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REVIEW

Do cereal mixed-linked �-glucans possess

immune-modulating activities?
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�-glucans are known for their immune-modulating properties. However, the heterogeneity
of these glucose polymers makes a distinction between the different sources and structures
necessary—a fact that has been little allowed for in the literature. We have focused on �-
glucans from cereals as they are already used as functional food ingredients due to their
established cholesterol lowering effect. Cereal �-glucans have shown in vitro activity on cytokine
secretion, phagocytic activity and cytotoxicity of isolated immune cells, and activation of the
complement system. Animal studies suggest a possible protective effect against an intestinal
parasite, against bacterial infection, and a synergistic effect in antibody-dependent cellular
cytotoxicity. Animal studies have shown activity of orally applied cereal �-glucans indicating
uptake or interaction with cells of the gastrointestinal tract. However, uptake is still debated,
interaction with intestinal epithelial cells has been suggested but not clarified, and mechanisms
of action remain largely unknown. So far, cereal �-glucans have not shown immune modulation
in the few conducted human studies and further studies are needed to clarify their effect.
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1 Introduction

�-glucans are natural cell wall polysaccharides found in yeast,
mushrooms, some bacteria, seaweeds and cereals. In recent
years �-glucans have received much attention due to their
immune-modulating properties. �-glucans show potential in
cancer therapy, and mushroom �-glucans such as Lentinan
and Schizophyllan from shiitake mushroom (Lentinus edodes)
and Schizophyllum commune, respectively, are currently ap-
proved in Japan for clinical use in human cancer treatment [1].
In the context of the emergence of antibiotic-resistant bacteria
strains, �-glucans are receiving much attention as a potential
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strategy to combat infectious diseases by stimulating innate
immunity [2]. Since toxicity studies of dietary �-glucans have
shown that these polysaccharides are well tolerated [3–5],
�-glucans have become increasingly interesting as ingredi-
ents for functional foods [6]. Even though recent research has
shed some light on the mechanisms of action and structure-
functional relationship of �-glucans, there are still major
unexplored areas. �-glucans from different sources (fungi,
bacteria, seaweed and cereals) share some common struc-
tures as they are all composed of �-linked glucose monomers.
However, linkage type, branching and molecular weight (Mw)
vary considerably among these groups, making it necessary
to investigate their respective immune-modulating proper-
ties separately. A number of expert reviews on the immune-
modulating properties of �-glucans are available [2,7], but all
of them focus on fungal �-glucans without any proper dis-
tinction between the different �-glucan groups. In addition,
possible mechanisms of uptake and immune-modulating ac-
tivity of �-glucans following oral administration have received
little attention. Cereal �-glucans are a natural part of our ev-
eryday diet, and the European Food Safety Authority (EFSA)
recently approved a health claim for blood cholesterol reduc-
tion by oat �-glucan [8]. It is therefore worthwhile to investi-
gate the immune-modulating properties of cereal �-glucans
in a separate review, discussing the effect on the immune
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system, anti-cancer and anti-infective activities, possible up-
take mechanisms, mechanisms of action as well as structure-
functional relationships.

2 Cereal �-glucan structure and sources

Barley and oat are the cereals with the highest �-glucan con-
tents, 2.5–11.3% and 2.2–7.8%, respectively, followed by rye
(1.2–2.9%), wheat (0.4–1.4%), sorghum (0.1–1%) and rice
(0.04%) [9]. Cereal �-glucans are linear macromolecules com-
posed of � (1→3) and � (1→4) linked glucose monomers. Ce-
real �-glucans are therefore often referred to as mixed-linked
�-glucans. The (1→4) linked monomers appear as � (1→3)
linked cellotriosyl and cellotetrasyl units that constitute to-
gether about 90% of the molecule [10]. Smaller amounts of
cellulosic oligosaccharides with degree of polymerisation of
5–15 are also present and may constitute up to 10% in the
macromolecule [10, 11]. The ratio of � (1→4) to � (1→3)
linkages of �-glucans varies and has been reported to be in
the range of 2.3–2.7 for different hulled and hull-less barley
varieties [12]. �-glucans from mushrooms and yeast, on the
other hand, have quite different structure compared to ce-
real �-glucans and are composed of a �-(1→3)-linked glucan
backbone with �-(1→6)-linked side chains of varying length
and distribution [13].

