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Abstract: (1→3)-β-D-glucans (BG) (the glucose polymers) are recognized as pathogen motifs, and
different forms of BGs are reported to have various effects. Here, different BGs, including Pachyman
(BG with very few (1→6)-linkages), whole-glucan particles (BG with many (1→6)-glycosidic bonds),
and Oat-BG (BG with (1→4)-linkages), were tested. In comparison with dextran sulfate solution
(DSS) alone in mice, DSS with each of these BGs did not alter the weight loss, stool consistency, colon
injury (histology and cytokines), endotoxemia, serum BG, and fecal microbiome but Pachyman–DSS-
treated mice demonstrated the highest serum cytokine elicitation (TNF-α and IL-6). Likewise, a
tail vein injection of Pachyman together with intraperitoneal lipopolysaccharide (LPS) induced the
highest levels of these cytokines at 3 h post-injection than LPS alone or LPS with other BGs. With
bone marrow-derived macrophages, BG induced only TNF-α (most prominent with Pachyman),
while LPS with BG additively increased several cytokines (TNF-α, IL-6, and IL-10); inflammatory
genes (iNOS, IL-1β, Syk, and NF-κB); and cell energy alterations (extracellular flux analysis). In
conclusion, Pachyman induced the highest LPS proinflammatory synergistic effect on macrophages,
followed by WGP, possibly through Syk-associated interactions between the Dectin-1 and TLR-4
signal transduction pathways. Selection of the proper form of BGs for specific clinical conditions
might be beneficial.

Keywords: β-glucans; mice; proinflammatory macrophages; DSS-induced mucositis; microbiome;
extracellular flux

1. Introduction

Glucans are glucose polymers with diverse structural characteristics, including branch-
ing, molecular weight, and isomeric form (α or β), that are not synthesized by mammals [1].
While cellulose (β-1→4-glucan) is a well-known β-glucan (BG) from plants, other forms of
BG are observed in microbes; yeasts; fungi; mold; seaweed; and specific plant tissues and
products (oats, cereals, and barley) [2]. In a molecular structure, BG is the natural polysac-
charide consisting of sequential D-glucose moieties linked by β-(1→3)-glycosidic bonds
with structural varieties occurring depending on the source [3]. As examples, mushroom
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BG has short β-(1→6)-linked branches from the β-(1→3) backbone, while BG of oats and
barley are linear β-(1→4) linkages separating shorter chain of β-(1→3) structures [4–6]. On
the other hand, BG of Candida spp. (the most common fungus in mammal gut) and bacteria
are mainly β-(1→3) backbones with different lengths, with higher and lessor β-(1→6) side
chains present in the fungal vs. bacterial BG, respectively [7,8]. Due to the foreignness of
these molecules to mammals, all BGs may be categorized as pathogen-associated molecular
patterns (PAMPs) if they present to immune cells with appropriate pattern recognition
receptors (PRRs) [9–12]. Although immune responses against PAMPs generally induce
inflammatory responses, there are diverse directions of immune activation by different
BGs described in the literature. For example, Pachyman and Curdlan, (1→3)-β-D-Glucan
from Poria Cocos (fungi) and Alcaligenes faecalis (Gram-negative bacilli), respectively, can
induce harmful proinflammatory immune responses [13–15]. Yeast BG (1→3)-β-D-Glucan
with β-(1→6)-glucosidic bond-linked side chains and oats or barley (1→3-β-D-Glucan
with β-(1→4)-glucosidic linkage elements) [16,17] have been shown to produce beneficial
immune modulation and anti-inflammatory effects, respectively [18,19]. Although all BGs
are mainly recognized by the Dectin-1 receptor [20,21], the diverse effects of different BGs
might partly be due to (i) an ability of BGs to bind to Toll-like receptors (TLR2 and, possibly,
TLR4), major PRRs of immune cells [22–24], and/or (ii) an impact on gut bacteria, as BGs
differentially promote the growth of diverse bacterial groups [25–27].

In the human gut, lipopolysaccharide (LPS) and Candida-BG are major microbial origin
molecules as canonical cell wall components of Gram-negative bacteria and fungi, the
most and second-most abundant gut microbes, respectively [28]. With normal gut barrier
function, these pathogen molecules are separated from the host’s blood circulation and
do not raise systemic immune responses; however, the translocation of these molecules
from the gut into the blood circulation (gut translocation) is possible in the circumstance
of intestinal barrier injury (leaky gut or gut leakage) [28]. While physiologically transient
gut translocation of pathogen molecules may not induce chronic systemic inflammation
because of several protective mechanisms [29–31], the long duration of gut translocation
due to the chronic intestinal barrier defect may occur, with significant, negative seque-
lae [24,32–34]. During episodes of gut barrier injury, BG in serum is correlated with glucans
in gut contents, as the oral administration of viable or heat-killed fungi enhances serum
BG [27]. This is similar to increased endotoxemia (serum LPS) from Gram-negative bac-
teria in gut contents [35,36]. Various insults leading to gut permeability are experienced.
These may include both normal physiologic (intense exercise and spicy foods) [27,37] and
pathogenic conditions (drugs, obesity, autoimmune diseases, sepsis, severe hypoxia, and
infection) [10,15,38–41]. Leaky gut-induced systemic inflammation is possibly involved
in several diseases, and the oral administration of different forms of glucans may induce
different impacts.

To test this hypothesis, three different BGs, Pachyman (BG with mainly (1→3)-linkages)
and very few (1→6)-linkages), whole-glucan particles (WGP) (BG with many (1→6)-
glycosidic bonds) [42], and Oat-BG (BG with (1→3) and (1→4)-linkages) [43], were admin-
istered in a dextran sulfate-induced leaky gut murine model. Additionally, these BGs with
or without LPS were also injected into mice and tested in macrophage culture.

2. Results
2.1. Pachyman Prominently Increased Serum Cytokines in a DSS-induced Mucositis Mouse Model

To test the impact of BG in different forms toward DSS mucositis, BG were orally
administered at 4 days prior to DSS administration (Figure 1A, schema). The adminis-
tration of any forms of BG in DSS mice did not alter the mortality (Figure 1A) or most
of the parameters, including weight loss (Figure 1B), stool consistency (Figure 1C), colon
damage (histology and colon cytokines) (Figure 1D–F), gut permeability (FITC-dextran
assay, endotoxemia, and glucanemia) (Figure 2D–F).
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Figure 1. Schema of the experiments (A, upper part) and characteristics of mice with drinking water
(Control) with or without oral β-glucan gavage using whole-glucan particles (WGP), Pachyman or
Oat glucans (Oat-BG), which are combined into the BG (mixed) group, or dextran sulfate solution
with or without several glucans. Survival analysis (A), bodyweight alteration (B), stool consistency
index (C), colon injury score from Hematoxylin and Eosin (H&E) staining (D), and colon cytokines
(TNF-α and IL-6) (E,F) are shown (n = 6–8/group). #, p < 0.05 vs. Control as determined by ANOVA
with Tukey’s analysis. Data from oral glucan-administered mice using different types of glucans were
combined as BG (mixed) due to the nonsignificant difference between groups.

Serum TNF-α and IL-6, but not IL-10 (Figure 2A–C), in Pachyman-administered DSS
mice were higher than other groups (Figure 1B–F and Figure 2A–F). No advantage of
Oat-BG was demonstrated (Figure 1A–F and Figure 2A–F), possibly due to an inadequate
BG dose [40,41] Due to glucan-digestible bacteria and glucan-induced dysbiosis [24], a
fecal microbiome analysis was explored. In healthy mice, glucans alone did not alter the
microbiome composition compared with the control (Figure 3A–D), while all forms of BG in
DSS mice similarly increased the Proteobacteria (pathogenic bacteria) [26], but not microbial
diversity, when compared with the non-glucan-supplemented DSS group (Figure 3A–D). In
DSS mice, Pachyman profoundly decreased Firmicutes (the most prominent bacteria in gut
of healthy hosts) [36], and WGP prominently reduced Bacteroidetes (the most dominant
gut Gram-negative bacteria) [36] when compared with non-BG DSS mice (Figure 3C).
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Figure 2. Characteristics of mice with drinking water (Control) with or without oral β-glucan gavage
using whole-glucan particles (WGP), Pachyman, or Oat glucans (Oat-BG), which are combined into
the BG (mixed) group, or dextran sulfate solution with or without several glucans, as indicated
by serum cytokines (TNF-α, IL-6, and IL-10) (A–C); gut permeability (FITC-dextran assay) (D);
endotoxemia (E); and serum (1→3)-β-D-glucan (BG) (F), which are shown (n = 6–8/group). #, p < 0.05
vs. Control; *, p < 0.05 vs. other groups as determined by ANOVA with Tukey’s analysis. Data from
oral glucan-administered mice using different types of glucans were combined as BG (mixed) due to
the nonsignificant differences between groups.

Due to the possible inadequate glucans in the intestines after oral administration
in vivo, ex vivo experiments using 24-h BG incubation with feces of healthy mice were
performed (Figure 4, schema). However, there was no relative difference of microbiome in
the ex vivo fecal experiments with exposure to the different forms of BG (Figure 4A–D).

2.2. Enhanced Proinflammatory Effects of Intravenous Administration of LPS Plus Pachyman
Than with Other Forms of Glucans

Some parts of BG in the serum of BG-administered DSS mice might be the BG that
was orally administered because of the DSS-induced gut barrier defect [9], and these BG
might have different effects in mice. To test the impacts of different glucans, BG, with
or without LPS, were injected in mice. Glucans alone did not induce serum cytokines.
Meanwhile, Pachyman with LPS induced the highest serum inflammatory cytokines (TNF-
α and IL-6 but not IL-10) at 3 h post-injection, which were higher than LPS alone or LPS
with other glucans (Figure 5A–C). In parallel, Pachyman–LPS induced a more prominent
gut permeability (leaky gut), as determined by the FITC-dextran assay, than the other
groups. Gut permeability with LPS alone and LPS with non-Pachyman glucans were
similar at 3 h post-injection (peak cytokine responses) (Figure 5D). At 24 h post-injection,
gut permeability (by FITC-dextran assay) of LPS-administered mice, regardless of the type
of glucan, were similar to the control group (data not shown).
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Figure 3. Fecal microbiome analysis from mice. Dextran sulfate solution (DSS) with or without sev-
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Figure 3. Fecal microbiome analysis from mice. Dextran sulfate solution (DSS) with or without several
glucans using whole-glucan particles (WGP), Pachyman, or Oat glucans (Oat-BG) was performed.
Meanwhile, in nondrinking water (Control) with oral β-glucans gavage, only one of these glucans was
used in each mouse, but the data are combined into the BG (mixed) group. Phylum and genus level
determination (A), average value of the analysis (B), graph presentation in the phylum analysis (C),
and bacterial diversity (D) are shown (n = 3–4/group). #, p < 0.05 vs. Control; *, p < 0.05 vs. other
groups; φ, p < 0.05 vs. the indicated group as determined by ANOVA with Tukey’s analysis. Data
from oral glucan-administered mice using different types of glucans were combined as BG (mixed)
due to the nonsignificant differences between these groups.
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Figure 4. Fecal microbiome analysis of the feces of healthy mice after 24 h of incubation with
whole-glucan particles (WGP), Pachyman, or Oat glucans (Oat), as presented in the schema of the
experiments, characterized by phylum and genus level determination (A,B), the average value of the
analysis (C), and the bacterial diversity (D) (n = 3/group).
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Figure 5. Characteristics of mice with drinking water (Control) with or without oral β-glucans gavage
using whole-glucan particles (WGP), Pachyman, or Oat glucans (Oat-BG), which are combined into
the BG (mixed) group or dextran sulfate solution with or without several glucans. The alteration in
serum cytokines (TNF-α, IL-6, and IL-10); gut permeability (FITC-dextran assay); and liver enzyme
(alanine transaminase) (A–E), together with liver cytokines (TNF-α, IL-6, and IL-10), (F–H) are shown
(n = 6–8/group). #, p < 0.05 vs. Control; *, p < 0.05 vs. other groups; φ, p < 0.05 vs. the indicated
group as determined by ANOVA with Tukey’s analysis. Data from oral glucan-administered mice
using different types of glucans were combined as the BG (mixed) due to the nonsignificant different
values among the groups with glucan injection alone.

