positive effect of oral administration of APβG on
Candida albicans or methicillin-resistant Staphylococcus
aureus (MRSA) infection in immunosuppressed mice
fed 2.5% APβG diet for 14–30 days.

25 Tanioka et al.,
2013 [46] Immunomodulatory mechanism

APβG had effects on intestinal immune systems by
Peyer’s patch (PP) cells and interleukin (IL)-5, IL-6,
and IgA production in culture media. The production
of IL-6 and IgA by PP cells and that of IL-6 by PP
dendritic cells (PPDCs) in APβG-fed and
cyclophosphamide (CY)-treated mice also increased.

26 Tamegai et al.,
2013 [47] Immunomodulatory mechanism

Activation of several distinct innate immune receptor
signaling pathways enhances the immune response
induced by R-848, indicating non-influenza antiviral
efficacy. The expression of TNF-a and IL-12p40 was
significantly enhanced when co-stimulated with
culture supernatants of R-848 and APβG compared
with the culture supernatant of R-848 alone.

27 Iwai et al.,
2013 [48] Anti virus

Antiviral effects of the expression of
interferon-inducible genes, through the induction of
interferon, and the enhancement of the
transcriptional activity of STAT1 were observed.

28 Kim et al.,
2014 [49] Anti oxidant

Several antioxidants may serve as a functional
ingredient in cosmetic products by reducing
hyaluronidase, elastase, collagenase, and MMP-1
activities and inhibiting melanin production and
tyrosinase activities.

29 Muramatsu et al.,
2014 [50] Immunomodulatory mechanism

Stimulation with APβG effectively induces the
interferon (IFN) stimulated genes (ISGs) in
macrophage-like cell lines through the induction of
IFN and the enhancement of STAT1-mediated
transcriptional activation.

10



Nutrients 2021, 13, 242

Table 2. Cont.

No. Author, Year, Reference 1 Item of Chracterization or Healthy
Function

Outline of Functionality and Efficacy

30 Ganesh et al.,
2014 [51]

Reduction of triglyceride and
cholesterol, in human

In a clinical study, one male was orally administered
1.5 mg of APβG for two months, and his triglyceride,
VLDL, and HDL cholesterol levels decreased from
523 mg/dL to 175 mg/dL, 104.6 mg/dL to 35 mg/dL,
and 27 mg/dL to 38 mg/dL, respectively.

31 Oboshi et al.,
2014 [52] Immunomodulatory mechanism

When AGβP-containing foods were orally
administered to mice (BALB/c six-week old females),
an increase in the titer of antibodies in the blood and
the phagocytic capacity of blood macrophages were
observed.

32 Aoki et al.,
2015 [53]

Reduction of triglyceride and
cholesterol

Oral administration of APβG is effective in
preventing the development of high-fat diet
(HFD)-induced fatty liver in mice. After 16 weeks of
oral administration of APβG, serological analysis
showed that HFD-induced high blood cholesterol and
triglyceride levels were reduced by the oral
administration of APβG. HFD induced-fatty liver
was also significantly reduced.

33 Kim et al.,
2015 [54] Reduction osteoporosis

The effects of purified exopolymers from APβG were
evaluated in UVB-induced hairless mice.
E-AP-SM2001 consists of 1.7% β-1,3/1,6-glucan,
fibrous polysaccharides, and other organic materials,
such as amino acids and mono- and di-unsaturated
fatty acids (linoleic and linolenic acids), and shows
anti-osteoporotic and immunomodulatory effects
through antioxidant and anti-inflammatory
mechanisms.

34 Kawata et al.,
2015 [55] Anti-tumor

Mechanism of anti-tumor activities in mice have been
demonstrated. Stimulation with APβG induces
TRAIL expression in mouse and human
macrophage-like cell lines. TRAIL is known to be a
cytokine that specifically induces apoptosis in
transformed cells, but not in untransformed cells.

35 Lai et al.,
2015 [56] Improvement of intestine morphology

The effects of co-fermented Pleurotus eryngii stalk
residues (PESR) and soybean hulls with A. pullulans
on performance and intestinal morphology of broiler
chickens significantly increased the ratio of lactic acid
bacteria to Clostridium perfringens in ceca, ileum villus
height, and jejunum villus height/crypt depth ratio of
35-day old birds.

36 Li et al.,
2015 [57] Anti inflammatory effect

Anti-inflammatory effect of water solubilized
1′-Acetoxychavicol acetate (ACA) on contact
dermatitis by complexation with β-1,3-glucan
isolated form A. pullulans black yeast was reported.

37 Aoki et al.,
2015 [58] Reduction of atherosclerosis

The effect of oral administration of APβG on high-fat
diet (HFD)-induced atherosclerosis was evaluated
using apolipoprotein E deficient mice, a widely used
mouse model for atherosclerosis. HFD-induced
atherosclerosis was significantly reduced in the
APβG-treated mice.

38 Jippo et al.,
2015 [59] Anti allergy in human

A clinical study, comprising a randomized, single
blind, placebo-controlled, and parallel group, was
performed in 65 subjects (aged 22 to 62). All subjects
consumed one bottle of placebo or beta glucan (150
mg) daily and their allergic symptoms were recorded
in a diary. APβG group had a significantly lower
prevalence of sneezing, nose blowing, tears, and
hindrance to the activities of daily living.
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Table 2. Cont.

No. Author, Year, Reference 1 Item of Chracterization or Healthy
Function

Outline of Functionality and Efficacy

39 Iinuma et al.,
2016 [60] Anti colongenomic cancer

APβG was orally administered in combination with
anticancer drugs, such as Avastin, Elplat,
Levofolinate and fluorouracil, to treat for stage III
colon cancer patients, on which two sites of
cologenomic cancer were transferred, and remarkable
cancer elimination was reported in the all cases.

40 Hirabayashi et al.,
2016 [21]

Structural characterization of by
hydrothermal treatment

The chemical structure of hydrothermally treated
APβG was characterized using techniques such as
gas chromatography/mass spectrometry (GC/MS)
and nuclear magnetic resonance (NMR). It became
water soluble, with an average molecular weight of
128,000 and was completely hydrolyzed to glucose by
enzymatic reaction. Gentiobiose and glucose were
released as products during the reaction with the
maximum yield approximately 70% (w/w) of
gentiobiose.

41 Yamamoto et al.,
2017 [61] Wound healimg

Muscle transplantation was avoided, and rapid
healing was observed when there was external
application of APβG in the case of third degree deep
low temperature burn.

42 Ikeda et al.,
2017 [62] Inclusion of [63] Fullerene

[63] Fullerene was dissolved in water via
complexation with β-1,3-glucan using a
mechanochemical highspeed vibration milling
apparatus. The photodynamic activity of
APβG-complexed C70 was highly dependent on the
expression level of dectin-1 on the cell surfaces of
macrophages. The photodynamic activity increased
owing to the synergistic effect between
β-1,3-glucan-complexed 1′-acetoxychavicol acetate
and the C70 complex.

43 Cho et al.,
2018 [64] Anti osteoporotic

The synergistic anti-osteoporotic potential of mixtures
containing different proportions of APβG and TM
compared with that of single formulations of each
herbal extract using bilateral ovariectomized (OVX)
mice. The EAP:TM (3:1) formulation synergistically
enhanced the anti-osteoporotic potential of individual
EAP or TM formulations, possibly owing to the
enhanced variety of active ingredients.

44 Fujikura et al.,
2018 [65] Anti virus

APβG exhibits adjuvant activity and renders mice to
be resistant to influenza A virus infection.
Intraperitoneal administration of APβG increased the
serum level of IL-18 and the number of splenic IFN-γ
producing CD4+ cells during influenza A virus
infection. The adjuvant effect of APβG was distinct
from that of alum. In addition, AP-CF injection barely
increased the number of peritoneal neutrophils and
inflammatory macrophages.

45 Lim et al.,
2018 [66] Muscle preserving effect

The beneficial skeletal muscle-preserving effects of
extracellular polysaccharides from APβG on
dexamethasone (DEXA)-induced catabolic muscle
atrophy in mice. APβG at 400 mg/kg exhibited
favorable muscle protective effects against
DEXA-induced catabolic muscle atrophy; the effects
are comparable with those of oxymetholone (50
mg/kg).

46 Hayashi et al.,
2019 [22] Anti inflammatory effect

Inflammatory immunostimulatory action of nitrogen
oxide (NO) synthesis and TNF a production in
RAW264.7 cells induced by Lipopolysaccharide (LPS)
were suppressed by APβG with lower molecular
weight less than 10,000.

12



Nutrients 2021, 13, 242

Table 2. Cont.

No. Author, Year, Reference 1 Item of Chracterization or Healthy
Function

Outline of Functionality and Efficacy

47 Hino et al.,
2019 [67] Inclusion of porphyrin

Fluorescence intensities of water-soluble
APβG-complexed porphyrin derivatives were very
weak owing to self-quenching. However,
APβG-complexed tetra (aminophenyl) porphyrin
exhibited ‘off-state’ to ‘on-state’ fluorescence
switching activity via intracellular uptake.
Furthermore, the internalized complex showed a high
level of photodynamic activity toward HeLa cells
under photoirradiation at long wavelengths.

1 Reference numbers in “Author, Year and Reference” column is shown in reference numbers in the text.

2.4.1. Intestinal Immunostimulatory Effect

Organisms absorb nutrients in the intestine from food, assimilate them for growth
and other physiological functions, and generate energy to survive. However, food contains
pathogens and, therefore, an efficient immune system is required for protection against
such pathogens. A prominent organ related to the immune function is the gut-associated
lymphoid tissue (GALT) [68].

The gut microbes, such as lactobacilli and bifidobacteria, are important for the activa-
tion of intestinal immunity. Recent studies have revealed that polysaccharides or nucleic
acid components of the cell surface, which constitutes the cellular body, are the essential
ligands for the activation of innate immunity and induction of acquired immunity in
the intestine. By recognizing the components of various microbial cells, innate immune
activation and signaling enhance the responsiveness of acquired immunity. In other words,
through exposure to food (ingredients), GALT matures, gains immune responsiveness, and
accumulates and exerts its functions. In 2011, the discovery of the interactions between the
innate and adaptive immunity was awarded the Nobel Prize in Physiology or Medicine.

The Peyer’s patch plays pivotal roles in the intestinal immunity, specifically the GALT
immunity. At the Peyer’s patch, useful immunostimulatory components of food are taken
up into the lymph node, where antigen-presenting cells, such as macrophages and dendritic
cells, are present. These cells are taken in by the M cells in the Peyer’s patches, which
are tens of microns in size. These antigen-presenting cells express innate immune signal
receptors, such as TLRs and C-type lectins, and transmit various signals to the systemic
immune system [10].

The intestinal immunostimulatory and modulatory effects of APβG have been evalu-
ated in animal models such as mice. Cellular-level in vitro experiments using lymphocytes
derived from the Peyer’s patches in mice showed that immunoglobulin (Ig)A was produced
at APβG concentrations ranging from 0 to 200 μg·mL−1 in a dose-dependent manner, and
APβG was more active than yeast-derived zymosan and bacterial inflammatory substances
(e.g., LPS). Simultaneously, interleukin (IL)-5 and IL-6 production was also increased In
in vivo experiments, APβG was orally administered to each mouse at a concentration of
10–20 mg·kg−1 body weight per day for seven7 days; on day 8, lymphocytes from the
Peyer’s patches were extracted and their IgA level were measured. APβG promoted the
production of IgA in the intestine, and activated lymphocytes and production of IL5 and
IL6 in the Peyer’s patch, which is the immune tissue of the intestine, by triggering the
intestinal immune system [25].

Furthermore, when APβG-containing food products were orally administered to
six-week-old BALB/c female mice, antibody titers in the blood were elevated and the
phagocytic capacity of blood macrophages was enhanced, suggesting an immunostimula-
tory effect via intestinal immune activation [52].

In addition, the Peyer’s patch cells were isolated, and IL-5, IL-6, and IgA levels in
the medium were measured following APβG administration. The levels of both cytokines
and IgA were increased, and the level of IL-6 secreted by the Peyer’s patch dendritic
cells was also elevated. In another study, APβG was orally administered for two weeks,
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and IgA levels were measured; APβG tended to promote small intestinal IgA production.
Interestingly, following treatment with the immunosuppressant cyclophosphamide (CY),
mice receiving an APβG-supplemented diet showed significantly increased IgA production
compared with mice receiving the control diet. Moreover, the levels of IL-6 and IgA secreted
by the Peyer’s patch lymphocytes as well as of IL-6 secreted by the Peyer’s patch dendritic
cells were increased. Overall, these effects of oral administration indicate the potential use
of APβG as a functional food with immunomodulatory activity [46].

2.4.2. Splenic Immunomodulation

Although the biological action of β-glucan depends on its structure, the effect of
highly branched 1,3-β-D-glucan on cytokine production in mouse leukocytes remains
poorly understood. In an in vitro study, APβG strongly induced the production of various
cytokines in DBA/2 murine splenocytes. Specifically, APβG induced interferon-γ (IFN-γ),
IL-12p70 (a Th1-type cytokine), and IL-17A (a Th17-type cytokine), but not IL-4, IL-10, and
tumor necrosis factor-α (TNF-α) [32]. Furthermore, anti-dectin-1 neutralizing antibodies
could not inhibit this APβG-induced IFN-γ production in DBA/2 murine solenocytes. This
result indicates that APβG induces IFN-γ activity through signaling pathways other than
those involving dectin-1, which is a major β-1,3-d-glucan receptor [37].

APβG has been reported to induce cytokine production in the presence of granulocyte–
macrophage colony-stimulating factor (GM-CSF). This APβG-induced production of cy-
tokines in DBA/2 murine splenocytes was completely blocked by anti-GM-CSF neutraliz-
ing antibodies. Moreover, the addition of GM-CSF to C57BL/6 murine splenocytes that
were less responsive to APβG showed APβG-induced cytokine production. These findings
suggest that GM-CSF is essential for APβG-induced cytokine production in murine spleno-
cytes. This discovery is expected to offer novel insights into the effects of β-1,3-1,6-glucan
as well as to help design and develop highly efficient β-glucan formulations [38].

2.4.3. Antitumor and Antimetastatic Activities

The antitumor and antimetastatic activities of APβG have been investigated. In a
murine oral administration study, 10,000 colon-26 cancer cells were transplanted into
murine spleens to investigate the antitumor effects of APβG on primary tumors and its
inhibitory effects on cancer metastasis to the liver; significant (p < 0.05) reduction in primary
tumor incidence and inhibition of tumor metastasis to the liver were observed even at
an APβG dose as low as 50 mg·kg−1. Furthermore, to clarify its mechanism of action in
the intestine, the immune function of the small intestine was examined. The number of
IFN-γ–positive cells was remarkably increased. Based on this result, the antitumor and an-
timetastatic effects of APβG were assumed to have been exerted through the enhancement
of IFN-γ production from the small intestinal mucosal cells. Natural killer (NK) cell activity
was also enhanced. That was the first study to demonstrate that the oral administration of
high-purity β-glucan exhibits antitumor and antimetastatic activities by enhancing IFN-γ
production and NK cell activity by triggering the intestinal immunity [26].

Furthermore, the mechanism underlying the antitumor effects of APβG has been
explored. APβG induced the expression of TNF-related apoptosis-inducing ligand (TRAIL)
in murine and human macrophage-like cells, suggesting that TRAIL expression induces
tumor cell apoptosis [55].

In addition, APβG has a β-1,3-1,6 structure, similar to lentinan, which is an antitumor
agent approved for clinical use in Japan. However, lentinan is intravenously injected. In
three clinical cases, APβG was orally administered in combination with anticancer drugs,
such as Avastin, Elplat, Levofolinate, and fluorouracil, to treat for stage III colon cancer
patients, on which two sites of cologenomic cancer were transferred, and remarkable cancer
elimination was reported in the all cases [60].
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2.4.4. Antimicrobial Activities

The efficacy of APβG was tested against Candida in intravenously infected mice
and methicillin-resistant Staphylococcus aureus (MRSA) in intestinally infected mice. Mice
sensitive to CY were intravenously infected with 6 × 104 cells of C. albicans, and APβG was
administered intraperitoneally at 1 mg per day for four days, which significantly prolonged
survival. In CY-treated mice exhibiting a mild infection (intravenous administration of
2 × 104 cells of C. albicans), oral administration of 2.5% APβG significantly prolonged
survival and reduced renal microbial viability at 30 days of infection. In mice intestinally
infected with MRSA, oral administration of APβG did not reduce fecal MRSA, although it
inhibited CY-induced weight loss. Prophylactic oral administration of APβG improved the
resistance of CY-treated mice to C. albicans infection [45].

2.4.5. Effect of Alleviating Influenza Symptoms

Oral administration of APβG has been reported to protect mice from lethal influenza
[caused by A/Puerto Rico/8/34 (PR8; H1N1) strain], which is an infectious disease. The
survival of mice infected with a sublethal dose of the influenza A virus was significantly
increased following the oral administration of APβG. Furthermore, viral titers in mouse
lungs were significantly reduced following the oral administration of APβG. Therefore,
APβG administration likely enhanced the expression of viral sensor molecules to exert
protective effects against influenza through the inhibition of viral replication [40].

Previous studies have shown that APβG exhibited adjuvant activity and induced
resistance against influenza; however, further investigation into the underlying mecha-
nisms revealed that the intraperitoneal administration of APβG increased the serum level
of IL-18 and the number of splenic IFN-γ-producing CD4-positive cells after influenza A
viral infection. In addition, APβG induced IL-18 production in DC2.4 cells, a dendritic cell
line, as well as in peritoneal exudate cells, including peritoneal macrophages. Thus, APβG
acts as an adjuvant inducing the Th1-type response during influenza A viral infection [65].

To test its non-influenza antiviral efficacy, THP-1 macrophages were treated with
APβG along with R-848, which is an anti-herpesvirus agent; the expression of TNF-α and
IL-12p40 was significantly enhanced when the cells were co-stimulated with the M2 cell
culture supernatants of R-848 and APβG compared to when stimulated with the M2 cell
culture supernatant of R-848 alone. Furthermore, co-stimulation with R-848 and APβG
significantly enhanced the phagocytosis-promoting ability of apoptotic Jurkat cells. These
findings suggest that the APβG-induced activation of several distinct innate immune
receptor signaling pathways enhances the overall immune response induced by R-848 [47].

As noted above, the antiviral effects of APβG may also be realized through the
expression of interferon-stimulated genes (ISGs) in macrophage-like cell lines. These
findings suggest that APβG stimulation effectively promotes the expression of ISGs through
inducing IFNs and enhancing STAT1-mediated transcriptional activity [50].

2.4.6. Effects on Improving Lifestyle-Related Diseases, Including Obesity

Oral administration of APβG modulated the development of fatty liver caused by an
HFD. Increased blood cholesterol and triglyceride levels triggered by HFD intake were
suppressed by the oral administration of APβG. In addition, triglyceride accumulation
in the liver was significantly suppressed by the oral administration of APβG. In HFD-fed
mice, the elevated serum alanine aminotransferase levels associated with hepatic injury
were lowered by the oral administration of APβG. These findings indicate that the oral
administration of APβG may be effective in preventing the development of nonalcoholic
fatty liver disease. In this case, the concentration of oral administration was less than 1%
aqueous solution. APβG led to a significant upregulation of cholesterol 7 alpha-hydroxylase
(CYP7A1) and IL-6 and normalized lipid metabolism. There is a possibility that this is
due to the immunity-mediated cytokine network rather than the black yeast β-glucan
physically binding to bile acids. [53].
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Moreover, the effect of APβG on atherosclerosis induced by HFD intake was also con-
firmed in apolipoprotein E-deficient mice, which is a common animal model of atherosclero-
sis. Atherosclerosis induced by HFD intake was significantly suppressed in APβG-treated
mice compared to that in control mice. Serological analysis showed that the blood levels of
oxidized low-density lipoprotein cholesterol, a well-known risk factor for atherosclerosis,
were significantly reduced in APβG-treated mice. In addition, APβG reduced macrophage
accumulation in the blood vessels. These data suggest that oral administration of APβG is
effective in preventing the development of atherosclerosis induced by HFD intake [58].

In a clinical study, a male subject was orally administered 1.5 mg APβG for 2 months. As
a result, his triglyceride levels decreased from 523 (at the start of the study) to 175 mg·dL−1

(after two months). Dyslipidemia is a major risk factor for the development of cardiovascular
diseases, and statins are the routine drugs used to manage dyslipidemia. In this case report,
the subject was a patient with dyslipidemia but without diabetes, who was treated with
Rosuvastatin. Upon APβG administration, his very low-density lipoprotein level decreased
from 104.6 (at the start of the study) to 35 mg·dL−1 after two months, whereas the high-
density lipoprotein cholesterol level increased from 27 to 38 mg·dL−1. That was the first
report on the effects of APβG on dyslipidemia not associated with diabetes. Thus, APβG
supplementation along with routine medication is beneficial to treat dyslipidemia, although
a large-scale prospective trial is warranted to confirm these effects [51].

2.4.7. Postprandial Blood Glucose Reduction

The effects of the oral administration of APβG on increased postprandial blood glucose
levels were examined. APβG was orally administered to mice at doses of 50, 100, 200, and
500 mg·kg−1 per day in the morning and evening for seven days. On day 8, after fasting
for 4 h or more, an aqueous solution containing APβG and an aqueous glucose solution
(100 mg, 0.2 mL per mouse) were orally administered. In the control group, the blood
glucose levels increased up to 30 min after administration. In the APβG-treated group, the
blood glucose levels decreased 30 min after administration, and the blood glucose levels
at 60 min after administration were significantly decreased compared with those in the
control group. In the groups administered 100 and 200 mg·kg−1 APβG, blood glucose level
slightly increased from 15 to 30 min after glucose administration but decreased thereafter,
and the blood glucose level at 60 min after administration was significantly decreased
compared with the control level.

In addition to the single-dose study described above, a seven-day free-intake study
using an aqueous solution containing APβG (0.1–1.0%) was also conducted. When insulin
levels were measured (at 15 min after glucose administration) during the glucose tolerance
test on day 8, the increase in postprandial blood glucose tended to be suppressed, and
blood insulin levels were significantly decreased. Based on these results, APβG intake
with a meal might be effective in controlling postprandial blood glucose and insulin levels,
thereby reducing the risk of metabolic syndromes [35].

2.4.8. Anti-Type I Allergic and Anti-Inflammatory Effects

The effect of APβG on type-I allergies was examined. Mice were provided an APβG-
containing diet (0%, 0.25%, 0.5%, and 1.0%) ad libitum for 37 days. Food allergy was
induced by intraperitoneal administration of 3 mg ovalbumin (OVA) saline on days 16 and
30 and oral administration of 15 mg OVA on day 37. As a result, the increased levels of
OVA-specific IgE due to food allergy were lowered by APβG intake, and these levels were
significantly decreased in mice receiving 1% APβG.

Th1-dominant response was observed due to increased IFN-γ and IL-12 production in
splenic lymphocytes, and the numbers of CD8-positive, IFN-γ-positive, and IgA-positive
cells were increased in the small intestinal mucosa. These results indicate that APβG
produces an anti-type-I allergic effect through a mechanism suppressing OVA-specific
IgE production. OVA ingestion mediates IgE production, which induces an allergic food
reaction, leading to a Th1-dominant state. Moreover, APβG-mediated activation of the
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intestinal immune system under OVA-induced food allergies may protect against bacterial
and viral invasion by increasing the numbers of CD8-positive T-cells, IgA-positive cells,
and INF-γ-positive cells [28]. Furthermore, the anti-inflammatory effect of APβG may be
strengthened by reducing its molecular weight [17].

APβG showed an allergy-alleviating effect through mast cells. The precise role of
APβG in type-1 allergic reactions remains to be fully investigated. The inhibitory ef-
fects of low-molecular-weight β-glucan on mast cell degranulation and passive cutaneous
anaphylaxis (PCA) were investigated. APβG inhibited the degranulation of both rat ba-
sophilic leukemia (RBL-2H3) and cultured mast cells (CMCs) activated by the calcium
ionophore A23187 or IgE in a dose-dependent manner. Furthermore, oral administra-
tion of APβG inhibited IgE-induced PCA in mice. Specifically, a single dose of APβG
(100–150 mg·kg−1 per mouse) significantly reduced PCA. Of note, tranilast (active ingredi-
ent of Rizaben, Kyorin Pharmaceutical) has been shown to be as effective as APβG [44].
Based on this result, a single-blind two-group parallel-monitoring study on pollinosis
in humans (60 participants) was conducted. Consumption of drinks containing 150 mg
APβG every day significantly reduced end-points such as sneezing and nasal discharge
associated with pollinosis. The incidence of allergic diseases, such as allergic rhinitis, atopic
dermatitis, asthma, and food allergies, has increased in several countries. Mast cells play
critical roles in various biological processes related to allergic diseases. These cells express
a high-affinity receptor for IgE on their surface, and the interaction of multivalent antigens
with surface-bound IgE leads to the secretion of granule-stored mediators as well as the de
novo synthesis of cytokines. These mediators and cytokines promote the development of
allergic diseases [59].

The symptoms of mice with OVA-induced allergic asthma were alleviated following
the administration of 125 mg·kg−1 APβG. In another study, the effects of APβG, derived
from a UV-induced mutant of A. pullulans, on OVA-induced allergic asthma were examined
and compared with the effects of intraperitoneally administered dexamethasone (DEXA)
(3 mg·kg−1) in mice. Following OVA aerosol challenge, body weight, lung weight, total
leukocyte and eosinophil count in the peripheral blood, total cell number, neutrophil
count, and eosinophil count in bronchoalveolar lavage fluid were increased in the OVA-
control group compared with values in the sham-control (non-OVA) group. Therefore,
APβG produces favorable effects against OVA-induced allergic asthma. The efficacy of
125 mg·kg−1 APβG was similar to or slightly lower than that of 3 mg·kg−1 DEXA [41].

2.4.9. Anti-stress and Immunomodulatory Effects

The effects of APβG administration on mice subjected to forced fasting and restraint
stress were examined. The mice were orally administered APβG (25, 50, or 100 mg·kg−1

mice) every morning for seven consecutive days after one week of acclimatization. Forced
fasting and restraint stress were induced using a 50 mL plastic tube with vents for 12 h
from night to morning on days 3, 5, and 7 of administration. The restraint group, forced
fasting plus restraint group (food and water were not provided plus forced restraint was
performed), forced fasting group (food or water were not provided but no forced restraint
was performed) were compared with the normal group (control; food and water provided
ad libitum, and no forced restraint was performed).

The blood levels of corticosterone, which a stress marker, were significantly increased
in the restraint and forced fasting plus restraint groups compared with those in the control
group, and these levels tended to increase in the forced fasting group. In contrast, APβG
treatment suppressed the increase in corticosterone levels. Specifically, the increase in blood
corticosterone level was significantly suppressed in the 50 mg·kg−1 APβG administration
group compared with that in the forced fasting plus restraint and forced fasting groups,
indicating a stress-relieving effect of APβG. Therefore, the oral administration of APβG
significantly alleviated restraint stress in mice.

IL-12 secretion from splenocytes was significantly reduced after forced fasting plus
restraint stress. Moreover, restraint stress significantly suppressed immune function. Spleen
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weight was significantly lower in the forced fasting plus restraint and forced fasting groups
than in the control group. In contrast, the decrease in IL-12 due to forced fasting and
restraint stress was improved following APβG treatment. In particular, the IL-12 secretory
volume was significantly increased in the 100 mg·kg−1 administration group compared
with that in the forced fasting group. The efficacy of APβG in improving the immune
function by restoring IL-6 secretion was also observed. The reduction in spleen weight
due to restraint stress was not significantly different among the APβG-treated groups. In
addition, the NK activity of splenic lymphocytes was markedly decreased in the forced
fasting and forced fasting plus restraint stress groups, but APβG significantly ameliorated
the decrease in NK activity caused by forced fasting and restraint stress.

Thus, repeated restraint stress increased blood corticosterone level but decreased
splenic weight, splenic cytokine (IL-6 and IL-12) production, and NK activity. In contrast,
the oral administration of APβG prevented the increase in blood corticosterone levels and
the decrease in cytokine production and NK activity caused by restraint stress. Although
restraint stress reduced immune functions, such as cytokine production and NK activity,
the oral administration of APβG ameliorated this reduction in immunocompetence [29].

Along with the aforementioned anti-stress results, the authors planned and performed
a clinical trial with a randomized crossover test (unpublished data). The duration of the
clinical trial was two weeks and involved 28 participants (aged 22–55 years). In this trial,
all participants consumed a bottle of placebo or APβG (100 mg) daily. After one and two
weeks, corticosterone concentration in the saliva was measured as a stress marker. The
anti-stress effect was physiologically estimated based on the corticosterone concentration
after a stress test, such as the calculation and Visual Analogue Scale test (VAS) evaluation
conducted on participants. The results suggested that, after two weeks, both physiological
and mental stresses were reduced significantly. [5].

2.4.10. Protective Effect on the Intestinal and Gastrointestinal Mucosa

The redacting effects of APβG on the side effect of oral anticancer drug cocktail
tegafur/uracil (UFT) were examined in mice. In the group treated with UFT alone, diarrhea,
which is one of the side effects, was observed, whereas in the group treated with both
APβG (oral; 25–100 mg·kg−1) and UFT, diarrhea was suppressed. Further examination of
the tissue condition confirmed that the oral administration of APβG markedly inhibited
damage to the small intestinal mucosa [34].

In mice treated with the anticancer drug CY, the weight of the spleen and thymus
was reduced and the level of the corresponding cytokines, such as IL10, was also de-
creased. In mice receiving APβG, this immunosuppressive effect of CY was reduced. The
immunomodulatory effects of APβG were evaluated in CY-treated mice. APβG could
effectively prevent CY-mediated immunosuppression, at least partially, by recruiting T-cells
and TNF-α-positive cells or enhancing their activity. Therefore, APβG could effectively
prevent the immunosuppressive effects of treatment regimens for diseases such as cancer,
sepsis, and high-dose chemotherapy or radiotherapy [36].

The effects of APβG on gastric ulcers were also investigated. APβG was orally
administered to 6–8-week-old male mice at a dose of 0, 5, 20, 50, 100, and 200 mg·kg−1

body weight. After 1 h, 100% ethanol was administered orally at 5 mL·kg−1 body weight
to induce gastric injury (gastric ulcer). The stomach was then excised by laparotomy 4 h
after the induction of the gastric injury and scored for hemorrhagic injury (hemorrhagic
damage). The hemorrhagic injury score was calculated in 1 mm squares in the wounded
areas and summed up to yield the gastric injury index. The results showed that the oral
administration of 100% ethanol caused significant gastric injury and that APβG ameliorated
this injury in a dose-dependent manner.

Therefore, the oral administration of APβG reduced ethanol-induced gastric injury
(gastric ulcer), and this protective effect on the intestinal mucosa was mediated through
the induction of heat shock protein 70 (HSP70) and increased production of mucin [39].
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2.4.11. Effects on the Microbiome

The effects of APβG on the microbiome have also been demonstrated in domestic
animals. APβG was orally administered for three months to Holstein cows fed raw milk
with a somatic cell count of 3 × 105 mL−1 or less in milk, and the concentrations of milk
and blood cytokines were analyzed. The number of somatic cells in milk did not change
significantly but the concentration of solid non-fat in milk tended to increase following
the oral administration of APβG. Analysis of blood cytokine levels using enzyme-linked
immunosorbent assay revealed that TNF-α and IL-6 expression was slightly lower in the
APβG-administered cows than in the control cows after two months of oral administration.
Moreover, the expression of IL-8 tended to be moderately higher in the APβG-administered
cows than in the control cows after three months of oral administration. APβG was orally
administered to peripartum Japanese Black beef cows and their newborn calves, and
the intestinal flora of the calves was analyzed using terminal restriction fragment length
polymorphism. The intestinal flora was altered following the oral administration of APβG.
For instance, the population of the genus Prevotella (317 bp operational taxonomic units)
tended to increase in the APβG-administered calves compared with that in the control
calves. Therefore, the oral administration of APβG may affect the blood cytokine levels in
Holstein cows and the intestinal flora in Japanese Black calves [42].

The effects of APβG produced via fermentation using soybean as the substrate on
the intestinal morphology of broiler chickens were examined. Improved gut microbiota
(increased ratio of lactobacilli and Clostridium perfringens) and weight gain were observed.
Soybean hulls (SBH) are a by-product of soybean processing for oil and meal produc-
tion. Pleurotus eryngii stalk residues (PESR) are a by-product of the edible portion of the
fruiting body enriched in bioactive metabolites. The effects of APβG produced via the
co-fermentation of PESR and SBH on the performance and intestinal morphology of broiler
chickens were evaluated [56]. A total of 400 broiler chicken (Ross 308) were randomly
assigned into four groups receiving the basal diet (control) or the basal diet supplemented
with 0.5% fermented SBH (0.5% FSBH), 0.5% co-fermented SBH plus PESR (0.5% FSHP),
and 1.0% co-fermented SBH plus PESR (1.0% FSHP) until 35 days of age. Compared with
the control group, the 0.5% FSHP group showed significantly increased ratio of lactobacilli
to Clostridium perfringens in the ceca, ileum villus height, and jejunum villus height-to-crypt
depth ratio at 35 days of age. In conclusion, dietary supplementation of 0.5% FSHP in
broiler chickens improved the body weight gain and intestinal morphology through the
effects of its bioactive metabolites.

Recently it was found that suppression of IL-17F provides protection against colitis
by inducing Treg cells through modification of the intestinal microbiota with increasing
growth of Lactobacillus murinus by intereaction with low morecular β-glucan, such as
laminaran and dectin 1 receptor [69].

2.4.12. Application to the Skin

External application of APβG avoided muscle transplantation and promoted heal-
ing in cases with third-degree low-temperature burns [61]. APβG has been reported to
serve cosmetic functions when applied to the skin. APβG has been reported to show
anti-aging effects, whitening effects, and inhibitory effects on melanin production and
tyrosinase activity.

Moreover, APβG reduced the activity of hyaluronidase, elastase, collagenase, MMP-1,
and tyrosinase, as well as inhibited the production of melanin. Owing to its antioxidative
and whitening effects, APβG may be used as a functional cosmetic material [49].

In UVB-induced hairless mice, APβG application to the skin reduced reactive oxygen
species-mediated inflammation through its antioxidative and anti-inflammatory effects.
APβG may be used as a raw material for cosmetics. Since antioxidants from natural sources
may be an effective approach to prevent and treat UV-induced skin damage, the effects
of purified APβG were evaluated in UVB-induced hairless mice. In that study, APβG
containing 1.7% β-1,3/1,6-glucan, fibrous polysaccharides, and other organic materials,
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such as amino acids, and mono- and di-unsaturated fatty acids (linoleic and linolenic
acids), showed anti-osteoporotic and immunomodulatory effects through antioxidative
and anti-inflammatory mechanisms [54].

In traditional data, the effects of APβG on acute xylene-induced inflammation were
observed. APβG at a dose of 62.5, 125, and 250 mg·kg−1 was orally administered once
to xylene-treated mice (0.03 mL xylene was applied to the anterior surface of the right
ear to induce inflammation). APβG showed a somewhat favorable effect in reducing the
xylene-induced acute inflammatory response in mice [27].

2.4.13. Osteoporosis Improvement

The anti-osteoporotic effects of APβG at doses of 31.25, 62.5, and 125 mg·kg−1 were
investigated in ovariectomized mice. APβG was orally administered once daily for 28 days
to bilateral ovariectomized mice, beginning four weeks after surgery. Changes in body
weight, bone weight, bone mineral content, bone mineral density, failure load, histologic
profiles, and histomorphometric parameters were evaluated, and serum osteocalcin, cal-
cium, and phosphorus levels were measured. Alendronate was used as the reference drug.
APβG significantly suppressed the decrease in bone weight, bone mineral content, failure
load, bone mineral density, and serum calcium and phosphorus levels and increased serum
osteocalcin levels in a dose-dependent manner. In addition, APβG significantly suppressed
the decrease in histomorphometric parameters, such as volume, length, and thickness of the
trabecular bone, the thickness of the cortical bone, and increased the number of osteoclasts
in the femur and tibia. Although the effects of APβG were generally moderate and inferior
to those of alendronate, its effects on the cortical bone thickness were superior. In addition,
APβG exhibited favorable effects on ovariectomy-induced osteoporosis. However, further
long-term studies are warranted to confirm the effects of APβG on osteoporosis [30].

Another study examined the synergistic anti-osteoporotic potential of mixtures contain-
ing different proportions of APβG, 13% β-glucan-containing extract, and Textoria morbifera
Nakai (TM) extract compared with that of the single formulations of each herbal extract in
bilateral ovariectomized mice, a well-known rodent model for studying human osteoporosis.
The APβG:TM (3:1) formulation synergistically enhanced the anti-osteoporotic potential of
single APβG or TM formulation, possibly due to the enhanced array of active ingredients.
Furthermore, the effects of APβG:TM were comparable to those of RES (2.5 mg·kg−1). These
results suggest that the APβG:TM (3:1) combination can serve as a novel pharmaceutical
agent and/or functional food for managing osteoporosis in menopausal women [64].

The additional studies also assessed the beneficial skeletal muscle-preserving effects
of extracellular polysaccharides from APβG on dexamethasone (DEXA)-induced catabolic
muscle atrophy and osteoarthritis in mice [43,66].

2.4.14. Use as a Material Inclusion Agent

APβG can solubilize pharmacologically active hydrophobic substances through com-
plex formation without compromising their pharmacological activity. 1′-Acetoxychavicol
acetate (ACA) is isolated from the roots of Alpinia galanga and shows various physiological
activities such as antineoplastic and immunosuppressive properties. As a complex with
APβGs, ACA can serve as a pharmaceutic agent, functional food material, and cosmetic
material. The clathrate complex between ACA and APβG was successfully produced using
a high-speed vibrational grinding method. The ACA–APβG complex was intraperitoneally
administered to treat dinitrofluorobenzene-induced contact dermatitis in a mouse model,
and auricle thickening, immune cell infiltration, and blood inflammatory cytokine levels
were evaluated. Consequently, treatment with the ACA–APβG complex suppressed auri-
cle thickening and immune cell infiltration and reduced the abundance of inflammatory
cytokines in the blood, demonstrating anti-inflammatory effects [57].

Fullerenes are selected as target drugs, and their application in photodynamic therapy
(PDT) is anticipated because of their high photosensitization ability; in this context, APβG
was considered as a drug carrier. In addition, β-1,3-glucans are specifically recognized by
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dectin-1, which is a specific Toll-like receptor (TLR) expressed on macrophage surfaces.
Therefore, the application of APβG is expected to increase the selectivity of PDT. Various
fullerene derivatives were water-solubilized by APβG, and the efficacy of PDT using
APβG as a drug carrier was evaluated in mouse peritoneal macrophages [62,67]. Upon
complexing with APβG using a high-speed vibration pulverization method, fullerene,
which is poorly water-soluble, could be efficiently solubilized. In atomic force microscopic
images, the thickness of the APβG–C70 complex was about twice that of the APβG-only
complex. The APβG–C70 complex functioned as an excellent photosensitizer both in vitro
and in vivo and could specifically target macrophages expressing dectin-1 [62].

3. Discussion

3.1. Physiological Functions and Polysaccharides

As described earlier, β-1,3-glucan has traditionally been recognized as a functional
food ingredient obtained from mushrooms and has been reported to possess antitumor
activity. β-glucans are homopolysaccharides composed solely of glucose and have been
reported to be functional in different binding modes. In addition to mushrooms, β-glucans
have been derived from oat and barley, which contain repeating structures with β-1,3 and
β-1,4 bonds in their primary chains without branching. Meanwhile, β-glucans derived
from seaweeds, such as laminaran, contain repeating structures with β-1,3 and β-1,6 bonds.
β-glucans with multiple linkages in their straight chains have been characterized to be
highly water soluble [1–5].

As described above, the immunostimulatory mechanisms of β-glucans have recently
been elucidated, and receptors on macrophages and dendritic cells, which are antigen-
presenting cells, have been revealed to be involved in these mechanisms. The use of
β-glucans as a functional food material to boost the intestinal immunity has been pro-
posed, as discussed below. The mechanism underlying the immunostimulatory actions
of APβG have also been clarified. Interestingly, the β-glucan polysaccharide, which is
a macromolecule with a MW of a few million has been reported to show a triple helical
structure. Recent studies have demonstrated that specific molecular weight is required for
its action, and studies have accumulated the evidence of the association between APβG
conformation and function, such as the recognition of β-1,6 bonds by antibodies, such
as several kinds of IgG [31,33]. In addition, the higher-order structure of β-glucan has
attracted much attention in host–guest chemistry based on its ability to solubilize poorly
water-soluble hydrophobic substances, such as pharmaceutical compounds, vitamins, and
physically or chemically treated nanoparticle materials. Therefore, the application of APβG
as a drug delivery system is anticipated in vaccine adjuvant research.

3.2. Recognition Mechanism of β-Glucans

The immunomodulatory functions of β-glucans are realized through the interaction
between the activation of innate immunity and the acquisition of adaptive immunity.
Discoveries and evidence linking their roles are essential to elucidate the presence and
function of receptors expressed on the surface of cells, such as macrophages, dendritic
cells, and neutrophils. Among them, TLRs are specific receptors with some well-known
ligands, such as nucleic acid molecules (DNA and RNA) and polysaccharides on the
surface of flagella and cells. The specific receptors for β-glucan, in particular, include
the β2-integrin-type complement receptor CR3 [70], lactosylceramide [71], and the C-
type lectin dectin-1 [63], and there have been numerous recent studies focusing on these
molecules. In the early 21st century, dectin-1 was recognized as a ligand for β-glucan.
Using knockout mice, Brown et al. (2001) demonstrated that dectin-1, a C-type lectin, is
expressed on the plasma membrane of mammalian leukocytes and is deeply involved in
biodefense mechanisms, including phagocytosis, reactive oxygen species generation, and
cytokine production; many studies on the roles of dectin-1 are currently underway [72].
Ohno et al. (2009) reported that different activation pathways have also been identified
in the spleen [23,24,68]. The recognition structures include β-1,3-1,6-glucans with a β-1,3
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primary chain with β-1,6 branches in fungi, linear β-1,3 and β-1,4-glucans in plants, and
β-1,3-oligosaccharides with more than 16 sugars [4,73].

Anti-β-glucan IgG have been detected in vivo and reported to recognizeβ-1,6 branches [33].
Recently, the unique structure of APβG was determined, and it was revealed to be human serum
antibody-reactive. The reactivity of APβG was stronger than that of Grifola frondosa-derived
β-1,3-glucans but weaker than that of Candida-derived β-1,3-glucans. Specifically, APβG is
reactive to human serum IgG antibodies, such as IgG2, IgG1, and IgG3.

APβG can bind to R-848, a low-molecular-weight ligand that activates TLR7. More-
over, APβG induced TNF-α and IL-12p40 and enhanced the phagocytotic ability of
macrophages. In combination with R-848, β-glucan, which binds to the cell membrane-
localized TLRs and the C-type lectin receptor dectin-1, could target THP-1 macrophages.
Compared to R-848 treatment alone, co-treatment of R-848 and APβG significantly aug-
mented TNF-α and IL-12p40 cytokine expression. These results suggest that APβG acti-
vates an array of innate immune receptor pathways to enhance the immune response of
R-848 [47].

Stimulation with APβG effectively induced the interferon stimulated genes (ISGs)
in macrophage-like cell lines, perhaps through the induction of IFNs and enhancement
of STAT1-mediated transcriptional activation. The mRNA expression of ISGs was signifi-
cantly increased in RAW264.7 cells following stimulation with APβG. APβG stimulation
induced transient mRNA expression of IFN-β. Additionally, in IFN-α receptor-knockdown
RAW264.7 cells, APβG stimulation induced the expression of viperin mRNA more ef-
ficiently than did IFN-α stimulation. Phosphorylation of Ser727, which is involved in
promoting STAT1 activation, was rapidly increased following APβG stimulation. In ad-
dition, the expression of viperin mRNA induced by IFN-α stimulation was significantly
enhanced by co-stimulation with APβG. These findings suggest that APβG stimulation
effectively induces the expression of ISGs through the induction of IFNs and enhancement
of STAT1-mediated transcriptional activation [48,50].

Based on these results, APβG has been reported to serve numerous health functions.
Specifically, the antitumor and antimetastatic activities, antimicrobial effects, inflammation-
reducing effects, food allergy-alleviating effects, and stress-relieving effects of APβG are
known. Moreover, APβG improves lifestyle-related diseases by protecting the intestinal
mucosa, reducing fat, lowering postprandial blood sugar, promoting bone and joint health,
and alleviating gastric ulcers. APβG has been reported to induce HSP70. Interestingly,
a randomized, single-blind, placebo-controlled, parallel-group clinical trial involving
65 participants (age, 22–62 years) with pollinosis was performed for three weeks from
before and until the end of the cedar pollen season. In this trial, all participants consumed
a bottle of placebo or APβG (150 mg) daily and recorded allergic symptoms in a diary.
The APβG-administered group had a significantly reduced prevalence of sneezing, nose
blowing, tears, and hindrance in the activities of daily life compared to the placebo group.
These results suggest that APβG can serve as an effective treatment for allergic diseases [59].

4. Conclusions

The term “functional food” was coined in the 1980s in Japan [74]. A new and more
widely established term used in Japan is “Food with Health Claims (FHC).” There are
also a few definitions of functional foods. One of them is included in the final document
of the research program Functional Food Science in Europe (FUFOSE), financed by the
European Commission. According to this definition, food can be recognized as functional
if its beneficial influence on one or more organism functions has been proven [75]. The
need to continue the current research to systematize and verify the reports is warranted.
This research should mainly focus on the practical application of β-glucan. There is still
no precise information on the amount of β-glucan that should be consumed to obtain
the desired health effect. Most observations were made using either very high doses of
β-glucan or in combination with other biologically active ingredients. On this basis, it is
difficult to unequivocally recommend the concentration of this ingredient that should be
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supplied daily to achieve the expected result. It is also unknown whether a potentially
effective dose could be obtained by the consumption of products rich in β-glucan, or that
the usage of the enrichment process of selected food products in this ingredient would be
necessary. Therefore, consumers must be educated about β-glucan along with the benefits
associated with their usual diet.

In the future, studies unveiling the precise mechanisms underlying the immunostim-
ulatory functions of β-glucan as well as its effects on the autonomic nervous system and
endocrine system are warranted. In addition, solubilized APβG is anticipated to serve as a
functional food for modern and aging societies that experience high stress and as a potent
pharmaceutical agent in the field of preventive medicine. Recently, owing to its unique
triple helical structure, APβG has attracted much attention as a nanomaterial, hemostatic
agent, and drug delivery system in the medical field.
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Abstract: To see if the molecular weight (MW) and viscosity of oat β-glucan (OBG) when taken before
eating determine its effect on postprandial glycemic responses (PPRG), healthy overnight-fasted
subjects (n = 16) were studied on eight separate occasions. Subjects consumed 200 mL water
alone (Control) or with 4 g OBG varying in MW and viscosity followed, 2–3 min later, by 113 g
white-bread. Blood was taken fasting and at 15, 30, 45, 60, 90, and 120 min after starting to eat. None
of the OBG treatments differed significantly from the Control for the a-priori primary endpoint of
glucose peak-rise or secondary endpoint of incremental area-under-the-curve (iAUC) over 0–120 min.
However, significant differences from the Control were seen for glucose iAUC over 0–45 min and time
to peak (TTP) glucose. Lower log(MW) and log(viscosity) were associated with higher iAUC 0–45
(p < 0.001) and shorter TTP (p < 0.001). We conclude that when 4 g OBG is taken as a preload, reducing
MW does not affect glucose peak rise or iAUC0-120, but rather accelerates the rise in blood glucose
and reduces the time it takes glucose to reach the peak. However, this is based on post-hoc calculation
of iAUC0-45 and TTP and needs to be confirmed in a subsequent study.

Keywords: humans; oat β-glucan; acute glycemic response; dietary fiber; preload; carbohydrates

1. Introduction

Reducing the postprandial glycemic response (PPGR) is generally considered to be a beneficial
effect [1,2]. Oats and oat products elicit lower glycemic responses than most other types of ready-to-eat
and cooked breakfast cereals when comparing equivalent amounts of available carbohydrate
(avCHO) [3–7]. Oatmeal is rich in β-glucan, a highly viscous soluble dietary fiber found predominantly
in the endospermic cell wall of oats and barley [8] thought to be responsible, at least in part, for the low
glycemic impact of oats. Oat β-glucan (OBG) is thought to reduce PPGR by increasing the viscosity
of the contents of the upper gut [8,9], which, in turn, may slow gastric emptying, reduce the rate
of starch digestion, and increase the thickness of the so-called unstirred water layer in the small
intestine, thus delaying the absorption of carbohydrates [9]. The addition of OBG to test meals results
in a dose-dependent reduction in PPGR, an effect which is evident with as little as 0.04 g OBG per
gram avCHO in the test meal [10].
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Previous studies suggest that taking viscous fibers separate from a test-meal may not reduce
the PPGR [11,12]. Thus, in order to reduce PPGR, it may be necessary to mix viscous fibers with the food;
however, this alters the taste and texture of foods in a way that may reduce palatability. A potential
solution to this problem may be to consume a fiber ‘preload’ which develops viscosity slowly so that it
can be consumed in a palatable form just before eating and remains dispersed in the stomach long
enough to be able to mix effectively with the main meal, but becomes viscous by the time the stomach
starts to empty. To this end, we showed that taking commercial oat bran containing 0.9, 2.6, or 5.3 g
OBG mixed in water a few minutes before consuming 50 g avCHO as white bread reduced postprandial
glycemic responses in a dose-dependent fashion [13]. Since the different doses of OBG were mixed
into a fixed amount of water, the viscosity of the preload increased as the dose of OBG increased.
Thus, it is not possible to determine from that experiment whether it was the amount of OBG or
the viscosity of the preload which affected the glycemic response. We hypothesized that the extent to
which an OBG preload reduces the glycemic response depends on its viscosity. Since the viscosity of
solutions containing a fixed amount of OBG can be changed by altering the molecular weight (MW) of
the OBG, the purpose of this study was to determine the effect of varying the MW, and hence viscosity,
of 4 g OBG preloads on the PPGR elicited by a 51.5 g avCHO portion of white bread.