�-glucans extracted from different cereal species have
similar structure and provide almost identical nuclear mag-
netic resonance (NMR) spectra [9, 11]. While the overall
structure of �-glucans from different cereal grains is sim-
ilar, there are differences in the ratio of cellotriosyl to cel-
lotetrasyl units. The molar ratio of tri- to tetrasaccharide
(DP3/DP4) is 3.0–4.5 for wheat, 1.8–3.5 for barley and 1.5–
2.3 for oat [9]. Furthermore, the Mw of native cell wall
polysaccharides varies among the different cereal species.
In general, the highest values are reported for oat �-glucan,
closely followed by barley, whereas rye and wheat seem to
contain lower Mw �-glucans. The values reported for the
Mw of cereal �-glucans in the literature vary considerably
as not only the extraction conditions but also the method
(e.g. standards, solvent and detection) used for determination
influences the obtained result. Beer et al. [14] reported peak
Mw of 1.3×106–1.5×106 for barley and 2.1×106 to 2.5×106

for oat �-glucan using high-performance size exclusion chro-
matography with calcofluor post column fluorescence detec-
tion and �-glucan standards.

The Mw and fine structure of cereal �-glucans influence
their solubility and conformation in solution. Pure cereal
�-glucans are largely soluble in water even though higher
temperatures may be required for complete solubilisation.
In solution, cereal �-glucans behave mostly like random coil
polysaccharides [15]. However, cereal �-glucans have been
reported to form aggregates in aqueous solution [16]. Two
different mechanisms for aggregate formation have been
proposed. The longer cellulose like sequences in the �-
glucan macromolecules may exhibit interchain aggregation

via strong hydrogen bonds [11], while the �-(1→3) linkages
prevent the formation of an ordered structure. On the other
hand, it has been suggested that consecutive cellotriosyl units
form helical segments and constitute areas of ordered con-
formation and aggregate formation to the �-glucan [11, 17].
Aggregate formation is connected to solubility, and recent
studies using asymmetrical flow flied-flow fractionation have
revealed that boiling of cereal �-glucan samples may disrupt
aggregates and thereby increase solubility [18]. The same tech-
nique applied on a commercial barley �-glucan sample of de-
fined weight average Mw revealed that the sample solubilised
in water consisted of low molar mass species with elongated
or rod-like conformation, intermediate size species with ran-
dom coil conformation and high molar mass species consist-
ing of aggregates [19]. Cereal �-glucan interactions with cell
surface receptors on immune and non-immune cells likely
depend on structure, molar mass, conformation in solution
and solubility. These are parameters that are highly connected
to each other and vary even within the same purified cereal
�-glucan sample thus making the establishment of structure-
functional relationships particularly difficult.

In general, �-glucans can be purified from cereal grains by
aqueous extraction in combination with enzyme treatments
for removal of proteins, co-extracted arabinoxylans and starch
[9,12]. The extraction of �-glucans from different cereal grains
in laboratory scale as well as the large-scale production of �-
glucan has been reviewed elsewhere [9]. Mw and purity may
be of importance for immune-modulating properties of cereal
�-glucan preparations, both of which are influenced by extrac-
tion conditions and the subsequent isolation procedure. En-
zyme treatment for purification of �-glucan preparations may
lead to a decrease in �-glucan Mw as reported by Samuelsen
et al. for �-glucan fractions extracted from a Norwegian barley
variety [20]. Bhatty reported a �-glucan content of 76 and 50%
for �-glucan preparations produced from hull-less barley in
laboratory scale and pilot plant, respectively [21]. The main
non-�-glucan components found in cereal �-glucan prepara-
tions are starch, arabinoxylan and proteins, but antioxidants
and polyphenols have also been identified [22]. Finally, the
presence of trace amounts of lipopolysaccharide (LPS) may
cause false positive results in certain immunological test sys-
tems, and therefore has to be taken into consideration.

3 in vitro immune-modulating activities
of cereal �-glucan

Cereal �-glucan preparations have shown activity in various
in vitro test systems of immune modulation.

In a test system favouring complement activation via
the alternative pathway, aggregated barley �-glucan signif-
icantly inhibited haemolysis indicating complement activa-
tion, whereas high Mw soluble �-glucan showed no activ-
ity [23]. In a similar test system favouring complement ac-
tivation via the classical pathway, we recently demonstrated
that high Mw soluble �-glucan fractions extracted from four
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different barley varieties inhibited haemolysis. The most ac-
tive samples had the highest (1→4)/(1→3) ratio, but there
was no significant correlation between the parameters or
between estimated Mw and activity [20]. The complement
system is part of the innate immune system and plays an
important role in initiating inflammation, recruitment and
activation of phagocytes and opsonisation of pathogens.