Due to hepatic detoxification [44] of blood PAMPs (including glucans), liver injury
was explored. Serum alanine transaminase (ALT; liver enzyme) and liver cytokines (TNF-α
and IL-6 but not IL-10) were higher in Pachyman–LPS mice than other LPS–BG combina-
tions (Figure 5E–H). At 24 h post-injection, WGP with LPS induced higher ALT and liver
cytokines (TNF-α, IL-6, and IL-10), while Oat-BG with LPS induced only higher ALT and
liver TNF-α compared to LPS injection alone (Figure 5E–H).
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2.3. More Profound Synergistic Inflammatory Responses of Macrophages Using LPS Plus
Pachyman Compared with LPS Plus Other Glucans

In contrast to LPS, all forms of glucans (without LPS) induced quite low levels of
supernatant inflammatory cytokines (TNF-α, IL-6, and IL-10) (Figure 6A–C) and the gene
expression (TNF-α, IL-6, and IL-10) (Figure 6D–F), which was predominant in Pachyman
than other glucans (Figure 6A–F). Likewise, proinflammatory M1 macrophage polarization
(iNOS and IL-1β) (Figure 7A–B) and Dectin-1 (Figure 7G) (but not TLR-4, Syk, and NF-
κB) displayed a similar pattern among the incubations by different BGs without LPS
(Oat-BG induced the lowest iNOS and IL-1β) (Figure 7A–I). Combining Pachyman with
LPS strongly induced inflammatory responses, as demonstrated by elevated supernatant
cytokines (TNF-α, IL-6, and IL-10) (Figure 6A–C) and the upregulation of several genes
(IL-6, IL-10, iNOS, IL-1β, Syk, and NF-κB) (Figures 6E–F and 7A–B,H–I). Differences in anti-
inflammatory genes (Arginase-1, TGF-β, and Fizz-1); TLR-4; and Dectin-1 (Figure 7C–G)
were not observed between LPS alone vs. LPS with different forms of glucans. Among
LPS with glucans, LPS with Oat-BG demonstrated the lowest responses, as most of the
parameters (except for supernatant cytokines and Arginase-1) were not different from LPS
alone (Figures 6A–F and 7A–I).

Due to the association between cell energy status and cell activities [45], an extracellular
energy metabolism metabolite flux analysis was performed. There was an increase in the
glycolysis capacity without an alteration of mitochondrial activities (basal respiration,
maximal respiration, and respiratory reserve) in macrophages with LPS activation alone,
while glucans alone enhanced both glycolysis and mitochondrial activities (Figure 8A–G).
Since the glycolysis and respiratory parameters were similar among the activations by
any form of BG (data not shown), the groups with glucan activation alone were combined
into “BG (mixed)” for easier graphical representation. Interestingly, glucans increased
cell energy (Figure 8A–G) despite a subtle proinflammatory activation when compared
with LPS stimulation (Figure 6A–F). There was an enhancement in the cell energy status
(maximal respiration, respiratory reserve, glycolysis capacity, and glycolysis reserve) in
macrophages with LPS plus Pachyman (or WGP but not Oat-BG) compared with LPS
alone, with the most prominent in LPS + Pachyman (Figure 8A–G). Only basal respiration
and maximal respiration in macrophages with LPS plus Oat-BG were higher than LPS
alone (Figure 8A–G), indicating the lower proinflammatory impact of Oat-BG compared
with Pachyman and WGP. The profoundly additive cell energy status in LPS + Pachyman-
induced macrophages (Figure 8A–G) may be associated with the provision of energy for
the robust inflammatory responses [46,47], partly through Syk and NF-κB signaling [11,48].
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Figure 6. Characteristics of bone marrow-derived macrophages after 24 h of incubation in the control
medium (Control) or control medium supplemented with whole-glucan particles (WGP), Pachyman,
Oat glucans (Oat-BG), lipopolysaccharide (LPS), and LPS with the different glucans. Supernatant
cytokines (TNF-α, IL-6, and IL-10) with gene expression (A–F) are shown (n = 6–8/group). #, p < 0.05
vs. Control; *, p < 0.05 vs. other groups; φ, p < 0.05 vs. the indicated group as calculated by ANOVA
with Tukey’s analysis. Independent triplicate experiments were performed.
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Figure 7. Gene expression characteristics of bone marrow-derived macrophages after 24 h of incuba-
tion in the control medium (Control) or supplemented with whole-glucan particles (WGP), Pachyman,
Oat glucans (Oat-BG), lipopolysaccharide (LPS), and LPS with the different glucans. Pro- (iNOS and
IL-1β) and anti- inflammatory responses (Arginase-1, TGF-β, and Fizz-1) (A–E) with the signaling
genes (TLR-4, Dectin-1, Syk, and NF-κB) (F–I) are shown (n = 6–8/group). #, p < 0.05 vs. Control;
*, p < 0.05 vs. other groups; φ, p < 0.05 vs. the indicated group as calculated by ANOVA with Tukey’s
analysis. Independent triplicate experiments were performed.
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Figure 8. Characteristics of bone marrow-derived macrophages after 24 h of incubation in the
control medium (Control) or with or without different forms of β-glucans using whole-glucan
particles (WGP), Pachyman, or Oat glucans (Oat-BG), which are combined into the BG (mixed)
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analysis patterns, including oxygen consumption rate (OCR) of the mitochondrial function (A) and
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#, p < 0.05 vs. Control; *, p < 0.05 vs. other groups; φ, p < 0.05 vs. the indicated group. ANOVA with
Tukey’s analysis was used. Data from oral glucan-administered mice using different types of glucans
were combined as BG (mixed) due to the nonsignificant differences between groups and independent
triplicate experiments were performed.

3. Discussion

A variable proinflammatory impact of different β-glucans in DSS-induced gut barrier
permeability, possibly through the different potency in the activation of Syk and NF-κB,
the common downstream signaling of Dectin-1 and NF-κB, was characterized.
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3.1. Diversity of Glucans

Glucans (β-glucan; BG) are a group of polysaccharides complex with diverse structures
and biological activities that are strongly affected their chemical and physicochemical
properties, partly depending on the sources of glucans [49]. While Pachyman and bacterial
BG mainly has only a basic linear β-(1→3) structure, WGP (and other BG from mushroom
or yeast) consists of a β-(1→3)-D-glucose backbone with the connection point between
the backbone at the β-1→6 position (yeast BG is shorter than mushroom BG) [50]. On
the other hand, BG from oat and other plant grains (barley and rye) is composed of
both β-(1→3) and β-(1→4) glycosidic bonds. Notably, BG that is obtained from bacteria
and algae show a linear structure, whereas β-glucan from yeast, mushrooms, oats, and
barley exhibits branching structures [51], and the ratio between β-(1→4) and β-(1→3)
linkages differ between cereal species [52]. Additionally, different sources of BG consist of
different viscosity, and solubility as the solubility of BG from oats and barley is better than
wheat-BG [52]. Here, the solubility of the selected BG (Pachyman, WGP, and Oat-BG) is
not different. Moreover, BG from the different sources might be differently transformed
by gut microbiota, as β-(1→3)/β-(1→4)-glucan can be degraded by Bacteroides spp., the
most prominent Gram-negative anaerobes in the human gut [53,54]. Despite the extreme
diversity of BG, only three forms of BG were selected here as the representative of (i) BG
with a predominant linear β-1→3 structure (Pachyman) [55], (ii) BG with a larger (β-1→3)-
D-glucose backbone (WGP) with (β-1→6)-linkages [56], and (iii) BG with both (β-1→3)/(β-
1→4)-D-glucose backbones (Oat-BG) [57] as a test of the concept studies, due to their
frequent use in scientific experiments [58,59].

3.2. Oral Administration of Pachyman Caused More Profound Serum Cytokine Elicitation in
DSS-Induced Mucositis Mice

Earlier animal model work showed elevated serum β-glucans (BG) after the oral ad-
ministration of Candida (viable or heat-killed) in DSS-induced gut barrier permeability [27],
suggesting enhanced gut translocation of intestinal PAMPs. In a situation of less severe gut
barrier defect (no diarrhea), oral ingestion of glucans does not enhance the gut translocation
of glucans. Similarly, low translocation has been demonstrated in patients with HIV and
liver cirrhosis due to a mild degree of gut permeability defect [60]. In this study, DSS (a
high molecular weight sulfated polysaccharide) acts as a direct chemical toxin to colonic
epithelium resulting in the enhanced gut permeability through a damaged enterocyte tight
junction [61] that is severe enough to allow gut translocation of LPS (MW > 8–10 kDa) [62]
and BG (MW > 7 kDa) [63]. Normally, passive transport with a healthy gut epithelium is
limited to molecules that are smaller than 0.6 kDa [28]. Indeed, Gram-negative bacteria
are the main source of intestinal LPS, and BG in the gut is derived from plant contents
of food and gut fungi [27,41], and MW of both LPS and BG is too large for passive gut
translocation with a healthy gut barrier. Although oral administration of the different
forms of BGs did not affect the severity of the gut barrier permeability (FITC-dextran
assay, endotoxemia, and serum BG) when compared with DSS mice without oral BGs,
orally administered BG might, at least in part, pass through the gut barrier. Although LPS
was not directly administered in DSS mice, endotoxemia was spontaneously detectable
due to gut permeability damage. In parallel, the administration of glucans, in different
forms, into DSS mice possibly initiated LPS plus glucans elevation in serum. Interestingly,
Pachyman–DSS mice induced higher serum cytokines (TNF-α and IL-6) than DSS with
WGP or Oat-BG, possibly due to the more profound proinflammatory effect of Pachyman
than other glucans. A possibility explaining more severe inflammation in Pachyman–DSS
mice includes (i) lower gut translocation of Pachyman than other glucans due to higher
molecular weight of WGP or Oat-BG over Pachyman [43], (ii) the inflammatory activation
might depend on (1→6) glycosidic bonds in WGP and Pachyman, as no (1→6) glycosidic
bonds are present in Oat-BG [42,55], and (iii) the variable properties of different glucans
in ligating both Dectin-1 and TLR-4 [64]. Notably, the severity of intestinal injury in mice
with DSS alone or DSS with BGs was not different, as indicated by weight loss, stool con-
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sistency index, histology, and intestinal cytokines, despite a tendency of higher mortality
in Pachyman–DSS mice than DSS alone. However, the beneficial effects of Oat-BG [65]
and bacterial β-(1→3)-glucan (similar in structure to Pachyman; a high portion of β-(1→3)
linked glucose residues) [66,67] or the more severe effect of Zymosan (β-(1→3)/β-(1→6)-
glucan from Saccharomyces cerevisiae, similar to WGP) [68] upon DSS-mucositis mice were
not observed here, possibly due to different doses of administration. Another potential
source of differential effects lies with the effects upon the gut microbiome, because different
forms of BG might differently affect the gut microbiome composition [69,70]. While no
differences in the healthy mice with BG (without DSS), Pachyman + DSS demonstrated
the lowest beneficial Firmicute bacteria [40,71], and WGP + DSS produced the lowest
Bacteroidetes [40,72,73], and Oat-BG + DSS did not alter the fecal microbiome. These subtle
differences of bacterial abundance between BG + DSS vs. DSS alone were accompanied by
a similar taxonomic diversity among these groups, which were supported by the ex vivo
incubation of mouse feces with different BGs. Hence, Pachyman increased serum cytokines
in DSS mice possibly due to the presence of Pachyman BG in blood but not gut dysbiosis
nor the severity of intestinal inflammation.