2. Material and Methods

2.1. Subjects and Study Design

We conducted an open-label study with a randomized cross-over design at a contract research
organization; participant visits occurred between 3 January and 6 February 2018. We recruited 16
healthy subjects (9 males and 7 non-pregnant females) of mixed ethnic background (7 Caucasian
and 9 non-Caucasian as follows: 4 East- or South-East Asian, 2 South Asian, 2 Hispanic and 1 mixed
Aboriginal/Caucasian), aged (mean ± SD) 41 ± 11 y with body mass index 25.6 ± 2.7 kg/m2, and all
16 completed the study according to protocol. Compared to the 7 Caucasian participants, the 9
non-Caucasian participants were younger (mean ± SD, 36.4 ± 10.8 vs. 45.7 ± 8.6 y, p = 0.084) and had
a lower BMI (23.9 ± 1.6 vs. 27.8 ± 2.1 kg/m2, pp = 0.001) (Supplemental Table S1). Twelve (12)
participants took no prescription medications or supplements, 3 took daily supplements (1 took 750
mg omega-3 fatty acids, 125 mg calcium, and 125 mg magnesium daily; 1 took 2 capsules of the hair
growth supplement Priorin daily; and 1 took 1000 mg omega-3 fatty acids and 1000 IU vitamin D
daily), and 1 took a birth control pill. The procedures used were in accordance with the protocol
used at INQUIS for determining the GI of foods, which was approved by the Western Institutional
Review Board®. The work described in this manuscript was carried out in accordance with The Code
of Ethics of the World Medical Association (Declaration of Helsinki) for experiments involving human
subjects. The protocol used was approved by the Western Institutional Review Board® (WIRB) which
meets all requirements of the US Food and Drug Administration (FDA), the Department of Health
and Human Services (DHHS), the Canadian Health Protection Branch (HPB), Canadian Institutes for
Health Research (CIHR) and the European Community Guidelines. Prior to their participation, all
subjects provided written informed consent by signing the approved consent form (WIRB protocol
number: 971199).

2.2. Procedures

Each subject underwent 8 treatments on separate days, with each subject performing up to 3 tests
per week separated by at least one day. On each test day, subjects came to the facility (20 Victoria
Street, 3rd floor, Toronto, ON, Canada) in the morning after a 10–14 h overnight fast. After being
weighed, subjects gave 2 fasting blood samples obtained by finger-prick ~5 min apart. After the first
fasting blood sample, subjects consumed a preload consisting of 200 mL water either alone or mixed
(by hand, avoiding clumps) with one of 6 OBG sources (described below) each of which contained
4 g OBG of varying MW (Table 1). Subjects consumed water alone (Control) on 2 separate occasions
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and each of the OBG treatments once in randomized order. After the preload, a second fasting blood
sample was obtained. Subjects then consumed a portion of white bread containing 51.5 g avCHO
within 12 min. Subjects could choose to have, with each test meal, a drink of coffee, tea, or water, to
which 30 mL 2% milk and/or artificial sweetener could be added; the drink chosen remained the same
for all 8 treatments. After consuming the test meal, subjects rated the palatability of the test meal
using a visual analogue scale (VAS) consisting of a 100 mm line anchored at the left end by “very
unpalatable” and at the right end by “very palatable”. Subjects make a vertical mark along the line
to indicate their perceived palatability. The distance from the left end of the line to the mark made
by the subject was the palatability rating; the higher the value, the higher the perceived palatability.
Further blood samples were obtained at 15, 30, 45, 60, 90, and 120 min after starting to eat. Subjects
remained seated quietly during the 2 h of the test. After the last blood sample had been obtained,
subjects were offered a snack and then permitted to leave.

Blood samples (2–3 drops each) were collected into 5 mL tubes containing sodium
fluoride/potassium oxalate, mixed by rotating the tube vigorously, placed into a refrigerator until
the end of the test session, then stored at −20 ◦C prior to glucose analysis using a YSI (Yellow Springs
Instruments, Yellow Springs, OH, USA) analyser within 5 days.

Table 1. Composition of the Control oat β-glucan preloads.

Preload Amount (g) Protein (g) Fat (g)
Total Carb.

(g)
Total Dietary

Fiber (g)

Oat β-Glucan

Amount
(g)

MW
(kDa)

Viscosity (cP)

Initial PD *

Control 0 0 0 0 0 0 - - -

MW1 7.48 na na na 5.0 4.0 52 ± 5 14 ± 4 10 ± 1
MW2 7.41 na na na 5.1 4.0 76 ± 8 17 ± 3 14 ± 1
MW3 8.28 na na na 5.7 4.0 153 ± 5 28 ± 2 31 ± 1
MW4 10.42 na na na 5.1 4.0 393 ± 31 35 ± 5 40 ± 1

OP1 13.7 3.2 0.7 8.4 7.2 4.0 1980 ±
265 25 ± 1 112 ± 9

OP2 11.90 0.4 0.1 10.7 5.5 4.0 841 ± 110 117 ± 7 143 ± 7

The Control preload was 200 mL water; the oat β-glucan preloads (MW1, MW2, MW3, MW4, OP1, and OP2) were
added to 200 mL water. Values for protein, fat and total carbohydrate (Carb.) were provided by the sponsors
(“na” = not available). Total dietary fiber was measured by Eurofins CLF Specialised Nutrition Testing Services
GmBH, Professor-Wagner-Straße 11, D-61381 Friedrichsdorf, Germany. Values for MW and viscosity are means ±
SD of quadruplicate measures. * PD = post-digestion.

2.3. Preparation of Test Meals and OBG Treatments

White bread was baked in a bread maker in loaves containing 500 g avCHO. The ingredients
for each loaf (520 mL warm water, 708 g all-purpose flour, 14 g sugar, 8 g salt, and 13 g yeast) were
placed into an automatic bread maker according to instructions, and the machine turned on. After
the loaf had been made, it was allowed to cool for an hour, and then weighed and after discarding
the crust ends, the remainder was divided into portions each of which weighed ~113 g and contained
9 g protein, 0.7 g fat, 54.4 g total carbohydrate, and 2.9 g dietary fiber. These portions were frozen prior
to use, and reheated in the microwave prior to consumption.

The sources of OBG in 2 of the treatments were commercial oat products (OatWell®, DSM
Nutritional Products, Heerlen, The Netherlands, termed OP1; and PromOat®, Tate & Lyle, London, UK,
termed OP2), while the source of OBG in 4 of the treatments (MW1, MW2, MW3, and MW4) consisted
of OP1 which had been treated to reduce the MW of the OBG it contained using a method based on
Zurbriggen et al. [14] and Aktas-Akyildiz et al. [15]. The details of this procedure are described in
Supplemental Information.
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2.4. Measurement of OBG Viscosity and MW

The amount of OBG in the test sources was measured using the American Organization of
Analytical Chemists approved method 995.16 [16]. The viscosity of the test OBG sources was
measured using a method adapted from the American Association of Cereal Chemists International
approved method 32-24.01 [17]. Viscosity measured by this method has previously been shown
to correlate with post-prandial blood glucose response [18]. The MW of β-glucan was determined
using a Gilson HPLC with a Shimadzu RF-551 fluorescence detector (excitation: 415 nm; emission:
450 nm) using a method adapted from previous research [19]. Details of these methods are described
in Supplemental Information.

The characteristics of the OBG preloads are shown in Table 1. The MW and post-digestion
viscosities of each OBG treatment were found to be significantly different from every other treatment.

2.5. Sample Size and Randomization

The primary endpoint of the study was glucose peak rise and the secondary endpoint glucose
iAUC over 0–120 min (iAUC0-120). Based on our previous study [13], we estimated that 4 g of
highly viscous OBG could reduce glucose peak rise by about 25%. We studied 16 subjects because,
using the t-distribution and assuming an average coefficient of variation (CV) of within-individual
variation of 20%, n = 16 subjects has a 90% power to detect a 25% difference in glucose peak rise
with two-tailed p < 0.05. The order of treatments was randomized using a balanced Latin-square
design [20]. The 16 orders created were assigned to subjects in the order they attended for the first visit
after being recruited.

2.6. Data Management and Statistical Analysis

Data were entered into a spreadsheet by 2 different individuals and the values were compared
to assure accurate transcription. Values for the glucose were missing for 4 (0.4%) of the 1024 blood
samples due to clotted blood; 2 values at –5 min were replaced by the value at 0 min; 2 values at 15 min
were imputed using a procedure described by Snedecor and Cochran [21]. The mean ± SD glucose
concentration in the 113 fasting (0 min) samples in which duplicates could be measured was 4.37 ±
0.0409 mmol/L (analytical coefficient of variation (CV = 100 × SD/mean) of 0.9%). Glucose peak rise
was the maximum glucose concentration minus the fasting concentration. Incremental areas under
the curve (iAUC) were calculated using the trapezoid rule, ignoring area beneath the baseline [22], for
the time interval of 0–120 min (iAUC0-120; secondary endpoint) and the time intervals of 0–45 min
(iAUC0-45) and 45–120 min (iAUC45-120; additional endpoints). For calculation of iAUC and peak rise,
fasting glucose was taken to be the mean of the first measurement of glucose in the 2 fasting samples.
The time taken to reach the peak (time to peak) was taken to be the time of the maximum measured
glucose concentration. The iAUC and peak rises for each OBG treatment were expressed relative to
the mean iAUC or peak rise after the 2 tests of White Bread alone taken by the same subject. Relative
response values >2 × SD greater than the mean were deemed outliers and replaced by the mean for
the respective treatment.

For statistical analysis, the mean of the values for the 2 Control tests were considered as one
treatment. Blood glucose concentrations and increments were subjected to a repeated-measures analysis
of variance using the general linear model procedure (ANOVA) and examining for the main effects
of time and treatment and the time × treatment interaction. After the demonstration of a significant
time × treatment interaction, the difference between each OBG treatment and Control at each time
was determined using Dunnett’s test. Values for iAUC and peak rise were analysed using ANOVA,
examining for the main effect of the treatment. After the demonstration of a significant main effect,
the significance of the difference between each OBG treatment and the Control was determined
using Dunnett’s test. Differences were considered to be statistically significant if two-tailed p < 0.05.
The significance of the regressions of log MW, log initial viscosity and log post-digestion viscosity of
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the 6 OBG treatments on the various outcomes were determined by ANOVA, with p < 0.05 taken to be
the criterion for statistical significance.

3. Results

The test-meals were all consumed within the specified time and there were no adverse events
or protocol deviations. All the OBG treatments were rated as being significantly less palatable than
the Control (Table 2). Mean palatability was not related to MW (p = 0.51) or viscosity (p = 0.52) (not
shown). Mean fasting glucose was similar for the 7 treatments (Table 2).

Table 2. Palatability, fasting glucose, and measures of glycemic response.

Preload
Palatability

(mm)

Fasting
Glucose
(mmol/L)

Peak Rise
(mmol/L)

Incremental Area under the Curve
(mmol ×min/L) Time to Peak

(min)
0–45 min 45–120 min 0–120 min

Control 68 ± 6 4.39 ± 0.08 3.10 ± 0.27 80 ± 6 118 ± 15 198 ± 20 37 ± 3
MW1 47 ± 7 * 4.48 ± 0.07 2.89 ± 0.23 75 ± 6 98 ± 11 173 ± 15 34 ± 2
MW2 46 ± 6 * 4.38 ± 0.08 2.89 ± 0.23 73 ± 6 85 ± 11 159 ± 14 36 ± 2
MW3 34 ± 7 * 4.34 ± 0.06 2.93 ± 0.30 63 ± 6 * 123 ± 16 186 ± 21 43 ± 2
MW4 34 ± 8 * 4.44 ± 0.08 2.70 ± 0.32 60 ± 7 * 122 ± 17 181 ± 22 52 ± 5 *
OP1 43 ± 7 * 4.47 ± 0.08 2.90 ± 0.31 52 ± 4 * 143 ± 18 195 ± 21 53 ± 5 *
OP2 45 ± 7 * 4.40 ± 0.07 2.55 ± 0.29 61 ± 5 * 122 ± 18 183 ± 21 48 ± 4

p ** <0.0001 0.095 0.19 <0.0001 0.002 0.20 <0.0001

Values are means ± SEM for n = 16 subjects. The Control preload was 200 mL water; the oat β-glucan preloads
(MW1, MW2, MW3, MW4, OP1 and OP2) were added to 200 mL water. Preloads were taken 2–3 min before
consuming ~113 g white bread. * Significantly different from the Control by Dunnett’s test for two-tailed p < 0.05.
** Significance of main effect of treatment by ANOVA.

Compared to Caucasians, non-Caucasian subjects had higher iAUC45-120 (p < 0.05) and higher
iAUC0-120 (p = 0.06), and subjects with BMI <25 kg/m2 had higher iAUC0-45, iAUC45-120
and iAUC0-120 than those with BMI ≥25 kg/m2. However, when expressed as a percentage of
the Control, all subjects responded similarly regardless of their sex (not shown), age, ethnicity or BMI
(Supplementary Table S2).

There were significant time×treatment interactions for blood glucose concentrations (p < 0.0001)
and increments (p < 0.0001). The mean blood glucose increments after MW3, MW4, OP1, and OP2
were significantly less than after the Control at both 15 and 30 min, while increments after MW2 were
significantly less than the Control at 90 min (Figure 1).

There was no significant difference among treatments for the primary endpoint of the glucose
peak rise and no significant difference for the secondary endpoint of glucose iAUC0-120.

Additional analysis showed that the iAUC0-45 after MW3, MW4, OP1, and OP2 were significantly
less than the Control, and, after MW4 and OP1, it took significantly longer for blood glucose to reach
a peak than after the Control (Table 2). Glucose iAUC45-120 differed significantly among treatments,
but none of the treatments differed from the Control (Table 2).

When expressed as a % of Control, iAUC0-45 was significantly associated with log MW (p< 0.0001),
log initial viscosity (p < 0.01), and log post-digestion viscosity (p = 0.006) (Figure 2). Ten-fold (1 log
unit) increases in MW, initial viscosity, and post-digestion viscosity, respectively, were associated with
~17, ~16 and ~20% reductions in iAUC0-45 (Figure 2).

When expressed as a % of Control, mean iAUC45-120 was significantly associated with log MW
(p = 0.002), log initial viscosity (p = 0.046), and log post-digestion viscosity (p = 0.0004).

The time it took blood glucose to reach the peak was significantly associated with log MW
(p < 0.0001), log initial viscosity (p = 0.003), and log post-digestion viscosity (p < 0.0001) (Figure 2).
Ten-fold (1 log unit) increases in MW, initial viscosity, and post-digestion viscosity, respectively, were
associated with ~12, ~14, and ~15 min delays in the time to reach peak blood glucose (Figure 2).
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Δ

Figure 1. Glycemic responses elicited by the test meals. Values are means ± SEM for n = 16 subjects.
The Control (200 mL water) and oat β-glucan preloads (MW1, MW2, MW3, MW4, OP1, and OP2 added
to 200 mL water) were taken 2–3 min before consuming ~113 g white bread. * Significantly different
from the Control by Dunnett’s test for two-tailed p < 0.05.

Figure 2. Relationships between glycemic response and β-glucan MW and viscosity. Values are means
± SEM for n = 16 subjects. Panels A, B, and C show incremental areas under the curve (iAUC) expressed
as a percentage of that elicited by the Control; dark red circles are iAUC over 0–45 min, light red circles
are iAUC over 60–120 min. Panels D, E, and F show the time taken to reach peak glucose in minutes.
Panels A and D show the relationships between glycemic responses and log (MW); panels B and E
between glycemic responses and log (initial viscosity); and panels C and F between glycemic responses
and log (post-digestion viscosity). The black dashed lines show the value for the Control, and dark
red solid and light red dashed lines are regression lines. Significance of the regressions by ANOVA:
* p < 0.05; ** p < 0.01; *** p < 0.001.

32



Nutrients 2020, 12, 2275

4. Discussion

The results showed that there was no significant difference among treatments for the primary
endpoint of glucose peak rise or the secondary endpoint of iAUC0-120 (Table 2). Thus, our a-priori
hypothesis that the extent to which an OBG preload reduces the glycemic response (as measured by
glucose peak rise) depends on its viscosity was not supported. However, post-hoc additional analysis
showed significant differences among treatments for glucose iAUC0-45 and for the time taken to reach
the peak (Table 2), with greater log MW and log viscosity being associated with lower iAUC0-45 min
(p < 0.001) and a longer time to reach peak glucose (p < 0.001) (Figure 2).

The lack of any significant reduction in iAUC0-120 and peak rise after 4 g OBG preloads was
surprising, given our previous demonstration that, when 0.9, 2.6 and 5.3 g doses of OBG were given
as a preload before consuming a 50 g avCHO portion of white bread, OBG reduced both glucose
peak rise and iAUC0-120 in a dose-dependent fashion [13]. However, since only the 5.3 g OBG dose
elicited statistically significant reductions, it is possible that that the 4 g dose used here may not have
been large enough to elicit significant reductions in peak rise of iAUC0-120. Furthermore, we did not
report results for iAUC0-45, iAUC45-120, and time to peak in the previous publication [13]. One of
the sources of OBG included in the present study, OP1, was also used as the source of OBG in our
previous study [13]. When the results for 4 g OBG from OP1 from the present study are plotted
on dose-response curves for iAUC0-45, iAUC45-120, time to peak, and peak rise from the previous
study [13], the results from the present study are consistent with those from the previous study, since
the 95% confidence intervals (95% CI) from the 2 studies overlap (Figure 3). Taken together, the results
of these 2 studies suggest that, when high MW OBG is taken as a preload, increasing the dose of OBG
without changing MW reduces glucose peak rise, iAUC0-45, and iAUC0-120, and increases the time
to peak in a dose-dependent fashion, whereas reducing the MW of 4 g of OBG only affects glucose
iAUC0-45 and time to reach the peak. However, the effects of reducing the MW of preloads containing
<4 g or >4 g OBG may differ from those seen here.

β

↑

β

Figure 3. Current results compared to previous results for the same oat-bran treatment. Values
are means ± 95% confidence intervals of the percentage change from control (0 g oat β-glucan).
The previous study [13] tested the effects of a commercially available oat bran containing 0.9, 2.6
and 5.3 g of oat-β-glucan given as a preload on the glycemic response elicited by white bread in n = 10
subjects (blue symbols) using the same protocol as the present study. The present results for the same
source of oat β-glucan used in the previous study (i.e., OP1) are shown with red symbols. Panel
A shows the incremental area under the glucose curve (iAUC) from 0–45 min (dark circles) and from
45–120 min (light circles). Panel B shows the time to reach the peak (TTP; dark triangles) and peak rise
(PR; light triangles).

It is generally considered that the effect of OBG on glycemic responses is determined by its
ability to increase the viscosity of the contents of the gastrointestinal tract. The viscosity of OBG can
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be decreased either by decreasing the MW of OBG or by decreasing the amount of OBG consumed.
When OBG is mixed with the food consumed, the glucose peak rise is reduced in proportion to
log (MW × C), where C is the concentration of OBG in the intestine [23,24]. Nevertheless, when
OBG is mixed into a glucose solution, the effects of viscosity on glycemic response are not fully
understood. For example, reducing the viscosity of an OBG-containing glucose solution by reducing
MW significantly increased the glucose peak rise and iAUC0-120, but the same reduction in glucose
solution viscosity obtained by increasing the volume of water in the OBG-containing glucose solution
had no effect on glucose peak rise or iAUC0-120 [25]. This result is consistent with observations that
high viscosity meals are diluted in the stomach by oral and gastric secretions more than low viscosity
meals [26]. Furthermore, the viscosity of OBG in the small intestine may differ from the viscosity of
test-meals because the digestion process may release OBG from the food matrix. This is illustrated in
the present results where the post-digestion viscosities of OP1 and OP2 were higher than their initial
viscosities; this may explain why post-digestion viscosity was more closely correlated to the glycemic
outcomes than initial viscosity (Figure 2). However, the precise mechanisms by which OBG reduces
glycemic responses are not fully understood.

One weakness of this study is that the effect of altering MW using different doses of OBG was
not determined, and thus our conclusions only apply to a dose of 4 g. Also, the study was powered
to detect a 25% reduction in peak rise, but was underpowered to detect the 18% reduction observed
for OP2 vs. the control. Post-hoc power analysis indicates that n = 20 subjects would have provided
80% power to detect the 18% difference, and n = 25 subjects would have provided 90% power. Finally,
we did not measure serum insulin responses. When OBG is mixed with the test meal consumed,
the insulinemic response is reduced in proportion to the reduction in glucose [27,28]. Here, however,
as the MW of OBG in a preload increased, we found a delay in the rise and fall of postprandial glucose
but no reduction in peak rise. We would expect the delayed rise in glucose to be accompanied by
a delayed rise in insulin, but we do not know if the lack of effect on the glucose peak rise and delayed
fall in glucose were associated with lower or higher insulin responses. Such information would be
useful to better understand the mechanism of this effect.

Our results raise the question of whether delaying the rise in postprandial glucose (shown here
by the reduced glucose iAUC0-45 and delayed time to peak), in the absence of a reduction in peak-rise
or iAUC0-120, is beneficial for the prevention or treatment of diabetes. There is evidence that blood
glucose 30 or 60 min after a 75 g oral glucose tolerance test is a similar or better predictor of future type
2 diabetes (T2D) than the traditional 120 min [29]. This suggests that a delayed rise in postprandial
blood glucose may be associated with reduced risk for T2D. Consistent with this are the results of
a study showing that when subjects with T2D took 5 g of guar granules prior to consuming mashed
potatoes (23 g avCHO), the glucose peak rise was delayed by 30–45 min, but there was no significant
effect on glucose peak rise or iAUC; however, 5 g of guar mixed into the mashed potato test-meal
reduced glucose iAUC ~40% [12]. Nevertheless, 4 g of guar granules twice daily before meals for 6
wk reduced HbA1c to the same extent as 8 g of guar per day incorporated into bread, with both guar
treatments eliciting a significantly greater reduction in HbA1c than the control treatment [30]. Thus,
OBG preloads which delay the rise in blood glucose without reducing it may be beneficial in T2D.

A 10–15 min delay in the postprandial glucose rise may also be useful in people with type
1 diabetes using subcutaneously administered insulin. Modern rapid-acting insulins begin to act
5–15 min after insulin administration [31]. Delaying meal consumption for 15 min after rapid-acting
insulin administration reduced the glycemic response compared to eating the same meal immediately
before or after insulin administration [32,33]. Thus, the ability of an OBG preload to delay the rise in
blood glucose after eating could be useful in the management of type 1 diabetes and may warrant
investigation. In addition, long-term OBG consumption may have beneficial effects on glycemic control
by virtue of its fermentation in the large intestine with the production of short-chain fatty acids [34]
and potential alteration of the colonic microbiota [35].
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The effects of the OBG treatments on glucose iAUC0-45 were nearly opposite to those on
iAUC45-120 (Figure 2). This likely reflects the different kinetics of glucose absorption of the treatments
along the upper GI tract depending on MW and viscosity. The Control, MW1, and MW2, with lower
MWs (≤76 kDa) and viscosities (≤14 cP) than MW3, MW4, OP1, and OP2, may have emptied from
the stomach more quickly and been absorbed from the small intestine more rapidly, resulting in
a high early glucose response (iAUC0-45) and a low late glucose response (iAUC45-120). In contrast,
glucose absorption from MW3, MW4, OP1, and OP2, with higher MWs (153–1980 kDa) and viscosities
(31–143 cP), may have been delayed, resulting in a lower early glucose response, a delayed peak,
and higher late glucose response. The inverse correlations of iAUC0-45 and iAUC45-120, respectively,
explain the lack of effect of the OBG treatments on iAUC0-120.

The pre-determined primary endpoint for this study was glucose peak rise. We previously showed
that incorporating 4 g OBG with MW 132 kDa into a muffin containing 48 g avCHO had no significant
effect on glucose peak rise, whereas 4 g of native OBG (MW ~2200 kDa) reduced glucose peak rise by
40% [23]. Although a similar range of MWs was investigated here (52 to 1980 kDa), altering the MW of
4 g OBG ingested separately from the avCHO had no significant effect on glucose peak rise, possibly
because the viscous preloads were quickly diluted by oral and gastric secretions as the bread was being
eaten. However, we used a preload containing 4 g OBG with a test meal of white bread containing
~50 g avCHO. The results might differ with different doses of OBG or with different types or sizes of
the test meal.

5. Conclusions

We conclude that, when 4 g OBG is taken as a preload, reducing MW does not affect the peak rise
or iAUC0-120, but rather accelerates the rise in blood glucose and reduces the time it takes for blood
glucose to reach the peak. However, this conclusion is based on additional post-hoc comparisons of
iAUC0-45 and the time to peak, and need to be confirmed in a subsequent study.
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Abstract: Background: Crohn’s disease (CD) is characterized by chronic inflammation of the gas-
trointestinal tract with alternating periods of exacerbation and remission. The aim of this study
was to determine the time-dependent effects of dietary oat beta-glucans on colon apoptosis and
autophagy in the CD rat model. Methods: A total of 150 Sprague–Dawley rats were divided into two
main groups: healthy control (H) and a TNBS (2,4,6-trinitrobenzosulfonic acid)-induced colitis (C)
group, both including subgroups fed with feed without beta-glucans (βG−) or feed supplemented
with low- (βGl) or high-molar-mass oat beta-glucans (βGh) for 3, 7, or 21 days. The expression
of autophagy (LC3B) and apoptosis (Caspase-3) markers, as well as Toll-like (TLRs) and Dectin-1
receptors, in the colon epithelial cells, was determined using immunohistochemistry and Western
blot. Results: The results showed that in rats with colitis, after 3 days of induction of inflammation,
the expression of Caspase-3 and LC3B in intestinal epithelial cells did not change, while that of TLR
4 and Dectin-1 decreased. Beta-glucan supplementation caused an increase in the expression of
TLR 5 and Dectin-1 with no changes in the expression of Caspase-3 and LC3B. After 7 days, a high
expression of Caspase-3 was observed in the colitis-induced animals without any changes in the
expression of LC3B and TLRs, and simultaneously, a decrease in Dectin-1 expression was observed.
The consumption of feed with βGl or βGh resulted in a decrease in Caspase-3 expression and an
increase in TLR 5 expression in the CβGl group, with no change in the expression of LC3B and TLR
4. After 21 days, the expression of Caspase-3 and TLRs was not changed by colitis, while that of
LC3B and Dectin-1 was decreased. Feed supplementation with βGh resulted in an increase in the
expression of both Caspase-3 and LC3B, while the consumption of feed with βGh and βGl increased
Dectin-1 expression. However, regardless of the type of nutritional intervention, the expression
of TLRs did not change after 21 days. Conclusions: Dietary intake of βGl and βGh significantly
reduced colitis by time-dependent modification of autophagy and apoptosis, with βGI exhibiting a
stronger effect on apoptosis and βGh on autophagy. The mechanism of this action may be based on
the activation of TLRs and Dectin-1 receptor and depends on the period of exacerbation or remission
of CD.

Keywords: oat beta-glucan; colitis; Crohn’s disease; apoptosis; autophagy; TLRs; Dectin-1; rats

1. Introduction

Inflammatory bowel disease (IBD) is becoming an increasingly common disease in
the population of developed countries. One of the reasons for the increase in its incidence
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is changes in lifestyle, including eating habits, which have been observed over the past
few decades. The transition from a diet based on natural or mildly processed products
to a Western-type diet is a consequence of change from a rural lifestyle to an urban one,
which took place on a large scale in the 20th century [1]. IBD is a disease characterized
by chronic inflammation of the gastrointestinal tract, and includes ulcerative colitis (UC)
and Crohn’s disease (CD) [2]. The etiology of both these diseases is multifactorial, in
which interactions between genetic and environmental factors as well as changes in the
profile of the gut microbiota (dysbiosis) consequently contribute to disturbances in immune
response mechanisms, leading to the development of inflammation [3]. UC first appears in
the mucosa and submucosa of the large intestine, while in CD the chronic inflammatory
process may occur in any part of the gastrointestinal tract, covering the entire thickness of
its wall [4,5].

One of the main effects of chronic inflammation related to CD is damage to the
intestinal epithelium and a significant increase in the programmed death of intestinal
epithelial cells (IECs). In addition, disturbances occur in the mechanisms regulating the
metabolic activity of cells, including autophagy [6]. Apoptosis contributes to the dynamic
control of cells by removing damaged cells or that function abnormally without trigger-
ing inflammatory response or oxidative stress, thus ensuring appropriate tissue function.
Simultaneously, autophagy plays an important role in maintaining the homeostasis of
living organisms, as they regulate the basic metabolic functions and pathogenesis of many
diseases, including malignant neoplasms, neurodegenerative and cardiovascular diseases,
and IBD [6–8]. Both these processes regulate tissue homeostasis and response to extracel-
lular factors, including the production of proinflammatory cytokines, and intensification
of the apoptosis of IECs has been reported in people with IBD and in in vivo studies on
animal models [9]. Caspase-3 is considered to be one of the key executive enzymes of
apoptosis, the activation of which is common to both extrinsic and intrinsic pathways, as
well as is dependent on granzyme B [10]. A protein specific to autophagy is LC3, which is
involved in the final formation of the autophagosome [8]. In mammalian cells, this protein
occurs in three isoforms—LC3A, LC3B, and LC3C—of which the LC3B form is the marker
of autophagosomal activity [11,12].

In the light of the latest research, factors regulating the proliferation, autophagy, and
apoptosis of intestinal cells include membrane Toll-like receptors (TLRs), such as TLR
4, TLR 5, and TLR 9, and Dectin-1 receptor. Activation of TLRs and Dectin-1 receptors
stimulates the immune response. The main function of these receptors is the recognition
of bacterial and fungal antigens. They also recognize a wide variety of bacterial and
fungal ligands, of which the best known are lipopolysaccharide (LPS), flagellin, and triacyl
lipopeptides. Plant-origin polysaccharides, including beta-glucans, are ligands that bind to
TLRs and Dectin-1 receptors. Due to their specific structure, beta-glucans exhibit a number
of health-promoting properties, and their biological activity results from their ability to
bind with TLRs and Dectin-1 receptors, as well as with complement receptor 3 and type C
lectin [13,14]. Beta-glucans are recognized by different cells expressing TLRs and Dectin-1
receptors, which in turn activate them [15–17]. It should be emphasized that the activation
of Dectin-1 receptor by oat beta-glucans is influenced by the size of these polysaccharide
molecules and is greater when they are subjected to preliminary digestion, i.e., when
large molecules are broke down into smaller ones [17]. Dectin-1 receptors are involved,
among others, in regulating the differentiation of macrophages and dendritic cells during
ongoing inflammation, as well as modulating the immune response and controlling the
recruitment of autophagy-related proteins, mainly LC3 [18–21]. The deficiency of TLRs
inhibits the proliferation and differentiation of IECs and increases apoptosis, which affects
the reconstruction of the intestinal epithelium [22,23]. This is very important with respect
to the treatment of IBD, because due to chronic inflammation, the IECs are vulnerable to
damage caused by high levels of reactive oxygen species (ROS). Moreover, as a consequence
of the increased secretion of proinflammatory cytokines by immune cells, the permeability
of the intestinal barrier increases [24,25].
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The results of our research have shown the beneficial anti-inflammatory and indirect
antioxidant effects of oat beta-glucans with low and high molar mass. These properties have
been demonstrated in both the LPS-induced enteritis model [26,27] and the TNBS (2,4,6-
trinitrobenzosulfonic acid)-induced colitis model [28,29], but the mechanisms underlying
these effects have not yet been elucidated. Therefore, this study aimed to determine the
effect of two oat beta-glucan forms with different molar mass on the activity of autophagy
and apoptosis in the colonocytes of rats with colitis. Rectal administration of an ethanolic
solution of TNBS causes strictly localized transmural inflammatory lesions in the large
intestine, with dense lymphocyte infiltration and secretion of proinflammatory cytokines
in the whole wall, which are characteristic of CD in humans. Moreover, this animal
model is characterized by reproducibility, technical simplicity and low cost [30,31]. The
molecular effects of both beta-glucan forms have been analyzed at different stages of
colitis development.

2. Materials and Methods

2.1. Animals and Experimental Design

The experiment was performed on 150 adult male Sprague–Dawley rats (Charles River
Laboratories, Sulzfeld, Germany) with an initial body weight of 414.8 ± 1.3 g. The rats
were divided into two main groups—an experimental group (colitis group—C) with colitis
induced by one-time rectal administration of 1 mL of 2,4,6-trinitrobenzenesulfonic acid
(Sigma Aldrich, Darmstadt, Germany) solution (150 mg/kg bw) dissolved in 50% ethanol
and a control group (H) without colitis, which was given 0.9% NaCl in the same way.
Administration of TNBS was performed using the polyethylene catheter (FTP-18-75-50;
Instech Laboratories, Inc., Plymouth Meeting, PA, USA) according to Parra et al. (2015) [32].
The animals from both groups were then divided into three nutritional subgroups, which
received a diet with different types of supplementation for 3, 7, or 21 days—AIN-93M
feed with 1% (w/w) low-molar-mass oat beta-glucans (βGl+ group), AIN-93M feed with
1% (w/w) high-molar-mass oat beta-glucans (βGh+ group), and AIN-93M feed without
beta-glucans (βG− group) (Figure 1). A detailed description of the in vivo experiment and
the method used for the extraction of beta-glucans from oats as well as the composition of
the three types of rat feed used in this study is provided in our previous papers [28,29].

Figure 1. Scheme of experimental design of the study. TNBS: 2,4,6,-trinitrobenzenesulfonic acid
alcohol solution.

The large intestine samples obtained for histological and immunohistochemical analy-
sis were fixed in 10% buffered formaldehyde and routinely embedded in paraffin. Then,
5-μm sections were cut from each paraffin block and fixed on microscope glass slides. The
slides prepared were used for further laboratory analyses.
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The animal experiment was conducted after the approval of the II Local Animal Care
and Use Committee in Warsaw (Resolution # 60/2015). All the procedures will be designed
and conducted according to Polish and EU law regulations and with respect to 3R rules
(Replacement, Reduction and Refinement).

2.2. Western Blot Analysis

Colon tissue samples were homogenized in RIPA buffer (50 mM Tris, pH 7.5, 150 mM
NaCl, 1 mM EDTA, 1% NP-40, 0.25% Na-deoxycholate, and 1 mM PMSF) supplemented
with protease inhibitor cocktail and phosphatase inhibitor cocktail (Sigma-Aldrich) with a
tissue homogenizer (Bio-Gen PRO 200; PRO Scientific, Oxford, CT, USA). Following the
mechanical disruption of tissue, the homogenates were incubated for 30 min at 4 ◦C. The
lysates were cleared for 30 min at 14,000 rpm, and supernatants were collected. Protein con-
centration in the lysates was determined using Thermo Scientific™ Pierce™ BCA Protein
Assay Kit according to the producer’s instructions (Thermo Scientific, Waltham, MA, USA).
Then, the proteins (50 μg) were resolved by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis and transferred onto PVDF membrane (Sigma-Aldrich). The membranes
were blocked in 5% (w/v) nonfat dry milk in TBS (20 mM Tris-HCl, 500 mM NaCl) contain-
ing 0.5% Tween20. Next, they were incubated under gentle shaking at 4 ◦C overnight with
primary antibodies, including anti-Cleaved Caspase-3 antibody (Cell Signaling Technology,
Danvers, MA, USA), anti-LC3B antibody (Novus Biologicals, Centennial, CO, USA), anti-
Beclin-1 antibody (Novus Biologicals, Centennial, CO, USA), and anti-β-actin (8H10D10)
mouse monoclonal antibody (#3700; Cell Signaling Technology, Danvers, MA, USA). The
membranes were incubated with chosen primary antibodies at a dilution range between
1:200 and 1:1000, depending on the antibody. Following incubation, the membranes were
washed three times for 15 min and incubated with appropriate secondary antibodies conju-
gated with IR fluorophores: IRDye® 680 or IRDye® 800 CW (at 1:5000 dilution). Odyssey
Infrared Imaging System (LI-COR Biosciences, Lincoln, NE, USA) was used to analyze the
protein expression. Scan resolution of the instrument was set at 169 μm, and the intensity at
4. Quantification of the integrated optical density (IOD) was performed using the analysis
software provided with the Odyssey scanner (LI-COR Biosciences). Immunoblot analysis
was carried out on samples obtained from three independent experiments. For the purpose
of publication, the color immunoblot images were converted into black and white images
in the Odyssey software.

2.3. Immunohistochemical Staining

Five-micrometer-large intestine sections were deparaffinized in xylene and rehydrated
in a series of decreasing concentrations of ethanol. To recover the antigen, the slides were
placed in citrate buffer (pH 6.0) and boiled in a microwave two times for 5 min. After
cooling and washing with distilled water, the samples were incubated in the Peroxidase
Blocking Reagent (Dako, Denmark) for 13 min at room temperature. Then, these samples
were incubated at room temperature in 2% bovine serum albumin (BSA) (Sigma Aldrich,
Germany) for 30 min. Next, they were treated with the following primary antibodies
(diluted in 2% BSA): mouse anti-TLR 4 antibody (1:100 dilution; Novus Biologicals, Centen-
nial, CO, USA), rabbit anti-Dectin-1/CLEC7A antibody (1:400 dilution; Novus Biologicals,
Centennial, CO, USA), rabbit anti-TLR 5 antibody (1:500 dilution; Novus Biologicals,
Centennial, CO, USA), rabbit anti-TLR 6 antibody (1:250 dilution; Novus Biologicals,
Centennial, CO, USA), rabbit anti-LC3B antibody (1:500 dilution; Novus Biologicals, Cen-
tennial, CO, USA), rabbit anti-Cleaved Caspase-3 antibody (1:400 dilution; Cell Signaling
Technology, Danvers, MA, USA). The slides with antibodies were incubated overnight in a
refrigerator at +4 ◦C.

EnVision kit (Dako, Glostrup Kommune, Denmark) was used for staining the slides.
After incubating overnight and washing with phosphate-buffered saline, labeled polymers
consisting of secondary antimouse or antirabbit antibodies conjugated with HRP enzyme
complex was used (Dako). To obtain brown staining, 3,3′-diaminobenzidine was applied,
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which was washed with water after 25 s. Then, hematoxylin was used for nuclei coun-
terstaining. Finally, the samples were dehydrated using a series of alcohols of increasing
concentration and xylene, and preserved by sticking coverslips.

A negative control (staining without primary antibodies) was used for each immuno-
histochemical experiment.

2.4. Image Analysis

The immunohistochemically stained slides were observed under a ×20 objective lens
in a NIKON Eclipse Ti2 microscope. In the recorded photos, 20 areas of colonocytes were
marked, and the colorimetric intensity (brown color reflecting antigen expression) and
object area were measured by using NIS-Elements BR 5.01 program. In the next step, IOD
was calculated from the following formula:

Integrated Optical Density (IOD) =
Object area

Measured area
× Mean intensity

2.5. Statistical Analysis

The obtained data were analyzed using Statistica software (version 13.1 PL; StatSoft,
Cracow, Poland). The normality of distribution and equality of variance were determined
for all data. Statistical analysis was carried out in two stages. In the first stage, for each time
point (3, 7, and 21 days), a two-way analysis of variance (ANOVA) (colon inflammation vs.
dietary intervention) was performed, while in the second stage, a three-way ANOVA (colon
inflammation vs. dietary intervention vs. period of its use) was carried out. The significance
of differences between the groups was determined by the Tukey post hoc test. In addition,
the results of all nutritional subgroups were compared with the control subgroup (HβG−)
by the Dunnett post hoc test. The differences were considered statistically significant at
p < 0.05. To assess the time-dependent effect between the experimental factors, Fisher’s
linear discriminant (FLD) analysis was performed using R statistics software (version 3.1.3;
www.r-project.org).

3. Results

3.1. Histological Changes in the Large Intestine

Histological analysis revealed extensive inflammation in the colon tissue of rats in the
CβG− group (Figure 2). The lesions were of transwall nature, covering not only mucosa but
also the deeper layers of the intestinal wall, which is a characteristic of CD. Inflammation
in the colon (colitis) was confirmed in the same animals not only histologically but also
biochemically, including analysis of colon level of pro-inflammatory cytokines (i.e., Il-1;
Il-6 or TNF alfa) and CRP protein [28]. These microscopic and biochemical observations
also confirmed the results of gene expression analysis of pro-inflammatory cytokines in
colon tissue affected by colitis, including Ifng and Tnf after 3 days and Il21 after 21 days
(Figure S9). In the groups of animals fed with feed supplemented with oat beta-glucans
during 21 days, these lesions were clearly reduced, as was presented in our previous
study [28]. The expression of pro-inflammatory cytokine genes was also significantly
reduced (Figure S9). Hematoxylin-eosin staining showed that the histopathology of the
colon tissue in the control groups was within the normal limits.
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Figure 2. Microscopic changes in the colon caused by TNBS-induced inflammation. White ar-
rows indicate diffused multifocal inflammation (lymphocyte infiltration) of the submucosa of
varying severity.

3.2. Dectin-1 and Toll-like Receptors 4, 5, and 6 Expression in the Colonocytes

The expression of Dectin-1 beta-glucan receptor is presented in Figure 3. As shown
by ANOVA, the expression of this receptor in colonocytes was lower in the rats with
TNBS-induced colitis (ANOVA, p < 0.001; Figure S1A), whereas dietary intervention with
oat beta-glucans resulted in a change in its expression after 3 and 21 days of feeding, which
was confirmed by ANOVA. Furthermore, one-way ANOVA showed that the expression
of Dectin-1 was lower after 21 days (ANOVA, p < 0.001; Figure S1B). After 7 days, in-
duced colitis caused a significant decrease in Dectin-1 expression in all dietary subgroups
compared with the control group (HβG−) (for each subgroup: Dunnett post hoc test,
p < 0.01). In addition, analysis of variance showed the effect of interaction between time af-
ter TNBS/saline administration and the occurrence of inflammation on Dectin-1 expression
(ANOVA, p < 0.01; Figure S1C). In the control groups, 3 and 7 days after saline solution
administration, the expression of this receptor was significantly higher than in the colitis
groups at the same time point and in the control group after 21 days.
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Figure 3. Dectin-1 (DEC-1) expression in colonocytes: results of the immunohistochemical analysis. White arrows indicate
colonocytes with high expression of the Dectin-1 (brown precipitate). (A)—Light micrographs imaged under the NIKON
Eclipse Ti2 microscope (×40 magnification). Dectin-1 antigen is represented by a brown precipitate in the colonocytes. (B)—
Changes in the expression of DEC-1 in colonocytes presented (mean ± SE) as integrated optical density (IOD). * Significantly
different from the control group (healthy control βG−) at the same time point according to the Dunnett post hoc test
(* p < 0.05, ** p < 0.01). + Significantly different from the same subgroups at another time point according to the Tukey post
hoc test (+ p < 0.05, ++ p < 0.01).

Changes in the expression of TLRs are presented in Figure 4. ANOVA showed a
significant interaction between two experimental factors: induced inflammation of the
colon and feed supplementation with oat beta-glucans, which influenced the expression
level of all the examined TLRs (ANOVA, p < 0.001; Figures S2A, S3C and S4C)—TLR 4,
TLR 5, and TLR 6. Post hoc analysis showed a significantly lower expression of TLR 4
and TLR 6 in rats from the colitis group that consumed feed without beta-glucans (CβG−)
compared to the control rats receiving the same feed (HβG−) (Tukey post hoc, p < 0.01).
In the case of TLR 5, a significantly lower expression was found only in the CβG− group
compared to the CβGl+ group (Tukey post hoc, p < 0.001).

Statistical analysis also revealed that TLR 4 expression significantly differed between
the subgroups only 3 days after colitis induction (Figure 4A,D), while a significantly lower
expression was found in all colitis subgroups compared to the control group (HβG−)
(Dunnett post hoc, p < 0.001), with the greatest differences observed between the CβG− and
HβG− groups. It should be noted that the expression of this protein was also significantly
lower in the control group that consumed the feed with low-molar-mass beta-glucans
(HβGl+) compared to the rats from the HβG− group. The effect of the dietary intervention
length and inflammation on the TLR 4 expression was confirmed by ANOVA (p < 0.05;
Figure S2B), which showed an increase in the expression of this receptor in the colitis group
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and a decrease in differences observed between the colitis groups and the control groups at
all time points after the induction of large-intestine inflammation.

Figure 4. Cont.
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Figure 4. Expression of Toll-like receptors (TLRs) in the colonocytes: results of the immunohistochemical analysis. White
arrows indicate colonocytes with high expression of the TLRs (brown precipitate). (A–C)—Light micrographs imaged under
the NIKON Eclipse Ti2 microscope (×40 magnification). (D–F)—Changes in the expression of TLRs (TLR 4, TLR 5, and
TLR 6, respectively) presented (mean ± SE) as integrated optical density (IOD). TLR 4 antigen is represented by a brown
precipitate in the colonocytes in (A). TLR 5 antigen is represented by a brown precipitate in the colonocytes in (B). TLR
6 antigen is represented by a brown precipitate in the colonocytes in (C). * Significantly different from the control group
(healthy control βG−) at the same time point according to the Dunnett post hoc test (* p < 0.05, ** p < 0.01, *** p < 0.001).
+ Significantly different from the same subgroups at another time point according to the Tukey post hoc test (+ p < 0.05,
+++ p<0.001). a,b Different letters denote significant differences in the colitis/healthy control group at the same time point
according to the Tukey post hoc test (p < 0.05).

The expression of TLR 5 was influenced by the time after TNBS administration and
feed supplementation with oat beta-glucans (Figure 4B,E). ANOVA showed a significant
decrease in the expression of this receptor parallel to the extension of the post-TNBS period
(ANOVA, p < 0.0001; Figure S3A). The highest expression of TLR 5 was found in rats fed
with feed supplemented with low-molar-mass oat beta-glucans, while the lowest expression
was found in the group of animals fed with feed without beta-glucans (ANOVA, p < 0.01;
Figure S3B). Post hoc analysis showed significant differences between the experimental
groups only after 3 days of TNBS administration with a lower expression observed in the
colitis group fed with feed without beta-glucans (CβG−) compared to the colitis groups
treated with low- and high-molar-mass beta-glucans (CβGl+ and CβGh+) (Tukey post hoc,
p < 0.05).

TLR 6 expression differed significantly between the dietary groups (Figure 4C,F).
One-way ANOVA showed a significant effect of TNBS administration (ANOVA, p < 0.0001;
Figure S4A) and consumption of feed with or without oat beta-glucans (ANOVA, p < 0.05;
Figure S4B). After 21 days of induction of colon inflammation, the expression of TLR 6 was
approximately four times higher compared to that after 3 or 7 days. The highest expression
of this receptor was found in the group of rats fed with feed without oat beta-glucans.
ANOVA revealed a statistically significant interaction between three experimental factors:
inflammation, length of period after TNBS administration, and the type of feed (ANOVA,
p < 0.001). Three days after TNBS administration, a significantly lower expression of TLR 6
was noted in CβG−, HβGl+, and HβGh+ groups compared to the control group (HβG−)
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(Dunnett post hoc, groups CβG− and HβGl+ vs. group HβG−: p < 0.01; group HβGh+
vs. group HβG−: p < 0.05). Seven days after the induction of colitis, a lower expression of
this receptor was found only in the CβGl+ and HβGh+ groups compared to the HβG−
group (Dunnett post hoc, p < 0.05). Twenty-one days after the induction of colitis, TLR 6
expression differed significantly only between CβGl+ and HβG− groups (Dunnett post
hoc, p < 0.05). It should be added that TLR 6 expression in the colitis group fed with feed
supplemented with high-molar-mass beta-glucans (CβGh+) was at a similar level as in the
control group (HβG−) group after 3, 7, and 21 days of TNBS administration.

3.3. Autophagy and Apoptosis Markers Expression in the Large Intestine

Immunohistochemical results showing the expression of selected markers of au-
tophagy (LC3B) and apoptosis (Caspase-3) in IECs are presented in Figure 5. ANOVA
showed a significant influence on LC3B expression by all three experimental factors: time
since TNBS administration, consumption of oat beta-glucans with feed, and the occurrence
of inflammation. Analyzing each factor separately, it was found that LC3B expression
decreased with time since TNBS administration (ANOVA, p < 0.001; Figure S5A), as well
as a significant reduction in its expression, was caused by the induction of colitis (ANOVA,
p < 0.01; Figure S5C). The consumption of feed with high-molar-mass oat beta-glucans
resulted in a significantly higher expression of LC3B compared to other dietary groups
(ANOVA, p < 0.05; Figure S5B). ANOVA also showed a significant interaction between the
three experimental factors (p < 0.01), which was reflected by a significantly higher expres-
sion of LC3B after 7 days in the HβGh+ group compared with the CβGh+ group (Tukey
post hoc, p < 0.01), while after 21 days, the expression of this protein was significantly
lower in the CβG−, CβGl+, and HβGl+ groups compared to the control group (HβG−)
(Dunnett post hoc, p < 0.001, p < 0.01, and p < 0.01, respectively).

All three investigated factors significantly influenced the expression of Caspase-3
(ANOVA, p < 0.0001; Figure S6A–C). The expression of this apoptotic protein 3 days after
TNBS administration was at a very low level, but it was significantly lower in the colitis
groups and HβGl+ group compared to the control group (HβG−) (Dunnett post hoc,
CβGl+ vs. HβG−: p < 0.05; CβGh+ and CβG− vs. HβG−: p < 0.01; HβGl+ vs. HβG−:
p < 0.001), while in the HβGh+ group it was at the same level as in the HβG− group.
After 7 days of the experiment, the expression of Caspase-3 in the colitis group fed with
feed without beta-glucans (CβG−) in relation to other experimental groups was very high,
while a significantly lower expression was found in the colitis subgroups fed with feed
supplemented with both forms of beta-glucans (CβGl+ and CβGh+) compared to the
CβG− group (Tukey post hoc, p < 0.05). However, a very low expression of this enzyme
was observed in all control groups. Caspase-3 expression in the CβGh+ group after 21
days was at a similar level as the expression found after 7 days, with a significantly higher
level compared to other colitis groups (Tukey post hoc, p < 0.05) and control group (HβG−)
(Dunnett post hoc, p < 0.01).