Several investigators have reported increased cytokine
secretion after cereal �-glucan stimulation primarily of
macrophages or monocytes. Incubation of peritoneal
macrophages isolated from mice and murine macrophage
cell line P338D1 with oat �-glucan was found to significantly
increase the secretion of interleukin (IL)-1, an effect that was
not changed by the removal of endotoxin traces with immo-
bilised polymyxin B. A moderate increase of TNF-� secretion
was also observed in the same experiment [24]. Rye �-glucan
fractions of specific Mw ranges have been tested for their ef-
fect on TNF-� secretion by human monocytes. All fractions
contained low levels of LPS; however, they increased TNF-
� secretion to a higher extent than could be accounted for
by the LPS contamination. The fraction with weight average
Mw 18.9 kDa showed the highest activity [25]. In addition,
cereal �-glucans have shown an effect on cytokine secretion
by isolated murine spleen cells as they increased IL-2, INF-
� and IL-4 secretion [24]. Moreover, oat �-glucan has been
reported to increase phagocytic activity of isolated murine
peritoneal macrophages towards fluorescently labelled Mi-
crococcus lysodeikticus bacteria [26].

In another study, barley �-glucan did not stimulate
peripheral blood mononuclear cell (PBMC) proliferation,
maturation of dendritic cells (DCs) or the secretion of cy-
tokines IL-10 or IL-12 by DCs. However, barley �-glucan
stimulated DCs and significantly increased the INF-� pro-
duction by T-cells in allogeneic DC-–T-cell co-cultures, but
showed no effect on T-cell proliferation or the expression of
T-cell activation markers [27].

Several fungal �-glucan binding receptors have been iden-
tified; dectin-1, complement receptor 3 (CR3), Toll-like recep-
tor (TLR) 2 and 4, lactoslyceramide (LacCer) and scavenger
receptors CD5, CD36 and SCARF1. The �-glucan receptors
and their immune activation pathways have been reviewed
elsewhere [2, 28, 29]. At least two of these receptors, dectin-
1 and CR3, also bind cereal �-glucans, but both with lower
affinity than yeast �-glucan [30–32]. Dectin-1 is a natural killer
(NK)-cell-receptor-like C-type lectin that was first discovered
on DCs, but is also highly expressed on macrophages and
found on human neutrophilic and eosinophilic granulocytes,
monocytes, B-lymphocytes and T-cells [29]. In vitro studies
on the binding of barley �-glucan to soluble dectin-1 are con-
tradictory [33, 34]; however, Tada et al. [35] demonstrated in
a recent study that barley �-glucan can activate the transcrip-
tion factor NF-�B via a dectin-1-mediated signalling pathway.
A derivate of the human embryonic kidney cell line 293 was
co-transfected with dectin-1, Syk, CARD9 and Bcl10. Incu-
bation of the cells with barley �-glucan resulted in NF-�B
activation and IL-8 secretion, whereas cells transfected with

Syk, CARD9 and Bcl10 but not dectin-1 showed no response.
The authors also showed that barley �-glucan increased IL-
6 secretion by isolated murine peritoneal macrophages and
these macrophages contained significantly higher amounts
of phosphorylated Syk; a finding that suggests that dectin-1
is involved in mediating the immune-modulating effect of
cereal �-glucan on macrophages/monocytes. Furthermore,
barley �-glucan has been demonstrated to increase NK cell
cytotoxicity towards different target cells [36], and NK cell and
neutrophil mediated haemolysis of complement component
3b (C3b) opsonised erythrocytes [37] by binding to the lectin
site of CR3. CR3 (also known as �M�2-integrin, Mac-1 and
CD11b/CD18) is expressed on NK-cells (which do not express
dectin-1), neutrophils and other leukocytes. �-glucan binding
to the lectin site of CR3 induces a primed state of the receptor
and triggers killing of C3b (iC3b) opsonised particles such as
tumour cells that lack CR3 binding membrane polysaccha-
rides [37]. The lectin site of CR3 is not specific for �-glucans
and may also bind polysaccharides containing mannose, N-
acetyl-glucosamine as well as glucose [32]. This mechanism
is involved in the enhancement of antibody-dependent cell-
mediated cytotoxicity (ADCC) by cereal �-glucans and is fur-
ther discussed below.

It should also be mentioned that fungal �-glucan binding
receptors have been detected on human vascular endothelial
cells [38] and rat alveolar epithelial cells [39], suggesting that
cereal �-glucan binding receptors may also occur on non-
immune cells.