3.3. More Profound LPS Synergy with Pachyman, over Other Glucans after Injection in Mice

Although elevated serum BG in DSS mice with oral glucans might be partly due to
gut translocation of the administered glucans, there is technical difficulty in the identi-
fication of different BGs in blood samples. Then, the inflammatory impact of different
forms of BGs was tested by direct injection in mice, and the BGs alone did not induce
inflammation [74–76]. The injection of BG plus LPS enhanced serum cytokine elicitation
(TNF-α and IL-6), with the highest potency observed with LPS combined with Pachyman,
followed by LPS + WGP [10], while LPS + Oat-BG only elevated liver IL-10. These data
supported a possible different response of LPS combined with different forms of BG [21].
Indeed, Dectin-1, the main BG recognition receptor, is present in several immune cells,
including dendritic cells, monocytes, macrophages, neutrophils, B cells, and natural killer
cells [77,78]. This multiplicity of responsive cell types suggests in vivo opportunities for
the greatly enhanced elicitation of proinflammatory cytokines in settings of co-exposure to
PAMPs with different receptors and signal transduction cascades [22,79]. In macrophages,
Pachyman and other BG (such as curdlan) demonstrated moderate to high proinflammatory
effects among the different forms of BG [59,75], and LPS plus Pachyman induced even more
profound inflammation than LPS alone. There was a similar downregulation of TLR-4 and
Dectin-1 in LPS alone or LPS with any BG, possibly as a protective response against cell
injury from LPS-elicited reactive oxygen species (ROS) [80]. In parallel, the expression of
Syk and NF-κB in Pachyman + LPS-activated macrophages were higher than WGP + LPS,
while Oat-BG did not have any synergistic effects with LPS. Furthermore, Pachyman + LPS
also prominently accelerated cell energy production from both glycolysis and mitochondria
that might be necessary during the intensified cytokine production in macrophages when
compared with LPS activation alone [47,81]. Hence, the proinflammatory effect of BG
on LPS synergy was most prominent with Pachyman, followed by WGP, with the lowest
impact found with Oat-BG.

3.4. A Possible Impact of Dectin-1 with LPS Co-Stimulation in Macrophage Activation by
Pachyman Plus LPS, a Working Hypothesis

Despite the Dectin-1-dependent recognition of all forms of BG, the potency of BG
downstream signaling by Pachyman seems to be more profound compared to WGP and
Oat-BG, as indicated by the level of upregulation of Syk and NF-κB in LPS with Pachyman
or WGP compared with LPS activation alone or with Oat-BG. These differences might,
partly, be due to differences in the structures of BGs that are associated with the quality of
the interaction between the Dectin-1 and TLR-4 signal transduction pathways [48,64,82]
(Figure 9). In addition, the possibility of particulate BG ligating both Dectin-1 and TLR4,
with synergistic activation enhancement, has been demonstrated in cells transfected with
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these receptors [79]. Although there is limited exploration of TLR-4 and Dectin-1 ligation
by BG, several publications have described TLR4 ligation [83]. We hypothesize that Syk
might be responsible for the enhanced LPS-glucans proinflammatory effect, because Syk
is (i) directly downstream of Dectin-1 [84], (ii) an alternative (non-MyD88) downstream
signal of TLR-4 [85,86], and (iii) one of the major downstream signals after the respective
ligation of Dectin-1 and TLR-4 by their respective ligands [64]. It is possible that the β-
(1→3) structure of Pachyman, being limited-branching β-(1→3) glucans different from
WGP with multiple β-(1→6)-glycosidic branches, Oat-BG, and β-(1→4)-glycosidic linkages,
might be responsible for the more effective crosslinks with more profound downstream
signals. Additionally, the enhanced cell energy reserve (glycolysis and respiratory reserves)
was only demonstrated in WGP and Pachyman but not in Oat-BG, in correlation with
the inflammatory activation, possibly to produce the adequate energy for the facilitated
inflammatory cell activities [11,87]. More studies on this topic are warranted.
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Figure 9. The proposed working hypothesis demonstrates the possible additional proinflammatory
impact with lipopolysaccharides (LPS) plus the different forms of (1→3)-β-D-glucan (BGs), including
whole-glucan particles (WGP; BGs with 1,6 linkage), Pachyman (BGs without 1→6 nor 1→4 link-
ages), and Oat β-glucans (Oat-BG; BGs with 1,4 linkage), through the crosslink between Toll-like
receptor-4 (TLR-4) and Dectin-1, the pattern recognition receptors for LPS and BGs, respectively,
with Spleen tyrosine kinase (Syk), an inhibitor of nuclear factor kappa-B kinase (IKK), and nuclear
factor kappa B (NF-κB) as the downstream signals (thickness of the arrows represents the intensity
of the activation). While Myeloid differentiation primary response 88 (MyD88) and Syk-Caspase
recruitment domain-containing protein 9 (CARD-9) are the main downstream signals of TLR-4 and
Dectin-1, respectively [48,64,82], the crosslink of Dectin-1 with TLR-4, by a proper form of glucan
(Pachyman), induced stronger signaling through Syk and NF-κB [64]. TRAP-6, Thrombin Receptor
Activator for Peptide 6; IκB, I kappa B kinase. The picture is created by BioRender.com (accessed on 1
March 2022).

3.5. Clinical Perspective

Currently, the impacts of BG on human health are confusing. On one hand, BG from
plant grains (oat, barley, cereal, and wheat) demonstrates several health benefits [88–90].
On the other hand, gut translocation of BG from intestinal fungi enhances systemic in-
flammation, indicating a diverse influence of BG in specific conditions [11,34,40]. With
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the proinflammatory property, Pachyman transforms the anti-inflammatory state around
the cancer tissue into proinflammatory conditions that attenuate malignancy [91,92], and
WGP incubation induces proinflammatory macrophages [93]. In contrast, Oat-BG exhibits
an anti-inflammatory effect in some situations (Crohn’s disease, obesity, and vigorous
exercise) [18,19,94,95]. Despite some proinflammatory effects of Oat-BG in our experiments,
Oat-BG demonstrated the least inflammatory activity and might be suitable to boost up im-
mune responses [96–99], induce trained immunity (innate immune memory, the increased
innate immune responses after the subsequent activation) [100], or improve gut dysbio-
sis [101–103]. The high viscosity (gelation-liked property) of Oat-BG (and other BG from
plant grains) [52] may prevent gut translocation; increase intestinal viscosity; and thereby
improve glucose–lipid homeostasis (delayed glucose absorption, decreased bile acid absorp-
tion, increased bile acid excretion, and enhanced hepatic cholesterol metabolism) [52]. Due
to the high viscosity, Oat-BG might also effectively facilitate the production of short-chain
fatty acids from enterocytes that autologously improve enterocyte functions and further
inhibit cholesterol synthesis [25]. In contrast, the oral administration of other glucans,
especially Pachyman and WGP (BG containing β-(1→3), (1→6)-D-glucan), in conditions
with gut barrier defects might enhance systemic inflammation and cause adverse effects
in several diseases. On the contrary, Pachyman and WGP might have better benefits on
immune activation in some conditions [104], such as sepsis-immune exhaustion (increased
susceptibility to secondary infection after sepsis) [105] and cancer-mediated immune re-
sponses (the blockage of immune responses by malignant cells) [106]. Overall, oral BG
administration in individuals with gut barrier defects (sepsis, severe diarrhea, morbid
obesity, and vigorous exercise) [28,29,107] should be done with caution, as only specific
glucans might be suitable for specific clinical conditions. It is advised to keep in mind that
the presence of any forms of glucans in the blood circulation might be harmful in some
hyperinflammatory conditions, because any glucans (including Oat-BG) are foreign to the
host and are recognized as pathogen-associated molecules [12]. More studies to match the
glucans with their proper clinical use are warranted.

In conclusion, Pachyman and Oat-BG demonstrated the highest and the lowest potency
of proinflammatory synergy with LPS, respectively. That is possibly due to the differences
in the downstream signaling of the Dectin-1 and TLR-4 signal transduction pathways.
Meanwhile, the impact of gut dysbiosis of these glucans was modest in our experiments.
The proper selection of glucans to use in specific conditions might be necessary for clinical
situations. More studies are warranted.

4. Materials and Methods
4.1. Animal

The Institutional Animal Care and Use Committee of Chulalongkorn University′s
Faculty of Medicine approved the animal study protocol (025/2563), which followed the
National Institutes of Health′s (NIH) animal care and use procedure. In the experiments,
male 8-week-old mice weighing 20–22 g were purchased from Nomura Siam (Pathumwan,
Bangkok, Thailand). The mice were kept in conventional clear plastic cages with free
access to water and food containing fat (4.5% w/w) with the energy content calculated
at 3.04 kcal/g (SmartHeart Rodent; Perfect companion pet care, Bangkok, Thailand) in a
standard facility with a 12:12 h light/dark cycle at 22 2 ◦C, 50% relative humidity, and 5 air
changes per hours using the heating, ventilation, and air conditioning (HVAC) system.

4.2. Dextran Sulfate Solution Model with β-Glucans Administration

Gut permeability (gut leakage) induced by dextran sulfate solution (DSS) with or with-
out administration by the different forms of β-glucans was performed to explore a possible
impact of glucans on mucositis. As such, a 40-mg/kg dose of β-glucans [108], using whole-
glucan particles (WGP), soluble (1→3)/(1→6)-β-Glucan) extracted from Saccharomyces
cerevisiae (InvivoGen, San Diego, CA, USA), Pachyman, soluble (1→3)-β-D-glucan ex-
tracted from Poria cocos (mushroom) (Megazyme, Bray, Ireland), or Oat-glucans (Oat-BG),
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(1→3)/(1→4)-β-glucan extracted from Avena sativa L. (Oat) (Biosynth Carbosynth, Staad
SG, SANKT GALLEN, Switzerland), was orally administered using 18 gauge feeding
tubes,1.5 inches in length with a rounded tip mouse oral gavage needle (Sigma-Aldrich,
St. Louis, MO, USA) once-daily at 8:00 a.m. from 4 days before DSS (day-4) to 10 days
post-DSS. All BG (WGP, Pachyman, and Oat-BG) were gently resuspended in 0.25-M NaOH
and kept at 4 ◦C overnight, with 0.25-M HCl added before being used (both in vivo and
in vitro). After that, DSS (Sigma-Aldrich) was diluted at 3% volume by volume (v/v) into
drinking water for 10 days [23]. The stool consistency was semi-quantitatively evaluated
using the following scores: 0, normal; 1, soft; 2, loose; and 3, diarrhea, as previously pub-
lished [23]. At 6 h after the last dose of glucans on the 10th day of DSS, mice were sacrificed
by cardiac puncture under isoflurane anesthesia with sample collection. Serum was kept
at −80 ◦C until use, and the organ (ascending colon; 2 cm distally to the cecum) was put
in 10% neutral formalin and snap-frozen in −80 ◦C for histological analysis and organ
cytokines, respectively. Notably, the mice were housed individually during the experiments
to avoid an impact of allocoprophagy (a habit of ingestion of feces of other mice) on the
fecal microbiome analysis [33,38]. Feces were collected post-sacrifice from the cecum.

4.3. Lipopolysaccharide with and without Injection of Different β-Glucans Model

To test the impact of different forms of β-Glucans on mice, the glucans were adminis-
tered with and without LPS in mice. Mice were intraperitoneally (ip) administered with
10 mg/kg of LPS from E. coli 026: B6 (Sigma-Aldrich) with or without intravenous (iv)
administration (tail vein injection) of the different glucans at 20 mg/kg. Blood samples
were collected through the tail vein at several timepoints, and mice were sacrificed at 24 h
post-injection by cardiac puncture under isoflurane anesthesia before sample collection.