Figure 6 shows the changes in the expression of autophagy- (LC3-II and Beclin-1) and
apoptosis-related proteins (Caspase-3) in the colon wall determined by Western blot. As the
results of ANOVA indicate, only time elapsed after TNBS administration had a significant
effect on the reduction of LC3-II expression, while the induction of inflammation had a
significant effect on Beclin-1 expression with a higher expression observed in the colitis
group (ANOVA, p < 0.05; Figure S7). However, post-hoc analysis showed no significant
differences between the experimental subgroups.
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Figure 5. Expression of autophagy and apoptosis markers in the colonocytes: results of the immunohistochemical analysis.
White arrows indicate colonocytes with high expression of the LC3B protein (A) and Caspase-3 protein (B) (brown
precipitate). (A,B)—Light micrographs imaged under the NIKON Eclipse Ti2 microscope (×40 magnification). (C,D)—
Changes in the expression of autophagy and apoptosis markers (LC3B and Caspase-3 (Casp-3), respectively) presented
(mean ± SE) as integrated optical density (IOD). Autophagy-related protein LC3B antigen is represented by a brown
precipitate in the colonocytes in (A). Apoptosis-related protein Casp-3 antigen is represented by a brown precipitate in
the colonocytes in (B). * Significantly different from the control group (control βG−) at the same time point according
to the Dunnett post hoc test (* p < 0.05, ** p < 0.01, *** p < 0.001). # Significantly different between the colitis and control
groups at the same time point and the same feed according to the Tukey post hoc test (## p < 0.01). +Significantly different
from the same subgroups at another time point according to the Tukey post hoc test (+ p < 0.05, +++ p<0.001). a,b Different
letters denote significant differences in the colitis/control group at the same time point according to the Tukey post hoc test
(p < 0.05).
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Figure 6. Results of the densitometric analysis for the expression of autophagy and apoptosis markers in the large intestinal
wall. (A)—Representative immunoblot images. (B)—Autophagy-related protein LC3-II. (C)—Autophagy-related protein
Beclin 1. (D)—Apoptosis-related protein cleaved Caspase-3 (Casp-3). * Significantly different from the control group
(healthy control βG−) at the same time point according to the Dunnett post hoc test (* p < 0.05). # Significantly different
between the colitis and control groups at the same time point and the same feed according to the Tukey post hoc test
(# p < 0.05). + Significantly different from the same subgroups at another time point according to the Tukey post hoc test
(+ p < 0.05).

After 21 days of TNBS administration, Caspase-3 expression was found to be signifi-
cantly higher (ANOVA, p < 0.001; Figure S8A). Two-way ANOVA showed significant inter-
actions between the time since TNBS administration and induced inflammation (ANOVA,
p < 0.001; Figure S8B). After 7 days of colitis induction, a significantly higher expression of
Caspase-3 in the colon wall was found in the colitis group (Tukey post hoc, p < 0.05), and
after 21 days after colitis induction, a higher expression was observed in the noninflamma-
tory group (Tukey post hoc, p < 0.001). Post hoc analysis confirmed a significantly higher
expression of this enzyme 21 days after TNBS administration in HβGl+ and HβGh+ groups
compared to the expression observed in the corresponding colitis subgroups after 7 days of
TNBS administration (Tukey post hoc, p < 0.05), while it confirmed a lower expression in
the colitis group that consumed feed without beta-glucans (CβG−) compared to the control
group that consumed the same feed (HβG−) (Dunnett post hoc, p < 0.05).
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3.4. Fisher’s Linear Discriminant Analysis (FLD)

The results of the FLD analysis obtained for the expression of experimental factors are
presented in Figure 7. This analysis was used to find the linear combinations of expression
of the analyzed receptors and autophagy and apoptosis markers which allow for the best
separation of the groups of animals at three time points selected in the experimental model.
The experimental data were divided into three groups depending on the experimental time
point, as well as the stage of inflammation corresponding to different periods of the disease
(exacerbation and remission period). The FLD method provides the most optimal linear
combination of parameters used in the analysis such that the highest possible separation
between the data groups is achieved. The results of the linear discriminant analysis at three
time points are shown in Figure 7A,C,E. In each figure, six experimental groups are isolated.
The data are presented in the space between the linear combinations of parameters (FLDs),
marked as FLD1 and FLD2, which separate the best-predefined groups.

Figure 7B,D,F shows the correlation vectors of the analyzed parameters in the ex-
periment with FLD1 and FLD2 predictors, which determine the direction and strength of
the separation of the experimental groups at three time points—3 days (A and B), 7 days
(C and D), and 21 days (E and F). The graphs show the parameters that had the greatest
impact on the separation of data at particular time points after TNBS administration. The
parameter corresponding to a particular vector caused the data to shift in the direction
determined by the vector. The performed FLD analysis complemented the ANOVA models
by indicating the common set of features that separates the best experimental data (as
opposed to the analysis of individual features in the ANOVA model) and allows for an
augmented analysis of the obtained results.

FLD analysis performed for the data 3 days after TNBS/saline administration (Figure 7A,B)
showed that the factors that most differentiated these experimental groups were Caspase-3
(determined in colonocytes as well as in the whole colon wall), immunohistochemical
expression of Dectin-1, TLR 4, and TLR 6 in colonocytes, and expression of Beclin-1 au-
tophagy protein in the colon wall. The FLD analysis allowed determining the combination
of the above parameters, which in turn helped in distinguishing the control feed groups
supplemented with beta-glucans (HβGl+ and HβGh+) from the other groups in the hori-
zontal plane (FLD1). The vertical plane (FLD2) enabled the separation of the control group
fed with feed supplemented with low-molar-mass oat beta-glucans (HβGl+) from the other
groups (Figure 7A). The expression of Beclin-1 protein was the most correlated with FLD1,
while the expression of TLR 4 and Caspase-3 in colonocytes had the most influence on
FLD2, and that of Dectin-1, TLR 6, and Caspase-3 in the colon wall was important for
both FLDs (Figure 7B). Based on the linear discriminant analysis, it can be concluded that
the control group supplemented with βGl+ was characterized by a significantly higher
expression of Dectin-1 receptor and a lower expression of TLR 6 receptor and Caspase-3
protein in the colon wall compared to the colitis groups. The highest Caspase-3 expression
was observed in the control group fed with feed supplemented with high-molar-mass oat
beta-glucans (HβGh+).

After 7 days of colitis induction (Figure 7C,D), the separation of the colitis group from
control groups was much more visible than after 3 days. The horizontal plane (FLD1)
allowed clear separation of control groups from the colitis groups, as well as the separation
of colitis group (CβG−) and colitis groups that consumed the feed supplemented with beta-
glucans (CβGl+ and CβGh+). Animals from the groups fed feed with a low-molar-mass
oat beta-glucans (HβGl+ and CβGl+) were separated from the other groups, in particular
from those receiving feed without beta-glucans supplementation (HβG− and CβG−), also
in the vertical FLD direction (FLD2), however to a lesser extent. Expression of Caspase-3
(in colonocytes and colon wall) and Beclin-1 in the colon wall had the greatest influence on
FLD1, while TLR 5 expression had the most impact on FLD2. Both FLDs were influenced
by the expression of Dectin-1 receptor and LC3B protein in colonocytes. Therefore, it can
be concluded that the colitis group fed with feed without beta-glucans had the highest
expression of Caspase-3 and Beclin-1, while the lowest expression of both these proteins

51



Nutrients 2021, 13, 321

was observed in the control groups. In addition, HβG− and HβGh+ groups showed the
highest expression of Dectin-1 receptor and LC3B protein. The highest TLR 5 expression
was found in the βGl+-fed groups, both with and without colitis.

Figure 7. Fisher’s linear discriminant (FLD) analysis. (A,C,E)—Experimental data on the plane spanned by two of the most
data-separating FLDs. (B,D,F)—Parameters contributing the most to the FLDs. Scheme (A,B): 3. days; (C,D): 7 days; (E,F):
21 days.
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After 21 days of TNBS administration (Figure 7E,F), the analyzed parameters differ-
entiated the experimental groups to a much lesser extent than at earlier time points (3
and 7 days). After 21 days of colitis induction, only the expression of LC3B/LC3-II and
Caspase-3 in the colonocytes and colon wall allowed separating the experimental groups.
CβG− group together with CβGl+ group was separated by FLD1 from other subgroups,
while HβGl+ and CβGh+ groups were separated from other subgroups along the vertical
axis (FLD2). LC3B expression in colonocytes and Caspase-3 expression in the colon wall
had the greatest impact on FLD1, whereas Caspase-3 expression in colonocytes influenced
FLD2. Expression of LC3-II in the colon wall had an effect on both FLDs (Figure 7F). FLD
analysis showed that LC3B expression in the colonocytes and that of Caspase-3 in the colon
wall were slightly higher in the control groups fed with βGh+ and βG− feed compared to
the CβGl+ and CβG− groups. Expression of Caspase-3 in colonocytes and that of LC3-II
in the colon wall were slightly higher in the HβGl+ and CβGh+ groups compared to the
CβG− and CβGl+ groups.

4. Discussion

Crohn’s disease belongs to the group of inflammatory bowel diseases and is charac-
terized by the presence of chronic inflammation within the gut. The course of this disease
is associated with alternating periods of exacerbation and remission. Food is one of the
significant factors influencing the course of CD through many mechanisms. Another
influencing factor is the modulation of cellular processes, including cell death, which
maintains homeostasis and eliminates abnormal and damaged cells [2]. In this study, we
determined the effects of the consumption of low- and high-molar-mass oat beta-glucans
on the expression of selected markers of apoptosis and autophagy in colonocytes in TNBS
colitis-induced rats. In addition, we analyzed the expression of colon wall receptors, in-
cluding TLRs and Dectin-1, which are involved in the recognition of molecular patterns
of pathogens in colon epithelial cells. Rectal administration of a TNBS ethanol solution in
animals caused transmural colitis, which is a well-described intestinal inflammation animal
model with predominantly Crohn’s disease symptoms [31,33]. According to Antoniou
and coworkers, TNBS-induced colitis is a good model for studying immunopathogenesis
and potential treatments for Crohn’s disease [30]. In this model intestinal inflammation is
achieved by a local administration of TNBS in 50% ethanol which involves both chemical
damage and T cell immune reactivity. Additionally, TNBS administration results in acute
necrosis of the colon wall due to oxidative damage, along with transmural inflammation
that closely resembles the histopathological lesions developed in human CD [30,34,35].
The ethanol breaks the mucosal barrier allowing the penetration of the reagent. The main
symptoms in animals with TNBS-induced colitis are bloody diarrhoea, weight loss and
intestinal wall thickening. The presence of the features typical of CD was confirmed by
histological evaluation, which revealed widespread inflammation of the colon, including
not only the mucosa but also the deeper layers of the intestinal wall. The induction of
acute inflammation in the colon wall was also confirmed by the results obtained from the
analysis of the concentration of proinflammatory cytokines and the lymphocyte profile
performed on the same biological material [28] as well as by the results of pro-inflammatory
cytokines gene expression. Here, the effects of beta-glucans were assessed at three time
points: after 3, 7, and 21 days of TNBS administration. This allowed evaluating the an-
alyzed parameters in animals with different intensities of inflammatory changes in the
intestine. It also reflects the periods of exacerbation and remission of colitis in people with
CD and enabled determining the effectiveness of beta-glucan supplementation in these
periods of the disease. The examined rats developed local acute inflammation immediately
after TNBS administration. The inflammation was significantly less severe 1 and 3 weeks
after TNBS administration, which indicated remission of the induced inflammation. This
was confirmed by macro- and microscopic examinations of changes in the colon, including
swelling of the mucosa, microbleeding, and necrosis [28]. It should be noted that the
changes were transient and minimally invasive, indicating an early stage of CD develop-
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ment. This was evidenced by the good health of rats, decreased feed consumption only
five days after the administration of TNBS, lower weight gain in rats with induced colitis,
and no increase in the activity of plasma liver transaminases [29].

In this study, we also examined changes in the intensity of the autophagy process.
It contributes to the adaptation of cells and the maintenance of intracellular homeostasis
enabling cells to survive under stressful conditions. The autophagy marker in the colon
wall and IECs investigated in the study was the expression of the LC3B protein, which
participates in the formation and maturation of autophagosomes [8]. A decrease in this
protein was found in the colon wall after TNBS administration, which indicates intense
repair processes of the intestinal epithelium accompanying/preceding the period of CD
remission. In the initial period of the experiment, autophagy was slightly increased in
the colon wall in all experimental groups, which could be due to the mechanical irritation
caused by rectal administration of TNBS or saline solution. A significant effect of colitis on
the reduction of LC3B expression in IECs was found after 21 days. At this time point, the
expression of LC3B in colonocytes was approximately four times lower in the colitis rats
fed with feed without beta-glucans (CβG−) compared to the βG− control group. A similar
effect of colitis was observed in induced rats by Xiong et al. (2019), who showed a decrease
in the expression of LC3-II in the epithelium of the large intestine in colitis-induced animals
compared to the control group [36]. In humans, CD is also characterized by impaired
autophagy [37]. A study recognized polymorphism in the ULK1 kinase gene involved
in the autophagy process and mutation of the protein containing the nucleotide-binding
oligomerization domain 2 (NOD2) as a direct mechanism responsible for the autophagy
impairment in CD [8].

Our results showed that supplementation with high-molar-mass oat beta-glucans
reduced the negative effects of inflammation on the expression of LC3B protein. After
21 days of the experiment, it was observed that the expression of LC3B in IECs in the
colitis group fed with feed supplemented with high-molar-mass oat beta-glucans was
similar to that in the βG− control group. The increase in the expression of this protein
under the influence of high-molar-mass beta-glucans in animals without colitis after 7 days
of the experiment was also significant compared to other experimental groups. This
may indicate the autophagy-enhancing effect of these polysaccharides in IECs in animals
with and without colitis. The results of a previous study conducted by our team also
indicated the effect of supplementing animal feed with oat beta-glucans on the expression
of autophagy-related proteins. In an experiment carried out on rats in which enteritis was
induced by intravenous administration of LPS, the transcriptomic analysis showed that
the consumption of oat beta-glucans with feed increased the expression of the Atg10 gene
belonging to the ATG (autophagy-related genes) family. In addition, high-molar-mass oat
beta-glucans caused a significant upregulation of the expression of the Atg13 gene, another
gene of the ATG family [38]. Therefore, the above data indicate a significant effect of oat
beta-glucans in restoring the activity of the autophagy process in inflamed IECs, and a
stronger effect of oat beta-glucans with a high molar mass, which also increased the activity
of autophagy in colon tissue of the control animals without colitis.

Disturbances in the apoptotic process are believed to play an important role in the
pathogenesis of CD. On one hand, excessively intensified apoptosis of epithelial cells leads
to their increased elimination and damage to the intestinal barrier [39]. On the other hand,
the low intensity of apoptosis of inflammatory cells promotes their accumulation in the gas-
trointestinal wall and maintenance of inflammation and promote tumor progression [24,40].
The present study showed that in the early stages of the development of acute colitis in
animals with colitis, the expression of Caspase-3, the executive enzyme of apoptosis, was
very low. It indicates a strong inflammation caused by the rectal administration of the TNBS
ethanol solution. The highest expression of Caspase-3 protein was observed in the con-
trol group fed with feed supplemented with high-molar-mass oat beta-glucans (HβGh+),
which indicates the beneficial effect of this beta-glucan fraction in this respect. The physical
properties of high-molar-mass beta-glucans favor the formation of a protective layer on
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the inner wall of the intestine, and hence this beta-glucan fraction effectively supports the
development of beneficial microbiota producing short-chain fatty acids which favor the
faster regeneration of epithelium damaged by saline administration [23,41,42].

After 7 days of TNBS administration, Caspase-3 expression in colitis-induced animals
was approximately eight times higher than in the control group, which indicates an increase
in the apoptosis process in response to intestinal inflammation. This was also confirmed
by the FLD analysis, in which the control groups were clearly separated from the colitis
groups. The clear separation of the control groups was mainly due to the greater Caspase-3
expression in the colon epithelium and colon wall in inflammatory animals. An intensified
process of apoptosis is also observed in people with CD and UD. This is associated with the
disturbance of the intestinal barrier integrity, which causes the transfer of the commensurate
microbiota to the intestinal lamina propria. This in turn leads to an increase in inflammation
and the level of proinflammatory cytokines such as TNF-α [9,43]. Oat beta-glucans may
reduce the extent of apoptosis in the colon tissue and, consequently, improve the integrity
of the intestinal barrier. In our study, consumption of feed supplemented with high-
molar-mass oat beta-glucans by colitis animals resulted in approximately two times lower
Caspase-3 expression after 7 days of inflammation induction. Consumption of feed with
low-molar-mass oat beta-glucans resulted in the expression of this enzyme in colitis animals
at a similar level as in the control group, which was also confirmed by the results of the FLD
analysis. This proves that both forms of beta-glucans are effective in inhibiting apoptotic cell
death, reducing inflammation markers, and inducing the remission period. In colitis rats
fed with feed supplemented with oat beta-glucans of high molar mass after 7 and 21 days,
the expression level of Caspase-3 was similar, but after 21 days it was higher compared to
the other feeding groups. This confirms the significant effect of oat beta-glucans with a low
and high molar mass in reducing the expression of this apoptotic enzyme during ongoing
inflammation, with low-molar-mass beta-glucans having a stronger effect.

Oat beta-glucans influence the activity of the autophagy process and inhibition of
apoptosis in inflamed IECs. It is probably related to the interaction of oat beta-glucans on
the Dectin-1 receptor and the pattern recognition TLRs: TLR 4, TLR5, and TLR6. These
receptors are responsible, among others, for the stimulation of the immune response to
pathogenic factors, as well as the regulation of proliferation, autophagy, and apoptosis of
intestinal cells [15,17]. In our experiment, the expression of Dectin-1 across all experimental
time points was found to be reduced compared to the control group, due to the induced
inflammation. It should be noted, that de Vries et al. showed increased Dectin-1 expression
in an animal model of DSS-induced colon and mesenteric lymph nodes inflammation [44],
while Van Hung and Suzuki showed no significant changes in the expression of this
receptor in the DSS-induced small intestine inflammation [45]. Similarly, in patients with
Crohn’s disease, increased expression of the Dectin-1 receptor in macrophages, neutrophils,
and other immune cells has been reported [46]. The observed inconsistency is likely caused
by the differences in colitis induction and the type of cells examined for Dectin-1 expression
assessment. According to our knowledge, there are no reports describing the effect of TNBS-
induced colitis on Dectin-1 expression in intestinal epithelial cells. The decrease in Dectin-1
expression observed in our study may result from a different method of inducing colitis. In
addition, we analyzed the Dectin-1 expression in the intestinal epithelial cells, not in the
colon wall or the immune cells. In this case decrease in Dectin 1 expression in colonocytes
noticed in our study may be related to disrupted intestinal barrier integrity by the ethanolic
TNBS solution, that as a consequence, causes infiltration of pathogens/antigens into the
deeper layers of the colon wall and allows their direct contact with cells of the immune
system. The subsequent activation of immune cells results in an increased expression of
Dectin-1 in these cells [30,47]. Moreover, in our study, it is important to point that the
increase in the expression of this receptor in IECs was observed in the control groups after 3
and 7 days of saline solution administration, which could have been caused by mechanical
damage to these cells evidenced by the lack of similar changes after 21 days. This confirmed
that the administration of the saline solution did not cause the injury of the intestinal barrier,
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that was observed after TNBS administration. We also observed simultaneous reduction
of colonocyte Dectin-1 in the colitis group and its increase in control groups caused by
the mechanical stimulus that resulted in a significant difference in the expression of this
receptor between these groups. Consumption of the feed supplemented with oat beta-
glucans reduced the difference between colitis and control groups in the experimental
animals on days 3 and 21 after TNBS administration. The results showed an increase
in the expression of Dectin-1 in inflamed IECs under the influence of oat beta-glucans.
It should be noted that these polysaccharides have a similar effect on the expression of
LC3B protein, with oat beta-glucans with a high molar mass having a stronger effect. FLD
analysis showed that after 7 days of TNBS administration, the increased expression of
Dectin-1 receptor was accompanied by an increased expression of the LC3B protein, the
increase being characteristic of the control group fed with feed without beta-glucans and
the control group fed with feed with beta-glucans with a high molar mass, which indicates
the intensification of autophagy processes stimulating epithelial repair. Sakaguchi et al.
(2018) described autophagy activation caused by the attachment of polysaccharide ligands
to the Dectin-1 receptor as the mechanism of action of fungal beta-glucans administered to
mice with induced colitis. These authors demonstrated that administration of beta-glucans
decreased the expression of inflammatory cytokine mRNA in the colon (Tnf, Il1b, Il6) and
the expression of TNFR1 receptor in IECs through the interaction of these polysaccharides
with the Dectin-1 receptor. In addition, activation of Dectin-1 by beta-glucans reduced the
translocation of NF-κB responsible for the induction and maintenance of inflammation [21].

Our other results showed that the concentration of TNF-α and other proinflammatory
cytokines in the colon wall of animals with TNBS-induced inflammation was significantly
increased at all time points. Consumption of oat beta-glucans reduced the concentration of
these inflammatory factors (data not published [28]). TNF-α is one of the inflammatory
mediators that directly stimulate the apoptotic process. The extrinsic pathway of apoptosis
is induced by the binding of this factor to the TNFR1a receptor [48]. Pott et al. (2018)
showed that increased autophagy in the inflamed intestinal epithelium protected cells
against TNF-α-induced apoptosis, which in turn helped to maintain the integrity of the
intestinal barrier and reduce inflammation. Thus, autophagy disorders cause exacerbation
of inflammation and intensification of apoptosis in IECs induced by proinflammatory
cytokines, mainly TNF-α [39]. This is in line with the results of another study in which the
authors used a model of enteritis induced by murine norovirus infection and administration
of DSS (dextran sulfate sodium). Matsuzawa-Ishimoto et al. (2017) showed that autophagy
deficiency caused by deletion of the ATG16L1 gene (encoding a component of the large
protein complex essential for autophagy) made IECs in the small intestine more susceptible
to TNF-α-induced apoptosis [49]. Currently, the treatment of CD in humans is based on
drugs that stimulate autophagy and reduce TNF-α concentration in the inflamed parts of
the gastrointestinal tract [50]. In summary, the activation of the inflamed Dectin-1 receptor
in IECs by oat beta-glucans reduces the proapoptotic effect of the TNF-α complex with
TNFR1 receptor. As a consequence of these changes, the autophagy process is intensified,
which entails the protection of cells against excessive apoptosis as well as helps to maintain
the integrity of the intestinal barrier and alleviate inflammation.

The antiapoptotic effect of oat beta-glucans in colitis is probably also related to their
influence on the TLR expression. The results of this study showed that, after 3 days of
TNBS administration, the expression of TLR 4 and TLR 6 receptors in colonocytes was
significantly lower in the colitis group receiving feed without beta-glucans as compared to
the control group fed with the same feed. In addition, in the same group of rats (CβG−),
TLR 5 expression was lower compared to the colitis groups fed with feed supplemented
with low- and high-molar-mass oat beta-glucans. This difference disappeared with the
passage of time after TNBS administration, which proves that the decrease in the expression
of these receptors is mostly influenced by acute intestinal inflammation. Nevertheless, oat
beta-glucans caused a significant increase in the expression of these receptors, especially
TLR 5 and TLR 6, in inflamed IECs in the initial period of the experiment. This period was
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characterized by the presence of active inflammation. Oat beta-glucans with a low molar
mass had a stronger effect in increasing TLR 5 expression, while the expression of TLR 6
was influenced only by oat beta-glucans with a high molar mass.

Deficiency of TLRs, including TLR 4 and TLR 5, increases the susceptibility to induced
inflammation resulting in increased permeability of the intestinal epithelium, inhibition of
proliferation, increased apoptosis, and delayed IEC differentiation, which in turn leads to
increased damage and ineffective reconstruction of the intestinal epithelium [51,52]. On
the other hand, activation of TLRs alleviates the symptoms of colitis by stimulating the
synthesis of cytoprotective and function-modulating factors in mesenchymal stem cells
and immune cells that migrate to the sites of active inflammation. Furthermore, TLRs take
part in the repair of the intestinal epithelium by inducing the synthesis of TFF3 (trefoil
factor 3), amphiregulin, and prostaglandin E2, which increase the migration, survival, and
proliferation of epithelial cells [22]. TLR 4 overexpression in patients with chronic IBD
increases the risk of colorectal cancer due to increased proliferation and decreased apoptosis
of IECs that are continuously exposed to proinflammatory cytokines and ROS [24,25].

Discriminant analysis by Fisher showed a positive correlation between the expression
of TLR 4 and Caspase-3 in colon epithelial cells after 3 days of the experiment. A higher
expression of TLR 4 and Caspase-3 was observed in the control groups fed with feed
supplemented with high-molar-mass beta-glucans and beta-glucan-free feed compared to
all colitis-induced groups, as well as in the control group consuming feed supplemented
with low-molar-mass beta-glucans. This may indicate the activation of the apoptotic
pathway with TLR 4 participation, which could have been caused by mechanical dam-
age to the intestinal epithelium after rectal administration of physiological saline. Such
damage increases the possibility of pathogen contact with the receptors present on the
IEC membranes and consequently induces apoptosis. Some results indicate that bacterial
LPS, a component of the cell membrane of some pathogenic bacteria, is one of the factors
that reduce the proliferation and increase the apoptosis of cells of the small intestine and
colon by activating TLR 4 [53,54]. The significant effect of the consumption of low-molar-
mass oat beta-glucans by rats from the control group, which showed lower TLR 4 and
Caspase-3 expression compared to other control groups, may indicate the antiapoptotic
effect of this polysaccharide. As shown by the results of our research, the mechanism of
the antiapoptotic action of beta-glucans is associated with decreased expression of TLR
4. It should be noted, however, that the intensity of the apoptosis process was relatively
lower in the control groups, especially compared to the colitis groups after 7 days of TNBS
administration.

Flagelin is a TLR5-specific ligand and the major protein of the surface structures of
bacterial cells. Expression of TLR 5 in IECs regulates the composition and localization of
the intestinal microbiota, preventing the development of intestinal inflammation [55]. The
intestinal epithelial layer of TLR 5-deficient mice, as indicated in a review by Burgueño
and Abreu (2020), was much more colonized by commensal microorganisms. TLR 5
deficiency, accompanied by an abnormal immune response to commensal antigens, led to
the spontaneous development of colitis or exacerbation of the existing inflammation in
mice [22]. In our study, we observed a significant effect of the consumption of oat beta-
glucans on the increase in TLR 5 expression in acutely inflamed IECs, which consequently
resulted in equating the expression of this receptor in colitis animals with the expression
found in the βG− control group. There are no reports directly linking the effect of beta-
glucans with TLR 5 expression. These polysaccharides are not typical ligands for TLRs, so it
should be assumed that their likely mechanism of interaction with these receptors is indirect,
possibly resulting from the influence on the expression of MyD88 (myeloid differentiation
primary response 88) and TRIF (TIR-domain-containing adapter-inducing interferon-β).
Studies by other authors have indicated that TLR 5 is an important factor regulating the
composition of the intestinal microbiota. However, microbiota does not have a direct
impact on the TLR 5 transcript, but on the MyD88 and TRIF adapters, which are among
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the main signaling molecules modulating the activity of TLRs by promoting epithelial
reconstruction and repair as well as the production of cytoprotective factors [51,56].

Interactions between activated Dectin-1 and TLRs also play an important role. As
indicated by the results from other authors, the receptors activated by soluble and insoluble
beta-glucans, such as Dectin-1, TLR 2, TLR 4, and TLR 6, in macrophage membranes are
important modulators of cytokine synthesis and participate in the activation of intracellular
metabolic pathways. The main mediator of the activation of Dectin-1-dependent pathways
in immune cells is the Syk tyrosine kinase, which, along with the Dectin-1 receptor, activates
NF-κB through the CARD9-Bcl10-MALT1 complex [13]. Williams et al. demonstrated that
NF-κB1-deficient mice exhibited increased IEC apoptosis in response to TNF-α. This is
due to the function of the TNFR1 receptor. In addition to initiating apoptosis, this receptor
also induces the expression of antiapoptotic genes by NF-κB [57]. Through their ability to
simultaneously interact with the Dectin-1 receptor, TLR 2, and TLR 4, beta-glucans can
induce NF-κB in the MyD88 protein-dependent signaling cascade. However, the binding
of Dectin-1 by these polysaccharides with a parallel blocked TLR 5 did not have such
an effect [13]. These data suggest that TLR 5 binding by beta-glucans does not further
modulate the cytokines produced. It should be noted, however, that water-insoluble beta-
glucans have a stronger Dectin-1 receptor-activating effect [13]. Such signaling synergy
was also demonstrated by Patidar et al., who described the co-localization and clustering of
Dectin-1 and TLR 2 in peritoneal macrophages stimulated by barley or yeast beta-glucans
(zymosan), with zymosan showing a stronger effect. The phosphorylation pattern in
the present study indicates that Dectin-1 and TLR 2 stimulation can activate downstream
signaling pathways in a variety of ways. Dectin-1 follows the Syk kinase signaling pathway,
while TLR 2 follows the signaling pathway of IκB kinase (IKK-IκB) [58]. Another in vitro
study, in which the authors showed increased activation of NF-κB in human dendritic cells
by oat beta-glucans via the Dectin-1 receptor, confirms the activation of the Dectin-1/NF-
κB signaling pathway by water-soluble beta-glucans. A significant finding in their study
was that they noted a stronger stimulatory effect of beta-glucans subjected to enzymatic
digestion, which was probably associated with a greater number of β-(1,3) bonds available
for Dectin-1 receptors [17].

The mechanism by which beta-glucans influence apoptosis and autophagy in inflamed
IECs is related to their effect on the expression of receptors not only in these but also in the
cells of the immune system, such as macrophages or dendritic cells. The research results
cited above indicate that beta-glucans modulate the synthesis of inflammatory cytokines
by the immune cells, which translates into the modification of autophagy and apoptosis
signaling pathways in IECs.

In our study, we described for the first time the effects of beta-glucans at three time
points—3, 7, and 21 days after TNBS administration, reflecting the periods of exacerbation
and remission that occur in people with CD. The results showed significant correlations
between the expression of TLRs and Dectin-1 receptors and that of LC3B, Caspase-3, and
Beclin-1 protein. Fisher’s discriminant analysis showed such correlations only on days 3
and 7 after induction of colitis, while after 21 days, the analysis showed only the effect of
expression of autophagy and apoptosis proteins in the colon wall and epithelium on the
differentiation of the experimental groups. The ANOVA and FLD results as well as the
results of our previous study indicated a significant effect of time on the effectiveness of
beta-glucans in the model of colitis characteristic of CD. In the initial period, the direction
of changes in the studied parameters indicates acute local inflammation, while over time,
remission occurs [29]. It should be noted that the effect of oat beta-glucans on apoptosis
and autophagy through TLRs and Dectin-1 receptors was dependent on the severity of
inflammation, which was mainly confirmed by the FLD analysis. With the passage of time
after TNBS administration and the progression of inflammatory remission, the immune
and metabolic responses to these polysaccharides decreased at the cellular level.
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5. Conclusions

In summary, oat beta-glucans were found to have the ability to alleviate the course of
induced inflammation. Their influence on the course of apoptosis and autophagy seems
to be particularly significant. The observed reduction in the activity of apoptosis and
increased activity of autophagy, in combination with the immunomodulatory activity of
beta-glucans, suggest their beneficial therapeutic effect. Depending on the molar mass,
these polysaccharides may act via different signaling pathways, but both consequently
reduce inflammation and accelerate remission by, among others, protecting the integrity
of the intestinal barrier. The presented results do not clearly indicate which beta-glucan
fraction has a more effective protective effect on IECs; however, it seems that oat beta-
glucans with a low molar mass have a slightly stronger effect in alleviating the induced
colitis by greatly influencing the apoptosis process. In addition, the results published
earlier by our team indicated that oat beta-glucans with low molar mass are more effec-
tive in removing the systemic effects of colitis, including anti-inflammatory and indirect
antioxidant effects [28,29]. These properties of oat beta-glucans, in particular those of low
molar mass, indicate their utility as preparations added during the production of food for
special medical purposes for people suffering from inflammatory bowel disease, especially
Crohn’s disease.
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Abstract: The gastrointestinal (GI) side-effects of dietary fibers are recognized, but less is known about
their effects on non-GI symptoms. We assessed non-GI symptoms in a trial of the LDL-cholesterol
lowering effect of oat β-glucan (OBG). Participants (n = 207) with borderline high LDL-cholesterol
were randomized to an OBG (1 g OBG, n = 104, n = 96 analyzed) or Control (n = 103, n = 95 analyzed)
beverage 3-times daily for 4 weeks. At screening, baseline, 2 weeks and 4 weeks participants rated
the severity of 16 non-GI symptoms as none, mild, moderate or severe. The occurrence and severity
(more or less severe than pre-treatment) were compared using chi-squared and Fisher’s exact test,
respectively. During OBG treatment, the occurrence of exhaustion and fatigue decreased versus
baseline (p < 0.05). The severity of headache (2 weeks, p = 0.032), anxiety (2 weeks p = 0.059) and
feeling cold (4 weeks, p = 0.040) were less on OBG than Control. The severity of fatigue and hot
flashes at 4 weeks, limb/joint pain at 2 weeks and difficulty concentrating at both times decreased
on OBG versus baseline. High serum c-reactive-protein and changes in c-reactive-protein, oxidized-
LDL, and GI-symptom severity were associated with the occurrence and severity of several non-GI
symptoms. These data provide preliminary, hypothesis-generating evidence that OBG may reduce
several non-GI symptoms in healthy adults.

Keywords: randomized clinical trial; humans; symptoms; gastrointestinal tract; musculo-skeletal
system; oats; oatmeal; dietary fiber; beta-glucan

1. Introduction

To protect against malnutrition and non-communicable diseases global nutrition rec-
ommendations include advice to consume more whole grains to help maintain an adequate
intake of dietary fiber [1]. Oats are a whole grain containing the soluble dietary fiber
β-glucan [2]. Oat β-glucan (OBG) reduces serum LDL-cholesterol [3,4] and postprandial
glycemic responses [5], physiological effects associated with reduced risk for cardiovas-
cular disease [6] and type 2 diabetes [7], respectively. Dietary fibers such as OBG are not
absorbed in the small intestine and reach the colon where they increase the mass of the
colonic contents and may be partly or completely fermented by colonic microbiota, effects
which have desirable and undesirable consequences as explained below.

The undesirable side-effects of dietary fibers include abdominal bloating and pain,
flatus and diarrhea which, although transitory in nature, may limit the acceptability of high
fiber foods [8]. Consistent with this were our findings in healthy subjects who consumed
3 g/day OBG or Control for 4 weeks. After 2 weeks, flatulence and abdominal discomfort
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had increased from baseline on both the OBG and Control treatments; but by 4 weeks
these symptoms had begun to return to baseline [9]. In a cross-sectional study of adults
with coeliac disease, higher long-term oat intake correlated with lower gastrointestinal
symptom scores [10].

The desirable effects of increased fiber intake include increased stool bulk which
may be beneficial for conditions such as constipation, irritable bowel syndrome [11] and
diverticulosis [12] although not all types of fiber are equally effective. Oats and oat bran
appear to increase stool weight per gram of dietary fiber to a similar extent as other
sources of fiber [13]. Oats also decrease fecal pH (a marker of increased short-chain
fatty acid (SCFA) production) and increase the growth of beneficial gut microbiota [14].
Plausible mechanisms have been proposed whereby the stimulation of SCFA production
and alteration of the colonic microbiome can influence systemic oxidative stress and
inflammation and thereby influence both physical and mental functioning [15–17]. In this
context, it is of interest that higher self-reported fiber intake was associated with higher
positive affect in healthy children [18] and, in a randomized, cross-over study, consumption
of a high fiber breakfast cereal for 2 weeks was associated with less fatigue compared to
control in healthy adults [19]. We found that participants with type 2 diabetes treated
by diet alone who consumed a low glycemic index diet containing 37 g/day fiber for
1 year experienced less severe headaches, less severe pains in joints or limbs and less
severe gloomy thoughts than those on the lower fiber (21–23 g/day) diets [20]. OBG has
been shown to enhance the endurance capacity of rats and influence serum metabolites in
such a way as to suggest anti-fatigue properties [21], but there is a paucity of information
about the effect of OBG on non-gastrointestinal symptoms in humans. To address this,
we assessed a panel of non-gastrointestinal symptoms as tertiary objectives in a study the
primary purpose of which was to determine if a novel oat product containing OBG would
reduce serum LDL-cholesterol [9].

2. Materials and Methods

We performed a randomized, double-blind, placebo controlled, parallel arm design
clinical trial at INQUIS Clinical Research, a contract research organization. The protocol
was approved by the Western Institutional Review Board® (Puyallup, WA, USA) and all
participants provided informed consent by signing the IRB approved consent form. The
study was registered at www.clinicaltrials.gov (accessed on 11 April, 2019) with identifier:
NCT03911427.

Participants were healthy males and non-pregnant, non-lactating females without
diabetes, aged 18–65 year, with fasting calculated LDL-cholesterol between 3.00 and
5.00 mmol/L, inclusive, and BMI between 18.5 to <40 kg/m2. Details of the inclu-
sion/exclusion criteria can be found in Supplementary Information.

After signing the consent form, participants were screened over a period of 2–4 weeks
involving 2 visits to the clinic. First they answered questions about their medical and
drug history and had their height, weight and blood pressure measured, then they gave a
fasting blood sample and were given instructions about how to record a 3-day diet record
(3DDR) [22–24]. Participants who were eligible based on the results of the screening blood
sample were contacted and asked to start recording a 3DDR and attend at the clinic to
review the 3DDR and fill out the symptoms questionnaire (second screening visit, Screen 2).
To avoid the potential confounding effects of high intakes of saturated fat or dietary fiber
on the results, participants were excluded if their intake of saturated fat was ≥15% of
energy or they were consuming >14 g/1000 kcal dietary fiber. Eligible participants were
contacted by telephone or e-mail, advised to follow their usual dietary and exercise habits
and to refrain from consuming oat, barley and psyllium products for the duration of the
study and an appointment was made for the baseline visit.
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2.1. Study Visits

Eligible participants visited the clinic after 10–14 h overnight fasts at baseline (week 0)
and at 2 and 4 weeks, having been asked to avoid alcohol and unusual levels of physical
activity and food intake for 24 h before each visit. At each visit medications and adverse
events were reviewed, weight and blood pressure were measured, a fasting blood sample
obtained and a symptoms questionnaire filled out. At baseline, participants were randomly
assigned to either the Test or Control treatment. After the blood sample at each visit
participants consumed the first daily treatment sachet and were given a snack or light
breakfast. At baseline and week 2 participants were provided with a sufficient supply
of treatment sachets to last until the next visit and a shaker cup and whisk with which
to mix their assigned treatment and were given a study diary in which to record sachet
consumption. Compliance was checked at week 2 and week 4 by counting unused sachets
and, at week 2, participants were provided with forms and instructions to record another
3DDR before the next visit. Symptom questionnaires were filled out during each of the
visits at Screen 2, Baseline, 2 weeks and 4 weeks.

2.2. Interventions

Interventions were provided in color-coded sachets: the Test intervention consisted
of an oat ingredient delivering 1 g of β-glucan sachet; the Control intervention was a rice
milk powder containing 0 g β-glucan. Each sachet contained 0.9 g fat (0 g saturated),
1.9 g protein, ~14 g available carbohydrate and 1.9 g (Test) or 0.3 g (Control) dietary fiber.
Detailed nutrition information is given in Supplementary Table S1. Each sachet was mixed
with 8 oz (240 mL) of cold water, shaken for 30 sec and consumed immediately. The Test
and Control beverages had similar look, taste and smell. Subjects were asked to consume
3 sachets daily on 3 separate occasions separated by at least 3 h and preferably immediately
before or within 10 min of each main meal (breakfast, lunch and dinner).

2.3. Symptoms Questionnaire

Participants were asked to rate the severity of each of 27 symptoms (11 gastrointestinal
(GI) symptoms and 16 non-GI symptoms) they experienced over the previous 2 weeks on a
4-point scale: none = 0, mild = 1, moderate = 2 or severe = 3. We used this questionnaire in
2 previous studies in patients with diabetes [20,22,23]. The results for all 16 GI symptoms
have been reported elsewhere [9] but the sum of the scores for the 5 most prevalent (major)
GI symptoms (flatulence, diarrhea, constipation, abdominal distention and abdominal
pain) are included below. Of the 16 non-GI symptoms the following 4 were experienced by
a maximum of less than 10% of participants at any visit (baseline, 2 weeks and 4 weeks,
respectively) and the results are not presented here: Increased appetite (6%, 9% and 5%),
Palpitation/Throbbing of heart (4%, 6%, 4%), Balance disturbances (5%, 3%, 5%) and
Numbness/burning/itching hands feet (8%, 4%, 5%). The remaining 12 symptoms were
as follows: Headache, Fatigue, Lack of appetite, Tend to become exhausted (Exhaustion),
Feelings of anxiety, Lack of energy, Pains in joints or limbs (Limb/joint pain), Diminished
ability to concentrate (Reduced ability to concentrate), Feeling cold, Hot flashes/sensation
of rising heat (Hot flashes), Gloomy thoughts and Inner tension.

2.4. Data Analysis, Management and Calculations

Blood samples for blood lipids and lipoproteins, glucose and insulin were collected
at Baseline, 2 weeks and 4 weeks, and for glycated albumin, high sensitivity c-reactive
protein (CRP) and oxidized LDL (oxLDL) at Baseline and 4 weeks and the results presented
elsewhere [9]. However, results for CRP (analyzed by LifeLabs, Inc., Mississauga, ON,
USA) and oxLDL (analyzed by ELISA kit, catalog #30-7810, Alpco Diagnostics, Salem, NH,
USA) are included here because of their potential association with affective and physical
symptoms. Each 3DDR was reviewed with the participant by a dietitian or nutritionist
and subsequently analyzed for nutrient content (ESHA Food Processor, ESHA Research,
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Salem, OR, USA). The nutrients contained in the treatment sachets were added to those
from foods recorded on the 3DDR based on the sachet consumption counts

2.5. Power Analysis

The sample size calculation assumed that the SD of the change in LDL-cholesterol
between baseline and 4 weeks would be 0.455 mmol/L [24]. Using this SD, n = 90 subjects
per arm provides 80% power to detect an 0.19 mmol/L difference (5%) in LDL-cholesterol
change between the test and control arms. To improve the likelihood that at least n = 180
would complete the study we allowed for to 15% dropouts and enrolled 207 subjects.

2.6. Statistical Analysis

Included in this analysis are all 191 subjects who were randomized and completed the
study with no protocol violations and with 90% compliance (76/84 sachets over 4 weeks)
based on the sachet count. The highly skewed distributions of CRP and oxLDL values were
normalized by log transformation. Categorical measures were summarized as frequencies.
To determine whether the prevalence of symptoms during treatment differed from that
at the Baseline visit, and differed between treatments, the proportions of subjects who
experienced any symptom (mild, moderate or severe) were compared using the chi-square
test. To determine if the severity of symptoms during treatment differed from those before
treatment, the ratio of the number of subjects in each treatment group whose scores at
2 weeks and 4 weeks were greater (more severe, M) or less (less severe, L) than the median
score before treatment (defined as the median of the scores at the second screening (Scr2)
and Baseline visits) were compared to an expected ratio of 1:1 by chi-square test. To
determine if the change in severity of symptoms differed between treatments, the ratios of
L:M on Test and Control were compared by Fisher’s exact test [20]. Similarly, the severity
of symptoms in participants whose serum CRP, serum oxLDL and the sum of the scores for
5 major GI symptoms (flatulence, diarrhea, constipation, abdominal bloating, abdominal
discomfort) increased versus those in whom they did not increase during treatment.

3. Results

Recruitment began in April 2019 and the last subject visit occurred in February, 2020.
The recruitment questionnaire was completed by 2607 individuals of whom 1690 were
invited for screening; 538 attended Screen 1 (243 ineligible, 15 lost and 16 withdrawn),
264 attended for Screen 2 (7 excluded for SFA intake > 15% en, 10 excluded for dietary fiber
intake >14 g/1000 kcal, 8 lost and 15 withdrawn) and 224 were randomized (17 withdrawn,
103 received Control and 104 received Test). Four (4) Control participants were withdrawn
early for non-compliance (n = 3) or a serious adverse event (not related to treatment,
n = 1) and 4 participants were withdrawn after completion for non-compliance (n = 2) or
antibiotic use (n = 2) leaving n = 95 Control participants who completed the study per
protocol. Similarly, 3 Test participants were withdrawn early for antibiotic use (n = 1) or
scheduling difficulties (n = 2) and 5 were withdrawn after completion for non-compliance
(n = 2), antibiotic use (n = 2) or insulin use (n = 1) leaving n = 96 Test participants who
completed the study per protocol. The study flow chart and further details are given
elsewhere [9].

The per-protocol population consisted of 72 males and 119 females of whom 102
were Caucasian, 39 South Asian, 14 African, 14 Hispanic, 8 East Asian, 6 South-east Asian,
4 West Asian, 3 mixed and 1 Indigenous; participant sex and ethnicity did not differ
significantly on Test vs. Control. Participants were aged (mean ± SD) 47.6 ± 11.4 years,
BMI 27.9 ± 4.6 kg/m2 (BMI 25.0–<30, n = 191; BMI 30.0–<35, n = 132; BMI 35.0–<40, n = 43),
total cholesterol 5.83 ± 0.70 mmol/L, triglycerides 1.46 ± 0.69 mmol/L, HDL-cholesterol
1.44 ± 0.41, LDL-cholesterol 3.73 ± 0.50, fasting glucose 4.95 ± 0.51 with no significant
differences between Test and Control

Mean energy intake increased from baseline on Test and Control by approximately
the amount of energy the sachets contained (Figure 1). Sugars intakes, increased to an
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equivalent extent on both treatments. Starch intake did not change significantly on Test
but increased from baseline on Control. Dietary fiber intake increased during treatment on
Test by approximately the amount in the Test sachets and the difference was significant
compared both to baseline and to Control (Figure 1). Total fat and protein intakes increased
from baseline on Control, but not Test; alcohol intake decreased from baseline on Test.

Figure 1. Macronutrient and dietary fiber intakes during the trial. Bars represent mean ± SEM intakes
(expressed in Kcal for sugars, starch, fat, protein and alcohol) and grams for dietary fiber before
treatment (dietary records obtained at the second screening visit; Screen 2) and during treatment
(Week 4) for n = 96 on Test and n = 95 on Control (Cont). Error bars go down for sugars, starch, fat,
protein and dietary fiber and up for alcohol. The only significant difference between Test and Control
is for fiber. * Asterisks below the error bars indicate a significant difference from Screen 2 for the
respective nutrient, except for alcohol the asterisk is above the error bar, (p < 0.05) by paired t-test. ƒ
Significant difference in energy intake between Screen 2 and Week 4 (p < 0.05) by paired t-test.

3.1. Gastrointestinal (GI) Symptoms

The occurrence and severity of GI symptoms are presented in detail elsewhere [9].
One or more major GI symptom (flatulence, diarrhea, constipation, abdominal distention,
and abdominal pain) was present in 36% of Test and 28% of Control participants at baseline
(ns); the prevalence increased to 61% and 52%, respectively, at week 2 and fell to 47% and
42% by week 4 (differences between Test and Control were not significant). Furthermore,
the sum of the scores for the 5 major GI symptoms did not differ between Test and Control,
respectively, at any visit with mean ± SD as follows: screen 2, 0.95 ± 1.48 vs. 0.81 ± 1.55;
baseline, 0.77 ± 1.39 vs. 0.53 ± 1.29; week 2, 1.67 ± 2.12 vs. 1.45 ± 2.09; week 4, 1.20 ± 1.83
vs. 0.91 ± 1.39.

3.2. Non-GI Symptoms

The number of subjects reporting symptom severity of none, mild, moderate or severe
for each visit on Test and Control are shown in Supplementary Tables S2 and S3. The
prevalence and severity of the 12 most common symptoms are shown in Figure 2.
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Figure 2. Prevalence and severity of headache (A), fatigue (B), limb/joint pain (C), anxiety (D), lack of energy (E), exhaustion
(F), lack of appetite (G), gloomy thoughts (H), inner tension (I), reduced ability to concentrate (J), hot flashes (K) and
feeling cold (L). Main panels: Values are means ± SD for n = 96 on Test (blue symbols and bars) and n = 95 on Control
(green symbols and bars). Scr2 = second screening visit; Base = baseline; Week2 = week 2, Wk4 = week 4. * Prevalence
significantly different from that at the Baseline visit by chi-squared test (p < 0.05). Insets: Percentage of participants in whom
the symptom was more severe (dark bars) or less severe (light bars) than the severity before treatment (median severity at
Scr2 and Base). The percent of participants with no change in severity is not shown. p-values are the significance of the
difference between the ratio of M:L on Test vs. Control (p < 0.05 by Fisher’s exact test). * Ratio of M:L significantly different
from 1:1 (p < 0.05 by binomial distribution) where M and L are the number of participants in whom the symptom was more
severe (M) or less severe (L).
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The presence or severity of 7 of the symptoms at Baseline did not differ signifi-
cantly by age, sex or BMI. The presence of Limb/Joint pain at Baseline differed by sex
(females > males) and age (over 48 years > under 48 years) and the severity of Limb/Joint
pain was greater in obese compared to lean or overweight subjects. The presence of fatigue
and hot flashes were affected by sex (females > males) and age (over 48 years > under
48 years). The severity of lack of energy was greater in females than males, whereas feeling
cold was more common in males than females (Supplementary Table S4).