4 Activity against cancer

Orally administered oat �-glucan (0.6 mg/mL in drinking
water) was found to decrease metastatic spread of lung tu-
mour metastases in mice [40]. Peritoneal macrophage an-
titumour cytotoxicity increased after treatment, and it was
assumed that the protective effect of oat �-glucan was due to
macrophage activation. Orally administered barley �-glucan
has been shown to enhance the activity of antitumour mon-
oclonal antibodies (mAbs) in mice [41–44]. Barley �-glucan
has been found effective in suppressing tumour growth when
given in combination with intravenous (i.v.) antitumour mAb
treatment. Neither �-glucan nor Abs were effective as sin-
gle treatments, but �-glucan was equally effective when ad-
ministered intraperitoneally (i.p.) or orally. Daily administra-
tion was required since doses of �-glucan given only once or
twice a week were ineffective [41]. The effect correlates with
Mw; high Mw barley �-glucan (404 kDa) possessed higher
tumour growth suppressive effect than lower Mw fractions
[42]. The synergistic effect between �-glucan, leucocytes and
antitumour antibodies known as ADCC was also registered
when Rituximab, which is an immunoglobulin (Ig)G1 anti-
body used in human cancer therapy, was administered i.v. to
mice and given in combination with oral barley �-glucan
[44]. Studies on the mechanism behind the activity have
revealed that the monoclonal antitumour antibodies activate
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complement, and iC3b opsonises tumour cells and binds to
complement receptor CR3 on leucocytes [43]. Activation of
CR3 also requires binding of �-glucan to the lectin site of the
receptor resulting in cytotoxic activity such as phagocytosis
and the production of O2 radicals and cytokines [36,37,43,45].
Mice deficient in C3 or CR3 were shown to be unresponsive
to combined mAb and �-glucan treatment [43]. In another
study, barley �-glucan (400 �g/day) given orally was found to
inhibit tumour growth by itself and enhanced the efficacy of
photodynamic therapy in mice bearing Lewis lung carcinoma
[46]. The mechanisms behind the effects were not revealed,
but the authors suggest that complement-dependent cytotoxi-
city is involved in both cases. Photodynamic therapy is known
to activate complement via the alternative pathway [47], and
the authors assumed that the necessary antibodies for the
effect of �-glucan alone were produced after subcutaneous
(s.c.) inoculation of the tumour cells. Barley �-glucan does
not seem to affect colon cancer cells directly, as shown by
in vitro testing of HT-29 and Caco-2 human epithelial colon
cancer cell lines [20].

5 Activity against infections

�-glucans from oat have shown prophylactic activity against
parasitic [26, 48, 49], bacterial [24, 26] and viral [50–53] infec-
tions in mice after oral or parenteral administration. Pretreat-
ment with oat �-glucan (3 mg administered every other day
intragastrically (i.g.)) to mice immunosuppressed with dex-
amethasone [49] or immunocompetent mice [48] 10 days
before challenge with the protozoa Eimeria vermiformis de-
creased oocyst shedding, minimalised clinical signs and
decreased mortality and weight loss of infected animals.
Immunosuppressed mice obtained increased levels of non-
specific serum Ig, and specific serum IgG against sporozoites
and merozoites, higher numbers of INF-� secreting cells in
the spleen and an increased number of IL-4 secreting cells
in the mesenteric lymph nodes (MLNs). Immunocompetent
mice showed increased levels of intestinal antimerozoite IgA
and a decreased number of IL-4 secreting MLN cells. Simi-
lar results were found after s.c. administration of 500 �g �-
glucan every other day 10 days before challenge with Eimeria
vermiformis. In normal mice, s.c. administration was found
to increase unspecific Ig and specific IgG levels in serum and
number of INF-� secreting MLN and spleen cells, parameters
that were not seen after i.g. administration into normal mice.
In a follow-up experiment by the same research group, im-
munocompetent mice infected with Eimeria vermiformis were
treated 12 h before infection with a single dose of oat �-glucan
i.p. [26]. Oat �-glucan treatment induced significant increases
in the total lymphocyte numbers isolated from MLN, spleen
and Peyer`s patches (PPs) for both infected and non-infected
animals when compared to their respective untreated con-
trols. Eimeria vermiformis infection decreased the percent-
age of CD4+ T-cells and increased the percentage of CD8+

T-cells in spleen, MLN and PP; an effect that was counteracted
by �-glucan treatment.