4.4. Gut Permeability Determination

The gut barrier was determined by fluorescein isothiocyanate-dextran (FITC-dextran)
and the spontaneous elevation of lipopolysaccharides (LPS) and (1→3)-β-D-glucan (BG) in
the serum (gut translocation) without systemic infection [23]. The detection of FITC-dextran,
a gut nonabsorbable molecule at a molecular weight of 4.4 kDa, in the serum after an oral
administration indicates gut barrier permeability (leaky gut) [41]. Then, FITC-dextran
(Sigma-Aldrich) was orally administered at a concentration of 25 mg/mL in 0.25-mL
phosphate buffer solution (PBS) at 3 h before sacrifice, and the serum FITC-dextran was
measured by fluorospectrometry (microplate reader; Thermo Scientific, Wilmington, DE,
USA). In parallel, serum LPS (endotoxin) BG were measured by HEK-Blue LPS detection
(InvivoGen, San Diego, CA, USA) and Fungitell (Associates of Cape Cod, Falmouth, MA,
USA). The values of LPS < 0.01 EU/mL and BG <7.8 pg/mL were recorded as 0 due to the
limitation of the standard curves.

4.5. Histological Analysis, Tissue Cytokines, and Mouse Serum Analysis

Colon histology on Hematoxylin and Eosin (H&E) staining at 200× magnification
was semi-quantitatively evaluated [23] based on mononuclear cell infiltration (in mucosa
and submucosa); epithelial hyperplasia (epithelial cell in longitudinal crypts); reduction
of goblet cell; and epithelial cell vacuolization in comparison with control groups using
the following scores: 0: leukocyte <5% and no epithelial hyperplasia (<10% of control):
(1) leukocyte infiltration 5–10% or hyperplasia 10–25%, (2) leukocyte infiltration 10–25%
or hyperplasia 25–50% or reduced goblet cells (>25% of control), (3) leukocyte infiltration
25–50% or hyperplasia >50% or intestinal vacuolization, and (4) leukocyte infiltration >50%
or ulceration. Additionally, localized inflammation in tissue was measured as previously
described [34]. Briefly, the samples were weighed, sonicated thoroughly, put into 1-mL
PBS per g tissue, centrifuged, and the supernatant was collected for cytokine measurement
by ELISA (Invitrogen, Waltham, MA, USA), according to the manufacturer’s protocol.
Moreover, serum cytokines (TNF-α, IL-6, and IL-10) and alanine transaminase (ALT)
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were measured by the enzyme-linked immunosorbent assay (ELISA) (Invitrogen) and
EnzyChrom alanine transaminase assay (Bioassay, Hayward, CA, USA), respectively.

4.6. Fecal Microbiome Analysis

The method of fecal microbiota analysis followed that of previous publications [9,27,32,
109,110]. Briefly, feces (0.25 g per mouse) were used to extract total DNA by a power DNA
isolation kit (MoBio, Carlsbad, CA, USA), and the metagenomic DNA quality was evaluated
by agarose gel electrophoresis with nanodrop spectrophotometry. Universal prokaryotic
forward primer 515F (59-GTGCCAGCMGCCGCGGTAA-39) and reverse primer 806R (59-
GGACTACHVGGGTWTCTAAT-39), with an appended 50 Illumina adapter and 30 Golay
barcode sequences, were used for 16S rRNA gene V4 library construction. Triplicate poly-
merase chain reactions (PCRs) were performed, and each reaction mixture consisted of 1
EmeraldAmp1 GT PCR master mix (TaKaRa), 0.2 mM of each primer, and metagenomic
DNA (75 ng). A GenepHlow gel extraction kit (Geneaid Biotech Ltd., New Taipei City,
Taiwan) was used for purifying 16S rRNA from an agarose gel, and quantification was
performed using PicoGreen (Invitrogen, Eugene, OR, USA). Each sample (240 ng) was
applied to the MiSeq300 sequencing platform (Illumina, San Diego, CA, USA) with pre-
viously described index sequences with Mothur’s standard quality screening operating
procedures. To separately determine the impacts of BGs, the ex vivo experiments using
feces from heathy mice (combined feces from cecum of 3 mice) at 0.01 g were co-incubated
with the different forms of BGs (1 mg) under anaerobic conditions with gas generation
sachets (AnaeroPack-Anaero; Mitsubishi Gas Chemical Co. Inc., Tokyo, Japan) at 37 ◦C for
24 h before performing a microbiome analysis.

4.7. Macrophage Experiments

Bone marrow-derived macrophages were prepared from the healthy mice as pre-
viously described [15,24,39,111,112]. Briefly, bone marrow from femurs and tibias were
collected by 6000 rpm centrifugation at 4 ◦C and incubated for 7 days with modified Dul-
becco’s modified Eagle’s medium (DMEM) with conditioned media of the L929 cell line,
containing a macrophage-colony stimulating factor, in a humidified 5% CO2 incubator at
37 ◦C. Then, LPS (E. coli 026: B6, Sigma-Aldrich) at 10 ng/mL with or without β-glucans
in different forms at 10 µg/mL [79] or media control alone (DMEM) were incubated with
macrophages at 1 × 105 cells/well at 37 ◦C for 24 h before the determination of super-
natant cytokines (TNF-α, IL-6, and IL-10) using the ELISA assay (Invitrogen). In parallel,
total RNA was prepared by Trizol, quantified by a Nanodrop ND-1000 (Thermo Fisher
Scientific), converted into cDNA by the Reverse Transcription System, and performed
real-time quantitative reverse transcription-polymerase chain reaction (qRT-PCR) using
the SYBR Green system (Applied biosystem, Foster City, CA, USA) for the expression of
several genes. The cDNA template and target primers based on the ∆∆CT method (2-∆∆Ct)
relative to the β-actin housekeeping gene were conducted. Primers for cytokines (TNF-α,
IL-6, and IL-10); M1 proinflammatory macrophage polarization (iNOS and IL-1β); M2 anti-
inflammatory macrophage polarization (Fizz-1, Arginase-1, and TGF-β); and inflammatory
signals (TLR-4, Dectin-1, and NF-κB) were used (Table 1).

4.8. Extracellular Flux Analysis

Extracellular flux analysis with Seahorse XFp Analyzers (Agilent, Santa Clara, CA,
USA) was used to determine the energy status of the cells, with the oxygen consumption
rate (OCR) and extracellular acidification rate (ECAR) representing mitochondrial function
(respiration) and glycolysis activity, respectively [56]. For OCR evaluation, the 24-h stimu-
lated macrophages at 1 × 105 cells/well were incubated for 1 h in Seahorse media (DMEM
complemented with glucose, pyruvate, and L-glutamine) (Agilent, 103575–100) before
activation by different metabolic interference compounds such as oligomycin, carbonyl
cyanide-4-(trifluoromethoxy)-phenylhydrazone (FCCP), and rotenone/antimycin A. On
the other hand, glycolysis stress tests were performed using glucose, oligomycin, and
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2-deoxy-d-glucose (2-DG) for ECAR measurement. The data were analyzed by Seahorse
Wave 2.6 software based on the following equations: (i) respiratory capacity (maximal respi-
ration) = OCR between FCCP and rotenone/antimycin A−OCR after rotenone/antimycin
A, (ii) respiratory reserve = OCR between FCCP and rotenone/antimycin A−OCR before
oligomycin, (iii) maximal glycolysis (glycolysis capacity) = ECAR between oligomycin
and 2-DG−ECAR after 2-DG, and (iv) glycolysis reserve = ECAR between oligomycin and
2-DG–ECAR between glucose and oligomycin.

Table 1. List of primers used in the study.

Primers Forward Reverse

Tumor necrosis factor-alpha
(TNF-α) 5′-CCTCACACTCAGATCATCTTCTC-3′ 5′-AGATCCATGCCGTTGGCCAG-3′

Interleukin-6 (IL-6) 5′-TACCACTTCACAAGTCGGAGGc-3′ 5′-CTGCAAGTGCATCATCGTTGTTC-3′

Interleukin-10 (IL-10) 5′-GCTCTTACTGACTGGCATGAG-3′ 5′-CGCAGCTCTAGGAGCATGTG-3′

Inducible nitric oxide synthase
(iNOS) 5′-ACCCACATCTGGCAGAATGAG-3′ 5′-AGCCATGACCTTTCGCATTAG-3′

Interleukin-1β (IL-1β) 5′-GAAATGCCACCTTTTGACAGTG-3′ 5′-TGGATGCTCTCATCAGGACAG-3′

Arginase-1 (Arg-1) 5′-CTTGGCTTGCTTCGGAACTC-3′ 5′-GGAGAAGGCGTTTGCTTAGTTC-3′

Transforming Growth Factor-β
(TGF-β) 5′-CAGAGCTGCGCTTGCAGAG-3′ 5′-GTCAGCAGCCGGTTACCAAG-3′

Resistin-like molecule-α (Fizz-1) 5′-GCCAGGTCCTGGAACCTTTC-3′ 5′-GGAGCAGGGAGATGCAGATGA-3′

Nuclear factor-κB (NF-κB) 5′-CTTCCTCAGCCATGGTACCTCT-3′ 5′-CAAGTCTTCATCAGCATCAAACTG-3′

Toll like receptor-4 (TLR-4) 5′-GGCAGCAGGTGGAATTGTAT-3′ 5′-AGGCCCCAGAGTTTTGTTCT-3′

Spleen tyrosine kinase (Syk) 5′-CTACTACAAGGCCCAGACCC-3′ 5′-TGATGCATTCGGGGGCGTAC-3′

Dectin-1 5′-TCCCGCAATCAGAGTGAAG-3′ 5′-GTGCAGTAAGCTTTCCTGGG-3′

4.9. Statistical Analysis

All data were analyzed by Statistical Package for Social Sciences software version SPSS
Statistics 22.0 (SPSS Inc., Chicago, IL, USA) and GraphPad Prism version 7.0 (GraphPad
Software Inc., Avenida De La Playa La Jolla, CA, USA). Results were presented as the
mean ± standard error (SE). The differences between multiple groups were examined for
statistical significance by one-way analysis of variance (ANOVA) with Tukey’s analysis.
The survival analysis and timepoint data were determined by the log-rank test and repeated
measures ANOVA, respectively. A p-value < 0.05 was considered statistically significant.

Author Contributions: Conceptualization, A.L. and W.C.; methodology, P.H., P.V., A.L. and W.C.;
software, P.H. and A.L.; validation W.C. and A.L.; formal analysis, P.H., P.V., W.C. and A.L.; investiga-
tion, P.H., P.V., W.C. and A.L.; resources, A.L. and W.C.; data curation, A.L.; writing—original draft
preparation, A.L.; writing—review and editing, W. C., M.A.F. and A.L.; visualization, A.L., M.A.F.
and W.C.; supervision, A.L.; project administration, W.C. and A.L.; and funding acquisition, W.C.
and A.L. All authors have read and agreed to the published version of the manuscript.

Funding: This research was supported by Chulalongkorn University through Fundamental Fund
65 (CUFRB65_hea (33) _040_30_21) and the National Research Council of Thailand (grant number
NRCT5-RGJ63001 and NRCT-N41A640076) with NSRF via the Program Management Unit for Human
Resources & Institutional Development, Research and Innovation (B16F640175 and B05F640144). PH
was supported by Second Century Fund (C2F) for Ph.D. student, Chulalongkorn University.

Institutional Review Board Statement: The study was conducted according to the approved animal
study protocol by The Institutional Animal Care and Use Committee of the Faculty of Medicine,
Chulalongkorn University (ASP SST 018/2562).

Informed Consent Statement: Not applicable.

Data Availability Statement: The data is contained within the article.

Acknowledgments: A.L. is under the Center of Excellence on Translational Research in Inflamma-
tion and Immunology (CETRII), Department of Microbiology, Chulalongkorn University, Bangkok
10330, Thailand.