The prevalence of symptoms did not differ significantly between Test and Control for
any symptom at any time. However, on Test the prevalence of fatigue was lower at week
4 and exhaustion at week 2 compared to baseline (Figure 2B,F). The change in severity
of symptoms did not differ significantly between Test and Control except for headache
and anxiety (less severe on Test vs. Control at week 2) and feeling cold at week 4 (insets
on Figure 2A,D,L). Compared to before treatment (median of scores at the Screen 2 and
Baseline visits), symptoms were less severe as follows: fatigue (Test at week 4), lack of
energy (both Test and Control at week 2 and week 4), exhaustion (Test at week 2 and week
4 and Control at week 4), limb/joint pain (Test at week 2), hot flashes (Test at week 4),
feeling cold (Control at week 2 and Test and week 4); anxiety and inner tension (Test and
Control at week 2 and week 4); and reduced ability to concentrate (Test at week 2 and week
4) (Figure 2). If the severity of symptoms at during treatment is compared to that at the
Baseline visit alone (Supplementary Table S5), fewer participants have more severe or less
severe symptoms, but the direction of the effects are similar to those shown in Figure 2.

The presence of symptoms at baseline was associated with increased serum CRP
(mg/L) (median [25%, 25%]) as follows (absence vs. presence, respectively): lack of
appetite, 1.31 [0.66, 3.36], n = 167 vs. 2.52 [1.48, 4.15] n = 24, p = 0.013; exhaustion, 1.30 [0.65,
3.40], n = 138 vs. 2.12 [1.07, 3.91], n = 53, p = 0.005; and limb/joint pain, 1.30 [0.65, 3.03],
n = 127 vs. 2.11 [1.08, 4.12], n = 64, p = 0.009. Although the presence of headache at baseline
was not associated with higher serum CRP, in participants whose CRP did not increase
during the study the severity of headache was greater on Control than Test (p = 0.049;
Figure 3A). The severity of exhaustion was greater in participants whose CRP increased vs.
those in whom it did not, however, changes in CRP did not affect the difference between
Test and Control (Figure 3B).

Serum oxLDL was not associated with the presence of any symptom at baseline. The
severity of fatigue was similar for participants in whom oxLDL increased during treatment
compared to those in whom it did not. However, in participants whose oxLDL did not
increase, fatigue was more severe on Control than Test (p = 0.052, Figure 3C). The severity
of hot flashes was greater in participants in whom oxLDL increased compared to those in
whom it did not (p = 0.049), but the severity of hot flashes on Test was similar to Control
regardless of the change in oxLDL (Figure 4D).
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Figure 3. Effect of changes in serum CRP and oxLDL on symptom severity. Percent of participants whose symptoms
became more severe (dark bars) or less severe (light bars) during treatment for those whose serum CRP (panels A and B) or
oxLDL (panels C and D) increased (↑) or did not increase (=↓) after 4 weeks treatment. The percent of participants with no
change in severity is not shown. Brown/orange bars are for all participants, blue bars for Test and green bars for Control.
p-values over 2 bars are the significance of the difference between the ratios of More:Less severe for the 2 bars (e.g., panel A,
in participants whose CRP did not increase after 4 weeks treatment, Headache was significantly more severe in those on
Control vs. Test p = 0.049). * Ratio of more:less severe differs significantly from 1:1 by chi-square test (p < 0.05).

Figure 4. Effect of changes in GI symptoms on the severity of the non-GI symptoms headache (A), fatigue (B) and pains
in joints or limbs (C). Bars show the percent of participants whose non-GI symptoms became more severe (dark bars) or
less severe (light bars) during treatment for those whose GI symptoms (sum of scores for flatulence, diarrhea, constipation,
abdominal distention, and abdominal pain) became more severe (GI↑) or not (GI = ↓) during treatment. The percent of
participants with no change in severity is not shown. Brown bars show all participants, blue bars Test and green bars Control.
p-values are the significance of the difference between the ratios of More:Less severe for the bars indicated (e.g., panel A,
in participants whose GI symptoms did not become more severe after 2 weeks treatment, Headache was more severe on
Control vs. Test p = 0.021). * Ratio of more:less severe differs significantly from 1:1 by chi-square test (p < 0.05).

At baseline, 11 of the 12 non-GI symptoms were significantly more common at in the
n = 88 participants with GI symptoms than in the n = 103 without GI symptoms (Table 1).
Additionally, changes in the severity of GI symptoms during the trial were associated with
differences in the severity of several non-GI symptoms. The overall severity of headache
was not associated with the severity of GI symptoms at either 2 weeks or 4 weeks. However,
at 2 weeks, headache was less severe on Test vs. Control in participants with no increase
in the severity of GI symptoms (p = 0.021, Figure 4A). The overall severity of fatigue at
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2 weeks was lower in participants whose GI symptoms became more severe compared
to those in whom they did not (p = 0.027). The same was true for participants on the
Control treatment (p = 0.017). However, the severity of Fatigue on Test treatment was not
associated with differences in the severity of GI symptoms (Figure 4B). The overall severity
of joint/limb pain was greater at 2 weeks in participants with more severe vs. the same
or less severe GI symptoms (p = 0.046). The same was true for Control participants at
2 weeks (p = 0.011) and 4 weeks (p = 0.049) but not for Test participants (ns). At 2 weeks,
the severity of joint/limb pain was lower on Test vs. Control in participants with more
severe GI symptoms than at baseline (p = 0.038, Figure 4C).

Table 1. Association of non-GI symptoms with major GI symptoms.

Non-GI Symptom
Major GI Symptom p

Absent (n = 103) Present (n = 88)

Headache 16 (16) 28 (32) 0.008
Fatigue 20 (19) 46 (52) <0.001

Pains in joints or
limbs 8 (8) 35 (40) <0.001

Feelings of anxiety 12 (12) 27 (31) 0.001
Lack of energy 7 (7) 39 (44) <0.001

Tend to become
exhausted 8 (8) 26 (30) <0.001

Lack of appetite 6 (6) 11 (13) 0.11
Gloomy thoughts 3 (3) 13 (15) 0.003

Inner tension 4 (4) 14 (16) 0.005
Diminished ability to

concentrate 2 (2) 18 (20) <0.001

Hot flashes 10 (10) 25 (28) <0.001
Feeling cold 5 (5) 23 (26) <0.001

Values are number (%) of participants with each non-GI symptom at baseline amongst the participants without any
major GI symptom (flatulence, diarrhea, constipation, abdominal distension and abdominal pain) compared to
those with one or more major GI symptom at screening or baseline. The right-most column shows the significance
of the differences by chi-squared test.

4. Discussion

The present results provide hypothesis-generating evidence that the OBG-enriched
oat product tested may influence several affective and physical feeling states in healthy
adults with LDL cholesterol between 3 and 5 mmol/L. Furthermore, markers of systemic
inflammation and oxidative stress and the severity of GI symptoms modified some of
these effects. These findings are consistent with current concepts about how alterations
in the gut-brain axis (increased colonic fermentation and alteration of the gut microbiota)
influence metabolism, behavior and brain function by a variety of different mechanisms
including effects on afferent pathways between the gut and the brain, short-chain fatty acid
(SCFA) production and other microbial by-products and metabolites which have local and
systemic effects on gut hormones, oxidative stress and inflammation [17,25].

The association between the presence of GI symptoms and the increased prevalence of
11 of the 12 non-GI symptoms is not a new finding and could be ascribed to psychological
or physiological factors. For example, it is known that the perception of GI symptoms
such as constipation and flatulence are not related to the amount of gas in the colon [26]
and are associated with personality and anxiety [27]. Thus, participants who noticed
GI symptoms may have been, in general, more aware of other abnormal sensations and
feelings they experienced and were more able to remember to report them. However, the
association between GI and non-GI symptoms could have a physiological basis via the
gut-brain axis. There is abundant evidence from studies in vitro and in animal models
that oats and OBG influence SCFA production and the colonic microbiome [14], although
the results are inconsistent and there are few studies in humans. OBG-enriched oat bran
containing 20 g/d dietary fiber and 10 g/d OBG did not increase fecal SCFA after 4 weeks
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but did so at 8 and 12 weeks in healthy subjects [28]. Furthermore, fecal SCFA were not
increased by either granola containing 6 g/d fiber and 3 g/d OBG daily for 5 weeks [29] or
by 60 g oatmeal containing 8.5 g dietary fiber and 4.7 g OBG daily for 1 week [30]. However,
the granola increased fecal bifidobacteria and lactobacilli [29] and the oatmeal influenced
bacterial metabolism as judged by reduce β-galactosidase and urease concentrations [30].
A recent study showed, in hypercholesterolemic subjects that compared to 80 g white
rice, 80 g oatmeal daily for 45 days increased the abundance of fecal Firmicutes [31]. The
effect of OBG on the fecal microbiome might also by its molecular weight, since 3 g high
molecular weight (1349 kDa) barley β-glucan for 5 weeks significantly increased fecal
Bacteriodetes and reduced Firmicutes compared to a β-glucan-free control and to 3 g low
molecular weight (288 kDa) barley β-glucan [32]. Thus, there is evidence in humans that
the amount of OBG we provided could influence the fecal microbiome, but not fecal SCFA.
However, the composition of the fecal microbiome may not reflect that of the mucosa-
associated micro-organisms [33]. In addition, there is evidence in humans that increased
SCFA production can occur in the absence of a change in fecal SCFA [34] and that a high
fecal acetate concentration may reflect reduced acetate absorption rather than increased
production [35].

The severity of headache was lower on Test than Control at 2 weeks in all subjects
(Figure 2A) and at 4 weeks in those in whom serum CRP did not increase (Figure 3A).
The causes of headaches are not well understood, but may include hypoglycemia [36],
obesity [37] or inflammation [25]. However, the n = 67 participants with headache at
baseline had similar (mean ± SD) BMI, 28.08 ± 4.70 kg/m2, and median CRP, 1.52 mg/L,
as the n = 127 without headache, 27.89 ± 4.58 kg/m2, and 1.53 mg/L.

Fatigue became less common and less severe than at baseline after 4 weeks treatment with
OBG, as did exhaustion after 2 weeks, but the differences from control were not significant.
Lack of energy was less severe on both Test and Control treatments compared to baseline.
These results are in line with studies showing that OBG [21] and konjac oligosaccharide [38]
increased maximum exercise time in rats or mice and altered metabolites suggestive of
reduced fatigue. In humans, consuming cereals high in wheat-fiber for 2 weeks reduced
fatigue compared to control in healthy adults [19] and 13 weeks treatment with a prebiotic
containing inulin and fructo-oligosaccharides reduced exhaustion in elderly subjects when
compared to control [39]. Fatigue is associated with lack of sleep, an association that may be
mediated by increased inflammation [40]. At baseline, serum CRP was similar in participants
with and without fatigue (not shown) and with or without lack of energy (not shown), but
the presence of exhaustion at baseline was associated with a higher CRP. Furthermore, the
severity of exhaustion increased from baseline to a greater extent in participants whose CRP
increased compared to those in whom it did not (Figure 3B).

Pains in muscles can be due to overuse or to reduced circulation, while pain in joints
is most commonly due to intervertebral disc herniation or osteoarthritis, both of which
are associated with obesity, chronic inflammation [41–43] and older age. This is consistent
with our data in that the n = 64 participants with limb/joint pain at baseline were older
(mean ± SD, 52.1 ± 10.3 vs. 45.3 ± 11.3 years, p < 0.001), and had higher BMI (29.1 ± 4.5
vs. 27.3 ± 4.6 kg/m2, p = 0.013), and higher CRP (2.11 [1.08, 4.12] vs. 1.30 [0.65, 3.03] mg/L,
p = 0.009) than the n = 127 without limb/joint pain. After 2 weeks treatment, limb/joint
pain was less severe than at baseline in all subjects on OBG (Figure 2C), and, in participants
with more severe GI symptoms, less severe on OGB compared to control at 2 weeks
(Figure 4C). On Control, but not OBG, having more severe GI symptoms was associated
with more severe limb/joint pain at 2 and 4 weeks (Figure 4C). These observations, along
with the increased prevalence of limb/joint pain in those with GI symptoms (Table 1)
suggest a link between the gut and joint/limb pain. There is some evidence that people with
rheumatoid arthritis (RA) have different colonic microbiota and that probiotic treatment
can improve the condition in the absence of changes in CRP [44] but this may not apply to
our study population, most of whom likely did not have RA.
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During the study, the severity of anxiety decreased from baseline on both treatments,
with the reduction on OBG being greater than that on Control at 2 weeks (p = 0.059, Figure 2D).
A link between the colonic microbiota and anxiety is suggested by a study in which a probiotic
formulation containing Lactobacillus helveticus R0052 and Bifidobacterium longum R0175, given
to male Wistar rats for 2 weeks, reduced anxiety-like behavior, and given to humans for
30 d reduced psychological distress, the Hospital Anxiety and Depression Scale and urinary
free-cortisol excretion [45]. Additionally, compared to control, 5.5 g/d galactooligosaccharides
for 3 weeks, reduced the salivary cortisol waking response and increased the processing of
positive vs. negative attentional vigilance in healthy subjects, although these effects were not
seen with fructooligosaccharides [46].

The prevalence of feeling cold at 4 weeks did not change from baseline on either
treatment, but the severity of feeling cold at 4 weeks was less on Test than Control (Figure 2L).
Consistent with several studies in which feeling cold was associated with musculoskeletal
pain [47–49], we found that feeling cold was present in 41.9% of 43 participants who had
joint/limb pain at baseline but only 6.8% of 148 participants who did not (p < 0.001).
Furthermore, after 4 weeks, the severity of feeling cold had increased from baseline in 20%
of the 20 participants who experienced more severe joint/limb pain compared to only 2.3%
of the 171 in who did not (p < 0.001). However, it is not clear why the prevalence and
severity of feeling cold would be less after 4 weeks on OBG vs. Control.

Hot flashes are a common symptom in post-menopausal women. In this study, 93.5%
of the 46 participants with hot flashes at baseline were women (p < 0.001). Furthermore,
although the mean ± SD age of women with and without hot flashes at baseline were
similar, 52.5 ± 9.8 vs. 49.6 ± 11.4 year (p = 0.16), a higher percentage of n = 76 women
aged > 48 year had hot flashes compared to the n = 43 aged ≤ 48 year, 46 vs. 19%, p = 0.003.
Increased oxidative stress is associated with a greater severity of hot flashes [50], but
it is not clear if menopausal symptoms are a cause or an effect of oxidative stress [51].
In this study the concentration of oxLDL at baseline (median {95%CI}) did not differ in
the 46 participants with hot flashes at baseline, 63 {37, 124} μg/L, compared to the 145
without, 78 {45, 144} μg/L. However, it is of interest that the severity of hot flashes at week
4 compared to baseline increased more in participants in whom oxLDL increased compared
to those in whom it did not (Figure 3D).

The major weakness of this assessment of non-GI symptoms is that the study was
designed to assess the effect of OBG on serum cholesterol; assessment of symptoms was a
tertiary objective not listed in the study registration. Several hundred statistical analyses
were performed post hoc with no correction for multiple comparisons; this increases the
likelihood of making type 1 errors. Furthermore, validated questionnaires were not used to
assess the symptoms. Nevertheless, there was significant amount of internal and external
consistency of the results with what might be expected from the literature.

5. Conclusions

These results provide hypothesis-generating evidence that OBG may have a beneficial
effect on several affective and physical feeling states in healthy adults. Since there is a
paucity of information about the effects of dietary fiber in general, and oats and OBG
specifically, on non-GI symptoms in humans, these results provide information which may
be useful for designing the studies which would be required to confirm these observations.
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Abstract: The prevalence of gastritis in humans is constantly growing and a prediction of an increase
in this health problem is observed in many countries. For this reason, effective dietary therapies are
sought that can alleviate the course of this disease. The objective of this study was to determine the
effect of chemically pure oat beta-glucan preparations with different molar masses, low or high, used
for 30 days in patients with histologically diagnosed chronic gastritis. The study enrolled 48 people
of both genders of different ages recruited from 129 patients with a gastritis diagnosis. Before and
after the therapy, hematological, biochemical, immunological and redox balance parameters were
determined in the blood and the number of lactic acid bacteria and SCFA concentrations in the
feces. Our results demonstrated a beneficial effect of oat beta-glucans with high molar mass in
chronic gastritis in humans, resulting in reduced mucosal damage and healthy changes in SCFA
fecal concentration and peripheral blood serum glutathione metabolism and antioxidant defense
parameters. This fraction of a highly purified oat beta-glucan is safe for humans. Its action is effective
after 30 days of use, which sheds new light on the nutritional treatment of chronic gastritis.

Keywords: oat beta-glucan; gastritis; inflammatory process; antioxidant properties; prebiotics; short-
chain fatty acids

1. Introduction

Gastritis is usually diagnosed by the histological characteristics of tissue samples after
a gastric mucosal biopsy, especially during routine upper esophagogastroduodenoscopy [1].
Helicobacter pylori infection is considered the main factor responsible for developing the
inflammatory changes in gastric mucosa. Long-lasting gastritis predisposes to the devel-
opment of gastric atrophy, intestinal metaplasia and dysplasia, which may lead to the
development of the intestinal type of gastric cancer [1,2]. Apart from H. pylori infection,
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gastritis risk factors comprise inappropriate diet, non-steroid anti-inflammatory drugs
(NSAIDs) and other drugs, excessive alcohol use, smoking, stress and older age [3].

There are no specific recommendations for treating chronic gastritis in the case of
H. pylori-negative test results. Therefore, treatment regimens vary and depend on clinicians,
for example, some empirically prescribe proton pump inhibitors (PPIs), some only mucosa-
protecting agents, while others use both [1]. Occasionally, natural supplements or herbal
medicines are also recommended to patients. On the other hand, it is still controversial for
many clinicians if, for non-ulcer patients with H. pylori infection, eradication therapy should
be advised [4]. Nevertheless, although many drugs are used to prevent and treat H. pylori-
negative gastritis, only PPIs have proven their efficacy, especially in high-risk patients [5].
However, since PPIs are no longer considered to be completely safe for long-term use, there
is still a great demand for additional treatments or/and prevention.

Beta-glucans are polysaccharides found in the cell walls of cereals, fungi, yeast and
algae. They are also considered as the soluble fraction of dietary fiber. Depending on their
origin, they show differences in structure. They can create linear, branched and cyclic
macroparticles that impact their biological activity. Beta-glucan present in the aleuronic
layer of oat grains is a mixture of β-D-glucose unbranched chains linked by β (1-3), β
(1-4) glycosidic bonds. Dissolved beta-glucans absorb large amounts of water to form
high-viscosity gums [6]. They do not undergo enzymatic degradation in the stomach,
creating a mucus layer, protecting against irritation and alleviating inflammation [7]. Many
studies have documented their positive effect on lowering postprandial glucose and insulin
levels and hypocholesterolemic results [8,9]. Beta-glucans have also been tested as a cancer
treatment adjuvant [10]. Many studies have also shown that beta-glucans may be immune
stimulators by activating macrophages or the stimulation of the synthesis and activation
of cytokines [11,12]. Studies have also confirmed the ability of these bioactive substances
to reduce infection and help to lower the death rate of surgical hospital patients due
to bacterial infections or postoperative inflammatory conditions of the gastrointestinal
tract [13]. However, few studies have evaluated the antioxidative and anti-inflammatory
properties of beta-glucans in the case of chronic gastritis. A survey conducted with people
suffering from mild chronic gastritis brings new knowledge about the safety and the
possibility of using the health-promoting properties of oat beta-glucans in treating this
stomach disorder.

2. Materials and Methods

2.1. Study Design

The Research Ethics Board of the Institute of Rural Health in Lublin, Poland, approved
this study (Commission Decisions No. 17/2011 and 17/2013). Informed written consent
was obtained from all subjects. The study was designed as a randomized, parallel-group,
double-blind, 4-week study, conducted at the Gastroenterology Outpatients’ Department
and Department of GI Endoscopy of the Institute of Rural Health in Lublin (Poland). The
study population was either randomly assigned to a placebo (P) group, receiving an oral
dose of 100 mL 3% solution of potato starch (placebo), or to one of the treated groups
receiving an oral dose of 100 mL of 3% solution of high molar mass beta-glucan (G1;
2,180,000 g/mol, purity—81.9%) or 100 mL of 3% solution of low molar mass beta-glucan
(G2; 70,000 g/mol, purity—89.1%) [14]. A total of 4 clinic visits were scheduled, consisting
of a screening visit (visit 1), baseline visit (visit 2), end of the treatment visit (visit 3) and
follow-up visit 2 weeks after completing the treatment (visit 4).

2.2. Study Subjects

The 129 participants were recruited from patients who reported to the Gastroen-
terology Outpatients’ Department and Department of Gastrointestinal Endoscopy of the
Institute of Rural Health in Lublin to undergo an elective esophagogastroduodenoscopy
(EDG) due to dyspepsia. All participants underwent a baseline screening assessment which
included a medical history and physical examination. All consecutive eligible patients with
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an initial diagnosis of gastritis within the gastric antrum were invited to participate in the
study. Finally, 48 patients of both genders (14 women and 34 men), aged 23–74 years, were
recruited, randomized and subsequently treated.

The inclusion criteria were: age between 18 and 75 years and presence of endoscopic
characteristics of antral gastritis, which were then confirmed by histological examination of
biopsy specimens. Subjects were excluded from the study if they met any of the following
exclusion criteria: history of peptic ulcer disease; acute or erosive gastritis, autoimmune
gastritis; prior esophagal, gastric or duodenal surgery; renal dysfunction; significant liver
disease indicated by platelet count below 70,000, ascites or known gastroesophageal varices;
active treatment with an H2-receptor antagonist, proton pump inhibitor, antacids or proki-
netics, sucralfate; anticoagulants; fiber supplements; ingestion of aspirin or non-steroid
anti-inflammatory drugs within the previous 30 days; known alcohol abuse; surreptitious
drug-taking; pregnancy or lactation; the presence of alarm features, including weight loss,
hematemesis, melena or rectal bleeding; significant coexisting illness or a condition that
could limit the ability to participate in the study.

The basic clinical examination was conducted and vital signs were examined at
all study visits. All adverse events (AEs) were recorded at all visits. The investiga-
tors and medical experts evaluated their severity and relation to treatment and reported
them to the respective authority. Participants also assessed their general well-being with
a questionnaire.

2.3. Dietary Supplements

To obtain the fractions of 1-3, 1-4-beta-D-glucan from oat with two ranges of molar
masses of 30,000–90,000 g/mol and 2,000,000–3,000,000 g/mol, a dedicated method was
created. As an effect of the preliminary study, we concluded that a high molar mass
fraction of 1-3, 1-4-ß-D-glucan from oat is particularly susceptible to chain length reduction
due to the polymer chain’s physical degradation when subjected to mechanical stress
during milling.

Briefly, to obtain a 1-3, 1-4-beta-D-glucan fraction of high molar mass, dehulled oat
grains were subjected to repetitive milling (4–5 passages, with a subsequent mill gap
change from 1.5 to 0.5 mm) in a corrugated roller mill. The maximum separation of the
grain bran from the endosperm was obtained with minimal mechanical reduction of the
bran particles. The output fraction of oat bran obtained using the milling technology was
divided into two streams.

One stream was processed according to the alkaline extraction method described
in a European patent [15] and led to the recovery of a 1-3, 1-4-beta-D-glucan fraction
of molar mass within the range of 2,000,000–3,000,000 g/mol. The second stream was
further mechanically processed for particle size reduction in the fraction. Mechanical
defragmentation allows for creating controlled and repeatable processing conditions. Due
to the characteristics of the oat bran layer taken off during the milling stage on the crushers
(small particles of low weight, relatively flexible and not resistant), it was decided to
proceed to mill it after prior freezing of the bran fraction. After 24 h at −20 ◦C, the fraction
was subjected to intensive milling in a finger type mill (MN1 Retsch mill). The obtained
fraction was frozen again (24 h at −20 ◦C) and subjected to another reduction by milling.
A four-fold freezing and reduction operation made it possible to obtain beta 1-3, 1-4-beta-
D-glucan with a fixed molar mass in the range of 30,000–90,000 g/mol by extraction by the
method described in a Polish patent and described in our previous paper [16].

Molar mass was determined by an indirect method with a viscometer (Ubbelohde’s
viscometer) against commercially available mass standards of oat 1-3, 1-4-beta-D-glucan
(Megazyme International LTD, Wicklow, Ireland). The obtained fractions were freeze-dried
(freeze-dryer LR-1 Delta 1–24 LSC), and their purity was determined by the enzymatic
method using lichenase (Megazyme International LTD, Wicklow, Ireland) according to the
methodology described previously [14].
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The verification of the effect of administered dietary oat beta-glucan was undertaken
using a 3% concentration of the pure substance in dietary supplements offered to the
patients according to EFSA recommendations towards lowering blood cholesterol effect [17].
Additionally, due to the very high stickiness of beta-glucan powder after absorbing any
water, it was decided to administer it in the form of a diluted gel to avoid any clogging of
the esophagus during swallowing.

The gel form was prepared by dissolving the appropriate weight in 1 L of cold distilled
water; then, the solution was subjected to 5 min, 750 W microwave heating to pre-dissolve
beta-glucan. After microwave heating, the solution was stirred intensively with a three-leaf
blender, and then hot distilled water was added and it was stirred again intensively. After
reaching a homogeneous mixture, the sample was subjected to microwave radiation to
adequately hydrate the beta-glucan chains for 10 min/750 W.

Then, the solution was poured into 50 mL standing test tubes (autoclavable Falcon
type) and sterilized in an autoclave for 10 min at 121 ◦C. The two test tubes supplied
100 mL of 3% high or low molar mass beta-glucan or placebo (potato starch).

The packages given to the patients consisted of 50 mL Falcon tubes packed in boxes,
closed and secured with a label marked “For testing purposes” and indicating the best-
before date. Due to the lack of any preservatives that could cause additional effects in the
gastric and intestinal mucosa, the shelf life was established as six weeks in preliminary tests.

For the month-long treatment of one patient, three boxes were prepared, having
20 Falcon tubes of 50 mL each. After obtaining a patient’s consent to carry out a month-
long treatment, the treatments were delivered to the patients. After the end of the treatment,
patients returned the packages which were intended for disposal.

Patients were instructed not to take any drugs 1 h before and 1 h after dosing. Patients
were not allowed to take any fiber supplements or parapharmaceuticals during the study
period. Patients were instructed to drink the delivered supplement 15–30 min before
breakfast and supper. For both study groups, the diet (easily digestible diet, without
beta-glucan products) was standardized during the treatment period.

2.4. Esophagogastroduodenoscopy and Histopathological Examination

For each subject, the same endoscopist performed the evaluations. Investigators and
other personnel participating in the endoscopic assessment were blinded to the subjects’
treatment allocation. The appearance of the mucosa of the stomach and duodenum was
evaluated and scored with the use of esophagogastroduodenoscopy scores (EGs) which
were partially based on the Sydney grading/scoring system [18]. The initial diagnosis
of chronic gastritis was categorized as superficial gastritis, erosive gastritis and atrophic
gastritis according to endoscopic appearance. Two biopsies for histology were taken from
the gastric antrum within 2 cm from the pylorus, one from the distal lesser curvature and
the other from the distal greater curvature. One more biopsy specimen was taken for rapid
urease testing (GUT Plus, Gatrex, Warsaw, Poland), confirming or excluding the presence
of H. pylori.

Endoscopy with biopsies and histological examinations were performed before treat-
ment (inclusion criteria) and the day after discontinuation (safety measure) of the adminis-
tration. Histopathological evaluation was conducted in the ALAB Laboratory Sp. z o.o.,
Warsaw (Poland), and a description of each specimen was obtained.

2.5. Blood Sample Collection, Hematological and Biochemical Assays

Samples for biochemical analysis were collected at visits 2 and 3. After 12 h of fasting,
blood samples were collected between 08:00 and 11:00 at the Department of Gastrointestinal
Endoscopy of the Institute of Rural Health in Lublin. They were centrifuged, and serum
(0.5 mL each portion) was kept frozen at −70 ◦C until the analysis.

Serum creatinine, total bilirubin concentrations, alkaline phosphatase (ALP) and
gamma-glutamyltransferase (GGT) activities and basic hematological parameters were
analyzed using routine laboratory techniques in the medical laboratory of Synevo Sp. z o.o.
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in Lublin, Poland. Plasma TNF-alpha and C-reactive protein (CRP) levels were measured
using ELISA kits (Merck Millipore, Darmstadt, Germany). Plasma total antioxidant status
(TAS) and the activity of glutathione peroxidase (GPx), glutathione reductase (GR) and
superoxide dismutase (SOD) in blood serum were examined using Randox reagent kits
(Crumlin, United Kingdom). The levels of whole blood reduced (GSH) and oxidized
(GSSG) glutathione were measured according to Rebrin, Forster and Sohal [19] using a
4-channel electrochemical array for simultaneous detection. The GSH:GSSG ratio was
also calculated.

2.6. Feces Sample Collection, Determination of the Number of Lactic Acid Bacteria (LAB) and
Analysis of Short-Chain Fatty Acids (SCFAs)

Stool samples were collected in the morning after an overnight rest on the same day
as the blood samples and stored at −80 ◦C until assayed.

Microbiological analysis was performed using a TEMPO® (Biomerieux, Marcy l’Etoile,
France) system to enumerate quality indicator organisms in the samples. Feces samples
were homogenized in peptone water (Merck, Darmstadt, Germany) in a ratio of 1:9 using
stomacher homogenizer. Then, serial dilutions of the samples were prepared, and a selec-
tive liquid culture medium for LAB was inoculated with bacteria from the homogenized
feces. After incubation, the bacterial suspension was placed in TEMPO® enumeration cards
containing 48 wells across three different dilutions to automatically determine the most
probable number (MPN) of lactic acid bacteria. Filled cards were incubated aerobically at
37 ◦C for 48 h.

Analysis of short-chain fatty acids in feces was performed using HPLC with UV
detection. The mobile phase for the isocratic elution of SCFAs was 15 mM monobasic
sodium phosphate:methanol (80:20) on Hypersil BDS 150 × 4.6 mm, 5 μm column (Sigma-
Aldrich (St. Louis, MO, USA)) at a mobile phase flow rate of 1.2 mL/min and detection at
224 nm. The quantitative and qualitative analyses of propionic, butyric, acetic, formic and
lactic acid were performed using pure chemical standard SCFAs (Sigma-Aldrich (St. Louis,
MO, USA)).

2.7. Statistical Analysis

The data were analyzed using Statistica 13.3 PL (TIBCO Software Inc., Tulsa, OK,
USA). Normal distribution and equality of variances were tested for in all the data. Data
that presented non-normal distribution were transformed with a common logarithm. A
two-way repeated measures ANOVA was used for comparisons between groups (placebo,
beta-glucan with high molar mass, beta-glucan with low molar mass) and the two time
points (before and after dietary intervention) of the experiment (group × time point 3 × 2;
with repeated measures on time points). Fisher’s test was used for post hoc comparisons.
Statistical significance was accepted for p < 0.05. The obtained results are presented as
mean ± standard error of the mean (SEM).

Fisher’s linear discriminant analysis (F-LDA) using R statistical software v. 3.3.3.
(www.rproject.org/ (accessed on 23 May 2021)) (R: The R Project for Statistical Computing)
analyzing the interaction between investigated parameters at the two time points was
also performed.

3. Results

3.1. Study Population

A total of 129 patients were screened, of which 48 started in the study. The included
patients consisted of women and men aged 23–74 with BMI 17.0–38.8 kg/m2, who were
randomly assigned to three following dietary groups, with 16 patients each: placebo group
(P), oat beta-glucan with a high molar mass group (G1) and oat beta-glucan with low molar
mass (G2). Dietary intervention with 3% of an aqueous suspension of potato starch (P
group) or oat beta-glucan with high molar mass (G1 group) or oat beta-glucan with low
molar mass (G2 group) was recommended for 30 days. Compliance with the treatment
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regimen was calculated from the number of study products dispensed to the subjects, and
the number of study products returned to the study site. No difference in compliance
was observed.

The age and anthropometric parameters of the study population are shown in Table 1.
None of the examined parameters differed between the groups, between men and women
or before vs. after dietary intervention.

Table 1. Age and anthropometric parameters of study population (mean ± SEM).

Parameters Group Mean ± SEM Min Max

Age (years)
Placebo 50.75 ± 3.61 23.00 68.00

G1 46.00 ± 3.82 23.00 74.00
G2 50.41 ± 3.24 27.00 68.00

Height [cm]
Placebo 170.88 ± 2.19 156.00 183.00

G1 169.93 ± 2.10 152.00 178.00
G2 171.41 ± 2.19 156.00 184.00

Weight [kg]
Placebo 86.63 ± 2.37 73.20 109.60

G1 79.93 ± 3.95 54.00 116.50
G2 79.17 ± 3.56 64.90 113.10

BMI [kg/m2]
Placebo 29.82 ± 1.00 23.43 38.83

G1 27.72 ± 1.26 17.04 36.80
G2 26.88 ± 0.93 20.97 36.51

3.2. Well-Being and Adverse Effects during the Study

There was no significant difference in subjective assessment of the well-being of
patients during the study. There were no statistically significant differences in well-being
between the dietary groups. From 75% (placebo group) to 78% (G1 group) and 79%
(G2 group) of patients declared good and very good well-being, none of the patients
declared bad or very bad well-being. The overall incidence of adverse events (AEs) was
similar across the study groups. None of the AEs led to the discontinuation of the study
and no serious adverse event (SAE) was recorded. The most commonly occurring AEs
during the treatment period were dyspepsia (seven in G2, six in G1 and five in the placebo
group), upper abdominal pain or discomfort (eight in G2, four in G1 and ten in the placebo
group), upper pulmonary tract infections (one in the G1 group and one in the placebo
group) and an increase in arterial pressure (two in the G1 group and two in the placebo
group). Both dyspepsia and upper abdominal pain and discomfort were usually mild,
and the symptoms disappeared within a few days. Therefore, dyspepsia did not generally
lead to discontinuation of the study. The increase in arterial blood pressure was mild
and occurred episodically in subjects with a history of arterial hypertension. No clinically
relevant treatment-related events were recorded during the study.

3.3. Histological Examination of Biopsy Specimens

In each case, the following features were microscopically evaluated using the visual
analogue scales (according to the updated Sydney System): inflammation (presence of
lymphocytes and plasma cells within the lamina propria) and its activity (presence of neu-
trophils), glandular atrophy, intestinal metaplasia (complete or incomplete) and presence
of Helicobacter pylori in the superficial mucus [9]. Evaluated featured were scored in the
range 0–3 (0, none; 1 mild; 2, moderate; 3, severe).

Before the dietary intervention, all patients participating in the study had histologically
diagnosed chronic gastritis. The changes found in the gastric mucosa include lymphocytes
infiltration within the lamina propria (score 1–2), the presence of neutrophils (score 1–2)
and the presence of Helicobacter pylori (80% of patients were negative). After 30 days of
beta-glucans, or placebo administration only in the G1 group, a reduction in inflammation
manifested by a decrease in the infiltration of lymphocytes (score 0–1) and neutrophils
(score 0) was found.
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3.4. Peripheral Blood Hematology and Biochemical Parameters

No statistical differences (ANOVA) related to the type of dietary intervention or
duration of treatment were found in the hematological parameters, except platelet count
with a higher value in group G2 (Table 2), as well as the chosen biochemical blood serum
parameters (Table 3).

Table 2. Hematological parameters of study population (mean ± SEM).

Parameters Group Before Treatment After Treatment

WBC × 103/μL

Placebo 6.22 ± 0.34 5.81 ± 0.27

G1 6.36 ± 0.45 6.25 ± 0.47

G2 5.90 ± 0.20 6.20 ± 0.30

RBC × 106/μL

Placebo 4.94 ± 0.05 4.91 ± 0.05

G1 5.03 ± 0.10 4.92 ± 0.07

G2 4.86 ± 0.08 4.91 ± 0.08

Hemoglobin [g/dL]

Placebo 14.51 ± 0.38 14.48 ± 0.27

G1 15.25 ± 0.29 14.97 ± 0.29

G2 14.71 ± 0.27 14.86 ± 0.30

Hematocrit [%]

Placebo 42.84 ± 0.87 42.69 ± 0.52

G1 44.18 ± 0.68 43.37 ± 0.77

G2 42.60 ± 0.72 43.08 ± 0.73

Lymphocytes × 103/μL

Placebo 1.97 ± 0.14 1.93 ± 0.13

G1 1.95 ± 0.12 1.93 ± 0.11

G2 1.83 ± 0.10 2.08 ± 0.09

Platelets × 103/μL

Placebo 204.19 ± 9.5 199.94 ± 8.07

G1 213.23 ± 16.7 227.57 ± 19.0

G2 236.65 ± 13.2 * 250.24 ± 13.6 *
* Statistically significant differences p < 0.05.

Table 3. Blood serum biochemical parameters of study population (mean ± SEM).

Parameters Group Before Treatment After Treatment

Creatinine [mg/dL]
Placebo 0.74 ± 0.02 0.78 ± 0.03

G1 0.81 ± 0.03 0.83 ± 0.04
G2 0.76 ± 0.04 0.78 ± 0.04

Bilirubin [mg/dL]
Placebo 0.64 ± 0.08 0.65 ± 0.05

G1 0.71 ± 0.12 0.64 ± 0.09
G2 0.65 ± 0.09 0.80 ± 0.13

ALT [U/L]
Placebo 33.30 ± 4.50 32.68 ± 6.70

G1 24.77 ± 3.00 23.24 ± 3.10
G2 26.82 ± 1.90 26.59 ± 2.19

AST [U/L]
Placebo 25.63 ± 1,48 26.37 ± 4.00

G1 28.48 ± 4.69 26.14 ± 3.90
G2 22.47 ± 1.12 22.82 ± 1.24

3.5. Blood Serum Immunological Parameters

A decreased concentration of CRP in the peripheral blood serum of all patients after
30 days of nutritional intervention was found. These changes were confirmed by the
significant ANOVA analysis (p < 0.02), but only in the G2 group were these changes
statistically significant (Figure 1A). Neither the type of supplement nor the duration of
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nutritional intervention (ANOVA NS) had a considerable effect on TNF-alpha concentration
(Figure 1B).

Figure 1. Serum C-reactive protein (CRP) (A) and TNFα (B) concentration (mean ± SE); The asterisk (*) denotes a statistically
significant difference after vs. before dietary intervention, set at p < 0.05.

3.6. Peripheral Blood Redox Balance Parameters

The activity of SOD (Figure 2A) after a 30-day nutritional intervention increased
(ANOVA, p = 0.0000), with significant changes only in the group of patients with placebo
treatment (p < 0.002). The activity of both GPx (Figure 2B) and GR (Figure 2C) after 30 days
of nutritional intervention significantly decreased (ANOVA, in both cases p < 0.0001),
regardless of the molar mass of the supplement used (in the case of GPx) or only when oat
beta-glucan preparations were used (in the case of GR, there was a significant effect of the
supplement type p < 0.04).

Figure 2. Cont.
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Figure 2. Blood superoxide dismutase (SOD) (A), glutathione peroxidase (GPx) (B) and reductase (GR) (C) activities; serum
reduced (GSH) (D) and oxidized (GSSG) (E) glutathione and GSH to GSSG ratio (F). The asterisks (*, **, ***) denote a
statistically significant difference after vs. before dietary intervention, set at p < 0.05; p < 0.01; p < 0.001, respectively.

The concentration of the reduced form of glutathione (Figure 2D) did not change as a
result of the 30-day nutritional intervention (ANOVA NS). In contrast, the concentration of
the oxidized form of this compound (Figure 2E) increased significantly in patients from
the placebo and G1 groups (ANOVA, p = 0.0000; interaction of type of supplement vs.
duration of use p < 0.03). In the G1 group the GSH/GSSG ratio (Figure 2F) decreased,
which confirmed the significance of the analysis of variance (ANOVA, p = 0.0000).

3.7. The Fecal Number of LAB and SCFA Concentration

The number of lactic acid bacteria increased after 30 days of oat beta-glucan with high
molar mass consumption, but it was not a statistically significant change. The analysis
of variance also did not confirm any substantial changes in this parameter (Figure 3A).
Additionally, no significant differences were found due to the 30-day nutritional interven-
tion in the fecal concentration of lactic acid (Figure 3B), while the concentration of acetic
acid (Figure 3C), propionic acid (Figure 3D) and hydroxybutyric acid (Figure 3E) increased
significantly in patients consuming both oat beta-glucan fractions (ANOVA, in all cases
p = 0.0000).
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Figure 3. Lactic acid bacteria (A) and short-chain fatty acids (lactic, acetic, propionic and hydroxybutyric) (B–E) in feces.
The asterisks (***) denote a statistically significant difference after vs. before dietary intervention, set at p < 0.001.

3.8. Fisher’s Linear Discriminant Analysis (FLD)

Fisher’s linear discriminant analysis (FLD) was performed to explore other differences
in the above parameters associated with beta-glucan supplementation. The results of FLD
obtained for the experimental data are presented in Figure 4. FLD was used to optimize
the linear combination of antioxidative defense and oxidative stress parameters and SCFA
level to obtain the best separation of the experimental groups, supplemented with G1 or
G2 oat beta-glucan or placebo at the beginning of the treatment and after one month of the
supplementation. The FLD test provides the most efficient linear combination of analyzed
parameters needed to separate groups treated with both fractions of oat beta-glucan. The
results of the linear discriminant analysis at two time points are shown in Figure 4A,C. In
each figure, three treatment groups are separated. The data are shown between the linear
combinations of parameters (FLDs), marked as FLD1 and FLD2, which separate the best
predefined group.
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Figure 4. Fisher’s Linear Discriminant (FLD) Analysis: (A,C,E) experimental data on the plane spanned by two the most
data separating FLDs and (B,D,F) parameters contributing the most to FLDs. (A,B)—before and after the beta-glucans
intervention; (C,D)—before the beta-glucans intervention; (E,F)—after 30 days of the beta-glucans intervention.

87



Nutrients 2021, 13, 2791

The results of the FLD together and at two experimental time points are shown in
Figure 4A,C,E. In Figure 4A, six experimental groups are isolated, and in Figure 4C,D, three
experimental groups per time point are separated. The data are presented in the space
between the linear combinations of parameters (FLDs), marked as FLD1 and FLD2, ensur-
ing the optimal separation of the predefined groups. Figure 4B,D,F show the correlation
vectors of the studied parameters with FLD1 and FLD2 predictors, which establish the
direction and influence of a given parameter on the separation of the experimental groups:
for all aggregated data (Figure 4A,B), before treatment with both fractions of oat beta-
glucans or placebo (Figure 4C,D) and after one month of supplementation (Figure 4E,F).
The graphs highlight the parameters that proved to have the most critical impact on the
separation of data. The biological marker compatible with a particular vector caused
the data to move in the direction indicated by the vector. The FLD complemented and
confirmed the statistical analysis of ANOVA, which showed the increased concentration of
acetic acid, propionic acid and hydroxybutyric acid after 30 days of high molar mass oat
beta-glucan consumption.

FLD performed for all data obtained in the present study (Figure 4A,B) confirmed that
the factors that most differentiated these experimental groups were SCFAs, in particular
acetic and propionic acid, as well as antioxidative defense enzymes including GPx and GR
activity in the blood, which was also confirmed by ANOVA results.

The FLD provided information about combining the above parameters, which are
helpful to distinguish the groups of data acquired before and after oat beta-glucan sup-
plementation with G1 or G2 beta-glucans in the vertical plane (FLD2). Additionally, as
indicated in the horizontal plane (FLD1), they did not enable the separation of the placebo
group from the other groups before dietary intervention (Figure 4A) but simultaneously
showed that it is possible after one month of nutritional enrichment with oat beta-glucan.
Therefore, we decided to perform separate FLDs for each time point of the present study.

At the beginning of the research, the separation of the groups was possible, but the
correlation vector power is low. The horizontal plane (FLD1) allowed the separation of
the placebo group from the group that took low molecular mass oat beta-glucan (G2), as
well as the separation of the low molecular mass beta-glucan group and the group that
was supplemented with high molar mass beta-glucans (G1). Blood serum activity of GPx
presented the most significant influence on FLD2, while acetic acid had a strong effect
on FLD2. Both FLDs were impacted by the blood serum activity of SOD and GR. Based
on this, it can be concluded that at the beginning of the experiment, all the groups were
characterized by similar propionic and hydroxybutyric acid levels.

After one month of dietary intervention (Figure 4E,F), the analyzed parameters differ-
entiated the experimental groups much more than at the earlier time point. Interestingly,
all markers that allowed us to separate the experimental groups belong to carboxylic acids.
The placebo group, as well as both groups that consumed oat beta-glucans, were separated
by FLD1 and FLD2. The acetic and propionic acid levels in the stool significantly impacted
FLD1, whereas hydroxybutyric acid influenced FLD2 (Figure 4F).

4. Discussion

Our study is the first randomized, double-blind experiment to evaluate the effects of
oat beta-glucans in chronic gastritis in humans. The obtained results showed that the 30-day
dietary supplementation with beta-glucans of different molar masses in a dose of 3 g/day
resulted in molar mass-dependent changes in some immunological and redox balance
parameters in peripheral blood serum and SCFA concentration in the stool of patients with
gastritis. These supplements did not cause any significant changes in the hematological
and biochemical blood indices and only a slight normalization of histopathological changes
in patients from the G1 group. It should be emphasized that the dietary supplementation
of beta-glucans in patients with gastritis did not adversely affect their well-being and did
not exacerbate the clinical gastrointestinal symptoms, which proves the harmlessness of
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these highly purified beta-glucan preparations isolated with the use of alkaline extraction
from oat grains.

This inflammation is driven by genetic factors, bacterial pathogenicity, patient age or
nutritional factors, among others [20]. Maintaining the integrity of the gastric mucosa also
depends on exposure to reactive oxygen species, which can increase lipid peroxidation and
cause damage to this mucosal barrier [21–23]. For the endoscopic and histopathological
assessment of chronic gastritis, the Sydney System is commonly used, which allows
for a standardized approach to biopsy interpretation and allows for a clinically correct
diagnosis [24]. Using the Sydney System, chronic gastritis was confirmed in all patients
enrolled in the experiment, which was only slightly reduced in those who used oat beta-
glucan with a high molar mass as a dietary supplement for 30 days.

Chronic gastritis often does not manifest changes in hematological and biochemical
parameters. However, as shown in a few studies, gastritis caused by an increased presence
of Helicobacter pylori causes changes in the percentage of platelets and the average platelet
volume. However, due to the large population variability of these parameters caused by
the gender and age of patients, they currently do not play an essential role in carrying
out the diagnosis of gastritis [25]. Any chronic inflammation activates platelets, and the
mean platelet volume (MPV) reflects this effect well. Still, there are more and more studies
showing that MPV and platelet counts do not differ between H. pylori-positive and H.
pylori-negative patients. There were also no differences or correlations between MPV
and the severity of gastritis according to the Sydney classification [26]. As was shown in
pediatric gastritis, no significant differences in hematological parameters, including platelet
count and mean volume, were found between control and stomach inflammation patients,
except severe gastritis, which manifested with a decrease in hemoglobin and hematocrit
levels [27]. The lack of changes in the hematological and biochemical blood picture found
in our patients confirms, on the one hand, mild or moderate gastritis and, on the other hand,
good tolerability and safety of the use of both oat beta-glucan preparations. There was
also no change in the patients’ general well-being during oat beta-glucan supplementation
compared to the placebo group, which indicated that these cereal polysaccharides are well
tolerated in patients suffering from inflammation of the gastric mucosa.

Maintaining adequate antioxidant protection in stomach cells is possible by antioxi-
dant enzyme activities, such as superoxide dismutase (SOD), peroxidase (GPx) and glu-
tathione reductase (GR). Additionally, glutathione, a non-enzymatic antioxidant that should
dominate in its reduced form, is crucial [28]. Glutathione is an endogenous component
that plays a crucial role in critical physiological processes, helping to protect against re-
dox balance, reducing oxidative stress, enhancing metabolic detoxification and regulating
immune function. The latter aspect of glutathione metabolism is especially essential in
the context of inflammatory diseases of individual components of the digestive system.
Much evidence indicates that glutathione metabolism is a biomarker and indicator of the
effectiveness of nutritional management in gastrointestinal disorders [29,30]. Our study
focused on the GSH/GSSG parameter calculated based on the quantitative analysis of
glutathione in the reduced (GSH) and oxidized (GSSG) forms and the activity of two critical
enzymes in glutathione metabolism: glutathione reductase and glutathione peroxidase.
Selenocysteine-containing glutathione peroxidases use glutathione to reduce H2O2 or lipid
peroxides, generating oxidized glutathione [31].

In turn, regeneration of GSH from GSSG is catalyzed by glutathione reductase (GR) in
the GSH redox cycle. The reduction of GSSG occurs at the expense of NADPH, produced
by the pentose phosphate pathway from glucose oxidation [32,33]. Our study confirmed
that in patients with diagnosed gastritis, the use of beta-glucans for 30 days, regardless of
their molar mass, caused changes in glutathione metabolism: blood serum activity of both
GPx and GR decreased, and in the case of high molar mass beta-glucan, the GSSG blood
serum concentration was increased and the quotient GSH/GSSG ratio was decreased. As
the levels of GSH decrease in states with generated oxidative stress, this would suggest
increased oxidative stress after beta-glucan diet treatment; however, other parameters

89



Nutrients 2021, 13, 2791

of oxidative stress (i.e., SOD, TAS) do not confirm this. In our opinion, the endogenous
mechanism of glutathione synthesis is disturbed due to the decrease in the pool of available
substrates for glutathione synthesis. Inflammation of the gastrointestinal tract causes
a reduction in dietary availability, including amino acids. The primary substrates for
the synthesis of glutathione are glutamate, cysteine and glycine, which are used in cell
inflammation for high-energy processes. The reduced concentration of substrates for the
synthesis of glutathione is responsible for oxidative stress and dietary supplementation, e.g.,
glutamine and cysteine reduce the effects of oxidative stress by increasing the parameter of
the antioxidant potential of the blood [34]. This is confirmed by the fact that glutathione
reductase activity is reduced, leading to a decreased amount of GSH from GSSG. As noted
in some studies [35,36], pathological conditions such as inflammation and neoplasms lower
GSH levels (and thus raise the GSSG/GSH ratio) of glutathione metabolism and it seems
to be more folded up than expected. For example, the sustained constant activity of GPx
does not guarantee a continuous concentration of both GSH and GSSG [37].