Int. J. Mol. Sci. 2022, 23, 4026 19 of 23

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

References
1. Chaiyasut, C.; Pengkumsri, N.; Sivamaruthi, B.; Sirilun, S.; Kesika, P.; Saelee, M.; Chaiyasut, K.; Peerajan, S. Extraction of B-glucan

of Hericium erinaceus, Avena sativa, L., and Saccharomyces cerevisiae and in vivo evaluation of their immunomodulatory effects.
Food Sci. Technol. 2018, 38, 138–146. [CrossRef]

2. Vetvicka, V.; Vannucci, L.; Sima, P.; Richter, J. Beta Glucan: Supplement or Drug? From Laboratory to Clinical Trials. Molecules
2019, 24, 1251. [CrossRef] [PubMed]

3. Jayachandran, M.; Chen, J.; Chung, S.S.M.; Xu, B. A critical review on the impacts of beta-glucans on gut microbiota and human
health. J. Nutr. Biochem. 2018, 61, 101–110. [CrossRef] [PubMed]

4. Driscoll, M.; Hansen, R.; Ding, C.; Cramer, D.E.; Yan, J. Therapeutic potential of various beta-glucan sources in conjunction with
anti-tumor monoclonal antibody in cancer therapy. Cancer Biol. Ther. 2009, 8, 218–225. [CrossRef]

5. Karp, S.; Wyrwisz, J.; Kurek, M.A. The impact of different levels of oat beta-glucan and water on gluten-free cake rheology and
physicochemical characterisation. J. Food Sci. Technol. 2020, 57, 3628–3638. [CrossRef]

6. Brennan, C.S.; Cleary, L.J. The potential use of cereal (1→3,1→4)-β-d-glucans as functional food ingredients. J. Cereal Sci. 2005, 42,
1–13. [CrossRef]

7. Xu, L.; Zhang, J. Bacterial glucans: Production, properties, and applications. Appl. Microbiol. Biotechnol. 2016, 100, 9023–9036.
[CrossRef]

8. McIntosh, M.; Stone, B.A.; Stanisich, V.A. Curdlan and other bacterial (1→3)-beta-D-glucans. Appl. Microbiol. Biotechnol. 2005, 68,
163–173. [CrossRef]

9. Kaewduangduen, W.; Visitchanakun, P.; Saisorn, W.; Phawadee, A.; Manonitnantawat, C.; Chutimaskul, C.; Susantitaphong, P.;
Ritprajak, P.; Somboonna, N.; Cheibchalard, T.; et al. Blood Bacteria-Free DNA in Septic Mice Enhances LPS-Induced Inflammation
in Mice through Macrophage Response. Int. J. Mol. Sci. 2022, 23, 1907. [CrossRef]

10. Bhunyakarnjanarat, T.; Udompornpitak, K.; Saisorn, W.; Chantraprapawat, B.; Visitchanakun, P.; Dang, C.P.; Issara-Amphorn, J.;
Leelahavanichkul, A. Prominent Indomethacin-Induced Enteropathy in Fcgriib Defi-cient lupus Mice: An Impact of Macrophage
Responses and Immune Deposition in Gut. Int. J. Mol. Sci. 2021, 22, 1377. [CrossRef]

11. Issara-Amphorn, J.; Dang, C.P.; Saisorn, W.; Limbutara, K.; Leelahavanichkul, A. Candida Administration in Bilateral
Nephrectomy Mice Elevates Serum (1→3)-β-D-glucan That Enhances Systemic Inflammation Through Energy Augmentation in
Macrophages. Int. J. Mol. Sci. 2021, 22, 5031. [CrossRef] [PubMed]

12. Zipfel, C.; Robatzek, S. Pathogen-associated molecular pattern-triggered immunity: Veni, vidi...? Plant Physiol. 2010, 154, 551–554.
[CrossRef] [PubMed]

13. Zelechowska, P.; Rozalska, S.; Wiktorska, M.; Brzezinska-Blaszczyk, E.; Agier, J. Curdlan stimulates tissue mast cells to synthesize
pro-inflammatory mediators, generate ROS, and migrate via Dectin-1 receptor. Cell. Immunol. 2020, 351, 104079. [CrossRef]

14. Min, L.; Isa, S.A.; Fam, W.N.; Sze, S.K.; Beretta, O.; Mortellaro, A.; Ruedl, C. Synergism between curdlan and GM-CSF confers a
strong inflammatory signature to dendritic cells. J. Immunol. 2012, 188, 1789–1798. [CrossRef] [PubMed]

15. Panpetch, W.; Somboonna, N.; Bulan, D.E.; Issara-Amphorn, J.; Worasilchai, N.; Finkelman, M.; Chindamporn, A.; Palaga, T.;
Tumwasorn, S.; Leelahavanichkul, A. Gastrointestinal Colonization of Candida Albicans Increases Serum (1→3)-β-D-Glucan,
without Candidemia, and Worsens Cecal Ligation and Puncture Sepsis in Murine Model. Shock. 2018, 49, 62–70. [CrossRef]
[PubMed]

16. Daou, C.; Zhang, H. Oat Beta-Glucan: Its Role in Health Promotion and Prevention of Diseases. Compr. Rev. Food Sci. Food Saf.
2012, 11, 355–365. [CrossRef]

17. Wang, Q.; Ellis, P.R. Oat beta-glucan: Physico-chemical characteristics in relation to its blood-glucose and cholesterol-lowering
properties. Br. J. Nutr. 2014, 112, S4–S13. [CrossRef]

18. Zyla, E.; Dziendzikowska, K.; Kamola, D.; Wilczak, J.; Sapierzynski, R.; Harasym, J.; Gromadzka-Ostrowska, J. Anti-Inflammatory
Activity of Oat Beta-Glucans in a Crohn’s Disease Model: Time- and Molar Mass-Dependent Effects. Int. J. Mol. Sci. 2021, 22, 4485.
[CrossRef]

19. Suchecka, D.; Harasym, J.P.; Wilczak, J.; Gajewska, M.; Oczkowski, M.; Gudej, S.; Błaszczyk, K.; Kamola, D.; Filip, R.; Gromadzka-
Ostrowska, J. Antioxidative and anti-inflammatory effects of high beta-glucan concentration purified aqueous extract from oat in
experimental model of LPS-induced chronic enteritis. J. Funct. Foods 2015, 14, 244–254. [CrossRef]

20. Sahasrabudhe, N.M.; Tian, L.; van den Berg, M.; Bruggeman, G.; Bruininx, E.; Schols, H.A.; Faas, M.M.; de Vos, P. Endo-glucanase
digestion of oat β-Glucan enhances Dectin-1 activation in human dendritic cells. J. Funct. Foods 2016, 21, 104–112. [CrossRef]

21. Batbayar, S.; Lee, D.H.; Kim, H.W. Immunomodulation of Fungal beta-Glucan in Host Defense Signaling by Dectin-1. Biomol.
Ther. 2012, 20, 433–445. [CrossRef] [PubMed]

22. Kikkert, R.; Bulder, I.; de Groot, E.R.; Aarden, L.A.; Finkelman, M.A. Potentiation of Toll-like receptor-induced cytokine production
by (1→3)-beta-D-glucans: Implications for the monocyte activation test. J. Endotoxin Res. 2007, 13, 140–149. [CrossRef] [PubMed]

23. Saithong, S.; Saisorn, W.; Visitchanakun, P.; Sae-Khow, K.; Chiewchengchol, D.; Leelahavanichkul, A. A Synergy Between
Endotoxin and (1→3)-Beta-D-Glucan Enhanced Neutrophil Extracellular Traps in Candida Administered Dextran Sulfate
Solution Induced Colitis in FcGRIIB-/- Lupus Mice, an Impact of Intestinal Fungi in Lupus. J. Inflamm. Res. 2021, 14, 2333–2352.
[CrossRef]

http://doi.org/10.1590/fst.18217
http://doi.org/10.3390/molecules24071251
http://www.ncbi.nlm.nih.gov/pubmed/30935016
http://doi.org/10.1016/j.jnutbio.2018.06.010
http://www.ncbi.nlm.nih.gov/pubmed/30196242
http://doi.org/10.4161/cbt.8.3.7337
http://doi.org/10.1007/s13197-020-04395-5
http://doi.org/10.1016/j.jcs.2005.01.002
http://doi.org/10.1007/s00253-016-7836-6
http://doi.org/10.1007/s00253-005-1959-5
http://doi.org/10.3390/ijms23031907
http://doi.org/10.3390/ijms22031377
http://doi.org/10.3390/ijms22095031
http://www.ncbi.nlm.nih.gov/pubmed/34068595
http://doi.org/10.1104/pp.110.161547
http://www.ncbi.nlm.nih.gov/pubmed/20921183
http://doi.org/10.1016/j.cellimm.2020.104079
http://doi.org/10.4049/jimmunol.1101755
http://www.ncbi.nlm.nih.gov/pubmed/22250091
http://doi.org/10.1097/SHK.0000000000000896
http://www.ncbi.nlm.nih.gov/pubmed/28498297
http://doi.org/10.1111/j.1541-4337.2012.00189.x
http://doi.org/10.1017/S0007114514002256
http://doi.org/10.3390/ijms22094485
http://doi.org/10.1016/j.jff.2014.12.019
http://doi.org/10.1016/j.jff.2015.11.037
http://doi.org/10.4062/biomolther.2012.20.5.433
http://www.ncbi.nlm.nih.gov/pubmed/24009832
http://doi.org/10.1177/0968051907080024
http://www.ncbi.nlm.nih.gov/pubmed/17621556
http://doi.org/10.2147/JIR.S305225


Int. J. Mol. Sci. 2022, 23, 4026 20 of 23

24. Issara-Amphorn, J.; Surawut, S.; Worasilchai, N.; Thim-Uam, A.; Finkelman, M.; Chindamporn, A.; Palaga, T.; Hirankarn, N.;
Pisitkun, P.; Leelahavanichkul, A. The Synergy of Endotoxin and (1→3)-beta-D-Glucan, from Gut Translocation, Worsens Sepsis
Severity in a Lupus Model of Fc Gamma Receptor IIb-Deficient Mice. J. Innate Immun. 2018, 10, 189–201. [CrossRef] [PubMed]

25. Joyce, S.A.; Kamil, A.; Fleige, L.; Gahan, C.G.M. The Cholesterol-Lowering Effect of Oats and Oat Beta Glucan: Modes of Action
and Potential Role of Bile Acids and the Microbiome. Front. Nutr. 2019, 6, 171. [CrossRef] [PubMed]

26. Hiengrach, P.; Panpetch, W.; Worasilchai, N.; Chindamporn, A.; Tumwasorn, S.; Jaroonwitchawan, T.; Wilantho, A.;
Chatthanathon, P.; Somboonna, N.; Leelahavanichkul, A. Administration of Candida Albicans to Dextran Sulfate Solution Treated
Mice Causes Intestinal Dysbiosis, Emergence and Dissemination of Intestinal Pseudomonas Aeruginosa and Lethal Sepsis. Shock
2020, 53, 189–198. [CrossRef]

27. Panpetch, W.; Somboonna, N.; Bulan, D.E.; Issara-Amphorn, J.; Finkelman, M.; Worasilchai, N.; Chindamporn, A.; Palaga,
T.; Tumwasorn, S.; Leelahavanichkul, A. Oral administration of live- or heat-killed Candida albicans worsened cecal ligation
and puncture sepsis in a murine model possibly due to an increased serum (1→3)-β-D-glucan. PLoS ONE 2017, 12, e0181439.
[CrossRef]

28. Amornphimoltham, P.; Yuen, P.S.T.; Star, R.A.; Leelahavanichkul, A. Gut Leakage of Fungal-Derived Inflammatory Mediators:
Part of a Gut-Liver-Kidney Axis in Bacterial Sepsis. Dig. Dis. Sci. 2019, 64, 2416–2428. [CrossRef]

29. Camilleri, M. Leaky gut: Mechanisms, measurement and clinical implications in humans. Gut 2019, 68, 1516–1526. [CrossRef]
30. Bates, J.M.; Akerlund, J.; Mittge, E.; Guillemin, K. Intestinal alkaline phosphatase detoxifies lipopolysaccharide and prevents

inflammation in zebrafish in response to the gut microbiota. Cell Host Microbe 2007, 2, 371–382. [CrossRef]
31. Pulido, D.; Nogues, M.V.; Boix, E.; Torrent, M. Lipopolysaccharide neutralization by antimicrobial peptides: A gambit in the

innate host defense strategy. J. Innate Immun. 2012, 4, 327–336. [CrossRef] [PubMed]
32. Tungsanga, S.; Katavetin, P.; Panpetch, W.; Udompornpitak, K.; Saisorn, W.; Praditpornsilpa, K.; Eiam-Ong, S.; Tungsanga,

K.; Tumwasorn, S.; Leelahavanichkul, A. Lactobacillus rhamnosus L34 attenuates chronic kidney disease progression in 5/6
nephrectomy mouse model through the excretion of anti-inflammatory molecules. Nephrol. Dial. Transplant. 2022. [CrossRef]
[PubMed]

33. Visitchanakun, P.; Panpetch, W.; Saisorn, W.; Chatthanathon, P.; Wannigama, D.L.; Thim-uam, A.; Svasti, S.; Fucharoen, S.;
Somboonna, N.; Leelahavanichkul, A. Increased susceptibility to dextran sulfate-induced mucositis of iron-overload β-thalassemia
mice, another endogenous cause of septicemia in thalassemia. Clin. Sci. 2021, 135, 1467–1486. [CrossRef] [PubMed]

34. Panpetch, W.; Kullapanich, C.; Dang, C.P.; Visitchanakun, P.; Saisorn, W.; Wongphoom, J.; Wannigama, D.L.; Thim-Uam, A.;
Patarakul, K.; Somboonna, N.; et al. Candida Administration Worsens Uremia-Induced Gut Leakage in Bilateral Nephrectomy
Mice, an Impact of Gut Fungi and Organismal Molecules in Uremia. mSystems 2021, 6, e01187-20. [CrossRef]

35. Ondee, T.; Pongpirul, K.; Visitchanakun, P.; Saisorn, W.; Kanacharoen, S.; Wongsaroj, L.; Kullapanich, C.; Ngamwongsatit, N.;
Settachaimongkon, S.; Somboonna, N.; et al. Lactobacillus acidophilus LA5 improves saturated fat-induced obesity mouse model
through the enhanced intestinal Akkermansia muciniphila. Sci. Rep. 2021, 11, 6367. [CrossRef]

36. Panpetch, W.; Sawaswong, V.; Chanchaem, P.; Ondee, T.; Dang, C.P.; Payungporn, S.; Tumwasorn, S.; Leelahavanichkul, A.
Candida Administration Worsens Cecal Ligation and Puncture-Induced Sepsis in Obese Mice Through Gut Dysbiosis Enhanced
Systemic Inflammation, Impact of Pathogen-Associated Molecules From Gut Translocation and Saturated Fatty Acid. Front.
Immunol. 2020, 11, 2278. [CrossRef]

37. Ribeiro, F.M.; Petriz, B.; Marques, G.; Kamilla, L.H.; Franco, O.L. Is There an Exercise-Intensity Threshold Capable of Avoiding
the Leaky Gut? Front. Nutr. 2021, 8, 75. [CrossRef]

38. Thim-Uam, A.; Surawut, S.; Issara-Amphorn, J.; Jaroonwitchawan, T.; Hiengrach, P.; Chatthanathon, P.; Wilantho, A.; Somboonna,
N.; Palaga, T.; Pisitkun, P.; et al. Leaky-gut enhanced lupus progression in the Fc gamma receptor-IIb deficient and pristane-
induced mouse models of lupus. Sci. Rep. 2020, 10, 777. [CrossRef]

39. Visitchanakun, P.; Saisorn, W.; Wongphoom, J.; Chatthanathon, P.; Somboonna, N.; Svasti, S.; Fucharoen, S.; Leelahavanichkul,
A. Gut leakage enhances sepsis susceptibility in iron-overloaded β-thalassemia mice through macrophage hyperinflammatory
responses. Am. J. Physiol. Gastrointest. Liver Physiol. 2020, 318, G966–G979. [CrossRef]

40. Panpetch, W.; Hiengrach, P.; Nilgate, S.; Tumwasorn, S.; Somboonna, N.; Wilantho, A.; Chatthanathon, P.; Prueksapanich, P.;
Leelahavanichkul, A. Additional Candida albicans administration enhances the severity of dextran sulfate solution induced
colitis mouse model through leaky gut-enhanced systemic inflammation and gut-dysbiosis but attenuated by Lactobacillus
rhamnosus L34. Gut Microbes 2020, 11, 465–480. [CrossRef]

41. Leelahavanichkul, A.; Worasilchai, N.; Wannalerdsakun, S.; Jutivorakool, K.; Somparn, P.; Issara-Amphorn, J.; Tachaboon, S.;
Srisawat, N.; Finkelman, M.; Chindamporn, A. Gastrointestinal Leakage Detected by Serum (1→3)-beta-D-Glucan in Mouse
Models and a Pilot Study in Patients with Sepsis. Shock. 2016, 46, 506–518. [CrossRef] [PubMed]

42. Betz, B.E.; Azad, A.K.; Morris, J.D.; Rajaram, M.V.S.; Schlesinger, L.S. β-Glucans inhibit intracellular growth of Mycobacterium
bovis BCG but not virulent Mycobacterium tuberculosis in human macrophages. Microb. Pathog. 2011, 51, 233–242. [CrossRef]
[PubMed]

43. Hoenigl, M.; Lin, J.; Finkelman, M.; Zhang, Y.; Karris, M.Y.; Letendre, S.L.; Ellis, R.J.; Burke, L.; Richard, B.; Gaufin, T.; et al.
Glucan rich nutrition does not increase gut translocation of beta-glucan. Mycoses 2021, 64, 24–29. [CrossRef]

44. Guerville, M.; Boudry, G. Gastrointestinal and hepatic mechanisms limiting entry and dissemination of lipopolysaccharide into
the systemic circulation. Am. J. Physiol. Gastrointest. Liver Physiol. 2016, 311, G1–G15. [CrossRef]

http://doi.org/10.1159/000486321
http://www.ncbi.nlm.nih.gov/pubmed/29393221
http://doi.org/10.3389/fnut.2019.00171
http://www.ncbi.nlm.nih.gov/pubmed/31828074
http://doi.org/10.1097/SHK.0000000000001339
http://doi.org/10.1371/journal.pone.0181439
http://doi.org/10.1007/s10620-019-05581-y
http://doi.org/10.1136/gutjnl-2019-318427
http://doi.org/10.1016/j.chom.2007.10.010
http://doi.org/10.1159/000336713
http://www.ncbi.nlm.nih.gov/pubmed/22441679
http://doi.org/10.1093/ndt/gfac032
http://www.ncbi.nlm.nih.gov/pubmed/35138387
http://doi.org/10.1042/CS20210328
http://www.ncbi.nlm.nih.gov/pubmed/34131711
http://doi.org/10.1128/mSystems.01187-20
http://doi.org/10.1038/s41598-021-85449-2
http://doi.org/10.3389/fimmu.2020.561652
http://doi.org/10.3389/fnut.2021.627289
http://doi.org/10.1038/s41598-019-57275-0
http://doi.org/10.1152/ajpgi.00337.2019
http://doi.org/10.1080/19490976.2019.1662712
http://doi.org/10.1097/SHK.0000000000000645
http://www.ncbi.nlm.nih.gov/pubmed/27172153
http://doi.org/10.1016/j.micpath.2011.06.006
http://www.ncbi.nlm.nih.gov/pubmed/21762773
http://doi.org/10.1111/myc.13161
http://doi.org/10.1152/ajpgi.00098.2016


Int. J. Mol. Sci. 2022, 23, 4026 21 of 23

45. Dang, C.P.; Issara-Amphorn, J.; Charoensappakit, A.; Udompornpitak, K.; Bhunyakarnjanarat, T.; Saisorn, W.; Sae-Khow, K.;
Leelahavanichkul, A. BAM15, a Mitochondrial Uncoupling Agent, Attenuates Inflammation in the LPS Injection Mouse Model:
An Adjunctive Anti-Inflammation on Macrophages and Hepatocytes. J. Innate. Immun. 2021, 13, 359–375. [CrossRef]

46. Soto-Heredero, G.; Gomez de Las Heras, M.M.; Gabande-Rodriguez, E.; Oller, J.; Mittelbrunn, M. Glycolysis—a key player in the
inflammatory response. FEBS J. 2020, 287, 3350–3369. [CrossRef]

47. Zhang, S.; Carriere, J.; Lin, X.; Xie, N.; Feng, P. Interplay between Cellular Metabolism and Cytokine Responses during Viral
Infection. Viruses 2018, 10, 521. [CrossRef] [PubMed]

48. Issara-Amphorn, J.; Somboonna, N.; Pisitkun, P.; Hirankarn, N.; Leelahavanichkul, A. Syk inhibitor attenuates inflammation in
lupus mice from FcgRIIb deficiency but not in pristane induction: The influence of lupus pathogenesis on the therapeutic effect.
Lupus 2020, 29, 1248–1262. [CrossRef] [PubMed]

49. Honma, K.; Ruscitto, A.; Sharma, A. β-Glucanase Activity of the Oral Bacterium Tannerella forsythia Contributes to the Growth
of a Partner Species, Fusobacterium nucleatum, in Cobiofilms. Appl. Environ. Microbiol. 2017, 84, e01759–17. [CrossRef]

50. Du, B.; Meenu, M.; Liu, H.; Xu, B. A Concise Review on the Molecular Structure and Function Relationship of beta-Glucan. Int. J.
Mol. Sci. 2019, 20, 4032. [CrossRef]

51. Mudgil, D. Chapter 3—The Interaction between Insoluble and Soluble Fiber. In Dietary Fiber for the Prevention of Cardiovascular
Disease; Samaan, R.A., Ed.; Academic Press: Cambridge, MA, USA, 2017; pp. 35–59.

52. Mitmesser, S.; Combs, M. Chapter 23—Prebiotics: Inulin and Other Oligosaccharides. In The Microbiota in Gastrointestinal
Pathophysiology; Floch, M.H., Ringel, Y., Allan Walker, W., Eds.; Academic Press: Boston, MA, USA, 2017; pp. 201–208.