Our previous studies have confirmed the beneficial effect of oat beta-glucan in dif-
ferent gastrointestinal diseases in animal models [38]. In our previous study on rats with
experimentally DSS-induced gastritis, we also found a beneficial effect of oat beta-glucan
consumption which confirmed the important molar mass-dependent role of these cereal
polysaccharides in maintaining the antioxidative defense of stomach tissue undergoing
inflammation [39]. Consumption of low molar mass oat beta-glucan decreased SOD activity
and concentration of GSH in the stomach tissue of animals with induced gastritis. In con-
trast, consumption of a high molar mass fraction caused a lowering of the concentration of
GSSG but did not affect the concentration of GSH in the group of rats with gastritis. In rats,
all parameters were analyzed in the stomach tissue, while in patients they were measured
in peripheral blood, which could have resulted in slightly different results. It should be
added that in studies on animal models of gastritis, we used the same oat beta-glucans
as in patients suffering from this gastric inflammation. Both high and low molar mass
beta-glucans were integral rat feed additives, while gastritis patients were given these
polysaccharides in the form of a drinking gel. Different forms of beta-glucan preparations
consumed by humans and animals could also have contributed to the differences in the
obtained results.

The differences in the obtained results also concern the immunological parameters. In
rats with gastritis, high beta-glucan consumption resulted in a significant reduction in the
concentration of TNF-alpha in the stomach tissue [39], while in humans, the concentration
of this immune parameter in the blood did not change.

In the stool of patients diagnosed with gastritis and consuming oat beta-glucans, the
number of lactic acid bacteria (LAB) and the level of intestinal microbiota metabolites—
short-chain fatty acids (SCFAs)—were tested. Although the subject of the study was not
the colon itself, which is to a greater extent a beneficiary of fecal LAB changes, there are
reasons to believe that any method influencing the fecal LAB profile has positive effects
on the whole organism [40–42]. It is true that we measured only the LAB number without
identification and assignment to families of intestinal bacteria. Still, this observation
confirmed that LAB changes in the stool are an individual feature, dependent on many
factors. Statistical analysis of the LAB results showed no statistically significant differences
between the study groups. Still, the exact individual changes between the beginning and
end of beta-glucan treatment showed changes within individual patients. These changes
are mainly individual differences in the consumption of these food products, which are
the primary substrate for LAB biodiversity in the stool. This variability has covered up the
effect of beta-glucans. A too-small group of patients did not allow us to show significant
differences in our entire study. Individual changes in the number of LAB are consistent
with changes in metabolites of the whole intestinal microflora.

In our studies, the concentrations of SCFAs in the stool, acetic, hydroxybutyric and
propionic acids, are statistically significantly correlated with both the pathological state
and the beta-glucan diet therapy. The lactic acid concentration in stool remained constant,
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regardless of the type of beta-glucans used. Changes in the concentration of individual
SCFAs and their mutual proportions are a characteristic feature of quantitative changes in
microbiota populations, especially in pathophysiological states. Still, it seems impossible
to clearly state which SCFAs play the most critical role in the pathomechanism of these
changes at the present stage. The results of our studies to date clearly indicate that beta-
glucans in the model of LPS-induced inflammation cause changes in SCFA profiles in the
feces of rats [43]. The direction of these changes is similar in the case of the described use
of beta-glucans. Likewise, we observed an increase in propionic, lactic and hydroxybutyric
acid concentrations. Their increased presence in the stool determines their increased
availability for enterocytes and demonstrates a positive effect on their metabolism.

On the one hand, evidence points to the fact that fecal propionic acid levels are affected
by irritable bowel syndrome (IBS) [44]. Still, propionic acid is of great interest due to its
substantial immunomodulatory effects. Its supplementation reduces the exacerbation of
colitis in murine models, suggesting that its modulation may be a therapeutic intervention
in inflammatory bowel disease [45]. On the other hand, studies by Ormsby and co-workers
highlight the potential risk of widespread use of propionic acid as an antimicrobial, demon-
strating this mechanism through the increased virulence and persistence of the pathotype
adherent-invasive E. coli (AIEC) strain in a mouse colitis model [46]. The results of our
studies indicate only the increased concentrations of SCFAs in the stool as a result of
beta-glucan treatment. They are not the basis for concluding their safety.

Our study had several strengths. First, it was conducted in a double-blind, randomized
trial. Second, we used highly purified oat beta-glucan with specific molar mass ranges.
The duration of the study, 30 days, was sufficient to assess the safety of the systemic use
of beta-glucans in patients with gastritis, as well as the therapeutic effect of these cereal
polysaccharides. The limitations of our study concern primarily a heterogeneous group
in terms of age and gender. Another downside is the lack of biochemical analyses in the
stomach tissue, where antioxidative and anti-inflammatory defense processes occurring in
chronic inflammation of the gastric mucosa are primarily found.

5. Conclusions

Our study demonstrated a beneficial effect of oat beta-glucans with high molar mass
in chronic gastritis in humans, resulting in reduced mucosal damage and healthy changes
in SCFA fecal concentrations and peripheral blood serum glutathione metabolism and
antioxidant defense parameters as well. This fraction of a highly purified oat beta-glucan
is safe for the body. Its action is effective after 30 days of use, which sheds new light on the
nutritional treatment of chronic gastritis.
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Abstract: We evaluated whether intake of β-glucan-rich barley flour affects expression levels of
genes related to glucose and lipid metabolism in the ileum, liver, and adipose tissues of mice fed a
high-fat diet. C57BL/6J male mice were fed a high-fat diet supplemented with high β-glucan barley,
for 92 days. We measured the expression levels of genes involved in glucose and lipid metabolism
in the ileum, liver, and adipose tissues using DNA microarray and q-PCR. The concentration of
short-chain fatty acids (SCFAs) in the cecum was analyzed by GC/MS. The metabolic syndrome
indices were improved by barley flour intake. Microarray analysis showed that the expression
of genes related to steroid synthesis was consistently decreased in the liver and adipose tissues.
The expression of genes involved in glucose metabolism did not change in these organs. In liver,
a negative correlation was showed between some SCFAs and the expression levels of mRNA related
to lipid synthesis and degradation. Barley flour affects lipid metabolism at the gene expression
levels in both liver and adipose tissues. We suggest that SCFAs are associated with changes in the
expression levels of genes related to lipid metabolism in the liver and adipose tissues, which affect
lipid accumulation.

Keywords: barley; β-glucan; dietary fiber; microarray; short chain fatty acids; lipid metabolism.

1. Introduction

Metabolic syndrome is widely known as a multi-factorial disorder with symptoms such as
hypertension, hyperglycemia, insulin resistance, and visceral fat obesity. This syndrome is promoted by
irregular eating, lack of exercise, excessive drinking of alcohol and stress, which may cause risk factors
such as cardiovascular disease, coronary disease, and type 2 diabetes [1]. In particular, quality of diet is
closely associated with the development of metabolic syndrome. In recent years, the beneficial effects of
whole-grains have become apparent: a meta-analysis of cohort studies showed that a high consumption
of whole-grains is associated with reduced incidence of type 2 diabetes [2]. Another report showed that
whole-grain consumption (48–80 g/3–5 serving/day) reduced the incidence of obesity, type 2 diabetes,
and concentrations of total and LDL-cholesterol in serum [3]. A systematic review also reported that
intake of a whole-grain and fiber diet reduced the risk of type 2 diabetes, the incidence of being
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overweight and obesity in Japanese men and women [4]. Whole-grain and grains are good sources
of fiber, and the effect of dietary fiber on lipid metabolism has been studied over a long period [5–7].

Barley, a cereal grain, contains higher amounts of β-glucan compared with other grains such
as oats, rye, and wheat. Since barley β-glucan is distributed throughout the kernel, the amount
of β-glucan in refined barley is unchanged. Barley β-glucan is a polysaccharide polymer in which
glucose is linked by β-glycoside bonds (β-1,3–1,4), and is almost soluble in water [8]. β-Glucan
increases water solubilization in the stomach and small intestine and delays the absorption of other
nutrients [9]. These effects suppress increases in postprandial blood glucose, and maintains satiety,
thereby improving insulin resistance and suppressing visceral fat accumulation by reduced excessive
insulin secretion [10]. It has also been reported that blood cholesterol levels were reduced by barley
intake in vivo and human studies [11–13]. Studies have indicated that the mechanism of barley
β-glucan involves inhibition of cholesterol synthesis in the liver, inhibition of bile acid reabsorption and
alteration of cholesterol metabolism due to decreased insulin secretion and promotion of cholesterol
excretion [14,15].

Water-soluble dietary fibers such as barley β-glucan are fermented by bacteria in the cecum to the
distal colon. Fermentation produces short-chain fatty acids (SCFAs) such as acetic acid, propionic acid,
and butyric acid as metabolites which serve as energy sources for the host. It was recently reported that
SCFAs affect lipid metabolism in several organs such as liver, muscle, and brown adipose tissue [16].
Acetic acid is mainly metabolized in the liver and is involved in fat and cholesterol synthesis in
peripheral tissues [17]. Propionic acid is mainly metabolized in the liver and intestinal tract, and butyric
acid is involved in cell differentiation and maintenance of intestinal barrier formation in the intestinal
tract [18]. These SCFAs also contribute to reducing intestinal pH, which inhibits the absorption of toxic
products such as p-cresol and phenols [19]. Moreover, recent studies have indicated the SCFAs act in
the host metabolism as signal molecules, regulating intestinal hormone secretion and insulin signaling
via SCFA receptors [20].

The findings of the above studies support the beneficial effects of barley β-glucan in normalizing
cholesterol concentration, improving glucose tolerance, and reducing visceral fat. These effects
are considered to be related to the physiological functions of delaying digestion and absorption
of nutrients in the diet from the digestive tract, and physiological functions of host energy by gut
microbiota-derived SCFAs. However, the mechanism of barley β-glucan affecting lipid metabolism is
still not understood at the gene level. There are very few reports which confirm the effects of barley
β-glucan on lipid metabolism in several organs, such as intestinal tract, adipose, and liver tissues;
therefore, it is still debatable whether the intake of β-glucan-rich barley flour is involved in lipid
metabolism at the gene level.

To investigate the effect of β-glucan-rich barley on glucose and lipid metabolism, we measured
gene expression levels using DNA microarrays, which are a tool to comprehensively detect total gene
expression. In recent years, several studies have clarified the physiological effects of dietary fiber
materials using DNA microarrays. Drew et al. reported that genes involved in the intestinal barrier
function and metabolism of the intestinal epithelium were upregulated in the cecum of mice fed inulin
or β-glucan extract of barley [21]. Other studies have reported that the expression of genes involved in
fatty acid oxidation and lipid transport in skeletal muscle are upregulated in mice fed psyllium [22].
The purpose of this study was to investigate whether the intake of β-glucan-rich barley flour affects
the expression levels of genes related to glucose and lipid metabolism in the ileum, liver, and adipose
tissues of mice fed a high-fat diet using a DNA microarray and subsequent analysis by q-PCR. We also
investigated the relationship between gene expression levels in each organ and SCFAs in the cecum.
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2. Materials and Methods

2.1. Sample Preparation and Chemical Analysis

A new hulless barley cultivar, “Beau Fiber” (BF), was used in our experiments. BF flour
pearled to 70% yield was obtained from the National Agriculture and Food Research Organization
(Tsukuba, Japan). Total dietary fiber was analyzed using the AOAC 991.43 method [23]. β-Glucan
content was analyzed using the McCleary method (AOAC 995.16) [24]. Protein and lipid content in BF
were analyzed by the Kjeldahl and acid hydrolysis method, respectively. The nutritional content of BF
is shown in Table 1.

Table 1. Nutritional components of Beau fiber (BF).

Beau Fiber (BF) (g/100 g)

Moisture 8.1
Fat 3.0

Protein 8.8
Ash 0.1

Available carbohydrate 63.5
Total dietary fiber 16.5

β-Glucan 8.0

Available carbohydrate: (100 − (“Moisture” + ”Fat” + ”Protein” + ”Ash” + ”Total dietary fiber”)).

2.2. Animals and Study Design

Four-week-old male C57BL/6J mice were purchased from Charles River Laboratories Japan, Inc.
(Yokohama, Japan). Mice were housed on a 12 h light/dark cycle (light on at 07:30 h) under the
conditions of constant air exchange at a temperature of 22 ± 1 ◦C and humidity of 50 ± 5%. Mice
were acclimatized for one week on commercial chow (NMF, Oriental Yeast Co., Ltd., Shiga, Japan),
before they were randomly assigned into two groups according to body weight (n = 10 per group).
Mice were individually housed in plastic cages, and given the experimental powdered diets (Table 2).
A high fat diet was prepared by the addition of lard to the AIN-93G diet (fat energy ratio 50%).
The control and BF diets were supplemented with cellulose and BF flour, respectively, to give 5%
total dietary fiber (Table 1). Mice were given free access to water and experimental diets during
the whole experimental period of 92 days. Food intake and body weights were monitored three
times a week during the study. Oral glucose tolerance test (OGTT) were performed in mice after
8 h fasting during the 11th week of the experimental diets. Mice were orally administered 20%
glucose (1.5 g/kg body) and blood samples were collected from the tail at 0, 15, 30, 60, 120 min,
before glucose levels were analyzed using electrode method (Glutest Neo Super, Sanwa Kagaku
Kenkyusho Co., Ltd., Aichi, Japan). At the end of the study, mice were fasted for 8 h and sacrificed by
isoflurane/CO2 anesthesia. Blood samples were then collected from the postcaval vein, centrifuged to
obtain serum which was stored at −80 ◦C until biochemical analysis. The weights of liver, cecum, and
adipose (epididymal fat, retroperitoneal fat, mesenteric fat) tissues were measured and then ileum,
liver, and adipose (epididymal fat) tissues were immediately soaked in RNA protect Tissue Reagent
(RNAlater, Qiagen, Hilden, Germany), while samples of liver and cecum contents were stored at
−30 ◦C. The animal protocol was approved by the Animal Research Committee of Otsuma Women’s
University (Tokyo, Japan) and was implemented in accordance with their regulations (No. 17012,
February 2018).
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Table 2. Composition of the control and BF experimental diets (g/kg).

Control BF

Dextrinized corn starch 329.5 114.8
Casein 200.0 200.0
Sucrose 100.0 100.0

Soybean oil 70.0 70.0
Lard 200.0 190.9

Cellulose powder 50.0 -
BF * 303.8

AIN-93G mineral mixture 35.0 35.0
AIN-93 vitamin mixture 10.0 10.0

L-Cystine 3.0 3.0
Choline bitartrate 2.5 2.5

t-Butylhydroquinone 0.014 0.014

The amounts of β-glucan (%) 0.0 2.4

* BF obtained from the National Agriculture and Food Research Organization (Tsukuba, Japan).

2.3. Concentration of Liver Lipid and Biochemical Analysis in Serum

Liver lipid concentration was measured using Folch’s method [25]. Chloroform-methanol solution
(2:1 v/v) was used to extract lipids from the liver, and isopropanol containing 10% polyoxyethylene
octylphenyl ether (Triton X-100, FUJIFILM Wako Pure Chemical Corporation, Osaka, Japan) was
added to dissolve the lipids. Triglyceride and cholesterol concentrations in the extracts were measured
enzymatically using the Cholesterol E-test and Triglyceride E-test, respectively (FUJIFILM Wako Pure
Chemical Corporation, Osaka, Japan).

Total cholesterol (TC), low-density lipoprotein (LDL), high-density lipoprotein (HDL)-cholesterol,
triglycerides (TG) and non-esterified fatty acids (NEFA) were measured in mice serum using Hitachi
7180 auto-analyzers at the Nagahama Research Institute (Oriental Yeast Co., Ltd., Shiga, Japan).
Enzyme-linked immunosorbent assays (ELISAs) were used to measure serum insulin (mouse insulin
ELISA kit, Shibayagi Co., Ltd., Gunma, Japan) and leptin (mouse leptin immunoassay kit
R & D Systems, Inc., Minneapolis, MN, USA) concentrations.

2.4. Short-Chain Fatty Acids Analysis in Cecum Contents

SCFA concentration in the cecum contents was analyzed by gas chromatography-mass
spectrometry (GC/MS) based on a previous report [26]. Twenty mg of cecum contents was added
to a 2 mL microtube containing 100 μL of internal standard (100 μM crotonic acid), 50 μL of HCl,
300 μL of diethyl ether, and 5 mm stainless beads (AS ONE Corp., Osaka, Japan), and homogenized
using a Tissue Lyser II (Qiagen, Hilden, Germany) at 2000 rpm for 2 min twice. After homogenates
were centrifuged (3000 rpm, at 25 ◦C, for 15 min), 80 μL of supernatant (ether layer) was collected
into a glass vial (Agilent Technologies Japan, Ltd., Tokyo, Japan), and mixed with 16 μL of
N-tert-butyldimethylsilyl-N-methyltrifluoroacetamide (derivatization reagent). Vials were then sealed
with a cap, and heated at 80 ◦C for 20 min. Vials were then placed at room temperature for 48 h for
derivatization. The derivatized samples were analyzed using the 7890B GC system equipped with a
5977A mass selective detector (Agilent Technologies Japan, Ltd., Tokyo, Japan) and DB-5MS column
(30 m × 0.53 mm). The oven temperature was initially kept at 60 ◦C, then ramped up to 120 ◦C at a
rate of 5 ◦C/min. The oven was then ramped to 300 ◦C at a rate of 20 ◦C/min, and finally maintained
at 300 ◦C for 2 min. Helium was used as the carrier gas at 1.2 mL/min. The temperature of the
front inlet, transfer line, and electron impact ion source were set at 250, 260, and 230 ◦C, respectively.
The mass spectral data were collected in a selective ion monitoring mode. Concentrations of SCFA
were calculated by comparing the peak area with the internal standard.
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2.5. DNA Microarray Analysis

The RNeasy Mini kit (Qiagen, Hilden, Germany) was used to extract total RNA in ileum, liver,
and adipose (epididymal fat) tissues. The RNA integrity number (RIN) of all total RNA samples was
checked by a visual inspection of the Bioanalyzer electropherograms (Agilent technologies Japan, Ltd.,
Tokyo, Japan). Based on a previous report [27], samples with RIN values higher than 6.5 were used for
the analysis. Each RNA was mixed equally to obtain pooled RNA for each group (n = 10, per group).
Total RNA (100 ng) was processed for use on the microarray using the GeneChip WT PLUS Reagent
Kit (Thermo Fisher Scientific, Inc., Waltham, MA, USA) according to the manufacturer’s instructions.
The resultant single-strand cDNA was fragmented and labeled with biotin, then hybridized to the
GeneArray Mouse 2.0ST Array. The arrays were washed, stained and scanned using the Affymetrix 450
Fluidics Station and GeneChip Scanner 3000 7G (Thermo Fisher Scientific, Inc., Waltham, MA, USA)
according to the manufacturer’s recommendations (Thermo Fisher Scientific, Inc., Waltham, MA, USA).
Expression values were generated using Expression Console software, version 1.3 (Thermo Fisher
Scientific, Inc.) with default robust multichip analysis parameters. These analyzes were performed by
Kurabo Industries Ltd. (Osaka, Japan)

Raw and standardized (logarithmic transformation) microarray data were registered in
Gene Expression Omnibus (GEO) at the National Center for Biotechnology Information (NCBI).
GEO accession number was GSE157828.

2.6. mRNAs Expression Analysis in Ileum, Liver, and Adipose Tissues

mRNA expression levels were analyzed by Applied Biosystems Quant3 Real-Time polymerase
chain reaction (PCR) system. Synthesized cDNA was used to measure the mRNA expression level
using the 2−ΔΔCT method and Power-up SYBR®® Green PCR Master Mix (Thermo Fisher Scientific,
Waltham, MA, USA). We used threshold cycle (CT) for data analysis, which indicates the fractional
cycle number as the amount of amplified target reaches a fixed threshold. The ΔCT is the difference in
threshold cycles for target genes compared to the reference gene, 36B4. The ΔΔCT is the difference
between the ΔCT for the control group and the ΔCT for the BF group. Relative expression levels are
showed as fold changes to the control group (arbitrary unit). Primer sequences are shown in Table S1.

2.7. Statistical Analysis

All statistical analyses were performed using R software (ver. 3.6.3, R Foundation for Statistical
Computing, Vienna, Austria). Data are presented as mean ± standard deviation (SD) of the mean.
Significant differences between the control group and BF group were analyzed by Student’s t-test if
homoscedasticity and normality were confirmed, and by Wilcoxon test if not confirmed. Difference
were assessed with two-side test with an α level of 0.05. The relationships among the expression
levels of mRNA related to lipid metabolism and SCFAs were assessed using Spearman’s rank
correlation coefficient.

3. Results

3.1. Changes in Body Weight, Food Intake, and Organ Weights

Body weight, food intake, and organ weights in mice fed the experimental diets are shown in
Table 3. There were no significant differences in final weight, body weight gain, food intake, and food
efficiency ratio between the two experimental groups. Organ weights in mice fed the experimental
diets are shown in Table 4. Liver weight and the weights of retroperitoneal and mesenteric fat were
significantly lower in the BF group compared with the control group (p < 0.05). The weight of cecum
with digesta was significantly higher in the BF group compared with the control group (p < 0.05).
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Table 3. Final weight, body weight gain, food intake, and food efficiency ratio in mice fed the control
and BF diets.

Control BF p Value

Initial weight (g) 20.3 ± 0.9 20.3 ± 0.8 N.S.
Final weight (g) 41.5 ± 2.8 38.5 ± 4.0 N.S.

Body weight gain (g/day) 0.23 ± 0.03 0.20 ± 0.04 N.S.
Food intake (g/day) 3.3 ± 0.2 3.2 ± 0.1 N.S.

Food intake (g/day/10 g final weight) 0.79 ± 0.04 0.82 ± 0.05 N.S.
Food efficiency ratio (%) 7.0 ± 0.7 6.3 ± 1.0 N.S.

Values are mean ± SD, Food efficiency ratio (%) = Body weight gain/Food intake × 100, N.S.: not significant
difference. BF: Beau fiber group.

Table 4. Organ weights in mice fed the control BF and diets.

Control BF p Value

Liver (g) 1.50 ± 0.23 1.25 ± 0.11 p < 0.05
Epididymal fat (g) 2.45 ± 0.40 2.24 ± 0.54 N.S.

Retroperitoneal fat (g) 0.93 ± 0.15 0.74 ± 0.19 p < 0.05
Mesenteric fat (g) 0.95 ± 0.26 0.67 ± 0.18 p < 0.05

Cecum with digesta (g) 0.23 ± 0.05 0.42 ± 0.07 p < 0.05

Values are mean ± SD, N.S.: not significant difference.

3.2. Concentrations of the Liver and Serum Lipid

The concentration of liver lipids, and serum biochemical markers are shown in Table 5.
Accumulation of liver cholesterol and triglyceride was significantly lower in the BF group compared
with the control group (p < 0.05). Serum TC, LDL and leptin concentrations were significantly lower in
the BF group compared with the control group (p < 0.05). Serum TG concentration was significantly
higher in the BF group compared with the control group (p < 0.05). There were no significant differences
in serum HDL, NEFA, and insulin concentrations between the experimental groups.

Table 5. Concentrations of liver and serum lipids and hormones in mice fed the control and BF diets.

Control BF p Value

Concentration of liver lipids

Cholesterol (mmol/liver) 0.7 ± 0.1 0.4 ± 0.1 p < 0.05
(mmol/g liver) 0.5 ± 0.1 0.3 ± 0.1 p < 0.05

Triglyceride (mmol/liver) 8.0 ± 4.3 3.8 ± 1.5 p < 0.05
(mmol/g liver) 5.1 ± 1.9 3.0 ± 1.0 p < 0.05

Biochemical levels in serum

Total cholesterol (mmol/L) 10.6 ± 0.7 8.8 ± 1.2 p < 0.05
LDL-cholesterol (mmol/L) 0.5 ± 0.1 0.4 ± 0.1 p < 0.05
HDL-cholesterol (mmol/L) 4.7 ± 0.2 4.6 ± 0.4 N.S.

Non-esterified fatty acid (NEFA) (μEq/L) 661.9 ± 63.7 666.5 ± 44.3 N.S.
Triglyceride (mmol/L) 2.4 ± 0.4 3.3 ± 0.8 p < 0.05

Insulin (ng/mL) 6.0 ± 3.3 3.9 ± 1.5 N.S.
Leptin (ng/mL) 92.8 ± 19.5 54.9 ± 22.1 p < 0.05

Values are mean ± SD, N.S.: not significant difference.

3.3. Oral Glucose Tolerance Test (OGTT)

The OGTT results are shown in Figure 1. Blood glucose levels after glucose administration were
significantly lower in the BF group compared with the control group at 15 and 60 min (p < 0.05).
No significant differences were observed at other times.
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Figure 1. Blood glucose levels in the oral glucose tolerance test (OGTT). Data are shown as mean ± SD.
* Significantly different from the control group (p < 0.05). C: Control group, BF: Beau fiber group.

3.4. Concentrations of SCFAs in Cecum Contents

Concentrations of SCFAs and organic acids in the cecum are shown in Table 6. The amounts of
acetic acid, propionic acid, lactic acid, succinic acid, and total SCFAs were higher in the BF group
compared with the control group (p < 0.05). No significant difference in the amount of butyric acid
was observed between the experimental groups.

Table 6. Concentration of short-chain fatty acids (SCFAs) and organic acids in cecum contents.

(μmol/cecum) Control BF p Value

Acetic acid 2.2 ± 0.9 3.7 ± 1.0 p < 0.05
Propionic acid 0.7 ± 0.3 1.4 ± 0.4 p < 0.05

Butyric acid 0.7 ± 0.2 0.9 ± 0.5 N.S.
Lactic acid 0.2 ± 0.0 0.4 ± 0.1 p < 0.05

Succinic acid 0.1 ± 0.1 0.3 ± 0.1 p < 0.05
Total short-chain fatty acids (SCFAs) 4.5 ± 1.5 7.7 ± 2.0 p < 0.05

Values are mean ± SD, N.S.: not significant difference.

3.5. Gene Expression Profiles of the Ileum, Liver, and Adipose Tissues from Microarray

3.5.1. Differential Expressed Genes (DEGs) by Microarray Analysis

The microarray analyses of each organ was compared by logarithmically converting values
(Log-Ratio) of gene expression levels between the experimental groups, excluding non-coding genes.
In the ileum of mice in the BF group, the expression levels of 1536 genes had increased >1.3 fold and
1529 genes had decreased <0.77 fold when compared with the control group (Table S2). In the liver
of mice in the BF group, the expression levels of 2197 genes had increased >1.3 fold and 2054 genes
had decreased <0.77 fold when compared with the control group (Table S3). In the adipose tissue of
mice in the BF group, the expression levels of 2111 genes had increased >1.3 fold and 1878 genes had
decreased <0.77 fold when compared with the control group (Table S4). The DEGs were annotated
with gene symbols using Transcriptome Viewer (Kurabo Industries Ltd., Osaka, Japan) and subjected
to further analyses.
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3.5.2. DEG Profiles Related to Lipid Metabolism

Figures 2 and 3 show the ratio of DEGs to all genes involved in the lipid metabolism pathway, as
described in the Kyoto Encyclopedia of Gene and Genome (KEGG) Pathway Database [28]. More than
10% of genes involved in steroid biosynthesis (mmu00140) were downregulated in all organ tissues.
In the liver, more than 10% of genes involved in fatty acid elongation (mmu00062), glycerolipid
metabolism (mmu00561), primary bile acid biosynthesis (mmu00120), biosynthesis of unsaturated fatty
acids (mmu01040), and alpha-linolenic acid metabolism (mmu00592) were downregulated, while more
than 10% of genes involved in steroid hormone biosynthesis (mmu00140), linoleic acid metabolism
(mmu00591), and fatty acid biosynthesis (mmu00061) were upregulated. In adipose tissue, more than
10% of genes involved in fatty acid degradation (mmu00071), glycerolipid metabolism, ether lipid
metabolism (mmu00565), and alpha-linolenic acid metabolism were downregulated, while more than
10% genes of genes involved in fatty acid biosynthesis were upregulated. In the ileum, more than 10% of
genes involved in steroid hormone biosynthesis, ether lipid metabolism, arachidonic acid metabolism
(mmu00590), linoleic acid metabolism, and alpha-linolenic acid metabolism were upregulated.

Figure 2. In mice fed the BF diet, the ratio of Differential Expressed Genes (DEGs) upregulated (gene
expression > 1.3-fold difference compared with the control group) in each organ is shown. The y-axis
shows the lipid metabolic pathway described in Kyoto Encyclopedia of Gene and Genome (KEGG).
The x-axis shows the percentage of the DEGs of all genes involved in each metabolic pathway.
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Figure 3. In mice fed the BF diet, the ratio of DEGs downregulated (gene expression < 0.77-fold
difference compared with the control group) in each organ is shown. The y-axis shows the lipid
metabolic pathways described in KEGG. The x-axis shows the percentage of DEGs of all genes involved
in each metabolic pathway.

3.5.3. DEGs Profiles Related to Carbohydrate Metabolism

Figures 4 and 5 show the ratio of DEGs to all genes involved each carbohydrate metabolism
pathway, as described in the KEGG Pathway Database. In the liver, more than 10% of genes involved
in ascorbate and aldarate metabolism (mmu00053) were upregulated, and more than 10% of genes
involved in galactose metabolism (mmu00052) and fructose and mannose metabolism (mmu00051)
were downregulated. Less than 10% of the genes involved in carbohydrate pathways in the ileum were
differentially expressed. In adipose tissue, more than 10% of the genes involved in inositol phosphate
metabolism, starch and sucrose metabolism (mmu00500), galactose metabolism and pentose phosphate
metabolism (mmu00040) were downregulated.

3.6. mRNA Expression Levels in Ileum, Liver, and Adipose Tissues Using q-PCR

mRNA expression levels in the ileum, liver, and adipose tissues are shown in Figure 6.
No significant differences in mRNA expression levels were observed in the ileum (Figure 6A). In liver,
the mRNA expression levels of fatty acid synthase (FAS), acyl-CoA oxidase (ACOX), diacylglycerol
o-acyltransferase-1 (DGAT1), stearoyl-CoA-desaturase-1 (SCD-1), carnitine palmitoyltransferase-1
(CPT-1), 3-hydroxy-3-methyl-glutaryl-coenzyme A reductase (HMG-CoA r), and cytochrome P450 7A1
(CYP7a1) were significantly lower in the BF group compared with the control group (p < 0.05)
(Figure 6B). In adipose tissue, the mRNA expression levels of hormone-sensitive lipase (HSL) was
higher in the BF group compared with the control group (p < 0.05), and the mRNA expression of
monocyte chemotactic protein 1 (MCP-1), F4/80, and NADPH oxidase subunit p67 phox (p67phox) were
significantly lower in the BF group compared with the control group (p < 0.05) (Figure 6C).
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Figure 4. In mice fed the BF diet, the ratio of DEGs upregulated (gene expression > 1.3-fold difference
compared with the control group) in each organ is shown. The y-axis shows the carbohydrate metabolic
pathway described in KEGG. The x-axis shows the percentage of DEGs of all genes involved in each
metabolic pathway.

Figure 5. In mice fed the BF diet, the ratio of DEGs downregulated (gene expression < 0.77-fold
difference compared with the control group) in each organ is shown. The y-axis shows the carbohydrate
metabolic pathway described in KEGG. The x-axis shows the percentage of DEGs of all genes involved
in each metabolic pathway.
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(a)

Figure 6. Cont.
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(b)

Figure 6. The expression levels of mRNA in the ileum (A), liver (B), and adipose (C) tissues.
Values are means ± SD. * p < 0.05, ** p < 0.01, *** p < 0.001 significantly different from the
control group. NS.: not significant. ACOX, Acyl-CoA oxidase; FAS, Fatty acid synthase;
PPARα, Peroxisome proliferator-activated receptor-α; SREBP1c, Sterol regulatory element-binding
protein-1c; SREBP2, Sterol regulatory element-binding protein-2; CPT1, Carnitine palmitoyl
transferase 1; CYP7a1, Cholesterol 7alpha-hydroxylase 1; DGAT1, Diacylglycerol acyltransferase-1;
DGAT2, Diacylglycerol acyltransferase-2; GPAT, glycerol-3-phosphate acyltransferase; HMGCoAr,
Hydroxymethylglutaryl-CoA reductase, reductase; LXR, Liver X receptor; SCD-1, Stearoyl-CoA
desaturase 1; HSL, Hormone-Sensitive Lipase; IL6, Interleukin-6; MCP-1, Monocyte chemotactic
protein-1; p67phox, NADPH oxidase subunit p67 phox; PPARγ, Peroxisome proliferator-activated
receptor-γ; TNF-α, Tumor necrosis factor-α. C: Control group, BF: Beau fiber group.

3.7. Correlation Analysis between SCFAs and Expression of mRNA Related to Lipid Metabolism in Liver and
Adipose Tissues

Figure 7 shows the correlation coefficients by Spearman’s rank correlation analysis between the
concentration of SCFAs in the cecum and mRNA expression in the liver. The concentration of acetic
acid in the cecum negatively correlated with mRNA expression of ACOX, HMG-CoA reductase, and
CYP7a1 in the liver (p < 0.05). The concentration of propionic acid in the cecum negatively correlated
with mRNA expression of ACOX, CPT1, DGAT1, DGAT2, HMG-CoA reductase, and CYP7a1 (p < 0.05).
The concentration of lactic acid in the cecum was negatively correlated with mRNA expression of
CYP7a1 (p < 0.05). The concentration of succinic acid in the cecum negatively correlated with mRNA
expression of CYP7a1 (p < 0.05). There was no relationship between the concentration of butyric acid
in cecum and mRNA expression in the liver.
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Figure 7. Spearman’s rank correlation analysis between SCFAs and expression of mRNA related to
lipid metabolism in the liver. The values in the figure shows the correlation coeffcient. Blue circles show
negative correlation and red circles show positive correlation. ACOX, Acyl-CoA oxidase; CPT1, Carnitine
palmitoyl Table 1. CYP7a1, Cholesterol 7alpha-hydroxylase 1; DGAT1, Diacylglycerol acyltransferase-1;
DGAT2, Diacylglycerol acyltransferase-2; FAS, Fatty acid synthase; GPAT, glycerol-3-phosphate
acyltransferase; HMGCoAr, Hydroxymethylglutaryl-CoA reductase, reductase; LXR, Liver X receptor;
SCD-1, Stearoyl-CoA desaturase 1; total SCFAs, total short-chain fatty acids.

The relationship between mRNA expression in adipose tissue and the concentration of SCFAs
in the cecum is showed in Figure 8. The concentrations of propionic acid and lactic acid in cecum
positively correlated with mRNA expression of HSL in adipose tissue (p < 0.05). The concentration of
lactic acid in the cecum negatively correlated with mRNA expression of MCP-1 (p < 0.05).
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CPT1, Carnitine palmitoyl transferase 1; FAS, Fatty acid synthase; HSL, Hormone-Sensitive Lipase;
IL6, Interleukin-6; MCP-1, Monocyte chemotactic protein-1; p67phox, NADPH oxidase subunit
p67 phox; PPARγ, Peroxisome proliferator-activated receptor-γ; TNF-α, Tumor necrosis factor-α;
total SCFAs, total short-chain fatty acids.
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4. Discussion

We investigated whether β-glucan-rich barley flour affected glucose and lipid metabolism at
the gene expression level in high-fat obesity model mice by comparing them with a control group.
Firstly, we performed OGTTs and found that barley flour intake reduced postprandial blood glucose
levels in BF mice compared with the control mice. Barley β-glucan is known to moderate the
digestion and absorption of carbohydrates in the intestine, which results in suppressing excessive
elevation of postprandial blood glucose. Previous studies have shown that long-term barley intake
suppressed elevated blood glucose levels in mice [29]. Brockman et al. reported that consumption of
high concentrations of barley β-glucan improved glucose control during glucose tolerance tests [30].
Our results were consistent with these previous studies and suggested that barley intake improves
glucose tolerance. Moreover, this effect may be regulated by SCFAs. A previous study speculated
that barley suppresses food intake and improves insulin sensitivity through SCFAs, which promote
intestinal hormone secretion, such as glucagon-like peptide 1 (GLP-1) from intestinal enteroendocrine
cells [31]. GLP-1 has the ability to decrease blood glucose levels by modulating glucose-dependent
insulin secretion [32]. We confirmed that barley intake increased SCFAs in the cecum in this study
(Table 4); however, further studies are needed to elucidate the effect of gut hormone secretion on glucose
metabolism. DNA microarray analysis showed that there was only a slight change in the expression
level of genes related to glucose metabolism in ileum, liver and adipose tissues after barley intake.
Therefore, we speculated that barley flour intake reduced postprandial blood glucose levels and
was mainly influenced by retardation of glucose absorption and secretion of intestinal hormones,
but not through changes in the expression of genes related to glucose metabolism in ileum, liver,
and adipose tissues.

Intake of a diet rich in β-glucan barley improved lipid metabolism in mice. DNA microarray
analysis showed that the expression of 50% of the genes related to steroid biosynthesis (mmu00100)
pathways were greatly downregulated in the BF group compared with the control group in liver and
adipose tissues. In particular, the mRNA expression level of HMG-CoA reductase, the rate-limiting
enzyme in cholesterol synthesis, was lower in the BF group compared with the control group in
the liver. Xia et al. also reported that intake of whole-grain significantly lowered the expression
of HMG-CoA reductase in the liver and plasma and liver lipid levels when compared with the
no barley group in high-fat diet model rats [33]. These reports are similar to the results obtained
in our study. We found that intake of barley flour lowered liver and serum TC concentrations by
consistently reducing the expression of genes involved in cholesterol synthesis. Moreover, it was
previously suggested that improvements in lipid metabolism after barley intake is due to the promotion
of cholesterol excretion in the intestine and inhibition of bile acid re-absorption. It is known that
CYP7a1 is the rate-limiting enzyme for bile acid synthesis in the liver. A previous study reported that
intake of barley β-glucan and waxy barley promotes excretion of bile acids in the feces; concomitantly
increasing CYP7a1 expression and bile acid synthesis, thereby suppressing cholesterol synthesis [34].
However, in our study, the mRNA expression levels of CYP7a1 were significantly lower in the BF
group compared with the control group. We also found that the fecal lipid levels did not change
between the experimental and control groups (data not shown). The differing results may be due to
differences in the source of barley, the experimental period and/or the animal model. Further studies
are needed to elucidate how changes in the intake of barley affects bile acid metabolism.

The metabolic syndrome indices (abdominal fat organs, liver lipids, serum TC and LDL) is
improved in mice fed barley flour: we previously reported that barley intake reduced fat accumulation
in mice [35] and Choi et al. reported that consumption of barley β-glucan extract is involved in
preventing obesity in mice fed a high-fat diet [36]. Another study reported that barley intake has
an improving effect, both histologically and biochemically, on the liver of diabetic-model rats [37].
Similar effects have been shown in human studies; Japanese patients with hyperlipidemia had decreased
abdominal fat and serum LDL after barley intake [38] and abdominal fat was decreased by whole-grain
cereal intake in healthy humans [39]. Our results support previous studies. A DNA microarray showed

108



Nutrients 2020, 12, 3546

that more than 10% of genes involved in glycerolipid metabolism (mmu00561) and the fatty acid
elongation pathway (mmu00062) were downregulated in the BF group compared with the control
group in the liver. q-PCR analyses also showed the expression of genes involved in lipid synthesis,
such as DGAT1, SCD-1, FAS, and degradation, ACOX, CPT-1, were lowered after β-glucan-rich barley
flour intake. The data suggest that gene expression levels related to lipid metabolism were lower
overall in the liver, and affected an improvement in the obesity index.

Intake of β-glucan-rich barley flour affected the expression levels of mRNA related to lipid
metabolism in adipocytes in a different way to the control group. Adipocytes are not only energy
storage organs but also secrete some adipocytokines to regulate energy metabolism. In the present study,
intake of barley flour downregulated genes related to several lipid metabolism pathways, such as
steroid biosynthesis (mmu00100), and glycerolipid metabolism (mmu00561), in adipose tissue. It is
considered that lipids flowing into adipose tissue were lower in the BF group compared with the
control group due to lower lipid synthesis in the liver. The mRNA expression levels of HSL were
significantly higher in the BF group compared with the control group. It is known that HSL catalyzes
the degradation of triacylglycerol and decreases in the expression of HSL are associated with insulin
concentration and obesity [40,41]. In this study, serum insulin concentration was reduced by barley
flour intake (BF: 3.9 ± 1.5 ng/mL, control 6.0 ± 3.3 ng/mL); therefore, it was suggested that increased
HSL expression occurs by the lower concentration of insulin accelerating fat degradation. Positive
correlations between several SCFAs and HSL expression in adipose tissue were detected; however,
further studies are needed to evaluate the relationship between HSL and SCFAs.

The expression levels of genes related to glucose and lipid metabolism were unchanged in
the ileum. A previous study using fructo-oligosaccharides reported that succinic acid induced
intestinal gluconeogenesis in vivo [42]; however, our study produced different results and this may be
due to the differences in soluble fiber material. Therefore, our results suggest that the main organs
in which barley flour is involved in lipid metabolism at the gene expression level are the liver and
adipose tissues, but not the ileum.

Some inflammatory markers (MCP-1, p67phox, F4/80) were significantly decreased in the adipose
tissue of barley-supplemented mice. It has been reported that adipocytes induce early inflammation by
producing active oxygen via activation of NADPH oxidase in mice on a high-fat diet [43]. These results
suggest that a decrease in adipocyte hypertrophy reduces fat synthesis in the liver, thus lowering
visceral fat weight and inflammation in adipocytes.

Previous studies have described SCFAs as energy sources for the intestine and liver [44,45].
We found that several SCFAs negatively correlated with the expression levels of mRNA involved in
hepatic lipid synthesis and degradation. Our results are supported by previous studies in which SCFAs
suppressed lipid synthesis in the liver [46] and the expression levels of FAS and carbohydrate-response
element-binding protein (Chrebp) were lower in mice fed SCFAs compared with mice fed cellulose [47].
Based on these results, we suggest that SCFAs alter the expression of genes related to lipid metabolism
in the cecum. A recent study revealed that SCFAs influence the metabolism of lipids and glucose
to regulate GLP-1 and transcription factor activity involved in lipid metabolism via intestinal SCFA
receptors [48]. It is known that G protein-coupled receptors (GPCRs) are activated by SCFAs; notably,
GPR43 and GPR41 regulate gut hormone secretion [49]. Further studies using mice deficient in these
SCFA receptors will clarify the relationship between barley intake, SCFAs and the expression of genes
related to lipid metabolism.

5. Conclusions

Our study provides evidence that β-glucan-rich barley flour affects lipid metabolism in the
liver and adipose tissues at the gene expression level in high-fat obesity model mice. Using a DNA
microarray, we observed that the intake of barley flour consistently reduced the expression levels of
genes related to steroid biosynthesis in the liver and adipose tissue; however, in the ileum, barley flour
is suggested to affect lipid metabolism through digestive absorption and intestinal fermentation,
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rather than changes in gene expression. The expression of genes involved in glucose metabolism did
not change in each organ; therefore, we suggest that the improving effect of barley flour on postprandial
blood glucose levels is caused by the modification of the gut events such as the retardation of glucose
absorption and intestinal fermentation. In conclusion, microbiota-derived SCFAs affect changes in the
expression levels of genes related to lipid metabolism in the liver and adipose tissues, thus affecting
lipid accumulation and abdominal fat.
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Abstract: The aim of this study was to investigate the underlying mechanism for the improvement of
glucose tolerance following intake of high β-glucan barley (HGB) in terms of intestinal metabolism.
C57BL/6J male mice were fed a fatty diet supplemented with HGB corresponding to 5% of dietary
fiber for 83 days. An oral glucose tolerance test was performed at the end of the experimental period.
The concentration of short-chain fatty acids (SCFAs) in the cecum was analyzed by GC–MS (gas
chromatography–mass spectrometry). The mRNA expression levels related to L cell function in the
ileum were measured by real-time PCR. Glucagon-like peptide-1 (GLP-1) levels in the portal vein
and cecal content were assessed by enzyme-linked immunosorbent assay. GLP-1-producing L cells
of the ileum were quantified by immunohistochemistry. HGB intake improved glucose tolerance
and increased the cecal levels of SCFAs, acetate, and propionate. The number of GLP-1-positive L
cells in the HGB group was significantly higher than in the control group. GLP-1 levels in the portal
vein and cecal GLP-1 pool size in the HGB group were significantly higher than the control group. In
conclusion, we report improved glucose tolerance after HGB intake induced by an increase in L cell
number and subsequent rise in GLP-1 secretion.
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1. Introduction

A diet that includes barley has several beneficial effects, such as lowering the post-
prandial glucose rise [1–3] and improved blood cholesterol concentration [4–6]. Barley is
rich in β-glucan, which comprises linear homopolysaccharides of β-(1→4) and β-(1→3)
linkages and high molecular weight viscous polysaccharides [6]. Barley β-glucan is a
soluble dietary fiber that is fermented in human and animal colon to produce short-chain
fatty acids (SCFAs) [7–9]. Thus, the fermentability of β-glucans modifies the balance and
diversity of the microbiota. These prebiotic actions may be the main mechanism for the
beneficial effects of barley intake. However, the mechanism for the observed improvement
of glucose tolerance following barley intake remains controversial.

In a previous report, we showed that high β-glucan barley (HGB) reduced postpran-
dial glucose rise in healthy subjects [10,11], serum cholesterol levels in hypercholesterolemic
subjects [12], and abdominal fat area in moderately obese subjects [13], and regulated the
calorie intake and satiety index of healthy subjects [14]. It is speculated these benefi-
cial effects were caused by either the viscosity of β-glucan or prebiotic effects such as
SCFA production.

With regard to the improvement of glucose tolerance, barley intake is reported to
reduce postprandial glucose rise and the second meal effect [15]. Moreover, it is suggested
that the second meal effect is the result of colonic fermentation [16]. The second meal
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effect [17,18] refers to the ability of foods to reduce postprandial glucose rise not only after
the first meal but also after the next meal of the day. It is reported that boiled barley kernels
as an evening meal decreased incremental blood glucose area at the following breakfast
and increased plasma glucagon-like peptide-1 (GLP-1) at fasting and during the day by
comparison with the consumption of white wheat bread [15].

G protein-coupled receptors, which sense SCFAs, are thought to contribute to the
regulation of glucose metabolism [19]. Indeed, rats fed a high fiber diet had a higher
plasma GLP-1 level after oral glucose administration than those fed a low fiber diet. GLP-1
is secreted from L cells, which are predominantly located in the ileum and colon [20,21].
A previous study involving rats reported that fermentable dietary fibers increase the
contents of the distal digestive tract, augment GLP-1 secretion, and boost proglucagon
mRNA expression [22–24].

Our previous report showed that barley intake increased the biosynthesis of short-
chain fatty acids (SCFAs) by the gut microbiota, but we did not measure gut hormone
levels [25]. Given that high β-glucan barley stimulates SCFA production, we hypothesized
that a high β-glucan barley diet might result in greater GLP-1 secretion by comparison to a
cellulose based diet. A recent study showed that the secretion of GLP-1 increased in mice
fed high β-glucan barley and improved insulin sensitivity through modification to the gut
microbiota and elevated levels of SCFAs [26]. However, another report showed that barley
β-glucan promoted fermentation in cecum but did not alter glucose tolerance or insulin
secretion [27].

The main aim of this study was to examine the mechanism for improvement of glucose
tolerance by increases in GLP-1 secretion in mice given a diet rich in β-glucan barley. We
quantified the number of L cells, mRNA expression related to L cell functions in the ileum,
and GLP-1 levels in the portal vein and cecum contents of mice fed a fatty diet with and
without supplementation of high β-glucan barley. An improvement of glucose tolerance
mediated by GLP-1 secretion in mice fed a diet of high β-glucan barley might provide
useful information for a therapeutic approach to diabetes and obesity.

2. Materials and Methods

2.1. Chemical Composition of High β-Glucan Barley

These experiments were performed using a new two-rowed, waxy, hull-less high
β-glucan barley cultivar Kirari-mochi. HGB flour pearled to 60% yield was obtained from
NARO (Tsukuba, Japan). Total dietary fiber was quantified using a previously published
protocol [28]. The β-glucan content was determined by the McCleary procedure [29].
Protein and lipid content in HGB were analyzed by the Kjeldahl and acid hydrolysis
method, respectively. The overall nutritional make-up of HGB is summarized in Table 1.

Table 1. Nutritional components of high β-glucan barley (HGB).

(g/100 g)

Moisture 9.1
Fat 1.8

Protein 12.8
Ash 0.7

Available carbohydrate 65.7
Total dietary fiber 9.9

β-glucan 5.4
Available carbohydrate: (100 − (“Moisture” + ”Fat” + ”Protein” + ”Ash” + ”Total dietary fiber”)).

2.2. Experimental Design

Male C57BL/6J mice at 5 weeks of age were obtained from Charles River Laboratories
Japan, Inc. (Yokohama, Japan). The mice were kept in the same holding room under a
12 h light/12 h dark regime with continual air exchange at a temperature of 22 ◦C (±1 ◦C)
and humidity of 50% (± 5%). The mice were given commercial chow (NMF; Oriental
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Yeast Co., Ltd., Shiga, Japan) for 1 week before being divided into 2 groups matched for
body mass (n = 8 per group). Each mouse was individually held in a plastic cage and fed
the experimental diet (Table 2). The modified fatty AIN-93G diet (fat energy ratio 50%)
was prepared by adding lard. Cellulose and HGB flour were included in the control and
HGB diets, respectively, to give 5% total dietary fiber (Table 2). Mice were allowed ad
libitum access to water and food throughout the study (83 days). Animal experiments
were performed twice; the first experiment analyzed cecal GLP-1 pool size and the second
experiment (n = 8 for the new control and experimental groups) evaluated cecal short-
chain fatty acid (SCFA) pool size. Both food intake and body weight for each mouse were
recorded 3 times per week. Body weight measurements were always performed at the
same time of the day. On the final week, an oral glucose tolerance test (OGTT) was carried
out. Mice were fasted for 6 h and then glucose (1.5 g/kg body) was orally administered.
Blood glucose concentrations were analyzed from the tail using a blood glucose meter
(Sanwa Kagaku Kenkyusho Co., Ltd., Aichi, Japan) at 5 timepoints (0, 15, 30, 60, and
120 min). At the end of the study, the mice were sacrificed by isoflurane/CO2 anesthesia
after fasting for 6 h. Blood was withdrawn from portal vein (the first experiment only) and
the heart and, following centrifugation, the resultant serum was stored at −80 ◦C. Liver,
cecum, and adipose tissues were weighed. Samples of ileum were quickly saturated in
RNAprotect Tissue Reagent (Qiagen, Hilden, Germany) to facilitate stabilization of RNA.
The samples of cecum were stored at −40 ◦C until further analysis. All animal experiments
were conducted with the approval of the Animal Research Committee of Otsuma Women’s
University (Tokyo, Japan) (no. 12001, 16006).

Table 2. Composition of the experimental diets.

(g/kg Diet)

Control HGB

Casein 200 120.6
L-cystine 3 3

Corn starch 197.486 -
Dextrinized corn starch 132 -

Sucrose 100 62.886
Soybean oil 70 70

Lard 200 190.9
Cellulose 50 -
HGB flour - 505.1 *

AIN-93G mineral mixture 35 35
AIN-93 vitamin mixture 10 10

Choline bitartrate 2.5 2.5
t-Butylhydroquinone 0.014 0.014

* β-glucan content in the HGB diet was 27.3 g/kg diet. Total energy in the control and HGB diets were 4.96 kcal/g
diet: carbohydrate 35 en %, protein 14 en %, fat 50 en %. HGB; high β-glucan barley.

2.3. Biochemical Analyses of the Serum

Serum cholesterol (TC), triglyceride (TG), and non-esterified fatty acids (NEFAs)
were determined using a Hitachi 7180 automatic analyzer (Hitachi Ltd., Tokyo, Japan).
Enzyme-linked immunosorbent assays (ELISAs) were performed to quantify serum insulin
and leptin levels. GLP-1 levels in plasma derived from the portal vein were determined.
Dipeptidyl peptidase IV inhibitor (Millipore, Billerica, MA, USA) was immediately added
to the blood to prevent degradation of GLP-1. Quantification of GLP-1 was performed
using a commercial ELISA kit (GLP-1 Active; Shibayagi Corp., Gunma, Japan).

2.4. Analysis of Short-Chain Fatty Acids in Cecal Digesta

Cecal SCFA content was measured using a previously described method [30]. A 7890B
GC system (Agilent, Tokyo, Japan) equipped with a 5977A MSD (Agilent) was used for
analysis of SCFAs. A DB-5MS capillary column (30 m × 0.53 mm) (Agilent) was used to

115



Nutrients 2021, 13, 527

separate the SCFAs. SCFA concentrations (expressed as μmol/cecum) were calculated by
comparing their peak areas with an internal standard (crotonic acid).

2.5. Measurement of Total GLP-1 Level in the Cecum

Cecal tissues were extracted using Kenny’s method [31]. In brief, frozen tissue samples
were extracted using an acidic ethanol solution (5 mL/g wet weight tissue). The tissue
samples were subsequently homogenized and then incubated for 24 h prior to clarification
by centrifuging. All extraction procedures were performed at 4 ◦C. The supernatant was
decanted, and total GLP-1 level was measured using a total GLP-1 ELISA kit (FUJIFILM
Wako Pure Chemical Corporation, Osaka, Japan).

2.6. mRNA Expression Analysis in the Ileum

Oligonucleotide primer sequences are shown in Table S1. mRNA levels were quanti-
fied by real-time PCR (QuantStudio3 RT-PCR system; Applied Biosystems, Foster City, CA,
USA). Complementary DNA was used to quantify the mRNA expression levels accord-
ing to the 2−ΔΔCT method with a commercial PCR Master Mix (Thermo Fisher Scientific,
Waltham, MA, USA). Data were assessed from threshold cycle (Ct) values, which indicate
the cycle number at which the fluorescence signal reaches a fixed threshold that is well
above background. ΔCT is the difference in Ct values for genes of interest compared to
transcription factor II B (TFII B), which served as a reference. The ΔΔCT is the difference
between the ΔCT for the control group and the ΔCT for the HGB group. Relative expression
levels are shown as fold differences compared to the control group (arbitrary units).

2.7. Measurement of the Number of L Cells in the Ileum

After collecting the ileum, samples were immersed in 4% paraformaldehyde/phosphate
buffer and fixed, then dehydrated, degreased, paraffin-penetrated, paraffin-embedded,
sliced, spread, and dried at the Institute of Nutrition and Pathology, Inc. (Kyoto, Japan).
Deparaffinization and rehydration were performed with xylene, anhydrous ethanol, 99%
ethanol, and 70% ethanol. Endogenous peroxidase inhibition was achieved with 30% (v/v)
H2O2 and methanol. Then, each ileal section was blocked using diluted 5% (v/v) goat serum
(Normal) (DakoCytomation, Glostrup, Denmark) and 0.5% (w/v) BSA/PBS (bovine serum
albumin/phosphate buffered saline). Anti-GLP-1 (7–36) -NH2; rabbit Ab (Yanaihara Insti-
tute Inc., Shizuoka, Japan) was used as the primary antibody. For the secondary antibody,
Histofine Simple Stain Mouse MAX-PO (Rabbit) (Nichirei Bioscience Inc., Tokyo, Japan)
with 1% (v/v) mouse serum (Normal) (DakoCytomation, Glostrup, Denmark) was used.
After the antigen–antibody reaction, samples were colored with the ENVISION kit/HRP
(horseradish peroxidase) (DAB; 3,3’-Diaminobenzidine) (DakoCytomation, Glostrup, Den-
mark). In addition, nuclear staining was performed with hematoxylin and the samples
were enclosed with Mount Quick (Daido Sangyo Corporation, Saitama, Japan). Each
ileal section was photographed under a light microscope. From images of the ileum, we
measured the number of cells per unit area (1 mm2) using WinROOF (Version 6.0.1; Mitani
Corporation, Fukui, Japan).

2.8. Statistical Analyses

Data are given as the mean ± standard error of the mean (SE). Comparisons of data
between two groups were performed by unpaired Student’s t-test (JMP Version 14.2.0;
SAS Institute Inc., Cary, NC, USA). Time-dependent changes in the blood glucose levels
during the OGTT were analyzed by two-way ANOVA (diet × time). A p-value of <0.05
was considered statistically significant.

3. Results

3.1. Gross Changes to Mice during the Study Period

No significant differences were identified between the two experimental groups in
terms of weight gain, food intake, and food efficiency ratio (Table 3). Similar results
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were obtained for the second experiment (Table S2). Organ weights are shown in Table 4.
There were no significant differences in liver weight and the weights of retroperitoneal,
epididymal, and mesenteric fat between the two experimental groups. However, the
weight of cecum with digesta was significantly higher in the HGB group compared to the
control group. Similar results were obtained for the second experiment (Table S3).

Table 3. Weight gain, food intake, and food efficiency ratio.

Control HGB

Initial weight (g) 18.5 ± 0.2 18.5 ± 0.2
Final weight (g) 41.2 ± 0.7 42.4 ± 0.9

Body weight gain (g/d) 0.27 ± 0.01 0.30 ± 0.01
Food intake (g/d) 2.8 ± 0.0 3.0 ± 0.1

Food efficiency ratio (%) 9.73 ± 0.41 9.92 ± 1.06
Values are means ± standard error of the mean (SE), n = 8. HGB; high β-glucan barley.

Table 4. Weight of organs.

Control HGB

Liver (g) 1.47 ± 0.06 1.56 ± 0.09
Cecum with digesta (g) 0.28 ± 0.02 0.38 ± 0.02 *

Total abdominal fat 4.53 ± 0.20 4.38 ± 0.16
Retroperitoneal fat (g) 0.95 ± 0.05 0.91 ± 0.02

Epididymal fat (g) 2.61 ± 0.11 2.48 ± 0.01
Mesenteric fat (g) 0.97 ± 0.10 0.99 ± 0.10

Values are means ± standard error of the mean (SE), n = 8. Asterisk indicates a significant difference (Student’s
t-test, * p < 0.05). HGB; high β-glucan barley.

3.2. Biochemical Markers in the Serum

The concentrations of serum biochemical markers are shown in Table 5. There were
no significant differences in serum total cholesterol, triglyceride, NEFA, glucose, insulin,
and leptin concentrations between the two experimental groups.

Table 5. Serum biochemical concentrations.

Control HGB

Cholesterol (mmol/L) 5.60 ± 0.34 5.96 ± 0.55
Triglyceride (mmol/L) 0.84 ± 0.11 0.67 ± 0.04

NEFA (μmol/L) 639.8 ± 45.5 728.0 ± 33.0
Glucose (mmol/L) 16.61 ± 0.86 14.88 ± 0.55

Insulin (ng/mL) 6.10 ± 1.03 8.36 ± 1.22
Leptin (ng/mL) 71.35 ± 7.22 73.48 ± 6.14

Values are means ± standard error of the mean (SE), n = 8. NEFA; non-esterified fatty acids. HGB; high
β-glucan barley.

3.3. Assessment of Glucose Tolerance

The OGTT and area under the curve of blood glucose (AUC) results are shown in
Figure 1. Significant interaction (diet × time) in the blood glucose levels was not observed,
but blood glucose levels in the HGB group were significantly lower than in the control
group (main effect was significant), as shown by two-way ANOVA. Blood glucose levels
after glucose administration were significantly lower in the HGB group compared with the
control group at 15 and 60 min in the first experiment. In the second experiment, significant
differences between the control and HGB groups were also observed at 30 and 60 min.
AUC was significantly lower in the HGB group compared with the control group in both
experiments.
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Figure 1. Blood glucose levels in the oral glucose tolerance test (OGTT) and area under the curve of blood glucose for (A)
the first experiment for cecal glucagon-like peptide-1 (GLP-1) analysis and (B) the second experiment for cecal short-chain
fatty acid (SCFA) analysis. Data are shown as mean ± standard error of the mean (SE). Means marked by an asterisk differ
significantly (Student’s t-test, * p < 0.05). HGB; high β-glucan barley.

3.4. Analysis of Short-Chain Fatty Acids in Cecal Digesta

The cecal pool size of SCFAs is shown in Figure 2. Total SCFA concentrations, as well
as acetate and propionate concentrations, were significantly higher in the HGB group than
the control group.

3.5. Concentrations of GLP-1 in the Portal Vein and Cecum

The concentration of GLP-1 in the portal vein and cecum are shown in Table 6. Portal
vein and cecal GLP-1 levels were significantly higher in the HGB group compared with the
control group.

Table 6. Portal vein and cecal GLP-1 levels.

Control HGB

Portal vein active GLP-1 (7-36) levels (pg/mL) 50.0 ± 9.5 81.4 ± 10.0 *
Cecal total GLP-1 pool size (ng/cecum) 31.1 ± 7.4 64.5 ± 8.4 *

Values are means ± standard error of the mean (SE), n = 8. Means marked with an asterisk differ significantly
(Student’s t-test, * p < 0.05). HGB; high β-glucan barley.

3.6. mRNA Expression Levels in the Ileum Determined by q-PCR

The experimentally determined mRNA levels in the ileum are given in Figure 3.
No significant differences were found in peroxisome proliferator-activated receptor β/δ
(PPARβ/δ), proglucagon (PGCG), prohormone convertase 1/3 (PC1/3), G-protein-coupled
bile acid receptor 1 (GPBAR1), and G-protein-coupled receptor 43 (GPR43) between the
two experimental groups. Likewise, there were no significant differences in neurogenin
3 (NGN3). By contrast, the mRNA expression level of NeuroD was elevated in the HGB
group in comparison with the control group.

118



Nutrients 2021, 13, 527

Figure 2. Short-chain fatty acid (SCFA) content in the cecal digesta of mice fed the test diets. (A) Total
SCFA, (B) Acetate, (C) Propionate, (D) Other SCFA (the sum of the concentrations of formate, n-
butyrate, iso-butyrate, iso-valerate, and valerate). Bars represent means and standard error of the
mean (SE), n = 8. Means marked by an asterisk differ significantly (Student’s t-test, * p < 0.05). HGB;
high β-glucan barley.

Figure 3. Expression of mRNAs related to L cell function in the ileum bars represent means and
standard error of the mean (SE), n = 8. Means marked with an asterisk differ significantly (Student’s
t-test, * p < 0.05). NGN3, neurogenin 3; NeuroD, neurogenic differentiation factor; PPARβ/δ,
peroxisome proliferator-activated receptor β/δ; PGCG, proglucagon; PC1/3, prohormone convertase
1/3; GPBAR1, G-protein-coupled bile acid receptor 1; GPR43, G-protein-coupled receptor 43; TFIIB,
transcription factor II B. HGB; high β-glucan barley.
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3.7. Number of L Cells in the Ileum

A representative image of GLP-1 positively stained cells of the ileum is shown in
Supplementary Figure S1. The number of L cells in the ileum are shown in Figure 4. L cell
numbers were significantly higher in the HGB group compared with the control group.

Figure 4. Number of L cells in the ileum. Data are shown as mean ± standard error of the mean (SE).
* Significantly different from the control group (p < 0.05). HGB; high β-glucan barley.

4. Discussion

Herein, we investigated the mechanism for improvement of glucose tolerance in mice
fed a high-fat diet containing HGB. Results from this study indicated that HGB intake
improved glucose tolerance in OGTT. GLP-1 levels in the portal vein and cecal pool size
were significantly increased in the HGB group. These findings suggest that the effect of
HGB on glucose metabolism was mediated by increased GLP-1 secretion. Previous studies
in human [15] and animal experiments [26] showed that the serum GLP-1 concentrations
were increased by the barley intake. However, effects of HGB intake on the L cell function
related to the GLP-1 secretion were not observed in the previous experiments. This is the
first evidence to show an increase in the number of ileal L cells causing an increase in
intestinal GLP-1 pool size and GLP-1 secretion without the alteration of mRNA expression
related to GLP-1 secretion.

These results, together with those from our previous report [25], suggest that augmen-
tation in the number of L cells and the subsequent elevation in the level of GLP-1 were
induced by production of SCFAs. Thus, a new mechanism for increasing GLP-1 secretion
by HGB intake is proposed. It has been generally recognized that the preventive effect of
barley intake on postprandial blood glucose rise is triggered by delayed gastric emptying
time due to the viscous properties of barley β-glucan and the suppression of digestion
and absorption of starch in barley [32,33]. However, our previous report showed that
improvement of glucose tolerance became more pronounced when HGB with partially
hydrolyzed β-glucan was supplemented into the test diet [34]. It is possible that a prebiotic
effect, such as intestinal fermentation, contributed more to the improved glucose tolerance
than the physicochemical effect, such as increased viscosity. Furthermore, HGB imparts
a second meal effect, which is induced through intestinal fermentation [15]. In a human
intervention study, it was reported that the postprandial blood glucose rise was suppressed
when a standard diet without barley was consumed at lunch after the intake of a HGB diet
at breakfast [35,36].

Our experiments showed no difference in serum insulin concentration between the
two groups, but the active GLP-1 level in the portal vein of the HGB group was significantly
elevated by comparison to the control group. The total GLP-1 pool size of the cecal contents
in the HGB group was also significantly elevated compared to the control group. GLP-1

120



Nutrients 2021, 13, 527

is produced by prohormone convertase 1/3 from the precursor proglucagon in L cells.
However, changes in the expression levels of peroxisome proliferator-activated receptor
β/δ (PPARβ/δ), proglucagon, and prohormone convertase 1/3 related to GLP-1 secretion
in the ileum were not observed. The expression levels of NeuroD, which is thought to
reflect the number of L cells, increased significantly in the HGB group. These results
indicated that the improvement of glucose tolerance following HGB intake is fostered by
an increase in GLP-1 secretion accompanying the increased number of L cells.

Several studies propose secretion of GLP-1 and gastric inhibitory peptide (GIP) may be
coupled with changes to the microflora of the lower gut as well as glucose metabolism [37–40].
In 1996, the first published report appeared, suggesting fermentation in the lower digestive
tract promoted an increase of GLP-1 secretion [22]. It was also reported that a prebiotic
oligofructose led to an increase in total cecal GLP-1 concentration [41]. Similar effects were
observed with resistant starch, which increased the concentration of plasma GLP-1 [42,43].
Our study indicated prebiotic barley β-glucan is one of the dietary fibers that promotes
GLP-1 secretion.

Previous studies report that inert dietary fibers did not enhance colonic proliferation
of epithelial cells, although fermentable soluble fibers were able to promote proliferation
in the lower gut, which is associated with increased enteroglucagon secretion [44,45].
Enteroglucagon, which regulates intestinal epithelial cell proliferation and acts as a trophic
factor for the intestinal mucosa, is synthesized in the L cells of the ileum and colon. It
is speculated that increases in the number of L cells is mediated by the trophic action of
enteroglucagon. Luminal infusion of acetate and butyrate was reported to significantly
increase colonic GLP-1 secretion, whereas propionate had no such effect [46]. Moreover,
SCFAs may increase the release of GLP-1 via the SCFA receptor GPR43, which is expressed
on the L cells [47].

A major limitation of this study was the lack of data regarding serum insulin and
GLP-1 concentrations during the OGTT. Future studies are needed to further elucidate the
relationship between GLP-1 release and insulin response by HGB intake.

5. Conclusions

In conclusion, we confirm that the observed improvement of glucose tolerance by
HGB intake was induced by an increase in L cell number and the subsequent enhancement
in GLP-1 secretion. We demonstrated for the first time a relationship between the level
of GLP-1, the number of L cells, and the level of NeuroD mRNA in the lower digestive
tract. On the basis of these findings, we propose that the presence of barley β-glucan in
the lower gut increases L cell differentiation by upregulation of NeuroD gene expression.
The present results are consistent with the notion that events occurring in the lower gut,
such as fermentation and alteration of gut microbiota, exert a key mechanism on glucose
metabolism.

Supplementary Materials: The following are available online at https://www.mdpi.com/2072-664
3/13/2/527/s1: Table S1: Primers used for real-time reverse transcription polymerase chain reaction.
Table S2: Body weight gain, food intake, and food efficiency ratio (2nd Exp). Table S3: Weight of
organs (2nd Exp). Supplementary Figure S1: Representative GLP-1 staining of cells from the ileum:
(a) control and (b) HGB staining of GLP-1-positive cells.
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Abstract: The prebiotic effect of high β-glucan barley (HGB) flour on the innate immune system of
high-fat model mice was investigated. C57BL/6J male mice were fed a high-fat diet supplemented
with HGB flour for 90 days. Secretory immunoglobulin A (sIgA) in the cecum and serum were
analyzed by enzyme-linked immunosorbent assays (ELISA). Real-time PCR was used to determine
mRNA expression levels of pro- and anti-inflammatory cytokines such as interleukin (IL)-10 and IL-6
in the ileum as well as the composition of the microbiota in the cecum. Concentrations of short-chain
fatty acids (SCFAs) and organic acids were analyzed by GC/MS. Concentrations of sIgA in the cecum
and serum were increased in the HGB group compared to the control. Gene expression levels of IL-10
and polymeric immunoglobulin receptor (pIgR) significantly increased in the HGB group. HGB intake
increased the bacterial count of microbiota, such as Bifidobacterium and Lactobacillus. Concentrations
of propionate and lactate in the cecum were increased in the HGB group, and a positive correlation
was found between these organic acids and the IL-10 expression level. Our findings showed that HGB
flour enhanced immune function such as IgA secretion and IL-10 expression, even when the immune
system was deteriorated by a high-fat diet. Moreover, we found that HGB flour modulated the gut
microbiota, which increased the concentration of SCFAs, thereby stimulating the immune system.

Keywords: barley; β-glucan; short-chain fatty acids; immune system; sIgA; prebiotics; microbiota

1. Introduction

The gastrointestinal tract has to tolerate the presence of the luminal microbiota, but
the immune system must protect the intestinal mucosa against potentially harmful dietary
antigens and pathogenic agents [1]. Immunoglobulin A (IgA) is an important antibody
of this system, which eliminates pathogens and neutralizes toxins. It is known that this
system is aggravated by stress, obesity, and disordered eating habits [2]. In particular, foods
and food ingredients have the potential to affect the intestinal immune system. Previous
studies showed that several food components, such as lactic acid bacteria and vitamin
A, promote IgA secretion by different mechanisms [3–5]. Additionally, it is reported that
functional foods stimulate IgA secretion by inducing changes in the gut microbiota [6,7].
Indeed, homeostasis of gut microbiota has been shown to be regulated by T cell-dependent
IgA [8]. Moreover, a human study indicated that IgA-deficient subjects have different
microbiota profiles compared with healthy subjects [9]. Therefore, it is important to identify
foods that enhance intestinal immune functions, such as IgA production, by improving
gut microbiota.

In recent years, there is increasing interest in utilizing indigestible carbohydrates, to
modulate the metabolic function of the microbiota, which are known as prebiotics [10,11].
Grains such as barley contain substantial amounts of dietary fiber and mediate several
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physiological functions. Beta-glucan in barley and oats is a water-soluble dietary fiber
comprising β-glycosidic bonds (β-1-3,1-4 bonds). This fiber is fermented by gut bacteria,
potentially leading to health benefits, and thereby acting as a prebiotic [12,13]. A previous
study showed that a mixture of barley β-glucan and probiotic microorganisms modulate
the transcriptional levels of immune-related genes in vitro [14]. Additionally, whole-grain
barley pasta containing barley β-glucan was found to be effective in modulating the
composition and metabolism of the gut microbiota in 26 healthy subjects [15]. Another
clinical study showed that intake of 60 g/day of whole barley for four weeks increased
microbial diversity and the abundance of many genera of gut bacteria [16]. Moreover,
β-glucan from oats and barley contribute to the production of intestinal metabolites, such
as short-chain fatty acids (SCFAs), via fermentation mediated by gut microbiota [17].
SCFAs are thought to stimulate the immune system and orchestrate an anti-inflammatory
effect [18,19]. Park et al. suggested that SCFAs, such as butyrate, propionate, and acetate,
activate the naive T cell polarization to regulatory T cells (Tregs) [20]. Another in vitro
study showed that butyrate suppressed the induction of T cell apoptosis and interferon
gamma (IFN-γ)-mediated inflammation in colonic epithelial cells [21]. Therefore, changes
in the gut microbiota and levels of SCFAs following intake of barley are expected to enhance
the immune system in the lower gut.

We speculated that barley β-glucan may have an effect on the innate immune function
via intestinal fermentation. To date, few studies have focused on changes to the immune
system following barley intake. One such study involved patients who had previously
undergone a proctocolectomy with ileostomy [22]. The subjects were fed oat β-glucan,
and then, digestive waste was collected, freeze-dried, and dissolved in PBS. The resulting
solution was incubated with different intestinal cell lines and found to increase parameters
related to immune modulation in vitro. Volman et al. suggested that mice fed oat β-glucan
activated the gut leukocytes and enterocytes compared to placebo mice [23]. However,
most of the studies were conducted using β-glucan extracts, and there have been no studies
evaluating barley as a food. Furthermore, there are no reports that have clarified the effects
of barley on models of impaired immune function due to poor dietary habits such as
obesity. Diet-induced obesity generally causes a low-grade inflammatory state. Several
lines of evidence indicate that altered immune function is associated with the etiology of
obesity [24–26]. For example, intake of a high-fat diet causes excess lipids and secreted bile
acids to flow into the digestive tract, which adversely affects the intestinal environment and
immune function. A recent study showed that serum IgA levels were decreased in mice
fed a high-fat diet, which was mediated via high-fat-induced changes to the composition
of microbiota and gut metabolite production [27]. Therefore, it is important to investigate
the effect of food containing prebiotics, such as barley, on inflammation in the intestinal
tract caused by obesity.

Here, we focused on the gut fermentability of barley flour and confirmed its effect
on the innate immune response under high-fat conditions. Firstly, we investigated gene
expression to clarify whether the intake of barley affects the immune system in the ileum
using previously published DNA microarray data [28]. Next, as the main aim of this study,
we investigated whether or not IgA secretion and mRNA expression levels of cytokines
change following the ingestion of high β-glucan barley (HGB) flour in diet-induced obese
mice. We also investigated the relationship between gut microbiota and the production
of SCFAs.

2. Materials and Methods

2.1. Animals and Study Design

The animal protocol used in this study was approved by the Otsuma Women’s Uni-
versity Animal Research Committee (Tokyo, Japan, No.19013, 13 December 2019) and
implemented in accordance with animal experimentation according to their regulations.
The flowchart of the study design in this animal experiment is shown in Figure S1. Male
four-week-old C57BL/6J mice were purchased from Charles River Laboratories Japan,
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Inc. (Yokohama, Japan). Each mouse was individually housed in a polycarbonate cage
kept in a holding room maintained on a 12 h light/dark cycle (light on at 07:30 h) at a
temperature of 22 ± 1 ◦C and humidity of 50 ± 5%. After the mice had acclimatized for
11 days on commercial chow (NMF, Oriental Yeast Co., Ltd., Shiga, Japan), they were
randomized into 2 groups according to body weight (n = 8 per group). Mice were given the
experimental diet (powdered diet) over a 90-day period. The experimental diet was a 50%
fat energy diet supplemented with cellulose (Control (C) group) or flour of waxy hulled
barley “White Fiber” (high β-glucan barley (HGB) group). The total dietary fiber of each
diet was adjusted to 5% (Table S1). “White Fiber” refers to barley flour rich in β-glucan
(Table S1). “White Fiber” flour which was pearled to 70% and powdered was obtained
from the Hakubaku Co. Ltd. (Yamanashi, Japan). Food intake and body weights were
monitored 2 or 3 times per week throughout the study period. Feces were collected for
5 days in the 11th week. At the end of the study, mice were fasted for 8 h and sacrificed
by isoflurane/CO2 anesthesia. Then, the cecum with digesta, adipose tissues (epididymal,
retroperitoneal, mesenteric fats), and liver were dissected and weighed. Blood samples
were collected from the postcaval vein and centrifuged to obtain serum, which was stored
at −30 ◦C until enzyme-linked immunosorbent assay. Cecum with digesta was stored at
−30 ◦C until analysis of SCFAs, microbiota, and secretory immunoglobulin A (sIgA). Ileum
tissue was soaked in RNA® protect Tissue Reagent (Qiagen, Hilden, Germany) and stored
at −30 ◦C until extraction of total RNA.

2.2. Gene Expression Analysis of the Immune System Using DNA Microarray Data

The microarray data used in this study have been registered at the National Center for
Biotechnology Information (NCBI) for Gene Expression Omnibus (GEO) and GEO series
with accession number GSE157828. Male mice were fed a high-fat diet (fat energy ratio of
50%) supplemented with β-glucan rich barley flour before extracting total RNA from the
ileum, liver, and adipose tissue and performing DNA microarray analysis. The procedure
was also performed for mice fed a diet not supplemented with β-glucan rich barley flour
as a control (supplemented with cellulose). We identified differentially expressed genes
(DEGs) using cut-off criteria (Log-ratio > 1.3 fold and < 0.77 fold in the barley group
compared with the control group) based on our previous study [28]. Kyoto Encyclopedia
of Genes and Genomes (KEGG) enrichment analyses of DEGs were performed using
the DAVID database (accessed on 12 December 2020). False discovery rate (FDR) was
calculated using the Benjamini–Hochberg algorithm. Pathways were extracted with FDR
where p < 0.05.

2.3. The Levels of Secretory Immunoglobulin A, IL-6, and IL-10 Determined by Enzyme-Linked
Immunosorbent Assays

The levels of sIgA in the cecum and serum were determined using an enzyme-linked
immunosorbent assay kit for secretory immunoglobulin A (Cloud-Clone Corp., Katy,
TX, USA). Serum was analyzed according to the manufacturer’s instructions. Cecum
was lyophilized, and 10 mg samples were added to 100 μL phosphate buffered saline
(PBS) (10 mM, pH 7.0) and then homogenized. After centrifugation (8000 rpm × 20 min,
4 ◦C), the supernatant was diluted 500 times in PBS and then used for measurement. The
concentrations of interleukin (IL)-6 and IL-10 in serum were analyzed using Mouse IL-6
ELISA Kit (RayBiotech, Inc., Norcross, GA, USA) and Mouse IL-10 ELISA Kit (Proteintech
Group, Inc., Chicago, IL, USA), respectively.

2.4. Analysis of Short-Chain Fatty Acids in the Cecum and Feces

The concentration of cecum and feces SCFAs was determined as described in a previ-
ous report using gas chromatography-mass spectrometry (GC/MS) [29]. First, 10–20 mg of
cecum digesta was added to 100 μL of internal standard (100 μM crotonic acid), 300 μL of
diethyl ether, and 50 μL of HCl, and then homogenized (Tissue Lyser II; Qiagen) twice at
2000× g rpm for 2 min each. After centrifugation (3000 rpm, at 24 ◦C, for 10 min), 80 μL of
supernatant was added to 16 μL of N-tert-butyldimethylsilyl-N-methyltrifluoroacetamide
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in a vial, and derivatization was performed at 80 ◦C for 20 min. Samples were stored
at room temperature for 48 h and then analyzed for SCFAs by GC/MS (7890B GC sys-
tem equipped with a 5977A MSD; Agilent, Tokyo, Japan). A DB-5MS capillary column
(30 m × 0.53 mm) (Agilent) was used to separate the SCFAs. The oven temperature was
initially kept at 60 ◦C and then ramped up to 120 ◦C at a rate of 5 ◦C/min. Then, the
oven was ramped up to 300 ◦C at a rate of 20 ◦C/min and finally maintained at 300 ◦C for
2 min. Helium was used as the carrier gas at a flow rate of 1.2 mL/min. The temperature
of the front inlet, transfer line, and electron impact ion source were set at 250, 260, and
230 ◦C, respectively. Mass spectral data were collected in selective ion monitoring mode.
The concentration of SCFAs was calculated by comparing their peak areas with that of the
internal standard.

2.5. Analysis of Counts of Predominant Bacterial Groups in the Cecum Digesta

The gut microbiota in the cecum was analyzed by real-time PCR according to previous
studies [30,31]. DNA of cecum digesta was extracted using QIAamp® Fast DNA Stool Mini
kit (Qiagen) according to the manufacturer’s protocol. DNA was mixed with PowerUp
SYBR Green Master Mix (Thermo Fisher Scientific, Waltham, MA, USA) and oligonucleotide
primers for predominant bacterial groups (Table S2). Amplification of the DNA was
performed using an Applied Biosystems Quant3 Real-Time PCR System (Thermo Fisher
Scientific). From the obtained threshold cycle (Ct) values, colony-forming units (CFU) in
the cecum were determined from a calibration curve prepared using Ct values after serially
diluting a DNA solution extracted from each standard bacterial strain (Table S2).

2.6. Expression Analysis of mRNA Related to Immunity in the Ileum

Total RNAs in the ileum were extracted using an RNeasy Mini Kit (Qiagen). mRNA
expression related to intestinal immunity and cytokines was analyzed by real-time PCR
using an Applied Biosystems Quant3 Real-Time PCR System and PowerUp SYBR Green
Master Mix (Thermo Fisher Scientific) with cDNA synthesized from RNA. Primer sequences
are given in Table S3. The 2−ΔΔCT method was used for mRNA expression analysis. We
used 36B4 as a reference gene and calculated ΔCT compared to the 36B4. Next, we
calculated ΔΔCT as the difference between ΔCT for the C group and HGB group in terms
of cDNA solution added to each primer. Relative expression levels are presented as fold
changes to the C group (arbitrary units).

2.7. Statistical Analysis

All statistical analyses were performed using R Studio (ver. 1.3.1093, R-Tools Technol-
ogy Inc., Richmond Hill, ON, Canada). Data are presented as mean ± standard error (SE)
of the mean. For each parameter, Student’s t-test was used when the data were based on
a normal distribution. If a normal distribution was not confirmed, the Wilcoxon test was
used. Significant differences were appraised using a two-side test with an α level of 0.05.
The relationships between the sIgA and parameters related to intestinal immunity were
analyzed by Spearman’s rank correlation coefficient.

3. Results

3.1. KEGG Enrichment Analyses of DEGs by Using DNA Microarray Data

We performed KEGG enrichment analysis of DEGs using DNA microarray data of
the ileum of mice fed a high-fat diet containing barley flour. The expression levels of 3065
genes were determined as DEGs. The DEGs up-regulated in the barley group showed
an enrichment in pathways related to intestinal immunity, such as “Cytokine–cytokine
receptor interaction (mmu04060)” and “B cell receptor signaling pathway (mmu04662)”
(Table S4, Figure S2). By contrast, only one pathway (mmu04740: Olfactory transduction)
was identified from DEGs down-regulated in the barley group (data not shown).

128



Nutrients 2021, 13, 907

3.2. Food Intake, Body Weight, and Organ Weight

In the animal study, intake of the experimental diet showed no significant differences
with the control group. Therefore, mice in both groups were determined to have been
fed a similar level of energy during the study period (Table S5). However, body weight
gain and final weight in the HGB group were significantly lower than the control group
(p < 0.05). As a result, food efficiency ratio in the HGB group was lower than the C group
(p < 0.05). The organ weight of liver, retroperitoneal, and mesenteric fats were lower in the
HGB group than the C group (p < 0.05), while the cecum digesta was significantly higher
(p < 0.05).

3.3. Secretory Immunoglobulin A (sIgA) Concentration in the Cecum and Serum

The concentrations of sIgA in the cecum and serum are shown in Figure 1. Cecum
(Figure 1a) and serum (Figure 1b) sIgA levels in the HGB group were significantly higher
than in the C group (p < 0.05). The concentrations of serum IL-10 and IL-6 were not
statistically different between the two groups (Figure S3).

Figure 1. The concentration of sIgA in the cecum (a) and serum (b). Values are means ± SE, n = 8.
* p < 0.05, ** p < 0.01 indicates a significant difference between each group, C: control group, HGB:
high β-glucan barley group. sIgA, secretory immunoglobulin A.

3.4. SCFA and Organic Acid Concentration in the Cecum Digesta and Feces

The concentration of SCFAs and organic acids in the cecum digesta are shown in
Figure 2. The total level of SCFAs, propionate, isobutyrate, isovalerate, lactate, and succi-
nate concentrations in the HGB group were significantly higher than the C group (p < 0.05).
The level of acetate also displayed a slight increase in the HGB group compared with the
C group, although this was not statistically significant. The concentration of butyrate, propi-
onate, isobutyrate, valerate, isovalerate, lactate, and succinate in the feces were significantly
higher in the HGB group than the C group (p < 0.05) (Figure S4).

3.5. Counts of Predominant Bacterial Groups in the Cecum Digesta

Bacterial counts of microbiota at the phylum and genus levels in the cecum digesta
are shown in Table 1. At the phylum level, the bacterial count of Bacteroidetes, Firmicutes,
and total bacteria were significantly higher in the HGB group than the C group (p < 0.05).
At the genus level, the bacterial counts of the Bacteroides, Bifidobacterium, Lactobacillus, and
Atopobium cluster were significantly higher in the HGB group than the C group (p < 0.05).
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Figure 2. The concentration of short-chain fatty acids (SCFAs), lactate, and succinate in the cecum
digesta. Values are means ± SE, n = 8. * p < 0.05, ** p < 0.01, *** p < 0.001 showed a significant
difference between each group, “NS” is not significant. C: control group, HGB: high β-glucan
barley group.

Table 1. Counts of the predominant bacterial groups in the cecum digesta between the control and
HGB groups.

LogCFU/g (Cecum Digesta) Control HGB

Phylum

Total bacteria 13.3 ± 0.3 14.9 ± 0.4 *
Bacteroidetes 10.0 ± 0.2 11.2 ± 0.2 *
Firmicutes 12.7 ± 0.1 12.9 ± 0.1 *
Actinobacteria 9.6 ± 0.4 10.1 ± 0.1

Genus

Bacteroides fragilis group 9.7 ± 0.1 10.3 ± 0.2 *
Bifidobacterium 10.3 ± 0.3 11.1 ± 0.1 *
Lactobacillus 10.2 ± 0.2 11.3 ± 0.1 *
Prevotella 7.4 ± 0.1 7.6 ± 0.1
Clostridium coccoides group 9.8 ± 0.2 10.3 ± 0.1
Clostridium leptum subgroup 11.2 ± 0.2 11.7 ± 0.1
Atopobium cluster 7.8 ± 0.2 9.1 ± 0.2 *

* p < 0.05 significantly different between the control and HGB group. Values are means ± SE (n = 8). HGB: High
β-glucan barley group.
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3.6. Expression of mRNA Related to the Immune System in the Ileum

Ileum mRNA expression levels related to the immune system are shown in Figure 3.
In the HGB group, mRNA expression levels of IL-10 were significantly higher than the
C group (p < 0.05). mRNA expression levels of other cytokines (IFN-γ, IL-12, IL-1β, IL-4,
IL-5, IL-6, IL-33, transforming growth factor beta (TGF-β), tumor necrosis factor-α (TNF-α),
and IL-17 were not statistically different between the two groups. mRNA expression level
of the polymeric immunoglobulin receptor (pIgR) in the HGB group was significantly
higher than the C group (p < 0.05).

Figure 3. The expression levels of mRNA in the ileum. Values are means ± SE, n = 8. * p < 0.05
indicates a significant difference between each group, “NS” is not significant. C: control group, HGB:
high β-glucan barley group. IFN-γ, interferon gamma; IL-10, interleukin 10; IL-12, interleukin 12;
IL-17, interleukin 17; IL-1β, interleukin 1 beta; IL-33, interleukin 33; IL-4, interleukin 4; IL-5, inter-
leukin 5; IL-6, interleukin 6; pIgR, polymeric immunoglobulin receptor; TGFβ, transforming growth
factor beta; TNF-α, tumor necrosis factor-α.

3.7. Correlation Analysis between sIgA Concentration and Parameters Related to the Immune
System in the Ileum and Cecum

The correlation coefficients between the concentration of sIgA and parameters related
to immunity response are shown in Figure 4. Parameters that were significantly different in
the HGB group compared to the C group were used in the analysis. A positive correlation
was identified between sIgA in the cecum and isobutyrate, lactate, succinate, Lactobacillus,
and pIgR (p < 0.05). A strong positive correlation was identified between sIgA in the serum
and most gut bacteria (p < 0.05).
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Figure 4. Result of the Spearman’s rank correlation coefficients analysis between the concentration
of serum and cecum sIgA and parameters related to intestinal immunity. The values in the figure
show the correlation, and red circles highlight a significantly positive correlation. sIgA, secretory
immunoglobulin A; IL-10, interleukin 10; pIgR, polymeric immunoglobulin receptor.

4. Discussion

In this study, we investigated the effect of HGB flour on the immune system in diet-
induced obese mice. Intake of HGB flour with a high-fat diet increased the concentration of
sIgA in the cecum and serum. A positive correlation was confirmed between the intestinal
flora and intestinal fermentation metabolites, which are related to an increase in the level
of IgA. In addition, the increase in mRNA expression of IL-10 by HGB intake suggests that
SCFAs and lactic acid may regulate the Tregs response and affect the immune response.

First, we used previously determined DNA microarray data of the ileum [28] to
establish how HGB flour intake affects gene expression related to the immune system in the
high-fat diets. KEGG enrichment analysis of DEGs suggested that HGB flour altered gene
expression involved in several metabolic pathways of the ileum. Specifically, the B cell
receptor signaling pathway (mmu04662) was up-regulated in mice fed the HGB diet. The
B cell receptor is connected with the function and regulation of B cells differentiated into
IgA plasma cells. The IgA antigen contributes an important role in the immune response
in mucous membranes, such as the digestive tract, and is the most abundant antigen on
the mucosal surface [32]. In a recent study, IgA was shown to mediate the modulation
of microbiota in the digestive tract [33]. A previous study revealed that the microbiota
composition differed significantly between immunodeficient mice and wild-type mice [34].
Thus, our findings suggest that barley affects the immune system, such as IgA secretion,
via regulation of gut microbiota.

Next, we investigated changes to the immune system and microbiota using high-fat
model mice. A previous study indicated that C57BL/6J mice fed a high-fat diet (60 kcal%fat)
for 14 weeks had reduced IgA-producing cells in the gut-associated immune system and
sIgA in the colon compared to mice fed a normal diet (16 kcal%fat) [35]. Nonetheless, we
found an increase in the concentration of sIgA in the cecum and serum of the HGB group
compared to the C group. Additionally, these results were also supported by the increase
in the mRNA expression of pIgR, which binds to IgA and transports sIgA to the intestinal
lumen side. Moreover, a positive correlation was found between the concentration of sIgA
in the serum or cecum with the increased number of gut microbiota in mice from the HGB
group. Thus, this observation may be the result of a prebiotic effect. Several studies have
reported the effects of cereal dietary fiber on gut microbiota and the immune response. Yuri
et al. showed that C57BL/6J mice fed oat-derived β-glucan formulations had higher levels
of total serum immunoglobulins, which increased their resistance to the murine pathogen
Eimeria vermiformis [36]. Another study indicated that a long-term intake of wheat bran
significantly increased fecal sIgA and IgA bacteria in male BALB/c mice via modulation of
the gut microbiota [37]. These reports back up our present findings. Moreover, our results
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show that ingestion of HGB flour up-regulates immune function, especially the secretion
of IgA under a high-fat diet.

The concentration of total SCFAs and propionate in the cecum digesta were signif-
icantly higher in the HBG group compared to the C group. Smith et al. reported that
acetate and propionate activated the migratory properties of Tregs through mediated
G protein-coupled receptor 43 (GPR43) [38]. Several studies have addressed how Tregs
regulate the IgA secretion of germinal center B cells [39,40]. Moreover, IL-10 secreted by
Tregs suppresses the production of inflammatory cytokines by acting on macrophages
and dendritic cells. Our results showed that HGB flour increased mRNA expression of
IL-10 in the ileum, and a positive correlation was confirmed between propionate and IL-10.
Thus, intake of barley flour may affect the migration of Tregs and secretion of IL-10 via
propionate. Indeed, a previous study showed that gut microbiota-derived SCFAs promote
IL-10 production [41]. However, no significant difference was found in other inflammatory
cytokines in the ileum and IL-6 and IL-10 level in serum. Although other studies reported
that a long-term intake of oat β-glucan lowered the levels of inflammatory cytokines in
the colon [42], we found no convincing evidence of an anti-inflammatory effect. Further
studies are needed to investigate the anti-inflammatory effect of HGB flour.

A previous study indicated that butyrate strongly induces the differentiation of T regs
in the colon through activation of the forkhead box protein P3 (Foxp3) gene [43]. Foxp3
plays an essential role in Tregs differentiation, functional expression, and maintenance of
differentiation state [44]. However, our results showed no significant difference between
the experimental diets in terms of the concentration of butyrate or butyrate-producing
bacteria, such as Clostridium leptum group and the Clostridium coccoides subgroup. Moreover,
there was no significant difference in the gene expression level of Foxp3 (data not shown).
Therefore, we concluded that the observed increase in sIgA is due to HGB intake promoting
Tregs migration rather than the differentiation of Tregs.

In this study, a positive correlation was observed between the concentration of sIgA
in the serum or cecum and Lactobacillus or lactate. Moreover, the bacterial count of the
Atopobium cluster was significantly higher in the HGB group. Since the Atopobium cluster
produces lactate as major metabolite, we proposed that these bacteria contributed to
the observed increase in the concentration of lactate [45]. There are numerous reports
on the antigenic effect of some Lactobacillus species on the gut immune system [46,47].
In particular, in vitro studies have shown that Lactobacillus reuteri and Lactobacillus casei
increase the expression of IL-10 [48]. Therefore, the correlation coefficient observed in this
study suggests that increased levels of lactic acid-producing bacteria brought about by an
intake of HGB flour may have enhanced the concentration of sIgA through the intestinal
immune response. Our previous investigations have shown that the ingestion of HGB flour
increases the levels of lactic acid-producing bacteria [49], but this is the first such study to
report an effect on immune function. Further research is needed to clarify the species of
lactic acid bacteria increased by the intake of HGB flour and to investigate their functions.

The β-(1-3), (1-6) glucan derived from yeast and mushrooms bind to the dectin-1
and Toll-like receptors present in immune cells, such as monocytes and dendritic cells,
and influence the adaptive immune response, such as the production of cytokines and
chemokines [50,51]. These effects had been attributed to the β-(1-3) linkage and structure of
the β-(1-6) branching at a certain site that enhances interaction with specific receptors [52].
Results from a previous in vitro study suggested that barley-derived β-glucan may, at least
in part, also affect the immune system via dectin-1 mediated changes [53]. However, it
was shown that the affinity for barley β-glucan was weaker than for the continuous β-(1-3)
glucan (sizofiran) [54]. Furthermore, because β-(1-3), (1-4) glucans of cereals do not contain
β-(1-6) branches, β-glucans of cereals and yeast/mushrooms differ considerably in terms
of solubility, molecular weight, and branching structure. Therefore, we propose that the
increased level of sIgA observed in the HGB group was influenced by SCFAs and gut
microbiota rather than dectin-1 signaling. Further studies are required to clarify the affinity
and function for dectin-1 binding of β-(1-3), (1-4) glucan.

133



Nutrients 2021, 13, 907

5. Conclusions

Our results indicated that an intake of HGB flour increases the concentration of sIgA
in the serum and cecum under high-fat diet conditions. These findings suggest that this
effect is mediated by an alternation in the gut microbiota and a subsequent increase in the
levels of organic acids, including SCFAs, generated by intestinal fermentation of barley
β-glucan. Since the mRNA expression level of IL-10 was elevated in the ileum, it may be
affected by Tregs, which are IL-10-producing cells. These findings will help to explain
how the prebiotic effects of barley flour can improve the immune system or alleviate a
weakened immune system deteriorated by a poor diet.
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Abstract: We investigated the effect of low molecular weight barley β-glucan (LMW-BG) on cecal
fermentation, glucose, and lipid metabolism through comparisons to high molecular weight β-glucan
(HMW-BG). C57BL/6J male mice were fed a moderate-fat diet for 61 days. LMW-BG or HMW-BG
was added to the diet corresponding to 4% β-glucan. We measured the apparent absorption of
fat, serum biomarkers, the expression levels of genes involved in glucose and lipid metabolism in
the liver and ileum, and bacterial counts of the major microbiota groups using real time PCR. The
concentration of short-chain fatty acids (SCFAs) in the cecum was analyzed by GC/MS. Significant
reductions in serum leptin, total- and LDL-cholesterol concentrations, and mRNA expression levels
of sterol regulatory element-binding protein-1c (SREBP-1c) were observed in both BG groups. HMW-
BG specific effects were observed in inhibiting fat absorption and reducing abdominal deposit fat,
whereas LMW-BG specific effects were observed in increasing bacterial counts of Bifidobacterium and
Bacteroides and cecal total SCFAs, acetate, and propionate. mRNA expression of neurogenin 3 was
increased in the LMW-BG group. We report that LMW-BG affects glucose and lipid metabolism via a
prebiotic effect, whereas the high viscosity of HMW-BG in the digestive tract is responsible for its
specific effects.

Keywords: barley; β-glucan; low molecular weight; fermentation; prebiotics

1. Introduction

Barley and oats are rich in β-glucan, which has several positive effects on inhibiting a
postprandial glucose rise [1–3] and improvement in serum cholesterol concentrations [4–8].
Barley and oat β-glucans have β-1,3 and β-1,4 glycosidic polysaccharides with high molec-
ular weight [9,10]. It is generally recognized that β-glucans in barley and oats with higher
molecular weights are essential for a reduction in postprandial blood glucose rise and
incremental area under the blood concentration curve (IAUC) [11–13]. It was also reported
that an increase in excretion of neutral and acidic sterols reduced serum LDL cholesterol
concentrations by promoting catabolism and reduced cholesterol absorption [14]. This
mechanism is positively related to the high viscosity of β-glucan in the small intestine and
consequent increase in the excretion of neutral and acidic sterols [15]. However, a previous
study reported that the serum lipid profile in mice fed a high-fat diet with added β-glucan
of three different molecular weights (1450, 730, and 370 kDa) did not differ among the
groups [16]. Another report showed that all of the molecular weight forms of β-glucan
(2348, 1311, 241, 56, 21 or <10 kDa) significantly reduced plasma cholesterol concentrations
when compared with the control diet [17]. This discrepancy was explained by the exper-
imental condition, such as excessive doses of β-glucan (6.8–8.4%). Our previous study
showed that partially hydrolyzed barley β-glucan (50 and 110 kDa, 2.5% β-glucan in the
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diet) demonstrated the physiological functions similar to intact barley β-glucan which
improved glucose and lipid metabolism [18].

Propionate, one of the major short-chain fatty acids (SCFAs), plays a significant role
in the cholesterol-lowering effect [19]. A lot of evidence has accumulated to support the
effect of β-glucan intake on cholesterol metabolism and gut microbiota metabolism, and it
is clear that intake of β-glucans modifies the balance of gut microbiota [20]. Studies have
shown that both cholesterol and bile acid metabolism is regulated by the metabolism of
gut microbiota. A prebiotic effect was previously reported in humans: β-glucan altered the
microbiota and led to an improvement in bile acid metabolism by the gut microbial com-
munity [21]. Generally, low molecular weight dietary fiber is more fermentable compared
to high molecular weight fiber. However, an increase in SCFAs in the feces of subjects
supplemented with high molecular weight barley β-glucan (HMW-BG) increased fecal
bile acids [22]. The same effects were not observed in subjects supplemented with low
molecular weight barley β-glucan (LMW-BG). In contrast to this result, a positive effect
of β-glucans, such as promotion of fecal SCFAs, especially the low molecular weight
form, was also reported in the colon tissue of both healthy and LPS-induced enteritis
rats [23]. These results suggest that effects of low and high molecular weight β-glucans
on their physiological functions were still controversial because of different experimental
conditions.