53. Tamura, K.; Hemsworth, G.R.; Déjean, G.; Rogers, T.E.; Pudlo, N.A.; Urs, K.; Jain, N.; Davies, G.J.; Martens, E.C.; Brumer,
H. Molecular Mechanism by which Prominent Human Gut Bacteroidetes Utilize Mixed-Linkage Beta-Glucans, Major Health-
Promoting Cereal Polysaccharides. Cell Rep. 2017, 21, 417–430. [CrossRef] [PubMed]

54. Carlson, J.L.; Erickson, J.M.; Hess, J.M.; Gould, T.J.; Slavin, J.L. Prebiotic Dietary Fiber and Gut Health: Comparing the in Vitro
Fermentations of Beta-Glucan, Inulin and Xylooligosaccharide. Nutrients 2017, 9, 1361. [CrossRef]

55. Bian, C.; Xie, N.; Chen, F. Preparation of bioactive water-soluble pachyman hydrolyzed from sclerotial polysaccharides of Poria
cocos by hydrolase. Polym. J. 2010, 42, 256–260. [CrossRef]

56. Yan, J.; Allendorf, D.J.; Brandley, B. Yeast whole glucan particle (WGP) beta-glucan in conjunction with antitumour monoclonal
antibodies to treat cancer. Expert Opin. Biol. Ther. 2005, 5, 691–702. [CrossRef] [PubMed]

57. Mikkelsen, M.S.; Jespersen, B.M.; Larsen, F.H.; Blennow, A.; Engelsen, S.B. Molecular structure of large-scale extracted β-glucan
from barley and oat: Identification of a significantly changed block structure in a high β-glucan barley mutant. Food Chem. 2013,
136, 130–138. [CrossRef] [PubMed]

58. Han, B.; Baruah, K.; Cox, E.; Vanrompay, D.; Bossier, P. Structure-Functional Activity Relationship of beta-Glucans From the
Perspective of Immunomodulation: A Mini-Review. Front. Immunol. 2020, 11, 658. [CrossRef]

59. Noss, I.; Doekes, G.; Thorne, P.S.; Heederik, D.J.; Wouters, I.M. Comparison of the potency of a variety of beta-glucans to induce
cytokine production in human whole blood. Innate Immun. 2013, 19, 10–19. [CrossRef]

60. Hoenigl, M.; Egger, M.; Boyer, J.; Schulz, E.; Prattes, J.; Jenks, J.D. Serum Lateral Flow assay with digital reader for the diagnosis
of invasive pulmonary aspergillosis: A two-centre mixed cohort study. Mycoses 2021, 64, 1197–1202. [CrossRef]

61. Eichele, D.; Kharbanda, K. Dextran sodium sulfate colitis murine model: An indispensable tool for advancing our understanding
of inflammatory bowel diseases pathogenesis. World J. Gastroenterol. 2017, 23, 6016–6029. [CrossRef] [PubMed]

62. Sali, W.; Patoli, D.; Pais de Barros, J.-P.; Labbé, J.; Deckert, V.; Duhéron, V.; Le Guern, N.; Blache, D.; Chaumont, D.; Lesniewska, E.;
et al. Polysaccharide Chain Length of Lipopolysaccharides From Salmonella Minnesota Is a Determinant of Aggregate Stability,
Plasma Residence Time and Proinflammatory Propensity in vivo. Front. Microbiol. 2019, 10, 1774. [CrossRef]

63. Ajithkumar, A.; Andersson, R.; Aman, P. Content and molecular weight of extractable beta-glucan in American and Swedish oat
samples. J. Agric. Food Chem. 2005, 53, 1205–1209. [CrossRef] [PubMed]

64. Sahasrabudhe, N.M.; Dokter-Fokkens, J.; de Vos, P. Particulate beta-glucans synergistically activate TLR4 and Dectin-1 in human
dendritic cells. Mol. Nutr. Food Res. 2016, 60, 2514–2522. [CrossRef]

65. Liu, B.; Lin, Q.; Yang, T.; Zeng, L.; Shi, L.; Chen, Y.; Luo, F. Oat beta-glucan ameliorates dextran sulfate sodium (DSS)-induced
ulcerative colitis in mice. Food Funct. 2015, 6, 3454–3463. [CrossRef] [PubMed]

66. Marchessault, R.; Deslandes, Y.; Ogawa, K.; Sundararajan, P. X-Ray diffraction data for β-(1→3)-D-glucan. Can. J. Chem. 2011, 55,
300–303. [CrossRef]

67. Lee, K.H.; Park, M.; Ji, K.Y.; Lee, H.Y.; Jang, J.H.; Yoon, I.J.; Oh, S.S.; Kim, S.M.; Jeong, Y.H.; Yun, C.H.; et al. Bacterial beta-(1,3)-
glucan prevents DSS-induced IBD by restoring the reduced population of regulatory T cells. Immunobiology 2014, 219, 802–812.
[CrossRef] [PubMed]

68. Heinsbroek, S.E.; Williams, D.L.; Welting, O.; Meijer, S.L.; Gordon, S.; de Jonge, W.J. Orally delivered beta-glucans aggravate
dextran sulfate sodium (DSS)-induced intestinal inflammation. Nutr. Res. 2015, 35, 1106–1112. [CrossRef] [PubMed]

69. Wu, Q.; Dou, X.; Wang, Q.; Guan, Z.; Cai, Y.; Liao, X. Isolation of beta-1,3-Glucanase-Producing Microorganisms from Poria cocos
Cultivation Soil via Molecular Biology. Molecules 2018, 23, 1555. [CrossRef]

70. Ueki, A.; Takehara, T.; Ishioka, G.; Kaku, N.; Ueki, K. β-1,3-Glucanase production as an anti-fungal enzyme by phylogenetically
different strains of the genus Clostridium isolated from anoxic soil that underwent biological disinfestation. Appl. Microbiol.
Biotechnol. 2020, 104, 5563–5578. [CrossRef]

http://doi.org/10.1159/000516348
http://doi.org/10.1111/febs.15327
http://doi.org/10.3390/v10100521
http://www.ncbi.nlm.nih.gov/pubmed/30249998
http://doi.org/10.1177/0961203320941106
http://www.ncbi.nlm.nih.gov/pubmed/32700597
http://doi.org/10.1128/AEM.01759-17
http://doi.org/10.3390/ijms20164032
http://doi.org/10.1016/j.celrep.2017.09.049
http://www.ncbi.nlm.nih.gov/pubmed/29020628
http://doi.org/10.3390/nu9121361
http://doi.org/10.1038/pj.2009.329
http://doi.org/10.1517/14712598.5.5.691
http://www.ncbi.nlm.nih.gov/pubmed/15934844
http://doi.org/10.1016/j.foodchem.2012.07.097
http://www.ncbi.nlm.nih.gov/pubmed/23017403
http://doi.org/10.3389/fimmu.2020.00658
http://doi.org/10.1177/1753425912447129
http://doi.org/10.1111/myc.13352
http://doi.org/10.3748/wjg.v23.i33.6016
http://www.ncbi.nlm.nih.gov/pubmed/28970718
http://doi.org/10.3389/fmicb.2019.01774
http://doi.org/10.1021/jf040322c
http://www.ncbi.nlm.nih.gov/pubmed/15713042
http://doi.org/10.1002/mnfr.201600356
http://doi.org/10.1039/C5FO00563A
http://www.ncbi.nlm.nih.gov/pubmed/26292622
http://doi.org/10.1139/v77-045
http://doi.org/10.1016/j.imbio.2014.07.003
http://www.ncbi.nlm.nih.gov/pubmed/25092569
http://doi.org/10.1016/j.nutres.2015.09.017
http://www.ncbi.nlm.nih.gov/pubmed/26500083
http://doi.org/10.3390/molecules23071555
http://doi.org/10.1007/s00253-020-10626-8


Int. J. Mol. Sci. 2022, 23, 4026 22 of 23

71. Hong, Z.; Piao, M. Effect of Quercetin Monoglycosides on Oxidative Stress and Gut Microbiota Diversity in Mice with Dextran
Sodium Sulphate-Induced Colitis. Biomed Res. Int. 2018, 2018, 8343052. [CrossRef]

72. Park, H.; Yeo, S.; Kang, S.; Huh, C.S. Longitudinal Microbiome Analysis in a Dextran Sulfate Sodium-Induced Colitis Mouse
Model. Microorganisms 2021, 9, 370. [CrossRef]

73. Munyaka, P.; Rabbi, M.; Khafipour, E.; Ghia, J.-E. Acute dextran sulfate sodium (DSS)-induced colitis promotes gut microbial
dysbiosis in mice: Dextran sulfate sodium and mice gut microbiota. J. Basic Microbiol. 2016, 56, 986–998. [CrossRef]

74. Misra, C.K.; Das, B.K.; Mukherjee, S.C.; Pattnaik, P. Effect of multiple injections of beta-glucan on non-specific immune response
and disease resistance in Labeo rohita fingerlings. Fish Shellfish Immunol. 2006, 20, 305–319. [CrossRef] [PubMed]

75. Vetvicka, V.; Vetvickova, J. A Comparison of Injected and Orally Administered β-glucans. JANA 2008, 11, 42–49.
76. Heng, Y.; Zhang, X.; Borggrewe, M.; van Weering, H.R.J.; Brummer, M.L.; Nijboer, T.W.; Joosten, L.A.B.; Netea, M.G.; Boddeke,

E.W.G.M.; Laman, J.D.; et al. Systemic administration of β-glucan induces immune training in microglia. J. Neuroinflammation
2021, 18, 57. [CrossRef] [PubMed]

77. Brown, G.D. Dectin-1: A signalling non-TLR pattern-recognition receptor. Nat. Rev. Immunol. 2006, 6, 33–43. [CrossRef] [PubMed]
78. Drummond, R.A.; Brown, G.D. The role of Dectin-1 in the host defence against fungal infections. Curr. Opin. Microbiol. 2011, 14,

392–399. [CrossRef]
79. Dennehy, K.M.; Brown, G.D. The role of the beta-glucan receptor Dectin-1 in control of fungal infection. J. Leukoc. Biol. 2007, 82,

253–258. [CrossRef]
80. Wang, S.; Song, X.; Zhang, K.; Deng, S.; Jiao, P.; Qi, M.; Lian, Z.; Yao, Y. Overexpression of Toll-Like Receptor 4 Affects Autophagy,

Oxidative Stress, and Inflammatory Responses in Monocytes of Transgenic Sheep. Front. Cell Dev. Biol. 2020, 8, 248. [CrossRef]
81. Dolezal, T. Adenosine: A selfish-immunity signal? Oncotarget 2015, 6, 32307–32308. [CrossRef]
82. Zhu, W.; Zhu, N.; Bai, D.; Miao, J.; Zou, S. The crosstalk between Dectin1 and TLR4 via NF-κB subunits p65/RelB in mammary

epithelial cells. Int. Immunopharmacol. 2014, 23, 417–425. [CrossRef]
83. Zhang, X.; Sun, C.Y.; Zhang, Y.B.; Guo, H.Z.; Feng, X.X.; Peng, S.Z.; Yuan, J.; Zheng, R.B.; Chen, W.P.; Su, Z.R.; et al. Kegan Liyan

oral liquid ameliorates lipopolysaccharide-induced acute lung injury through inhibition of TLR4-mediated NF-κB signaling
pathway and MMP-9 expression. J. Ethnopharmacol. 2016, 186, 91–102. [CrossRef] [PubMed]

84. Ostrop, J.; Lang, R. Contact, Collaboration, and Conflict: Signal Integration of Syk-Coupled C-Type Lectin Receptors. J. Immunol.
2017, 198, 1403–1414. [CrossRef] [PubMed]

85. Miller, Y.I.; Choi, S.H.; Wiesner, P.; Bae, Y.S. The SYK side of TLR4: Signalling mechanisms in response to LPS and minimally
oxidized LDL. Br. J. Pharmacol. 2012, 167, 990–999. [CrossRef] [PubMed]

86. Zanoni, I.; Ostuni, R.; Marek, L.R.; Barresi, S.; Barbalat, R.; Barton, G.M.; Granucci, F.; Kagan, J.C. CD14 controls the LPS-induced
endocytosis of Toll-like receptor 4. Cell 2011, 147, 868–880. [CrossRef] [PubMed]

87. Murphy, E.J.; Rezoagli, E.; Major, I.; Rowan, N.J.; Laffey, J.G. Beta-Glucan Metabolic and Immunomodulatory Properties and
Potential for Clinical Application. J. Fungi 2020, 6, 356. [CrossRef]

88. Loskutov, I.G.; Khlestkina, E.K. Wheat, Barley, and Oat Breeding for Health Benefit Components in Grain. Plants (Basel) 2021,
10, 86. [CrossRef]

89. Nirmala Prasadi, V.P.; Joye, I.J. Dietary Fibre from Whole Grains and Their Benefits on Metabolic Health. Nutrients 2020, 12, 3045.
[CrossRef]

90. Williams, P.G. The benefits of breakfast cereal consumption: A systematic review of the evidence base. Adv. Nutr 2014, 5,
636S–673S. [CrossRef]

91. Wei, K.; Zhou, J.H.; Chen, Y.-C.; Tian, J.-M.; Sun, M.-J.; Dai, X.-W.; Li, B.-H.; Li, L.; Zhou, F.-L.; Ning, Y.; et al. Effects of Pachyman
in Combination with Vinorelbine and Cisplatin on Tumor Growth and the Expression of EGFR and K-ras in Mice with Lung
Cancer. Digit. Chin. Med. 2018, 1, 310–315. [CrossRef]