We hypothesized that HMW-BG, with high viscosity, attenuates the glycemic response
and lipid absorption, whereas LMW-BG, with high fermentability affects the glycemic
response and lipid metabolism by prebiotic actions, such as SCFA production. The main
objective of this study was to investigate the effect of LMW-BG on cecal fermentation, and
glucose and lipid metabolism in mice fed a moderate-fat diet, compared with the effects of
HMW-BG.

2. Materials and Methods

2.1. Chemical Analysis of β-Glucan

LMW-BG, partially hydrolyzed by cellulase, was obtained from ADEKA Corp. (30SP,
Tokyo, Japan). HMW-BG was purchased from Megazyme Ltd. (Bray, Ireland). The average
molecular weights of LMW-BG and HMW-BG were approximately 12 and 500 kDa, respec-
tively. The total dietary fiber (TDF) content of LMW-BG and HMW-BG was determined to
be 45% and 94%, respectively, using the method of Prosky et al. [24]. The β-glucan content
of LMW-BG and HMW-BG was determined to be 33% and 94%, respectively, using the
method of McCleary et al. (AOAC 995.16) [25].

2.2. Animals and Study Design

Male C57BL/6J 4-week-old mice were purchased from Charles River Laboratories
Japan, Inc. (Yokohama, Japan). Each mouse was housed individually in polycarbonate
cages. Mice were maintained on a 12 h light/dark cycle (lights on at 08:00 h). The studies
were approved by the Otsuma Women’s University Animal Research Committee (Tokyo,
Japan) and were performed in accordance with the Regulation on Animal Experimentation
at Otsuma Women’s University (No.19007). After acclimatization for 7 days, the mice
were randomized into 3 groups (n = 8 per group) and shifted to a 25% fat energy diet
supplemented with LMW-BG or HMW-BG powder. LMW-BG and HMW-BG were added
to the diets at concentrations corresponding to 4% β-glucan. The total dietary fiber content
of the LMW-BG test diet was 5.48%; therefore, the other diets were supplemented with
the amount of cellulose necessary to adjust the total dietary fiber content to 5.48%. The
compositions of the experimental diets are shown in Table 1. Purified HMW-BG has poor
solubility at body temperature; therefore, it was precipitated in ethanol and then dissolved
in hot water, according to the manufacturer’s instruction. Dissolved HMW-BG (31.6%)
was mixed with corn starch (68.4%), freeze-dried, and then the freeze-dried mixture was
supplemented into the experimental diet. The protein and available carbohydrate contents
in the LMW-BG diet were adjusted with casein and dextrinized corn starch, because the
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LMW-BG contained 4.2% protein and 33.6% available carbohydrate. Mice were fed the
experimental diets ad libitum for 61 days. Food intake and body weights were monitored
3 times per week throughout the study period. Feces were collected for the final 5 days
of the study period. The feces were freeze dried after washing the surface with distilled
water to remove attached diet powder, milled, and kept at −20 ◦C until measurement.
After fasting for 8 h, mice were sacrificed by isoflurane/CO2 anesthesia, then the cecum
with digesta, adipose tissues (retroperitoneal, mesenteric, epididymal depot fats), and
liver were dissected and weighed. Small samples of liver (200 mg) were suspended in
RNA Stabilization Reagent (RNAlater, Qiagen, Hilden, Germany), and the remainder was
freeze-dried, milled, and stored at −20 ◦C until required for cholesterol and triglyceride
analysis. Small samples of ileum (40 mm portion from the cecum) were suspended in RNA
Stabilization Reagent (RNAlater, Qiagen, Hilden, Germany). Cecum with digesta was
stored at −20 ◦C until required for major microbiota and short chain fatty acid analysis.
Blood samples, collected from the heart under isoflurane/CO2 anesthesia at sacrifice, were
centrifuged, and serum was collected for biochemical analysis.

Table 1. Composition of the experimental diets.

(g/kg Diet)

Control LMW-BG HMW-BG

Casein 200 183 200
L-cystin 3 3 3

Corn starch 350.7 300.9 350.7
Dextrinized corn starch 132 132 45.4

Sucrose 100 100 100
Soybean oil 70 70 70

Lard 42 42 42
Cellulose 54.8 - 14.8
LMW-BG - 121.6 -

HMW-BG mixed with corn starch - - 126.6
AIN-93G mineral mixture 35 35 35
AIN-93 vitamin mixture 10 10 10

Choline bitartrate 2.5 2.5 2.5
t-Butylhydroquinone 0.014 0.014 0.014

LMW-BG: Low molecular weight β-glucan; 32.9%, total dietary fiber (TDF); 45.1%. HMW-BG mixed with corn
starch was prepared from a freeze-dried mixture of previously resolved high molecular weight β-glucan (31.6%)
in hot water and corn starch (68.4%).

2.3. Biochemical Analysis of the Serum and Concentration of Liver Lipids

Total, LDL, and HDL cholesterol, triglycerides and non-esterified fatty acids (NEFA)
were measured in mouse sera using Hitachi 71,870 auto-analyzers at the Nagahama Re-
search Institute (Oriental Yeast Co., Ltd., Shiga, Japan). Serum leptin and insulin concen-
trations were measured using enzyme-linked immunosorbent assay (ELISA) kits (Mouse
Leptin Immunoassay Kit, R&D Systems, Inc., MN, USA; Mouse Insulin ELISA Kit (TMB),
Shibayagi Co., Ltd., Gunma, Japan). A 2:1 (v/v) chloroform–methanol solution was used
to extract lipids from the liver [26], which were then dissolved in isopropanol containing
10% Triton X-100 (FUJIFILM Wako Pure Chemical Corporation, Osaka, Japan). Hepatic
cholesterol and triglyceride levels were measured enzymatically with commercial kits
(Cholesterol E-test and Triglyceride E-test; FUJIFILM Wako Pure Chemical Corporation,
Osaka, Japan).

2.4. Total Fecal Lipid and β-Glucan Analysis

Fecal lipids were extracted using a 2:1 (v/v) chloroform–methanol mixture under
acidic conditions (acetic acid was added to a final concentration of 4%) [26,27] and de-
termined gravimetrically. Fecal β-glucans were analyzed to assess the fermentation rate
according to the method of McCleary et al. (AOAC 995.16) [25].
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2.5. Analysis of Short Chain Fatty Acids in Cecal Digesta

The concentration of cecal SCFAs was determined by the method previously described,
using a gas chromatography–mass spectrometry (GC/MS) system [28]. GC/MS used a
7890B GC system (Agilent, Tokyo, Japan) equipped with a 5977A MSD (Agilent). A DB-
5MS capillary column (30 m × 0.53 mm) (Agilent) was used to separate the SCFAs. SCFA
concentrations were calculated by comparing their peak areas with the internal standard
(crotonic acid) and were expressed as μmol/cecum.

2.6. Analysis of Major Microbiota in Cecal Digesta

Cecal bacterial counts were analyzed by real-time PCR according to the methods
previously described [29,30]. DNA extraction from cecal digesta was performed by using
a QIAamp Fast DNA Stool Mini Kit (QIAGEN GmbH). Two μl of DNA solution from
200 mg cecum digesta was used for the real-time PCR. Each real-time PCR analysis was
performed in a 20 μL reaction mixture containing DNA and PowerUp SYBR Green Master
Mix (Thermo Fisher Scientific, Waltham, MA, USA). Real-time PCR amplification and
detection were performed in 96-well optical plates with a QuantStudio 3 real-time PCR
system (Thermo Fisher Scientific K.K., MA, USA). A standard curve was generated with
the real-time PCR data and the corresponding cell count, for dilution series of the following
standard strains: Bacteroides fragilis JCM11019 (for Bacteroides fragilis group), Prevotella
melaninogenica JCM6325 (for Prevotella), Bifidobacterium longum JCM1217 (for Bifidobacterium),
Lactobacillus rhamnosus ATCC8530 (for Lactobacillus), Clostridium coccoides JCM1395T (for
Clostridium coccoides group), Ruminococcus albus JCM14654 (for Clostridium leptum subgroup),
Collinsella aerofaciens JCM10188 (for Atopobium cluster). Group-specific primers for the
real-time PCR are shown in Supplementary Table S1. Colony formation units (CFU) were
calculated using the standard curve for the representative strain of each group obtained as
described above.

2.7. Expression Analysis of mRNAs in Liver and Ileum

Primer sequences are presented in Supplementary Table S2. Total RNAs in the liver
and ileum were prepared using RNeasy mini kits (Qiagen, Hilden, Germany) according
to the manufacturer’s instructions. mRNA expression was measured with a Quant3
Real-Time PCR System and PowerUp SYBR Green Master Mix (Thermo Fisher Scientific,
Waltham, MA, USA) using cDNA prepared by RT-PCR. The reaction mixture for RT-
PCR was prepared with 10 mM dNTPs (TOYOBO Co., Ltd., Osaka, Japan), 0.3 μg/mL
Random primer (Life Technologies Japan, Tokyo, Japan), ReverTra ace Buffer (ReverTra ace,
TOYOBO Co., Ltd., Osaka, Japan) and mixed into 5μg RNA/11.5μL RNAase-free water.
The reaction was carried out by RT-PCR at 30 ◦C for 10 min, 42 ◦C for 60 min, and 99 ◦C for
5 min. The sample was diluted 20-fold with RNAase-free water to form cDNA template,
which was used to measure mRNA expression. The 2−ΔΔCT method was utilized for data
analysis. The reference gene was 36B4. The ΔΔCT is the difference between the ΔCT for
the BG diets and control diet. Relative expression levels are presented as fold changes to
the control group (arbitrary unit).

2.8. Statistical Analysis

Sample sizes were determined from our previous study [18]. Twenty-four mice (8 mice
per group) were used. Data are presented as mean ± standard error of the mean. Significant
difference (p < 0.05) between group means was determined by Tukey–Kramer’s test or the
Student’s t-test. The relationships among the SCFAs and parameters related to the prebiotic
effect were assessed using Spearman’s rank correlation coefficient. JMP (Version 14.1, SAS
Institute Inc., Cary, NC, USA) was used to perform the statistical analyses.
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3. Results

3.1. Food Intake, Body Weight and Organ Weight

Body weight gain, food intake, and food efficiency ratio in mice fed LMW-BG or
HMW-BG are shown in Table 2. Body weight gain was significantly lower in the HMW-BG
group than the control group (p < 0.05); however, food intake was significantly lower in
both LMW-BG and HMW-BG groups than the control group. A significant difference in the
food efficiency ratio between the LMW-BG and HMW-BG group was observed (p < 0.05).
The organ weights in mice fed LMW-BG and HMW-BG are shown in Table 3. The weights
of the cecum with digesta were significantly higher in both LMW-BG and HMW-BG groups
compared with the control group (p < 0.05). Liver and total abdominal, retroperitoneal,
epididymal and mesenteric fat weights were significantly lower in the HMW-BG group
compared with the control group (p < 0.05).

Table 2. Body weight gain, food intake, and food efficiency ratio.

Control LMW-BG HMW-BG

Initial weight (g) 20.6 ± 0.5 20.6 ± 0.4 20.6 ± 0.4
Final weight (g) 31.3 ± 0.9 31.0 ± 0.8 28.9 ± 0.7

Body weight gain (g/d) 0.19 ± 0.01 a 0.17 ± 0.01 ab 0.14 ± 0.01 b

Food intake (g/d) 4.1 ± 0.2 a 3.2 ± 0.1 b 3.4 ± 0.2 ab

Food efficiency ratio (%) 4.56 ± 0.23 ab 5.30 ± 0.25 a 4.01 ± 0.22 b

Values are means ± SE, n = 8. Means with suffixed superscript letters differ significantly (Tukey–Kramer’s test,
p < 0.05). LMW-BG; low molecular weight β-glucan, HMW-BG; high molecular weight β-glucan.

Table 3. Organ weights.

Control LMW-BG HMW-BG

Liver (g) 1.11 ± 0.03 a 1.04 ± 0.05 ab 0.92 ± 0.02 b

Cecum with digesta (g) 0.30 ± 0.03 a 0.51 ± 0.03 b 0.44 ± 0.03 b

Total abdominal fat 2.09 ± 0.11 a 1.54 ± 0.23 ab 1.25 ± 0.19 b

Retroperitoneal fat (g) 0.46 ± 0.03 a 0.32 ± 0.06 ab 0.25 ± 0.05 b

Epididymal fat (g) 1.22 ± 0.06 a 0.89 ± 0.08 ab 0.75 ± 0.10 b

Mesenteric fat (g) 0.42 ± 0.03 a 0.33 ± 0.05 ab 0.26 ± 0.05 b

Values are means ± SE, n = 8. Means with suffixed superscript letters differ significantly (Tukey–Kramer’s test,
p < 0.05). LMW-BG; low molecular weight β-glucan, HMW-BG; high molecular weight β-glucan.

3.2. Fecal Total Fat Excretion and Apparent Absorption of Fat

Fecal total fat excretion and apparent digestibility of fat in the final five days are
shown in Table 4. The apparent digestibility of fat in the HMW-BG group was significantly
lower than the control group. The same tendency was observed in the LMW-BG group,
but the difference was not significant.

Table 4. Fecal fat excretion and apparent digestibility of fat in the final 5 days.

Control LMW-BG HMW-BG

Fat intake (mg/d) 404 ± 1 a 339 ± 1 b 344 ± 1 b

Fecal fat excretion (mg/d) 11 ± 1 a 21 ± 3 ab 39 ± 10 b

Apparent digestibility of fat (%) 97.2 ± 0.2 a 93.8 ± 0.7 ab 88.2 ± 3.2 b

Values are means ± SE, n = 8. Means with suffixed superscript letters differ significantly (Tukey–Kramer’s test,
p < 0.05). LMW-BG; low molecular weight β-glucan, HMW-BG; high molecular weight β-glucan.

3.3. Fecal β-Glucan Excretion and Fermentability of β-Glucan

Fecal β-glucan excretion and fermentability of β-glucan are shown in Figure 1. Fecal
β-glucan was significantly higher in the HMW-BG group than the LMW-BG group. Fecal
β-glucan was not detected in the control group. The fermentability of β-glucan in the LMW-
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BG group was almost 100%, and a significant difference was observed when compared
with the HMW-BG group.

Figure 1. Box-and-whisker plots of fecal β-glucan excretion and the fermentability of β-glucan. Box marked by an asterisk
differs significantly compared to the LMW-BG group (Student’s t-test, *p < 0.05). nd., not detected; LMW-BG, low molecular
weight β-glucan; HMW-BG, high molecular weight β-glucan.

3.4. Short-Chain Fatty Acid (SCFA) Concentrations in Cecal Digesta

The concentrations of short-chain fatty acids in cecal digesta are shown in Figure 2.
Total SCFA concentrations, as well as acetate and propionate concentrations, were signif-
icantly higher in the LMW-BG group than the control group. The same tendency was
observed in the HMW-BG group, but the difference was not significant.

Figure 2. Short-chain fatty acid (SCFA) concentrations in the cecal digesta of mice fed the test diets. Bars represent means
and SE, n = 8. * Other SCFAs, the sum of the concentrations of formate, iso-butyrate, iso-valerate, and valerate is shown.
Means with suffixed superscript letters differ significantly (Tukey–Kramer’s test, p < 0.05). LMW-BG; low molecular weight
β-glucan, HMW-BG; high molecular weight β-glucan.
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3.5. Bacterial Counts of the Major Microbiota Groups in the Cecal Digesta of Mice Fed the Test
Diets

Bacterial counts of the major microbiota groups in the cecal digesta are shown in
Figure 3 and Supplementary Table S3. Bacterial counts of Bifidobacterium were significantly
higher in the LMW-BG group than the control group. Bacterial counts of Bacteroides fragilis
group were significantly higher in the LMW-BG group than the control and HMW-BG
groups. No significant differences in the other bacterial counts were observed.

Figure 3. Bacterial counts of Bifidobacterium and Bacteroides fragilis group in the cecal digesta of mice fed the test
diets. Dots and error bars represent means and SE, n = 8. Means with suffixed superscript letters differ significantly
(Tukey–Kramer’s test, p < 0.05). LMW-BG; low molecular weight β-glucan, HMW-BG; high molecular weight β-glucan.

3.6. Biochemical Analysis of the Serum and Liver Lipids

Serum biochemical concentrations are shown in Table 5. Serum total- and LDL-
cholesterol and leptin concentrations were significantly reduced in both BG groups com-
pared with the control (p < 0.05). Serum HDL-cholesterol concentration was also signifi-
cantly lower in the LMW-BG group compared with the control group (p < 0.05). Serum
glucose concentration was significantly lower in the LMW-BG group than the control
group, whereas serum insulin concentration was significantly lower in the HMW-BG group
than the control group (p < 0.05). Serum NEFA concentration was significantly lower in
the HMW-BG group than the LMW-BG group (p < 0.05), whereas no significant difference
was observed between the control and BG groups. There was no significant difference
in serum triglyceride concentration among the groups. Liver lipid levels are shown in
Supplementary Table S4: cholesterol and triglyceride accumulation (mmol/liver) and
triglyceride concentration (mmol/g liver) were not statistically different among the groups.

Table 5. Serum biochemical concentrations.

Control LMW-BG HMW-BG

Total cholesterol (mmol/L) 3.42 ± 0.09 a 2.57 ± 0.23 b 2.66 ± 0.12 b

LDL-cholesterol (mmol/L) 0.15 ± 0.01 a 0.09 ± 0.01 b 0.09 ± 0.01 b

HDL-cholesterol (mmol/L) 1.88 ± 0.05 a 1.52 ± 0.15 b 1.54 ± 0.07 ab

Triglyceride (mmol/L) 0.52 ± 0.05 0.45 ± 0.07 0.31 ± 0.04
NEFA (μmol/L) 635.9 ± 23.1 ab 654.9 ± 36.6 a 533.5 ± 37.1 b

Glucose (mmol/L) 21.1 ± 0.69 a 17.21 ± 1.17 b 18.64 ± 0.78 ab

Insulin (ng/mL) 1.20 ± 0.17 a 1.05 ± 0.24 ab 0.39 ± 0.13 b

Leptin (ng/mL) 15.30 ± 1.29 a 9.58 ± 2.05 b 5.74 ± 1.19 b

Values are means ± SE, n = 8. Means with suffixed superscript letters differ significantly (Tukey–Kramer’s
test, p < 0.05). LMW-BG; low molecular weight β-glucan, HMW-BG; high molecular weight β-glucan, NEFA;
non-esterified fatty acid.
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3.7. Expression of mRNAs Related to Liver Lipid Metabolism

Hepatic mRNA expression levels are shown in Figure 4. The mRNA expression level
of sterol regulatory element-binding protein-1c (SREBP-1c) was significantly lower in both
BG groups when compared with the control group (p < 0.05). No significant differences
in the mRNA expression levels of peroxisome proliferator-activated receptorα (PPARα)
and liver X receptor (LXR) were observed. The mRNA expression level of diacyl glycerol
acyl-transferase 1 (DGAT1) was significantly lower in the HMW-BG group than the control
group, whereas the mRNA expression level of carnitine palmitoyl transferase 1 (CPT1)
was significantly higher in the HMW-BG group when compared with the control group
(p < 0.05). No significant differences were observed in the mRNA expression levels of glu-
cose 6-phosphate dehydrogenase (G6PD), pyruvate kinase (PK), fatty acid synthase (FAS),
acetyl-CoA carboxylase (ACC), acyl-coenzyme A oxidase (ACOX), stearoyl coenzyme A
desaturase 1 (SCD1), fatty acid translocase (CD36), and 3-hydroxy-3-methyl-glutaryl-CoA
reductase, (HMG-CoA reductase).

Figure 4. The expression of mRNAs related to lipogenesis (A), lipid transport and oxidation (B), and cholesterol metabolism
(C) in liver. Bars represent means and SE, n = 8. Means with suffixed superscript letters differ significantly (Tukey–Kramer’s
test, p < 0.05). LMW-BG; low molecular weight β-glucan, HMW-BG; high molecular weight β-glucan. SREBP-1c, sterol
regulatory element-binding protein-1c; FAS, fatty acid synthase; ACC, acetyl-CoA carboxylase; DGAT1, diacyl glycerol acyl-
transferase 1; SCD1, stearoyl coenzyme A desaturase 1; G6PD, glucose 6-phosphate dehydrogenase; PK, pyruvate kinase;
PPPARα, peroxisome proliferator-activated receptorα; CPT1, carnitine palmitoyl transferase 1; ACOX, acyl-coenzyme A
oxidase; CD36 (FAT), fatty acid translocase; LXR, liver X receptor; 3-hydroxy-3-methyl-glutaryl-CoA reductase, (HMG-CoA
reductase).
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3.8. Expression of mRNAs Related to Ileal L Cell Function

Ileal mRNA expression levels related to L cell function are shown in Figure 5. The
mRNA expression level of neurogenic differentiation factor (NGN3) was significantly
higher in the LMW-BG group when compared with the control group (p < 0.05). No
significant differences were observed in the mRNA expression levels of neurogenic differ-
entiation factor (Neuro D), prohormone convertases1/3 (PC1/3), proglucagon (PGCG),
G-protein-coupled bile acid receptor 1 (GPBAR1), and G-protein-coupled receptor 43
(GPR43).

Figure 5. Expression of mRNAs related to transcription factor for L cell differentiation (A) and GLP-1 secretion and L
cell receptor (B) in ileum. Bars represent means and SE, n = 8. Means with suffixed superscript letters differ significantly
(Tukey–Kramer’s test, p < 0.05). LMW-BG; low molecular weight β-glucan, HMW-BG; high molecular weight β-glucan.
NGN3, neurogenin 3; Neuro D, neurogenic differentiation factor; PPPARβ/δ, peroxisome proliferator-activated receptorβ/δ;
PGCG, proglucagon; PC1/3, prohormone convertases1/3; GPBAR1, G-protein-coupled bile acid receptor 1; GPR43, G-
protein-coupled receptor 43.

4. Discussion

The effects of LMW-BG and HMW-BG on cecal fermentation, glucose and lipid
metabolism in mice fed a moderate-fat diet were compared. HMW-BG specific effects
were observed in inhibiting dietary fat absorption and reducing abdominal depot fat.
LMW-BG specific effects were observed in increasing bacterial counts of Bifidobacterium and
Bacteroides, and consequently increasing cecal total SCFAs, acetate, and propionate. mRNA
expression of NGN3, an L cell marker, was increased in the LMW-BG group compared
with the control group. These results indicate that LMW-BG has the potential to improve
glucose and lipid metabolism by a different mechanism from HMW-BG. Many studies
have reported that HMW-BG has a greater impact than LMW-BG on the improvement of
glucose and lipid metabolism; however, our results suggested that LMW-BG improves
glucose and lipid metabolism through prebiotic effects. The prebiotic effects are expected
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to protect from pro-inflammation of organs and promote the gut immune system. Further
studies are needed to clarify the prebiotic effects of LMW-BG.

Similar significant reductions in the mRNA expression of SREBP-1c and serum total-
and LDL-cholesterol and leptin concentrations were observed in both BG groups compared
with the control group. LMW-BG was almost 100% fermented and cecal bacterial counts of
Bifidobacterium and Bacteroides were significantly increased in the LMW-BG group, resulting
in an increase in the cecal contents of acetic acid and propionic acid. The results indicated
that decreases in abdominal depot fats, serum cholesterol and leptin concentrations in the
HMW-BG group were caused by the inhibition of nutrient absorption due to high viscosity
in the digestive tract, whereas the changes in the LMW-BG group were due to prebiotic
effects. It is reported that an increase in SCFAs decreases serum cholesterol, fasting blood
glucose, and leptin concentrations [19,21]. The blood was collected under fasting condi-
tions in this study; therefore, the serum GLP-1 concentration was not measured. NGN3
is a key factor which initiates endocrine differentiation [31]. NGN3 and BETA2/Neuro D
(Neuro D) specifically induce certain types of enteroendocrine cells, such as L cells [32]. It
is therefore possible that the serum glucose concentration in the LMW-BG group might
be lowered through the action of GLP-1. Spearman’s rank correlation coefficient analysis
related to the prebiotic effect is shown in Supplementary Table S5. Significant positive
correlation coefficients between cecal total SCFAs, especially acetate and propionate, and
serum biomarkers were observed. It is suggested that serum glucose and lipid concentra-
tions were improved by the SCFAs, directly or indirectly. Significant positive correlation
coefficients between cecal SCFAs and the mRNA expression of ileal NGN3 were also
observed. Furthermore, significant positive correlation coefficients between ileal mRNA
expressions of NGN3, NeuroD, and GPBAR1 were observed (Supplementary Table S5); the
increases in mRNA levels might decrease serum glucose and lipid concentrations through
an L cell function. It was reported that GPBAR1 is a selective regulator of intestinal L cell
differentiation [33]. Further studies are needed to elucidate the mechanism of LMW-BG on
glucose metabolism through L cell function. HMW-BG had a high fermentation rate but
the microbiota influence and the amount of SCFAs were relatively small when compared
with LMW-BG, suggesting that the high viscosity of HMW-BG contributes more than the
prebiotic effect.

Significant reductions in food intake were observed in both BG groups. HMW-BG
increases viscosity, thereby delaying gastric emptying time [34], suggesting that the reduc-
tion in food intake in the HMW-BG group in this study might be due to delayed gastric
emptying. The reduction in food intake in the LMW-BG group might be caused by a
different mechanism, such as intestinal hormone secretion which is promoted by SCFAs.
It was reported that propionate in the colon of rats and mice stimulated the release of
both glucagon-like peptide 1 (GLP-1) and peptide PYY, which are anorexigenic gut hor-
mones [35]. Anorexigenic gut hormones related to food intake were not analyzed in our
study. Further studies are needed to elucidate the mechanism of reduction in food intake
in the LMW-BG and HMW-BG groups.

Serum insulin concentrations were significantly reduced in the HMW-BG group only;
however, hepatic mRNA expression of SREBP-1c controlled by insulin was significantly
reduced in both groups. Hepatic SREBP-1c has been reported as an insulin-mediated tran-
scriptional activator of genes involved in carbohydrate and lipid metabolism [36,37]. The
reduction in SREBP-1c mRNA expression in the HMW-BG group was caused by decreasing
insulin secretion through the suppression of the digestion and absorption of carbohydrates.
Fasting serum glucose concentrations were decreased in the LMW-BG group; therefore,
the mRNA expression of SREBP-1c was decreased through the modification of glucose
metabolism by the secretion of incretins such as GLP-1, whose secretion was enhanced by
SCFAs. In this study, there were no significant differences in mRNA expression levels of
lipogenic enzymes, such as FAS and ACC, among the groups; however, we suggest that
there was an effect on lipid metabolism through suppression of SREBP-1c mRNA expres-
sion. In our previous study using diet-induced obesity mice, we confirmed a decrease in
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the mRNA expression of fatty acid synthase and glucose-6-phosphate dehydrogenase due
to a reduction in SREBP-1c mRNA expression [38]. Significant negative correlation between
cecal SCFAs and mRNA expression of hepatic SREBP-1c, and significant positive correla-
tion between mRNA expression of hepatic SREBP-1c and FAS, CD36, LXR, PPARα was
observed (Supplementary Table S6). It is concluded that the regulation of lipid metabolism
mediated by SREBP-1c is exerted in HMW-BG and LMW-BG by different mechanisms.

A previous study using barley flour with high β-glucan reported different results [39]:
the abundance of Bacteroides was significantly higher in the β-glucan rich barley flour group
compared with the β-glucan free barley flour group, whereas the abundance of Clostridium
clusters was significantly lower in the β-glucan rich barley flour group compared with the
β-glucan free barley flour group. We suggest that the food matrix is responsible for the
differences between β-glucan rich barley flour and isolated β-glucan because it affects the
release of carbohydrates and β-glucan, thereby affecting the digestibility and absorption
rate. Consumption of barley flour leads to the slow release of carbohydrates and β-glucan,
which would promote reductions in a postprandial glucose rise and serum cholesterol
concentration. Barley flour also contains arabinoxylan which has a high prebiotic effect [40].
It is reported that arabinoxylan from wheat modulates both the gut microbiota and lipid
metabolism in high-fat diet-induced obese mice [41]. When barley flour is ingested, it
is expected that the combination of β-glucan and arabinoxylan in barley would have a
synergistic affect.

5. Conclusions

Our results indicated that LMW-BG and HMW-BG affect glucose and lipid metabolism
by different mechanisms. The results from this study and previous reports also suggested
that the physiological responses to ingested β-glucan rich barley flour or isolated HMW-BG
differed. The prebiotic effect of LMW-BG is expected to be applied to several foods and
beverages. It was revealed that the expected function of barley β-glucan differs according
to the molecular weight; therefore, it is suggested that different nutritional interventions
may be possible, depending on the purpose of the treatment.

Supplementary Materials: The following are available online at https://www.mdpi.com/2072-6
643/13/1/130/s1. Table S1: Group-specific primers for real-time reverse transcription polymerase
chain reaction (PCR), Table S2: Primers used in the real-time reverse transcription polymerase chain
reaction (PCR), Table S3: Bacterial counts of major genus microbiota in the cecal digesta of mice fed
the test diets, Table S4: Liver lipid accumulation, Table S5: Spearman’s rank correlation coefficient
related to the prebiotic effect, Table S6: Spearman’s rank correlation coefficients for the relationship
between parameters related to liver lipid metabolism (A) and ileal L cell function (B).
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genin 3; Neuro D, neurogenic differentiation factor; PPPARβ/δ, peroxisome proliferator-activated
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Abstract: Beta glucan is a type of soluble dietary fibre found in oats and barley with known
cholesterol-lowering benefits. Many countries globally have an approved beta glucan health claim
related to lowering blood cholesterol, an important biomarker for cardiovascular disease. However,
the use of these claims has not been examined. The aim of this study was to explore the range and
variety of oat and barley products in the Australian and global market within a defined range of grain
food and beverage categories and examine the frequency of beta glucan health claims. Australian
data were collected via a recognised nutrition audit process from the four major Australian super-
markets in metropolitan Sydney (January 2018 and September 2020) and Mintel Global New Product
Database was used for global markets where a claim is permitted. Categories included breakfast
cereals, bread, savoury biscuits, grain-based muesli bars, flour, noodles/pasta and plant-based milk
alternatives and information collected included ingredients lists and nutrition and health claims.
Products from Australia (n = 2462) and globally (n = 44,894) were examined. In Australia, 37 products
(1.5%) made use of the beta glucan claim (84% related to oat beta glucan and 16% related to barley
beta glucan, specifically BARLEYmax®). Of products launched globally, 0.9% (n = 403) displayed
beta glucan cholesterol-lowering claims. Despite the number of products potentially eligible to make
beta glucan claims, their use in Australia and globally is limited. The value of dietary modification in
cardiovascular disease treatment and disease progression deserves greater focus, and health claims
are an opportunity to assist in communicating the role of food in the management of health and
disease. Further assessment of consumer understanding of the available claims would be of value.

Keywords: beta glucan; oats; barley; health claim; regulation; food-health relationship

1. Introduction

Cardiovascular disease (CVD) is a major health problem in Australia, affecting
1.2 million adults [1], yet is largely preventable through the modification of risk factors
such as physical inactivity, poor dietary habits and smoking, which together account for
up to 90% of the risk of myocardial infarction [2]. Hypercholesterolemia or elevated blood
cholesterol is a key risk factor for the development of CVD, and in 2015 accounted for
37% of the burden of coronary heart disease [3]. It is reported that 1.5 million Australian
adults had high cholesterol in 2017/18, a condition which often presents with no signs or
symptoms. There is a significant opportunity for prevention and treatment of elevated
cholesterol and reduction in CVD risk through diet therapy, and one such strategy is
focused on adequate consumption of whole grains [4,5]. According to Food Standards
Australia New Zealand (FSANZ), whole grain is defined as the intact grain or the dehulled,
ground, milled, cracked or flaked grain where the constituents—endosperm, germ and
bran—are present in such proportions that represent the typical ratio of those fractions
occurring in the whole cereal, and includes wholemeal [6].

Whole grain oats and barley are within the top four largest grain crops in Australia,
with 1.6 million tonnes (up 89%) of oats and 12 million tonnes (up 33%) of barley produced
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in 2020–2021 as a result of a very good growing season [7]. Oats and barley share a
favourable, chemically similar polysaccharide beta glucan, (1→3), (1→4)–β–D–glucan and
depending on the specific variety, oats contain 6–8% and barley 4–10% w/w β-glucan [8],
which has known cholesterol-lowering properties. The daily consumption of 3 g of beta
glucan has been shown to significantly lower blood cholesterol concentrations and reduce
circulating low-density lipoprotein cholesterol [9–11], key risk factors for CVD. Whole
grain oats and barley are the richest sources of beta glucan [8], although specialised
plant breeding programs have also produced cultivars with naturally higher levels of
beta glucan, such as BARLEYmax®, developed by the CSIRO (Commonwealth Scientific
and Industrial Research Organisation) [12]. BARLEYmax® is a whole grain barley line
that is high in resistant starch and beta glucan (6.4% w/w beta glucan) and is used as an
ingredient in a range of food products in Australia, New Zealand, Japan, USA, Singapore
and Malaysia [13].

In Australia and New Zealand, nutrition and health claims are legislated under
the Food Standards Code (Standard 1.2.7 Nutrition, Health and Related Claims [14]),
which is developed and administered by FSANZ. Currently, there are two existing pre-
approved food–health relationships related to beta glucan outlined in Schedule 4 of the
Food Standards Code (FSC) [15]. Manufacturers can utilise ‘beta glucan reduces blood
cholesterol’, which can be used as the basis for making a high level health claim, or ‘beta
glucan reduces dietary and biliary cholesterol absorption’, which can be used as the basis
for making a general level health claim [14]. To be eligible, the food product must (1)
contain either oat bran, whole grain oats or whole grain barley, (2) provide at least 1 g of
beta glucan per manufacturer serving, (3) be accompanied by a dietary context statement
(e.g., as part of a balanced diet low in saturated fatty acids and containing 3 g of beta glucan
per day) and (4) pass the Nutrient Profiling Scoring Criteria (NPSC), which prevents health
claims being carried on products high in energy, saturated fat, sugars and sodium [14,16].

Similar beta glucan claims are approved for use in the United States, Europe, Canada,
Brazil, Malaysia, Singapore, Indonesia and South Korea [17]. However, there is no consis-
tency with respect to the prescribed wording of claims or the eligibility criteria between
the regulatory bodies [17], except for the universally adopted efficacious daily dose of 3 g
beta glucan. The general level and high level health claims on beta glucan and blood lipids,
as outlined in the FSC, were based on similar claims that were approved by the Food and
Drug Administration and the European Food Safety Authority, respectively.

Although pre-approved beta glucan cholesterol-lowering claims have been permit-
ted in Australia since the introduction of Standard 1.2.7 in 2013, research to date has not
examined the frequency of such claims on pack labels. Given the prevalence of hyperc-
holesterolemia globally and in Australia, beta glucan cholesterol-lowering health claims
are an opportunity to assist in communicating the role of food in the management of health
and disease. Whole grain oats, barley and oat bran have known cholesterol-lowering
capabilities, yet the use of these grains in the local and global food supply is unknown. The
aim of this study was to explore the range and variety of oat and barley products in the
Australian and global market within a defined range of grain food and beverage categories
and examine the frequency of beta glucan health claims.

2. Materials and Methods

Separate nutrition audits of grain food and beverage categories were conducted from
the four major Australian supermarkets (Woolworths, Coles, Aldi, IGA) in metropolitan
Sydney and undertaken between January 2018 and September 2020. Approximately 79% of
the Australian market share is represented by these supermarkets [18] and were therefore
chosen to reflect food choices that the majority of Australians are faced with during food
shopping. This recognised process [19] was replicated for each audit category. The food
categories included were breakfast cereals (including ready-to-eat cereals, hot cereals,
breakfast biscuits, muesli, granola, clusters), bread, savoury biscuits (crackers, crispbread,
rice crackers, rice/other grain cakes), grain-based muesli bars, flour, noodles/pasta and
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plant-based milk alternatives. With permission from store managers, smartphones were
used to capture all information on food packaging, including ingredient lists, nutrition
panel information and nutrition and health claims. A supplementary internet search was
conducted through retailer and identified manufacturer websites to ensure all available
products were collected. As a number of products are sold in multiple supermarkets, each
product was only recorded once. For products that had multiple pack sizes, the largest
pack size was used for data analysis as it was more likely to display a greater number
of claims.

As beta glucan health claims are only eligible to be displayed on products made with
oat bran, whole grain oats and barley [15], data analysis specifically focused on products
containing whole grain oats (e.g., rolled oats, flakes, flour), oat bran, whole grain barley
(e.g., barley flour, kibble, puffs) and BARLEYmax®. According to FSANZ, a claim is defined
as an express or implied statement, representation, design or information in relation to a
food or a property of food [20]. For this reason, claims conveyed as text and/or images
were included in the analysis. Beta glucan health claims were categorised as either general
level or high level as outlined in Standard 1.2.7 of the FSC [14]. General level health
claims refer to a nutrient or food component and its influence on general health (e.g., beta
glucan reduces dietary and biliary cholesterol absorption), whereas high level health claims
are statements that refer to a serious disease or a biomarker of serious disease (e.g., beta
glucan reduces blood cholesterol). Compliance of claims according to Standard 1.2.7 was
not assessed.

The prevalence of beta glucan heart health/cholesterol-lowering health claims in
countries with approved food health relationships was assessed using the Mintel Global
New Product Database (Mintel GNPD) [21], an extensive database of food and beverage
products launched globally. The number of food and beverage products on the market
between January 2018 and September 2020 made with whole grain oats, oat bran, whole
grain barley and/or BARLEYmax® were recorded. The time frame and product categories
for the Mintel GNPD search were selected to align with the data collection process used for
the Australian market. The Mintel GNPD was also used to record the number of products
that displayed at least one beta glucan heart health/cholesterol-lowering claim in selected
markets conveyed in text or image form. A recent global review of heart health beta
glucan claims was used to determine the eligibility for inclusion in the present analysis [17].
According to Mathews et al. (2020), oat beta glucan heart health/cholesterol-lowering
claims are permitted in the United States, Europe, Canada, New Zealand, Malaysia, Brazil,
Singapore, Indonesia and South Korea [17]. Barley beta glucan claims are permitted in the
United States, Europe, Canada and New Zealand. South Korea was excluded from this
analysis as the permitted beta glucan claim referred to extracted oat fibre in supplement
form, rather than from whole foods [17]. The Mintel GNPD search was conducted on
15 April 2021 using the input parameters outlined in Table 1. Following the search, all
products were manually reviewed to ensure that the on-pack beta glucan claims were
eligible for inclusion. For non-English food labels, the translated Mintel product description
was used to assess on pack claims. Claims not specifically related to oat and/or barley beta
glucan and blood cholesterol/heart health were excluded (e.g., whole grain heart health
claims permitted in the United States).

Statistics

Data from photographs taken at each nutrition audit and the Mintel GNPD search
output were transcribed into a Microsoft® Excel® spreadsheet (Microsoft 365 MSO Version
16.0.13426.20306, Redmond, WA, USA) for analysis, and checked for errors by an indepen-
dent reviewer prior to analysis. Descriptive statistics were used to determine the number
and proportion of products that contained whole grain oats and/oat bran, whole grain
barley and BARLEYmax® and the number and proportion of products that displayed beta
glucan heart health/cholesterol-lowering claims within each category.
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Table 1. Mintel GNPD search strategy.

Search Variables Parameters

Market United States, Europe, Canada, New Zealand, Malaysia,
Brazil, Singapore, Indonesia

Date published Between January 2018 and September 2020

Mintel GNPD categories included

Breakfast cereals; savoury biscuits/crackers; bread and
bread products; plant-based drinks;

snack/cereal/energy bars; noodles; wheat and other
grain-based snacks; pasta

Ingredients included—Oats
Oats and all child ingredients; oat fibre and all child

ingredients; oat bran; oat bran flour; oat flour; whole oat
flour; oat milk

Ingredients included—Barley Barley flakes; barley grit; barley groats; barley meal;
barley semolina; barley flour; BARLEYmax

Claims Functional cardiovascular claim

3. Results

Between January 2018 and September 2020, 2462 products from seven food categories
were collected from Australian nutrition audits, including 769 breads, 543 breakfast cereals,
363 savoury crackers, 337 noodles/pastas, 173 flours, 165 grain-based muesli bars and
112 plant-based milk alternatives.

3.1. Australian Market

A quarter of all food and beverage products were made with whole grain oats and/or
oat bran (Table 2), including 78.8% of grain-based muesli bars (n = 130), 68% of breakfast
cereals (n = 369), 9.6% of breads (n = 74) and 6.9% of savoury biscuits (n = 25). Grain-based
muesli bars, breakfast cereals and savoury crackers were made predominantly with rolled
oats, while the noodles/pasta products contained added oat fibre.

Table 2. Number and proportion of food and beverage products made with whole grain oats and/or oat bran, whole grain
barely and BARLEYmax®, per category.

Food Category
Contains Whole Grain
Oats and/or Oat Bran.
n (% of Total Market)

Contains Whole Grain
Barley *

n (% of Total Market)

Contains
BARLEYmax®

n (% of Total Market)

Breakfast cereal (n = 543) 369 (68.0) 73 (13.4) 7 (1.3)
Bread (n = 769) 74 (9.6) 110 (14.3) 3 (0.4)

Savoury biscuits (n = 363) 25 (6.9) 3 (0.8) 0
Noodles/pasta (n = 337) 9 (2.7) 0 0

Flour (n = 173) 3 (1.7) 1 (0.6) 0
Grain-based bars (n = 165) 130 (78.8) 5 (3.0) 4 (2.4)

Plant-based milk alternatives (n = 112) 3 (2.7) 3 (2.7) 0
Total (n = 2462) 613 (24.9) 195 (7.9) 14 (0.6)

* Excluding BARLEYmax®.

As shown in Table 2, fewer products contained barley and BARLEYmax® compared
to oats (n = 195, 14 and 613, respectively). Barley was most commonly found in breads
(n = 110, 14.3%) as whole grain barley flour or kibbled barley. Seventy-three breakfast
cereals (13.4% of subcategory) and a smaller proportion of savoury biscuits, flours, grain-
based muesli bars and plant-based milk alternatives contained barley as an ingredient.
There were no noodle/pasta products made with barley. BARLEYmax® was found in
14 Australian products overall, most frequently in breakfast cereals, followed by grain-
based muesli bars and breads (Table 2).

Table 3 outlines the frequency of beta glucan general and high level health claims in
Australia. Across all food and beverage categories examined, only 37 products made a beta
glucan health claim (1.5%), and high level health claims were more common than general
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level health claims. Claims were most often displayed on breakfast cereals (n = 32, 5.9% of
subcategory). Savoury biscuits, noodles/pasta products and grain-based muesli bars did
not display beta glucan health claims. Overall, 84% of all claims were related to oat beta
glucan, while the remaining were BARLEYmax® beta glucan claims (16%, n = 6). There
were no beta glucan claims related to whole grain barley.

Table 3. Frequency of beta glucan general and high level health claims on products from seven food
and beverage categories in Australia.

Food Category
Beta Glucan General
Level Health Claim

n (% of Total Market)

Beta Glucan High Level
Health Claim

n (% of Total Market)

Breakfast cereal (n = 543) 0 32 (5.9)
Bread (n = 769) 2 (0.3) 0

Savoury crackers (n = 363) 0 0
Noodles/pasta (n = 337) 0 0

Flour (n = 173) 1 (0.6) 0
Grain-based bars (n = 165) 0 0

Plant-based milk alternatives (n = 112) 0 2 (1.8)
Total (n = 2462) 3 (0.1) 34 (1.4)

3.2. Global Market

Of all products launched in the selected markets, 24% contained whole grain oats
and/or oat bran (n = 10,763), 2.6% contained whole grain barley (n = 1188) and nine
products contained BARLEYmax® (Table 4). The United States had the highest proportion
of oat-containing products relative to all products launched (31.3%, n = 1926), followed by
New Zealand (24%, n = 541), Canada (23.9%, n = 679) and Europe (23.7%, n = 7068). A small
proportion of food and beverage products in Europe were made with whole grain barley
(3%, n = 940), while less of 2% of products launched in Singapore, Malaysia, New Zealand
and Indonesia contained whole grain barley. BARLEYmax® was found in a limited number
of products from Malaysia and Singapore only (n = 6 and 3 products, respectively).

Table 4. Food and beverage products launched between January 2018 and September 2020, containing whole grain oats
and/or oat bran, whole grain barley and BARLEYmax® and use of beta glucan heart health/cholesterol-lowering health
claims in selected markets.

Market

Contains Whole Grain
Oats and/or Oat Bran

Contains Whole
Grain Barley

Contains
BARLEYmax®

Beta Glucan
Health Claim

n (% of Total Market) n (% of Total Market) n (% of Total Market) n (% of Total Market)

Europe (n = 29,780) 7068 (23.7) 940 (3.2) 0 254 (0.8)
United States (n = 6145) 1926 (31.3) 78 (1.3) 0 52 (0.8)

Brazil (n = 2991) 493 (16.5) 63 (2.1) 0 17 (0.6)
Canada (n = 2838) 679 (23.9) 74 (2.6) 0 31 (1.1)

Indonesia (n = 1604) 246 (15.3) 8 (0.5) 0 23 (1.4)
Malaysia (n = 552) 116 (21.0) 9 (1.6) 6 (1.1) 10 (1.8)

New Zealand (n = 541) 130 (24.0) 8 (1.5) 0 10 (1.8)
Singapore (n = 443) 105 (23.7) 8 (1.8) 3 (0.7) 6 (1.4)

Total (n = 44,894) 10,763 (24.0) 1188 (2.6) 9 (0.0) 403 (0.9)

The initial Mintel GNPD search returned a total of 651 products that made at least one
cardiovascular functional claim, including 181 products from the United States, 347 from
Europe, 24 from Brazil, 38 from Canada, 26 from Indonesia, 17 from Malaysia, 10 from
New Zealand and 8 from Singapore. Following a visual examination of all product labels,
248 products were excluded as the claim did not specifically relate to beta glucan and blood
cholesterol. Of note, 52.7% (n = 68/129) of the excluded products in the United States made
a whole grain and heart health claim (‘Diets rich in whole grain foods and other plant
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foods and low in total fat, saturated fat and cholesterol may help reduce the risk of heart
disease and certain cancers’), which does not relate to beta glucan specifically.

As shown in Table 4, a small proportion of products displayed beta glucan cholesterol-
lowering claims on pack labels, indicating that the low usage is not limited to Australia.
Europe had by far the greatest number of products that displayed beta glucan claims
(n = 254), although this only accounted for less than 1% of the total market. In the United
States, 52 products made a beta glucan cholesterol-lowering claim, accounting for 0.8% of
the US market. Interestingly, the number of products making a whole grain heart health
claim, exceeded those making beta glucan claims (n = 68 and 52, respectively).

Overall, the majority of claims were made on breakfast cereals (91%, n = 365), while a
smaller proportion of claims were made on pasta products (n = 8), breads (n = 7), crack-
ers/biscuits (n = 6), wheat- and grain-based snacks (n = 5), plant-based milk alternatives
(n = 3) and cereal bars (n = 3), all of which were from the European market.

4. Discussion

A range of whole grain oat and barley products are available in the Australian and
global market, from intact grains, and as ingredients in a range of food products including
breakfast cereals, grain-based muesli bars and breads. However, relative to the number of
products that contain whole grain oats, oat bran and barley, the number of claims related
to beta glucan appear to be in limited use with <2% of products carrying a claim. The
efficacious daily dose of 3 g beta glucan is provided in 75 g of whole grain oats (minimum
5.5% beta glucan) or 55 g of oat bran (4% beta glucan) [22]. For an average adult, this
quantity is likely to be difficult to achieve on a regular basis. Whole grain oats, barley
and oat bran were the richest sources of beta glucan [8], until the more recent introduc-
tion of BARLEYmax®, a cultivar with naturally higher levels of beta glucan (6.4% w/w).
BARLEYmax® is 40% higher in beta glucan than rolled oats (personal communications
with The Healthy Grain), with 3 g of beta glucan provided within a 45 g serving. Given the
smaller volume required to achieve the beta glucan daily target, there is an opportunity for
greater use of BARLEYmax® in new product development. It should be noted that work is
also underway to develop new wheat lines with higher levels of soluble beta glucan [23].

The data suggests there is limited variety and use of whole grain oats and barley
in products other than breakfast cereals and grain-based muesli bars. Previous studies
have explored the feasibility of incorporating oats and/or barley into products that require
further processing such as bread-making [24] and noodles/pasta [25,26], proving that these
whole grains can be utilised as a wheat alternative in a range of food products [27]. This
innovation would provide an opportunity to extend the use of oats and barley in products
for other meal occasions to assist in achieving the efficacious dose of beta glucan more
regularly. Innovative products such as oat rice and oat noodles/pasta that are eligible to
carry beta glucan cholesterol-lowering health claims are available in parts of Europe and
the Asian market [21], although to our knowledge, such products are not yet commercially
available in Australia, presenting an opportunity to expand the use of oats and/or barley
in other market sectors. However, it is known that the level of processing of beta glucan is
critical for its ability to reduce serum cholesterol levels [28–30]. Product innovation should
therefore consider use of minimally processed whole grain oats and barley to maintain the
food matrix and maximise the beneficial hypocholesteric effects.