92. Chu, M.P.; Wang, D.; Zhang, Y.Y.; Li, B.Q.; Zhou, A.H.; Chen, X.W.; Qian, Y. Pachyman treatment improves CD4+CD25+ Treg
counts and serum interleukin 4 and interferon γ levels in a mouse model of Kawasaki disease. Mol. Med. Rep. 2012, 5, 1237–1240.
[CrossRef]

93. Li, B.; Cramer, D.; Wagner, S.; Hansen, R.; King, C.; Kakar, S.; Ding, C.; Yan, J. Yeast glucan particles activate murine resident
macrophages to secrete proinflammatory cytokines via MyD88- and Syk kinase-dependent pathways. Clin. Immunol. 2007, 124,
170–181. [CrossRef]

94. Blaszczyk, K.; Gajewska, M.; Wilczak, J.; Kamola, D.; Majewska, A.; Harasym, J.; Gromadzka-Ostrowska, J. Oral administration of
oat beta-glucan preparations of different molecular weight results in regulation of genes connected with immune response in
peripheral blood of rats with LPS-induced enteritis. Eur. J. Nutr. 2019, 58, 2859–2873. [CrossRef]

95. El Khoury, D.; Cuda, C.; Luhovyy, B.L.; Anderson, G.H. Beta glucan: Health benefits in obesity and metabolic syndrome. J. Nutr.
Metab. 2012, 2012, 851362. [CrossRef] [PubMed]

96. Vu, C.T.B.; Thammahong, A.; Leelahavanichkul, A.; Ritprajak, P. Alteration of macrophage immune phenotype in a murine sepsis
model is associated with susceptibility to secondary fungal infection. Asian Pac. J. Allergy Immunol 2019. [CrossRef]

97. Vu, C.T.B.; Thammahong, A.; Yagita, H.; Azuma, M.; Hirankarn, N.; Ritprajak, P.; Leelahavanichkul, A. Blockade Of PD-1
Attenuated Postsepsis Aspergillosis Via The Activation of IFN-gamma and The Dampening of IL-10. Shock 2020, 53, 514–524.
[CrossRef] [PubMed]

http://doi.org/10.1155/2018/8343052
http://doi.org/10.3390/microorganisms9020370
http://doi.org/10.1002/jobm.201500726
http://doi.org/10.1016/j.fsi.2005.05.007
http://www.ncbi.nlm.nih.gov/pubmed/16039142
http://doi.org/10.1186/s12974-021-02103-4
http://www.ncbi.nlm.nih.gov/pubmed/33618716
http://doi.org/10.1038/nri1745
http://www.ncbi.nlm.nih.gov/pubmed/16341139
http://doi.org/10.1016/j.mib.2011.07.001
http://doi.org/10.1189/jlb.1206753
http://doi.org/10.3389/fcell.2020.00248
http://doi.org/10.18632/oncotarget.4685
http://doi.org/10.1016/j.intimp.2014.09.004
http://doi.org/10.1016/j.jep.2016.03.057
http://www.ncbi.nlm.nih.gov/pubmed/27036629
http://doi.org/10.4049/jimmunol.1601665
http://www.ncbi.nlm.nih.gov/pubmed/28167651
http://doi.org/10.1111/j.1476-5381.2012.02097.x
http://www.ncbi.nlm.nih.gov/pubmed/22776094
http://doi.org/10.1016/j.cell.2011.09.051
http://www.ncbi.nlm.nih.gov/pubmed/22078883
http://doi.org/10.3390/jof6040356
http://doi.org/10.3390/plants10010086
http://doi.org/10.3390/nu12103045
http://doi.org/10.3945/an.114.006247
http://doi.org/10.1016/S2589-3777(19)30056-4
http://doi.org/10.3892/mmr.2012.799
http://doi.org/10.1016/j.clim.2007.05.002
http://doi.org/10.1007/s00394-018-1838-3
http://doi.org/10.1155/2012/851362
http://www.ncbi.nlm.nih.gov/pubmed/22187640
http://doi.org/10.12932/ap-170519-0565
http://doi.org/10.1097/SHK.0000000000001392
http://www.ncbi.nlm.nih.gov/pubmed/31306346


Int. J. Mol. Sci. 2022, 23, 4026 23 of 23

98. Leelahavanichkul, A.; Somparn, P.; Bootprapan, T.; Tu, H.; Tangtanatakul, P.; Nuengjumnong, R.; Worasilchai, N.; Tiranathanagul,
K.; Eiam-ong, S.; Levine, M.; et al. High-dose ascorbate with low-dose amphotericin B attenuates severity of disease in a model of
the reappearance of candidemia during sepsis in the mouse. Am. J. Physiol. Regul. Integr. Comp. Physiol. 2015, 309, R223–R234.
[CrossRef] [PubMed]

99. Murphy, E.A.; Davis, J.M.; Carmichael, M.D.; Mayer, E.P.; Ghaffar, A. Benefits of oat beta-glucan and sucrose feedings on infection
and macrophage antiviral resistance following exercise stress. Am. J. Physiol. Regul. Integr. Comp. Physiol. 2009, 297, R1188–R1194.
[CrossRef] [PubMed]

100. Netea, M.G.; Dominguez-Andres, J.; Barreiro, L.B.; Chavakis, T.; Divangahi, M.; Fuchs, E.; Joosten, L.A.B.; van der Meer, J.W.M.;
Mhlanga, M.M.; Mulder, W.J.M.; et al. Defining trained immunity and its role in health and disease. Nat. Rev. Immunol. 2020, 20,
375–388. [CrossRef] [PubMed]

101. Kim, H.J.; White, P.J. In vitro bile-acid binding and fermentation of high, medium, and low molecular weight beta-glucan. J.
Agric. Food Chem. 2010, 58, 628–634. [CrossRef]

102. Henrion, M.; Francey, C.; Lê, K.A.; Lamothe, L. Cereal B-Glucans: The Impact of Processing and How It Affects Physiological
Responses. Nutrients 2019, 11, 1729. [CrossRef]

103. Abdi, R.; Joye, I.J. Prebiotic Potential of Cereal Components. Foods 2021, 10, 2338. [CrossRef]
104. Munn, D.H.; Bronte, V. Immune suppressive mechanisms in the tumor microenvironment. Curr. Opin. Immunol. 2016, 39, 1–6.

[CrossRef] [PubMed]
105. Hotchkiss, R.S.; Monneret, G.; Payen, D. Sepsis-induced immunosuppression: From cellular dysfunctions to immunotherapy.

Nat. Rev. Immunol. 2013, 13, 862–874. [CrossRef] [PubMed]
106. Guerrouahen, B.S.; Maccalli, C.; Cugno, C.; Rutella, S.; Akporiaye, E.T. Reverting Immune Suppression to Enhance Cancer

Immunotherapy. Front. Oncol. 2019, 9, 1554. [CrossRef] [PubMed]
107. Lamprecht, M.; Frauwallner, A. Exercise, intestinal barrier dysfunction and probiotic supplementation. Med. Sport Sci. 2012, 59,

47–56. [CrossRef]
108. Azzi, D.V.; de Jesus Pereira, A.N.; de Oliveira Silva, V.; de Carvalho Foureaux, R.; Lima, A.R.V.; Barducci, R.S.; Albuquerque, A.S.;

Reis, G.L.; de Oliveira, R.R.; Andrade, E.F.; et al. Dose-response effect of prebiotic ingestion (beta-glucans isolated Saccharomyces
cerevisiae) in diabetic rats with periodontal disease. Diabetol. Metab. Syndr. 2021, 13, 111. [CrossRef]

109. Thim-Uam, A.; Makjaroen, J.; Issara-Amphorn, J.; Saisorn, W.; Wannigama, D.L.; Chancharoenthana, W.; Leelahavanichkul, A.
Enhanced Bacteremia in Dextran Sulfate-Induced Colitis in Splenectomy Mice Correlates with Gut Dysbiosis and LPS Tolerance.
Int. J. Mol. Sci. 2022, 23, 1676. [CrossRef]

110. Panpetch, W.; Phuengmaung, P.; Cheibchalard, T.; Somboonna, N.; Leelahavanichkul, A.; Tumwasorn, S. Lacticaseibacillus casei
Strain T21 Attenuates Clostridioides difficile Infection in a Murine Model Through Reduction of Inflammation and Gut Dysbiosis
With Decreased Toxin Lethality and Enhanced Mucin Production. Front. Microbiol. 2021, 12, 745299. [CrossRef]

111. Jaroonwitchawan, T.; Visitchanakun, P.; Dang, P.C.; Ritprajak, P.; Palaga, T.; Leelahavanichkul, A. Dysregulation of Lipid
Metabolism in Macrophages Is Responsible for Severe Endotoxin Tolerance in FcgRIIB-Deficient Lupus Mice. Front. Immunol.
2020, 11, 959. [CrossRef]

112. Ondee, T.; Gillen, J.; Visitchanakun, P.; Somparn, P.; Issara-Amphorn, J.; Dang Phi, C.; Chancharoenthana, W.; Gurusamy,
D.; Nita-Lazar, A.; Leelahavanichkul, A. Lipocalin-2 (Lcn-2) Attenuates Polymicrobial Sepsis with LPS Preconditioning (LPS
Tolerance) in FcGRIIb Deficient Lupus Mice. Cells 2019, 8, 1064. [CrossRef]

http://doi.org/10.1152/ajpregu.00238.2014
http://www.ncbi.nlm.nih.gov/pubmed/25994956
http://doi.org/10.1152/ajpregu.00396.2009
http://www.ncbi.nlm.nih.gov/pubmed/19692658
http://doi.org/10.1038/s41577-020-0285-6
http://www.ncbi.nlm.nih.gov/pubmed/32132681
http://doi.org/10.1021/jf902508t
http://doi.org/10.3390/nu11081729
http://doi.org/10.3390/foods10102338
http://doi.org/10.1016/j.coi.2015.10.009
http://www.ncbi.nlm.nih.gov/pubmed/26609943
http://doi.org/10.1038/nri3552
http://www.ncbi.nlm.nih.gov/pubmed/24232462
http://doi.org/10.3389/fonc.2019.01554
http://www.ncbi.nlm.nih.gov/pubmed/32039024
http://doi.org/10.1159/000342169
http://doi.org/10.1186/s13098-021-00729-1
http://doi.org/10.3390/ijms23031676
http://doi.org/10.3389/fmicb.2021.745299
http://doi.org/10.3389/fimmu.2020.00959
http://doi.org/10.3390/cells8091064

	Introduction 
	Results 
	Pachyman Prominently Increased Serum Cytokines in a DSS-induced Mucositis Mouse Model 
	Enhanced Proinflammatory Effects of Intravenous Administration of LPS Plus Pachyman Than with Other Forms of Glucans 
	More Profound Synergistic Inflammatory Responses of Macrophages Using LPS Plus Pachyman Compared with LPS Plus Other Glucans 

	Discussion 
	Diversity of Glucans 
	Oral Administration of Pachyman Caused More Profound Serum Cytokine Elicitation in DSS-Induced Mucositis Mice 
	More Profound LPS Synergy with Pachyman, over Other Glucans after Injection in Mice 
	A Possible Impact of Dectin-1 with LPS Co-Stimulation in Macrophage Activation by Pachyman Plus LPS, a Working Hypothesis 
	Clinical Perspective 

	Materials and Methods 
	Animal 
	Dextran Sulfate Solution Model with -Glucans Administration 
	Lipopolysaccharide with and without Injection of Different -Glucans Model 
	Gut Permeability Determination 
	Histological Analysis, Tissue Cytokines, and Mouse Serum Analysis 
	Fecal Microbiome Analysis 
	Macrophage Experiments 
	Extracellular Flux Analysis 
	Statistical Analysis 

	References