Nutrition and health claims have been shown to be helpful in assisting consumers
make informed choices and identify healthier food products [31]. Claims also appear
to be highly desirable for food industry as evidenced by the increase in product sales
following the introduction of a beta glucan heart health claim by Quaker Oats in 1997 [32].
Despite this, the use of beta glucan cholesterol-lowering health claims now appears to be
limited, as only 1.5% (n = 37) of all Australian products examined carried a claim and just
1–2% of products in other global markets. A possible limitation to the use of beta glucan
claims is the serving size required to achieve the beta glucan 1 g dose which may apply to
breakfast cereals and the smaller portion grain products (e.g., muesli bars). Furthermore,
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the additional requirement to pass the NPSC via FSANZ in Australia may place limits
on the use of such claims within the snack food category. Greater use of beta glucan
health claims may assist in providing consumer awareness of the hypocholesteric benefits
of consuming oats and barley, as suggested by Smulders et al. [33] and Ames et al. [27].
Investigation into Australian consumer perceptions of beta glucan cholesterol-lowering
claims is an area for future research, using methods utilised in the literature [34,35].

Interestingly, in the United States, the general whole grain heart health claim appeared
to be more common than beta glucan related claims although this claim is only available in
the US and has been rejected by several other regulatory bodies, FSANZ included. The
use of this more general health claim may be more appealing than those relating to beta
glucan which is a single food component. The greater use may also relate to perceptions
regarding consumer understanding or may simply be aligned with research outcomes
for whole grains and CVD. The benefits of regular consumption of whole grain foods are
well documented [4,36–39], with every 16 g increase (one serving) associated with a 9%
reduction in cardiovascular disease risk [40,41]. In addition to exploring the Australian
consumer understanding of beta glucan claims, a comparison to more general whole grain
claims would also be of value especially as whole grain claims are growing rapidly, with a
39% increase in the number of products making whole grain claims in Australia in the past
5 years [21].

Furthermore, a recent cost of illness analysis based on the Australian healthcare
system reported the government could save AUD 717.4 million annually in direct and
indirect cost for prevention of CVD if all Australian adults (>20 years) consumed the
recommended 48 g whole grain daily target intake (DTI) [42]. Despite the profound
benefits for individual health and the Australian healthcare system, current consumption
of whole grains is poor, at 21 g/day for adults (19–85 years), less than half of the 48 g
DTI [43]. As previously suggested, whole grain oats are well placed to form part of
nutritious products for the future [44], and the same applies to barley. This presents a
significant opportunity for innovation using Australian whole grains to increase intakes in
line with dietary recommendations which may have powerful impacts on individual and
population health.

To our knowledge, the present study is the first to comprehensively review the use
of whole grain oats/oat bran, whole grain barley and BARLEYmax® in the Australian
and global food supply, within a defined range of grain food and beverage categories
and examine the frequency of beta glucan cholesterol-lowering claims on pack labels.
However, some limitations should be noted. While all efforts were made to capture
the Australian market in its entirety, differences may exist between geographic areas.
Although the MINTEL GNPD reportedly captures 70–80% of all product launches from
over 86 economies globally, products may be missed due to the nature of the data collection
processes utilised by this organisation. As the beta glucan content of a product is not
included in the nutrition information panel unless a nutrition claim is made on the label,
eligibility to make beta glucan cholesterol-lowering claims could not assessed.

5. Conclusions

Australia is thought to be a world leader in the production of high-quality milling
oats and barley for the international market. Given the favourability of growing conditions,
there is value in expanding the future application and opportunities for whole grain oats
and barley. Despite the sheer number of oat and barley products in the global food market,
beta glucan health claims were in limited use and were mostly found on breakfast cereals.
Manufacturers could consider selection of oat varieties with higher beta glucan content
or enriching products with BARLEYmax® so that products are more likely to be eligible
to make beta glucan health claims. Furthermore, the success of beta glucan cholesterol-
lowering claims in guiding healthy dietary decisions is dependent on their perception
by consumers. Exploring perceptions of beta glucan health claims, and in comparison to
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whole grain claims, is warranted to gain insight into consumer understanding and value of
claims in an Australian context.
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Abstract: The intestinal tract contains over half of all immune cells and peripheral nerves and manages
the beneficial interactions between food compounds and the host. Paramylon is a β-1,3-glucan storage
polysaccharide from Euglena gracilis (Euglena) that exerts immunostimulatory activities by affecting
cytokine production. This study investigated the signaling mechanisms that regulate the beneficial
interactions between food compounds and the intestinal tract using cell type-specific calcium (Ca2+)
imaging in vivo and in vitro. We successfully visualized Euglena- and paramylon-mediated Ca2+

signaling in vivo in intestinal epithelial cells from mice ubiquitously expressing the Yellow Cameleon
3.60 (YC3.60) Ca2+ biosensor. Moreover, in vivo Ca2+ imaging demonstrated that the intraperitoneal
injection of both Euglena and paramylon stimulated dendritic cells (DCs) in Peyer’s patches, indicating
that paramylon is an active component of Euglena that affects the immune system. In addition, in vitro
Ca2+ imaging in dorsal root ganglia indicated that Euglena, but not paramylon, triggers Ca2+ signaling
in the sensory nervous system innervating the intestine. Thus, this study is the first to successfully
visualize the direct effect of β-1,3-glucan on DCs in vivo and will help elucidate the mechanisms via
which Euglena and paramylon exert various effects in the intestinal tract.

Keywords: β-1,3-glucan; Euglena gracilis; Ca2+ signaling; intestinal epithelial cell; intravital imaging;
small intestine; immune system

1. Introduction

The intestinal tract is the first line of defense against pathogenic microorganisms and manages
beneficial interactions between food compounds and the host [1]. These interactions are mediated by the
neural, endocrine, and immune systems to maintain intestinal homeostasis [2]; however, homeostatic
dysfunction can significantly affect host immunity and the course of chronic inflammation [3].
Some probiotics and polysaccharides have been found to regulate intestinal and immune homeostasis;
for instance, probiotic Bifidobacterium bifidum alleviates dysbiosis and constipation in mice induced
by a low-fiber diet [4], while grains fermented with Aspergillus oryzae can protect against chronic
constipation and gastrointestinal damage [5,6]. In addition, the soluble dietary fiber β-1,3-glucan from
seaweed has been shown to suppress intestinal inflammation in mouse models of human inflammatory
bowel disease by increasing the Lactobacillus population and the number of regulatory T cells in the
colon [7]. However, different polysaccharides can exert varying effects on immune homeostasis [8–10].

Euglena gracilis (Euglena) is a microalga that contains a wide range of nutrients, including vitamins,
minerals, amino acids, and fatty acids. Since it combines the properties of both plants and animals,
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it is often used as a food or dietary supplement [11]. The storage polysaccharide paramylon is an
insoluble dietary fiber unique to Euglena that has a triple-helical polymer structure composed of
straight-chain β-1,3-glucans. Like other β-1,3-glucans, paramylon has various beneficial effects on
health, such as modulating immune function [12–15] and suppressing visceral fat accumulation, likely
by improving the intestinal environment [16–19]. In addition, paramylon can bind to and stimulate
Dectin-1, the primary receptor on epithelial cells, macrophages, and dendritic cells (DCs) to exert
immunomodulatory effects [20–22]. Following their ingestion, polysaccharides and probiotics are
thought to be taken up into M cells, a type of intestinal epithelial cell (IEC) that lies over Peyer’s patches
(PPs), allowing them to access gut immune cells such as macrophages and DCs [23,24]; however, it is
difficult to monitor these biological events in real time.

Calcium imaging using genetically encoded calcium biosensors has enabled nutrition-sensing
mechanisms in the intestinal tract to be visualized. For example, Calcium ion (Ca2+) signaling in specific
cell populations has been visualized in conditional transgenic mice expressing Yellow Cameleon 3.60
(YC3.60) [25,26]. Ca2+ is a universal secondary messenger that performs multiple functions in most cells,
including lymphocytes, epithelial cells, and neurons [27–30]. Intravital Ca2+ imaging in transgenic mice
expressing YC3.60 under the control of the CD11c gene promoter has demonstrated that oral propolis
administration stimulates DCs in lymphoid tissues [31], while in vivo Ca2+ imaging has revealed
that probiotics induce Ca2+ signaling in IECs under physiological conditions [32]. Enteroendocrine
cells are a form of IEC that constitute the largest endocrine organ in the human body, while the
autonomic nervous system that innervates the intestine exerts strong modulatory effects on the
motor, secretory, and immunologic functions of the intestinal tract [33,34]. To elucidate the complex
sensing mechanisms that recognize Euglena and paramylon in the intestinal tract, we performed cell
type-specific Ca2+ imaging in three conditional transgenic mouse lines with specific or ubiquitous
YC3.60 expression [26,31] to visualize Euglena- and paramylon-induced Ca2+ signaling in IECs, DCs in
intestinal PPs, and nerve cells innervating the intestine.

2. Materials and Methods

2.1. Animals

Conditional YC3.60 expressing transgenic mice were as described previously [26]. The floxed
YC3.60 reporter (YC3.60flox) mouse line was crossed with cell type-specific Cre mouse lines
(CD11c-Cre, Nestin-Cre, and CAG-Cre) to produce YC3.60flox/CD11c-Cre, YC3.60flox/Nestin-Cre,
and YC3.60flox/CAG-Cre mice, respectively [26,31]. These mice were maintained in our animal facility
under specific pathogen-free conditions in accordance with the animal care guidelines of the Tokyo
Medical and Dental University, while animal procedures were approved by its Animal Care Committee
(approval number A2019-207C4, date of approval 3 December 2019).

2.2. Dorsal Root Ganglia (DRG) Cells

Dorsal root ganglia (DRG) cells were prepared from YC3.60flox/Nestin-Cre mice as described
previously [35]. Briefly, mice were euthanized by cervical dislocation and their DRG excised before
being treated with collagenase (1 mg/mL) and trypsin (0.25 mg/mL), as described previously [36].
The cells were then washed twice with Dulbecco’s modified Eagle’s medium (DMEM) and cultured at
37 ◦C on a gelatin-coated plate with DMEM containing 10% fetal calf serum and 100 ng/mL of nerve
growth factor.

2.3. Test Substances

Euglena powder and paramylon were obtained from Euglena Co., Ltd. (Tokyo, Japan). The nutritional
composition of the Euglena powder was as follows: carbohydrates 55.0%, protein 29.9%, and lipid
9.0%. Approximately 70–80% of the carbohydrate content was paramylon. Paramylon was prepared
according to the standard method, as follows: cultured Euglena gracilis Z cells were collected by
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continuous centrifugation and washed with water. After being suspending in water, the cells were
disintegrated using ultrasonic waves and the cell contents (containing paramylon) were collected.
The crude paramylon preparation was treated with 1% sodium dodecyl sulfate (SDS) solution for 1 h
at 95 ◦C followed by 0.1% SDS for 30 min at 50 ◦C to remove lipids and proteins. After centrifugation,
paramylon was refined by repeated washing with water, acetone, and ether.

2.4. Intravital and In Vitro Imaging

IECs and PPs from anesthetized mice were imaged as described previously [32]. Small intestinal
tracts were surgically opened lengthwise, placed on a glass cover slip, and immobilized on a microscope
stage. To observe IECs, 0.1 mL of Euglena or paramylon in phosphate buffered saline (PBS; 1 mg/mL)
was added to the intestinal tract, with PBS as a control. Images were acquired using a Nikon A1
laser-scanning confocal microscope with a 20× objective lens, dichronic mirrors (DM457/514), and two
bandpass emission filters (482/35 for cyan fluorescent protein, CFP, 540/30 for yellow fluorescent
protein, YFP), as described previously [26]. The YFP/CFP ratio was obtained by excitation at 458 nm.
Images of purified spleen cells in PBS were obtained using the same method. Acquired images were
analyzed using NIS-Elements software (Nikon, Tokyo, Japan).

2.5. In Vivo Stimulation Assay

To observe PPs, the peritoneal cavity of each mouse was injected with 200 μg of Euglena or
paramylon in PBS (1 mg/mL), with PBS as a control. After 2 hours, the mice were subjected to intravital
imaging analysis, as described previously [31].

2.6. Statistical Analysis

Statistical analysis was performed with Pearson’s chi-square test to compare the proportions of
cells. R version 3.4.1 were used to conduct the statistical analyses. p < 0.05 was considered significant.

3. Results

3.1. Euglena and Paramylon Induce Ca2+ Signaling in the IECs of Mice With Ubiquitous Yc3.60 Expression

To examine whether Euglena and paramylon directly stimulate IECs, we carried out intravital
Ca2+ imaging. Euglena induced transient Ca2+ signaling in most IECs (Figure 1a) and intracellular
Ca2+ levels increased following stimulation (Figure 1b). Conversely, paramylon induced robust but
sparse Ca2+ signaling limited to minor IEC subpopulations (Figure 1). Together, these findings suggest
that Euglena and paramylon directly stimulate IECs.

3.2. Euglena and Paramylon Induce Ca2+ Signaling in DCs

To assess the potential immune-stimulatory effects of Euglena and paramylon on immune
cells in vivo, we performed intravital Ca2+ imaging on PPs in YC3.60flox/CD11c-Cre mice [31]
injected intraperitoneally (IP) with Euglena or paramylon (1 mg/mL). After 2 hours of intraperitoneal
administration, intravital imaging analysis showed that Euglena increased intracellular Ca2+ levels
in DCs, with 31.2% of DCs exhibiting higher intracellular Ca2+ concentrations (Figure 2). However,
paramylon induced robust Ca2+ signaling in 78.2% of DCs, thus exerted stronger effects than Euglena
(Figure 2b). These results indicate that Euglena and paramylon possess immune-stimulatory functions.
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Figure 1. Intravital calcium (Ca2+) signaling mediated by Euglena gracilis (Euglena) or paramylon
in the intestinal tract. (a) Representative ratiometric Ca2+ signaling images from the intestinal tract
of a YC3.60flox/CAG-Cre mouse with ubiquitous YC3.60 expression showing yellow fluorescent
protein/cyan fluorescent protein (YFP/CFP) intensity at 458 nm excitation. Euglena or paramylon
(0.1 mL) in phosphate buffered saline (PBS) (1 mg/mL) was added at the indicated time point. The color
scale indicates relative Ca2+ concentration. (b) Time course of YFP/CFP fluorescence intensity at 458 nm
excitation. Euglena or paramylon (0.1 mL) in PBS (1 mg/mL) was added at the indicated time point.
Results are representative of at least three independent experiments (n = 3 mice; scale bars, 50 μm).

Figure 2. Intravital Ca2+ signaling in Peyer’s patches (PPs). (a) Representative Ca2+ signaling images
of PPs in YC3.60flox/CD11c-Cre mice intraperitoneally injected with PBS (control, left) Euglena/PBS
(center), or paramylon/PBS (right). Intravital ratiometric imaging was carried out 2 hours after injection
and shows YFP/CFP excitation at 458 nm. The results are representative of at least three independent
experiments (n = 3 mice; scale bars, 50 μm). (b) Distribution of intracellular Ca2+ levels in randomly
selected cells (control, n = 152; Euglena, n = 455; paramylon, n = 303). YFP/CFP > 1.2 was defined as cells
of relatively high Ca2+ concentration. Pearson’s chi-square test, *** p < 0.001 vs. Control, ### p < 0.001
Euglena vs. Paramylon.
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3.3. Euglena Elicits In Vitro Ca2+ Signaling in DRG-Derived Neurons From YC3.60flox/Nestin-Cre Mice

To test whether Euglena or paramylon have the potential to stimulate sensory neurons in the
intestine, we performed Ca2+ imaging on primary neurons dissected from the DRG of YC3.60flox

/Nestin-Cre mice [32] and cultured on a dish for several days [35]. Euglena induced robust Ca2+

signaling in the DRG neurons (Figure 3a), whereas no Ca2+ signaling was induced by paramylon
(Figure 3b), indicating that Euglena stimulates sensory neurons but its component paramylon does not.

Figure 3. Ca2+ signaling images using Euglena and Paramylon in dorsal root ganglia (DRG) neurons
in vitro. (a) Representative ratiometric Ca2+ signaling images in DRG cells from YC3.60flox/Nestin-Cre
mice showing YFP/CFP excitation at 458 nm. Euglena or paramylon (0.1 mL) in PBS (1 mg/mL)
was added to the cell culture at the indicated time point. The color scale indicates relative Ca2+

concentration. (b) Time course of ratiometric YFP/CFP fluorescence intensity at 458 nm excitation.
Results are representative of at least three independent experiments (n = 9 mice; scale bars, 50 μm).

4. Discussion

This study successfully visualized Euglena- and paramylon-mediated Ca2+ signaling in IECs, DCs,
and DRG-derived neurons using Ca2+ imaging in YC3.60 mice. Euglena and paramylon both exhibited
stimulatory activities in IECs in vivo and possessed immune-stimulating properties against DCs in
PPs in vivo. Furthermore, Euglena directly induced Ca2+ signaling in DRG-derived neurons.

Understanding the mechanisms underlying the interaction between food compounds and IECs
is important for evaluating the physiological benefits of food compounds, since stimulated IECs
can produce cytokines and/or peptide hormones [30]. Probiotic microbes bind with a series of
pattern recognition receptors, including toll-like receptors, nucleotide-binding sites, leucine-rich repeat-
containing receptors, and retinoic acid-inducible gene-I-like receptors [37]. On IECs, the β-glucan
receptor Dectin-1 triggers the secretion of pro-inflammatory cytokines, such as Interleukin-8 (IL-8)
and monocyte chemoattractant protein 1 (CCL2) [22]. Although enteroendocrine cells make up
less than 1% of the IEC population, they form the largest endocrine organ in the body and secrete
multiple peptide hormones such as ghrelin, serotonin (5-hydroxytryptamine), Cholecystokinin (CCK),
peptide tyrosine-tyrosine (PYY), glucagon-like peptide-1 (GLP-1) and glucose-dependent insulinotropic
peptide (GIP) [38]. In response to food intake, enteroendocrine cells produce GLP-1, a 30-amino
acid peptide hormone that exerts various metabolic actions, such as reducing appetite and food
intake [39]. In addition, GLP-1 promotes insulin secretion and may contribute toward improved insulin
sensitivity [40]. Thus, food components and dietary supplements that modulate nutrient-sensing
pathways may have therapeutic potential for treating obesity and metabolic diseases [38,41]. A previous
study showed that Bacillus subtilis var. natto, which has been shown to modulate immune responses,

165



Nutrients 2020, 12, 2293

triggers gradual and sustained Ca2+ signaling in IECs [32]. Conversely, the probiotic Lactococcus
lactis, which is similar to commensal bacteria, does not induce Ca2+ signaling in IECs, likely due to
hyporesponsiveness following chronic exposure to bacteria [32]. In this study, we found that both
Euglena and paramylon evoked Ca2+ signaling in IECs, similar to other prebiotics, suggesting that they
can directly access IECs. It should be noted that Euglena and paramylon showed different bioactivity
for IECs. Euglena stimulation evoked transient Ca2+ signaling throughout IECs with distinct Ca2+

signaling kinetics to those evoked by paramylon. Previous studies have shown that oral paramylon and
Euglena intake exert preventive effects against obesity, likely due to the presence of paramylon [17,18].
Here, paramylon induced sparse transient Ca2+ signaling in minor IEC subpopulations, with a similar
spatial pattern of Ca2+ signaling to the cellular distribution of enteroendocrine cells [42]. Thus,
nutrient sensing in the intestinal tract may transmit neuronal signals to the brain by secreting multiple
gastrointestinal hormones to modulate the physiological response to food components. However,
further studies of specific cell types are required to clarify the biological properties of paramylon.

Biologically-active polysaccharides may be a potential method of preventing dysfunctional
immune homeostasis [9,43]. For instance, β-glucan extracted from the maitake mushroom (Grifola frondosa)
has been shown to control the cytokine balance between T lymphocyte Th-1 and Th-2 subsets, resulting
in enhanced cellular immunity [8]. In addition, the subcutaneous application of β-1,3-glucan extracted
from Saccharomyces cerevisiae in 20 children with asthma increased serum levels of the anti-inflammatory
cytokine IL-10 and simultaneously reduced symptom scores [10]. The oral intake of paramylon
has been found to reduce cytokine secretion and relieve arthritis symptoms in mice by modulating
Th17 immunity [44], while studies have suggested that Euglena and paramylon could reduce upper
respiratory tract infection symptoms and protect against influenza virus infection [13,45]. Here,
we found that IP Euglena and paramylon injection stimulated DCs in PPs in vivo, with stronger Ca2+

signaling observed with paramylon treatment; thus, paramylon may be the active component of Euglena
that affects the immunological system. This finding is consistent with previous studies indicating
that β-1,3-glucans stimulate macrophages and DCs via a Dectin-1-dependent pathway [20,22]. Orally
administered β-glucans are thought to access gut immune cells, such as macrophages and DCs, by being
taken up into M cells, a type of IEC that lies over PPs [23,24]. On macrophages, the β-glucan receptor
Dectin-1 specifically binds to paramylon and exerts immune stimulatory effects [20,46]. Alongside
phagocytosis in macrophages, Dectin-1 also induces proinflammatory cytokine secretion [47]. Due to
its crystalline structure, paramylon typically exists in the form of insoluble granules that are 2–3 μm in
size, suggesting that paramylon may be transported across IECs via the same mechanism as pathogenic
bacteria. Our findings, together with those of previous studies, suggest that oral paramylon intake
could stimulate intestinal DCs in PPs to enhance host immune function. Consistently, some studies in
human subjects suggest that Euglena and paramylon may support a healthy immune system and protect
overall health [45,48]. Intravital imaging using several transgenic mice with biosensors expressed in
the intestinal epithelium, nervous system, and immune cells will be a powerful tool to dissect the
mechanism of a beneficial effect of the active ingredient in food products on human immunity [32].

In this study, we demonstrated that Euglena, but not paramylon, directly triggers Ca2+ signaling in
DRG neurons, suggesting that Euglena can excite visceral afferents. Although paramylon has various
bioactive functionalities [21], other bioactive components of water-soluble fraction seem to activate the
neurons. Indeed, the water extract partially purified from Euglena also contains bioactive materials,
as this is crucial for preventing lung carcinoma growth and intracellular lipid accumulation [19,49].
The sensory innervation of the small intestine is due to spinal and vagus nerves, which have cell
bodies in the DRG and nodose ganglion, respectively [50]. DRG afferents are largely peptidergic and
express the calcitonin gene-related peptide Substance P and/or transient receptor potential vanilloid
1 [51,52]. The calcitonin gene-related peptide (CGRP) neuropeptide modifies macrophages, DCs,
and other immune cells, suggesting that it plays a key role in neuro-immune cross-talk and allows
sensory fibers to mediate immune function [52]. The release of neuropeptides from sensory afferents
has been associated to nociceptive transmission, energy homeostasis, and longevity [53,54], whereas
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the vagal afferent is required for the activity of sympathetic nerves innervating brown adipose tissue
triggered by a capsaicin analog, indicating that sensory afferents play important roles in inducing
autonomous nerve activity [55]. Some prebiotic bacteria have been shown to alter emotional behavior
by regulating the vagal nerve [56], whereas capsaicin in hot peppers can trigger Ca2+ signaling in the
intestinal tract, which is transmitted to the nervous system and results in a transient shift toward higher
arousal levels in the brain [35]. Further studies will be required to better understand the physiological
role of food compound-mediated visceral afferents in homeostasis, behavior, emotion or cognitive
function. Although the mechanisms underlying our observations remain unclear, the ability of Euglena
to excite neurons may underlie its beneficial effects on health-related Quality of Life observed in
human subjects [45]. In the near future, after the components involved in Euglena responsible for these
signaling responses have been identified and a method for extracting the active ingredients has been
established, Euglena can be utilized to produce useful ingredients on an industrial scale [57].

5. Conclusions

Interactions between food and the intestinal tract transmit signals via the gut–immune–brain
axis by secreting multiple cytokines and hormones that modulate physiological homeostasis [38,58].
Thus, our findings help to elucidate the mechanisms via which Euglena and paramylon exert various
effects from the intestinal tract.
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Abstract: We previously showed that supplementation of a high fat diet with paramylon (PM) reduces
the postprandial glucose rise, serum total and LDL cholesterol levels, and abdominal fat accumulation
in mice. The purpose of this study was to explore the underlying mechanism of PM using microarray
analysis. Male mice (C57BL/BL strain) were fed an experimental diet (50% fat energy) containing 5%
PM isolated from Euglena gracilis EOD-1 for 12 weeks. After confirming that PM had an improving
effect on lipid metabolism, we assessed ileal and hepatic mRNA expression using DNA microarray
and subsequent analysis by gene ontology (GO) classification and Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway analysis. The results suggested that dietary supplementation with PM
resulted in decreased abdominal fat accumulation and serum LDL cholesterol concentrations via
suppression of the digestion and absorption pathway in the ileum and activation of the hepatic PPAR
signaling pathway. Postprandial glucose rise was reduced in mice fed PM, whereas changes in the
glucose metabolism pathway were not detected in GO classification and KEGG pathway analysis.
PM intake might enhance serum secretory immunoglobulin A concentrations via promotion of the
immunoglobulin production pathway in the ileum.

Keywords: paramylon; abdominal fat; DNA microarray; gene ontology; PPAR signaling

1. Introduction

Obesity and overweight are worldwide problems caused by lifestyle and genetic
backgrounds [1]. Abdominal fat obesity causes a pro-inflammatory status in several
organs, such as the liver, adipose tissue, and the pancreas [2]. Chronic inflammation
induces glucose intolerance, dyslipidemia, and an impaired immune defense system, which
suggests that lifestyle changes, especially dietary habits, are very important. Dietary fiber
is a beneficial food component, which is reported to improve obesity-related diseases [3].
Viscous or fermentable dietary fibers improve glucose intolerance [4], prevent body-weight
gain [5], and improve dyslipidemia [6,7].

Beta-glucans are dietary fibers with very different physiological functions, depending
on their origin and structure. Beta-1,3-1,4-glucan is a typical viscous and fermentable
dietary fiber found in cereals; it is reported to play a crucial role in the modification of
obesity-related disorders. Oat β-glucan reduces postprandial glucose increases [8,9] and
serum LDL cholesterol levels in hypercholesterolemic subjects [9]. Barley β-glucan reduces
the abdominal fat area [10] and improves glucose intolerance [11]. Beta-1,3-1,6-glucan,
found in yeast and mushroom, is an almost insoluble dietary fiber, reported to enhance the
immune response via dectin-1 [12].

Paramylon (PM) is a β-1,3-glucan, found in Euglena gracilis at levels of 20–70% (dry
weight basis). It has been reported that PM has various effects, including an immunomodu-
lating effect [13–15]. β-1,3-glucan has a triple helix structure and is classified as an insoluble
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dietary fiber [16]; therefore, it is considered that the physiological properties of PM differ
from those of cereal β-glucan or yeast and fungal β-glucan.

There are very few reports on the effects of PM intake on metabolic disorders. Recent
studies reported that PM did not have anti-obesity or anti-inflammatory effects in mice fed
a high fat diet [17,18]; however, this may have been due to insufficient PM supplementation
of the experimental diets [19]. We previously reported that PM had a beneficial effect
in preventing obesity related parameters; in particular, abdominal fat accumulation and
serum LDL cholesterol levels. We also observed an amelioration in postprandial glucose
levels [20]. The mechanism underlying the anti-obesity effect of PM intake is unknown;
the purpose of this study was to investigate the potential mechanism of PM modulation of
lipid metabolism using DNA microarray with gene ontology (GO) classification and Kyoto
Encyclopedia of Genes and Genome (KEGG) pathway analysis. It is reported that “GO
characterizes the relationship between genes by specifically annotating and categorizing
a gene product’s molecular function and associated biological process” [21]. The KEGG
pathway is a collection of pathway maps which includes molecular interactions, reaction
and relationship networks for metabolism, genetic information processing, and cellular
processes [22].

2. Materials and Methods

2.1. PM Isolation and Dietary Fiber Analysis

Kobelco Eco-Solutions Co., Ltd., (Kobe, Japan) provided PM powder isolated from
Euglena gracilis EOD-1, which is known for its high yields of PM [23]. In accordance with
previously reported culture conditions, glucose was used as the carbon source [20]. Total
dietary fiber was 97.8 g/100 g, determined by the AOAC 991.43 method [24].

2.2. Animals and Study Design

Twenty C57BL/6J mice (4 week old, male) were purchased from Charles River Labora-
tories Japan (Yokohama, Japan). They were maintained on a 12 h light/dark cycle from 8:00
to 20:00. Mice were individually housed in plastic carbonate cages and given ad libitum
access to water. This animal experiment was approved by the Otsuma Women’s University
Animal Research Committee (No. 19003, Tokyo, Japan) and was performed in accordance
with the Regulation on Animal Experimentation at Otsuma Women’s University. Mice
were pre-reared for 7 d before being randomly divided into two groups (n = 10 per group)
and fed the experimental diet containing 50 g/kg cellulose (control) or 51.2 g/kg PM
(corresponding to 5% dietary fiber). Dietary compositions are shown in Table 1. The experi-
mental diets were given to mice ad libitum for 12 weeks. The food intake and body weight
of each mouse were measured three times per week during the experimental period. After
eight hours of fasting, blood samples were withdrawn from the heart after isoflurane/CO2
euthanasia. Serum was collected by centrifugation for lipid analysis. Liver, cecum with
digesta, and abdominal fat (epididymal, retroperitoneal, and mesenteric fat) were dissected
and weighed. Liver tissue and tissue of the ileum near the cecum (150 mg), were soaked in
RNAprotect reagents (Qiagen, Hilden, Germany), and a freeze-dried residue of liver tissue
was stored at −20 ◦C until cholesterol and triglyceride assays were performed.

2.3. Serum and Hepatic Biochemical Analysis

Hitachi 7180 auto-analyzers were used to analyze serum total, low-density lipoprotein
(LDL), and high-density lipoprotein (HDL) cholesterols, triglycerides, non-esterified fatty
acids (NEFA), and ketone body concentrations at Oriental Yeast Co., Ltd. (Shiga, Japan).
Enzyme-linked immunosorbent assay (ELISA) was used to measure serum insulin (mouse
insulin ELISA kit, Shibayagi Co., Ltd., Gunma, Japan) and sIgA concentrations (ELISA Kit
for Secretory Immunoglobulin A, Cloud-Clone Corp., Katy, TX, USA). Hepatic cholesterol
and triglyceride levels were analyzed according to a previous report [20,25].

172



Nutrients 2021, 13, 3406

Table 1. Test diet compositions (g/kg).

Control Paramylon

Corn starch 197.5 196.3
Dextrinized corn starch 132 132

Casein 200 200
Sucrose 100 100

Soybean oil 70 70
Lard 200 200

Cellulose 50 -
Paramylon - 51.2

AIN-93G mineral mixture 35 35
AIN-93 vitamin mixture 10 10

L-cystine 3 3
Choline bitartrate 2.5 2.5

t-butylhydroquinone 0.014 0.014

2.4. Oral Glucose Tolerance Test

The experimental diets were given to mice for 12 weeks and an oral glucose tolerance
test (OGTT) was performed, after 8 h fasting, during the final week. After oral glucose gavage
(1.5 g/kg), a glucometer (Glutest Ace R, Sanwa Kagaku Kenkyusho Co., Ltd., Aichi, Japan)
was used to measure blood glucose levels from the tail tip at 0, 15, 30, 60 and 120 min.

2.5. DNA Microarray Analysis

Total RNA in ileum and liver tissues were extracted using the RNeasy Mini kit
(Qiagen, Hilden, Germany), according to the manufacturer’s instructions. The RNA
integrity number (RIN) of all total RNA samples was analyzed and samples with values
greater than 6.5 were pooled by equal mixing for each group (n = 10 per group) before DNA
microarray analysis [26]. Procedures for microarray analysis were performed according to
the manufacturer’s instructions and are described in the Supplementary File. The Gene
Expression Omnibus (GEO) accession number is GSE181289.

Expression measurement annotations for upregulated and downregulated genes in
each group probe were mapped to gene names using the Transcriptome Viewer (Kurabo
Industries Ltd., Neyagawa, Osaka, Japan). Genes were regarded as differentially expressed
when their fold change was higher than 1.3 or less than 0.77. All of the differentially
expressed genes (DEGs) were characterized by their biological processes, cellular compo-
nents, and molecular functions. GO enrichments were analyzed using clusterProfiler V3.6.0
(ver. 1.3.1093, R-Tools Technology Inc. (Richmond Hill, ON, Canada)). In the present study,
the pathview package in R studio was used to identify and visualize the KEGG (Kyoto
Encyclopedia of Genes and Genomes) pathways of the DEGs involved in lipid metabolism.

2.6. Expression Analysis of mRNAs Related to Lipid Metabolism in Liver and Ileum

Real-time PCR primer sequences are listed in Supplementary Table S1. mRNAs in-
volved in liver and ileal metabolism were analyzed using SYBR® Green PCR master mix
(Thermo Fisher Scientific, Waltham, MA, USA) and the Applied Biosystems Quant3 real-
time polymerase chain reaction (PCR) system. Data analysis was performed using the
2−ΔΔCT method, where the threshold cycle (CT) indicates the fractional cycle number at
which the amount of amplified target reaches a fixed threshold. The ΔCT was calculated
from the difference of threshold cycles between reference gene (36B4) and target genes.
The difference between the ΔCT for test diet and control diet determined the ΔΔCT. Rel-
ative expression levels are expressed as fold changes from the control group (arbitrary
unit/36B4).

2.7. Statistical Analysis

Based on our previous measurements [20], a total of 20 mice (10 mice per group) were
determined to be required in this study. Statistical data were presented as mean ± SE
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(standard error of the mean). Significant differences (p < 0.05) between group means were
determined by Student’s t-test or Mann-Whitney U test. JMP (version 15.0, SAS Institute
Inc., Cary, NC, USA) and R software were used for the statistical analyses.

3. Results

3.1. Food Intake, Body Weight and Organ Weight

Table 2 shows the growth parameters (food intake, body weight, and food efficiency
ratio) in mice fed PM. The final weight and body weight gain were almost equal between the
two groups. The organ weights in mice fed paramylon are shown in Table 3. Retroperitoneal
and epididymal fat accumulation were lower in the PM group in comparison with the
control group (p < 0.05). No significant differences in the weights of the liver and the cecum,
and in their contents, were observed between the groups.

Table 2. Body weight gain, food intake, food efficiency ratio.

Control Paramylon

Initial weight (g) 20.7 ± 0.2 20.7 ± 0.2
Final weight (g) 43.4 ± 0.7 42.3 ± 0.8

Body weight gain(g/day) 0.27 ± 0.01 0.25 ± 0.01
Food intake (g/day) 2.83 ± 0.03 2.85 ± 0.03

Food efficiency ratio (%) * 9.42 ± 0.19 8.93 ± 0.28
Values are means ± SE; * food efficiency ratio = body weight gain/food intake × 100.

Table 3. Weight of organs.

Control Paramylon

Liver (g) 1.47 ± 0.05 1.42 ± 0.05
Cecum with digesta (g) 0.27 ± 0.02 0.30 ± 0.03
Retroperitoneal fat (g) 0.98 ± 0.07 0.77 ± 0.09 *

Epididymal fat (g) 2.49 ± 0.06 2.33 ± 0.06 *
Mesenteric fat (g) 0.83 ± 0.07 0.73 ± 0.07

Values are means ± SE; * significantly different from the control group (p < 0.05).

3.2. Oral Glucose Tolerance Test (OGTT)

Figure 1 shows the following results of the OGTT: blood glucose levels were signifi-
cantly lower at 15 min and 120 min in the PM intake group in comparison with the control
(p < 0.05). Blood glucose levels at the other time points or in the IAUC (data not shown)
were not statistically significant between the groups.
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Figure 1. Blood glucose levels from the OGTT. Error bars represent standard error (n = 10). * Blood
glucose levels were significantly lower at 15 min and 120 min in the PM group when compared with
the control group (p < 0.05).
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3.3. Biochemical Analysis of Serum and Liver Lipids

Table 4 shows the serum lipid concentrations. Significant reductions in the serum total
and LDL cholesterol levels were observed in the PM group in comparison with the control
group (p < 0.05). No significant differences in other serum lipids, ketone body, and insulin
concentrations were observed between the two groups. The Hepatic lipid contents are
shown in Supplementary Table S2; no significant differences in cholesterol and triglyceride
contents were observed between the experimental groups. The Serum sIgA concentrations
are shown in Figure 2. The Serum sIgA concentrations were significantly higher in the PM
group when compared with the control group (p < 0.05).

Table 4. Serum lipid and insulin concentrations.

Control Paramylon

Total cholesterol (mmol/L) 5.06 ± 0.11 4.60 ± 0.16 *
LDL-cholesterol (mmol/L) 0.27 ± 0.02 0.21 ± 0.01 *
HDL-cholesterol (mmol/L) 2.17 ± 0.03 2.10 ± 0.04

Triglyceride (mmol/L) 0.76 ± 0.07 0.67 ± 0.04
NEFA (μmol/L) 536.9 ± 19.3 675.3 ± 26.2

Ketone body (μmol/L) 296.4 ± 44.6 330.6 ± 59.8
Insulin (ng/mL) 3.5 ± 0.6 2.2 ± 0.4

Values are means ± SE; * Significantly different from the control group (p < 0.05).

 
Figure 2. Serum sIgA concentrations. * Significantly different from the control group (Mann-Whitney
test, p < 0.05).

3.4. Gene Ontology (GO) and KEGG Pathway Analysis of DEGs

A total of 41,345 mRNAs were screened. In the ileum, 1449 mRNAs were upregulated
(>1.3 log-ratio), and 1614 mRNAs were downregulated (<0.77 log-ratio). In the liver, 1454 mR-
NAs were upregulated (>1.3 log-ratio), and 1452 mRNAs were downregulated (<0.77 log-ratio).
GO enrichment analysis of the liver showed that the top 15 GO terms in DEGs with a greater
than 1.3 (log-ratio) fold change included ‘cholesterol metabolic process’, ‘secondary alcohol
metabolic process’, and ‘sterol metabolic process’ (Figure 3). No GO terms for DEGs with a
less than 0.77 (log-ratio) fold change were detected in the liver.

GO enrichment analysis of the ileum showed that almost all of the top 15 GO terms in
DEGs with a greater than 1.3 (log-ratio) fold change were involved in the immune response
(Figure 4). GO terms for DEGs with a less than 0.77 (log-ratio) fold change were detected in
the ileum and showed that the top 15 GO terms included ‘lipid catabolic process’, ‘cellular
lipid catabolic process’, ‘fatty acid metabolic process’, ‘digestion’, ‘positive regulation of
triglyceride lipase activity’, and ‘positive regulation of lipid catabolic process’ (Figure 5).
Furthermore, KEGG pathway analysis indicated that the upregulated pathways in the liver
included the ‘PPAR signaling pathway’, ‘p53 signaling pathway’, ‘steroid biosynthesis
pathway’, and ‘fatty acid degradation pathway’ (Figure 6). The downregulated pathways
in the ileum included ‘fat digestion and absorption’, ‘protein digestion and absorption’,
‘PPAR signaling pathway’, ‘cholesterol metabolism’, ‘glycerolipid metabolism’, ‘steroid
biosynthesis’, and ‘fatty acid degradation’.
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Figure 3. The top 15 GO terms from the Disease and Gene Annotations (DGAs) for upregulated genes in the liver.

Figure 4. The top 15 GO terms from the DGAs for upregulated genes in the ileum.
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Figure 5. The top 15 GO terms from the DGAs for downregulated genes in the ileum.

Figure 6. Percentage of upregulated (>1.3-fold difference to the control) and downregulated (<0.77-fold difference to the
control group) differentially expressed genes (DEGs) in the liver and ileum. The y-axis shows the lipid metabolic pathway
described in the Kyoto Encyclopedia of Gene and Genome (KEGG). The x-axis shows the percentage of DEGs per total
genes involved in each pathway.
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3.5. mRNA Expression Levels of Genes Involved in Lipid Metabolism in the Liver and Ileum

mRNA expression levels in the liver (a) and ileum (b) are shown in Figure 7. PPARα
mRNA expression levels were significantly higher in the livers of mice in the PM group
when compared with mice in the control group (p < 0.05; Figure 7a). SOD mRNA expression
levels were significantly higher in the PM group in comparison with the control group
(p < 0.05). No significant differences in the mRNA expression levels of the other genes
analyzed were observed in the liver. PPARγ mRNA expression levels in the ileum were
significantly lower in the PM group in comparison with the control group (p < 0.05;
Figure 7b). The mRNA expression levels of AQP3 and AQP4 were significantly higher in
the PM group, in comparison with the control group (p < 0.05). No significant differences
in the mRNA expression levels of the other genes analyzed were observed in the ileum.

 

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

PPARα FXR FABP FAS SCD1 ApoA4 ABCA1 CPT1 DGAT1 GPX SOD

A
rb

itr
ar

y 
un

it 
(/3

6B
4)

Control Paramylon

*

*

0

0.5

1

1.5

2

2.5

PPARα PPARγ FXR FABP ABCA1 Apo A-IV AQP3 AQP4

A
rb

itr
ar

y 
un

it(
/3

6B
4)

Control Paramylon

*

*

*

a 

b 

Figure 7. Relative expression levels of mRNAs involved in lipid metabolism in the liver (a) and ileum (b). Error bars
represent standard error (n = 10). * Significantly different from the control group (p < 0.05). PPARα, peroxisome proliferator-
activated receptor α; PPARγ, peroxisome proliferator-activated receptor γ; FXR, farnesoid X receptor; SCD1, stearoyl-CoA
desaturase 1; Apo A-IV, apolipoprotein A-IV; ABCA1, ATP-binding cassette transporter A1; CPT1, carnitine palmitoyltrans-
ferase 1; DGAT1, diacylglycerol O-acyltransferase 1; GPX, glutathione peroxidase; SOD, superoxide dismutase; AQP 3,4,
aquaporin 3,4.
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4. Discussion

4.1. Fat Digestion and Absorption Pathway in the Ileum

The purpose of this study was to explore the potential mechanism of lipid metabolism
modulation by PM, using GO classification and KEGG pathway analysis. Our previous
report showed that PM intake reduced postprandial glucose levels and serum LDL choles-
terol, and increased serum sIgA concentrations in mice, when compared with control
mice [20]. The food efficiency ratio calculated from body-weight gain and food intake
tended to be lower in the PM group (statistically not significant), which is similar to our
previous report [20]. In addition, although no significant difference was only observed in
mesenteric fat weight, the total abdominal fat weight (epididymal, retroperitoneal, and
mesenteric fat) was significantly decreased in the PM group (data not shown). We con-
firmed that PM improved lipid metabolism in mice fed a high-fat diet, which was consistent
with our previous report [20], before continuing with microarray analysis. This is the first
report analyzing mRNA expression in the ileum, after PM intake. Interactions between
indigestible substances, such as dietary fiber and intestinal cells, are more likely to occur in
the ileum than the jejunum. In addition, the ileum contains both bile acid transporters and
many L cells, which contain several receptors. The ileum is also affected by digesta. Fold
changes of >1.3 and <0.77 were adopted in the microarray analysis, which is a range that
has previously been used [27–29]. GO classification and KEGG pathway analysis consis-
tently indicated that fat digestion and absorption was a key downregulated pathway in the
ileum. Our previous report suggested that PM intake did not inhibit dietary fat absorption
and did not affect microbiota constitution [20]; therefore, PM might modify the absorption
process, and then inhibit chylomicron secretion. KEGG analysis of the fat digestion and
absorption pathway suggested that PM suppressed the expression levels of scavenger
receptor B1, FABP, ACAT, Apo A-IV, and ABCA1. A reduction in chylomicron secretion is
a possible mechanism in reducing LDL cholesterol and abdominal fat accumulation. This
is a new hypothesis, showing a reduction in the fat digestion and absorption pathway
in the digestive tract after PM intake. However, serum lipid analysis in the chylomicron
fraction was not determined. Further studies are needed to prove this hypothesis regarding
chylomicron metabolism in the small intestine. We intend to investigate the influence of
PM intake on chylomicron metabolism in future studies.

4.2. PPAR Signaling Pathway in the Ileum

KEGG pathway analysis showed downregulation of the PPAR signaling pathway
in the ileum. A significant reduction in the expression of PPARγ mRNA in the ileum
was observed in the PM group, in comparison with the control group (p < 0.05), and the
same tendency was observed for PPARα (not statistically significant). PPARγ is a nuclear
receptor that is involved in regulating lipid metabolism under high-fat diet conditions [30].
It is activated by fatty acids and their derivatives, and creates a lipid signaling network
in the intestines, which are prone to inflammation when lipid metabolism is disturbed
under high-fat diet conditions [31]. The expression of PPARs might be reduced through
the reduction in fatty acid absorption; however, the expression levels of genes regulated by
PPARs were not significantly altered. The data suggest that the contribution of PPARs on
lipid metabolism in the ileum might be small.

4.3. Water Absorption Pathway in the Ileum

KEGG pathway analysis also showed upregulation of the water reabsorption pathway
after PM intake. The expression levels of AQP3 and AQP4 mRNA were significantly
increased in the PM group compared to the control group (p < 0.05), but that of APQ2
was not (data not shown). AQP3 and AQP4 have been shown to be expressed in the
gastrointestinal tract [32], and preliminary data suggested that aquaporin has a role in
dietary fat processing [32]. The expression of aquaporins in the intestinal tract suggests that
they are involved in the transport of intestinal fluid; however, there are very few studies
reporting on their functional significance. Further studies are needed to elucidate that PM
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may affect intestinal epithelial cells and modify the function of the gastrointestinal tract,
through AQPs.

4.4. Immunoglobulin Production

GO classification analysis showed many enhanced GO terms for immunoglobulin
production in the ileum and liver. KEGG pathway analysis highlighted ‘TNF receptor
superfamily member 13C (BAFFR)’, ‘major histocompatibility complex, class II (MHC class
II)’, and ‘CC motif chemokine ligand 28 (CCL28)’, suggesting an upregulated intestinal
immune network for IgA production. Serum sIgA concentrations were elevated by PM
intake, which was consistent with our previous report [20]. PM may have an activating
effect on intestinal epithelial cells, promoting the secretion of slgA [33]. A human study,
involving the intake of Euglena gracilis EOD-1 biomass that was rich in PM, reported the
production of PM-specific IgA antibodies and increased salivary IgA antibody titers [34].
Our data are in agreement with these previous reports. Further studies on the analysis of
protein expression levels and intracellular signaling are needed to prove the activation of
the IgA production pathway in the ileum.

4.5. PPAR Signaling Pathway in the Liver

GO classification analysis in the liver showed that the upregulated GO terms included
‘cholesterol metabolic process’, ‘secondary alcohol metabolic process’, and ‘sterol metabolic
process’. KEGG pathway analysis showed that the upregulated pathways included the
‘PPAR signaling pathway’, ‘steroid biosynthesis pathway’, and ‘fatty acid degradation
pathway’. Hepatic PPARα mRNA expression was significantly increased in the PM group,
when compared with the control group (p < 0.05). It is speculated that the mRNA expression
levels of ileal PPARs were decreased by a reduction in intestinal fatty acid absorption,
whereas an increase in hepatic PPARα mRNA expression might be caused by an increase
in abdominal fat degradation during the fasting period. The activation of PPARα might be
a key pathway in hepatic metabolism, affecting downstream mRNA in the lipid catabolic
process. We previously showed that PM intake increased hepatic PPARα mRNA expression
and the subsequent induction of β-oxidation, through activation of ACOX, CPT and
FATP2 mRNA expression [20]. We speculated that changes in fatty acid metabolism,
through upregulation of the PPAR signaling pathway, may improve lipid and glucose
metabolism. In this study, no significant differences in the expression levels of genes
involved in lipid metabolism were detected between the PM and control groups; however,
correlations were observed between PPARα mRNA and mRNA from genes involved in
the pathway downstream of PPARα. It is well documented that PPARα exhibits significant
anti-inflammatory properties [35]. The hepatic mRNA expression levels of SOD were
significantly increased in the PM group, compared with the control group; GPX expression
levels were also increased (not statistically significant). Therefore, upregulation of hepatic
PPARα expression after PM intake plays a key role in anti-inflammation and modifying
lipid metabolism.

4.6. Glucose Tolerance

PM reduced blood glucose levels at 15 min and 120 min in the OGTT, whereas PM
reduced blood glucose levels at 60 min in the previous report [20]. The peak postprandial
blood glucose rise was higher in this study than in the previous report, and the fasting
serum insulin concentrations were also higher in this study than in the previous report.
Therefore, it is possible that the experimental conditions of mice in this study were more
sensitive to detecting a significant difference in the OGTT. Significant differences in serum
insulin concentrations between groups were not detected in this study or the previous
study. The previous study also showed that the mRNA expression of SREBP1c, controlled
by insulin concentrations, was not affected by PM intake. Therefore, the contribution of
serum insulin concentrations on lipid metabolism, by PM intake, may be small. However,
since the insulin concentrations in the OGTT were not measured, and the insulin tolerance
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test was not performed, it was not possible to clarify how paramylon affected insulin
sensitivity or resistance.

A major limitation of this study was that the possible mechanism for lipid metabolism
was only speculated by mRNA expressions. A second limitation was that insulin concentra-
tions were not measured during the OGTT test, to assess insulin resistance. Future studies
are needed to elucidate the mechanism for glucose and lipid metabolism, by exploring the
protein expression levels and insulin secretion.

5. Conclusions

In conclusion, PM intake reduced serum total and LDL cholesterol levels, and abdomi-
nal fat accumulation via suppression of the digestion and absorption pathway in the ileum,
and activation of the hepatic PPAR signaling pathway. Changes in the glucose metabolism
pathway, by PM intake, were not detected in the GO classification and KEGG pathway
analysis. PM intake might enhance sIgA concentrations via promotion of the immunoglob-
ulin production pathway in the ileum. However, key molecules, such as endogenous
ligands, to upregulate hepatic PPARα expression and intracellular signaling related to
immunoglobulin production, were not determined. Further investigation is required to
elucidate the molecular mechanism behind the improvement in lipid metabolism by PM
intake. The improvement in lipid metabolism and enhanced gastrointestinal immune
function suggests that PM intake may be useful in people who are sensitive to intestinal
fermentation, such as those with gut fermentation syndrome.

Supplementary Materials: The following are available online at https://www.mdpi.com/2072-6
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lipid levels.
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