In a model of bacterial infection, pretreatment of mice
with oat �-glucan i.p. (500 �g) three days before challenge
with Staphylococcus aureus significantly increased survival [24,
26]. I.p. injection of oat �-glucan resulted in the infiltration of
the peritoneal cavity with leucocytes, primarily macrophages
[24].

Several studies have investigated the effect of oat �-glucan
treatment in the drinking water, alone or in the combina-
tion with exercise (moderate or fatiguing), on herpes simplex
virus type 1 infection in mice models of upper respiratory
tract infection [50–53]. Exercise stress increased morbidity,
mortality and decreased macrophage antiviral resistance, all
of which was counteracted by the administration of �-glucan
[51,52]. Depletion of lung macrophages nullified the effect of
�-glucan [52]. Moderate exercise and oat �-glucan treatment
showed no synergistic effects in the combat of herpes simplex
virus type 1 infection [50]. However, oat �-glucan treatment
alone was found to increase peritoneal macrophage resistance
to virus infection and to slightly but not significantly decrease
mortality, while NK cell cytotoxicity remained unaffected by
the �-glucan treatment [50].

Other studies have reported the effect of cereal �-glucan on
immune parameters without the use of infectious challenges.
Mice receiving oat �-glucan in their drinking water exhibited
increased number and respiratory burst activity of peritoneal
cavity neutrophils compared to control mice [54]. S.c. injec-
tion of oat �-glucan to immunosuppressed beef steers led to a
faster return of lymphocyte numbers to the control level and
increased antigen-specific antibody production and antigen-
triggered lymphocyte proliferation after immunization [55].
�-glucan injection to healthy beef steers showed no effect on
tested immune parameters.

A human intervention study with trained cyclists receiving
5.6 g oat �-glucan per day over 2 weeks followed by 3 days of
extensive exercise bouts revealed no difference in plasma cy-
tokine levels, leukocyte counts, leukocyte activity or reported
upper respiratory tract infections between the placebo and
�-glucan group [56]. Other human clinical trials with hyper-
cholesterolemic subjects have shown that daily consumption
of 4.8 or 6 g oat �-glucan for 4 or 6 weeks, respectively, did
not change cytokine production (IL-6, IL-8 and TNF-�) by
LPS-stimulated PBMC or the expression of 84 genes involved
in atherosclerosis [57], neither was C-reactive protein level
affected [57, 58]. It might be important to note that cereal �-
glucan doses per kg body weight are similar in the human
and animal studies we report here.

6 �-glucan in the gastrointestinal
(GI) tract

�-glucans are indigestible by mammalian enzymes and as-
sumed to reach the large intestine intact. Studies with
ileostomy patients consuming cereal �-glucans and pigs fed
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�-glucans revealed a slight decrease of �-glucan Mw for high
Mw �-glucans in the upper GI tract, while low Mw �-glucans
remained largely unchanged [59–62]. �-glucan recovery af-
ter passage through the upper GI tract in a human ileostomy
model was over 80% [62]. In vitro fermentation of oat and bar-
ley �-glucan has been reported to increase short chain fatty
acid production towards a propionate-rich profile (51:32:17;
acetate:propionate:butyrate), but did not selectively stimulate
the growth of probiotic Bifidobacteria or Lactobacilli [63]. In-
stead barley �-glucan is fermented by Bacteroides spp. and
Clostridium beijerinckii [64]. A clinical study where 0.75 g bar-
ley �-glucan was consumed daily for 30 days did not show sig-
nificant increase in probiotic bacteria compared with placebo
[65].

Questions remain unanswered regarding the possible up-
take of �-glucans from the gut lumen and into the systemic
circulation during their passage through the upper GI tract.
Fluorescein labelled barley �-glucans have been detected in
spleen, lymph nodes and bone marrow following oral admin-
istration in mice [43], indicating uptake from the intestine.
Labelling was conducted with fluorescein dichlorotriazine,
which covalently reacts with hydroxyl groups of �-glucan
and may also cross-link the glucan chains. Obviously, this
labelling may change the properties of the polymer, alter the
affinity to receptors or influence uptake mechanisms. The
isolated fluorescent cells were confirmed to be macrophages.
The uptake from the gut did not involve the CR3 receptor
as labelled �-glucan had also been detected in CR3-deficient
mice. Instead authors hypothesised that dectin-1 might be
involved in the uptake of �-glucan by GI macrophages [43].
The uptake of fungal and seaweed-derived �-glucans from
the gut has been demonstrated in different animal models
using fluorescent labelling of solely the reducing end of the
�-glucan polymers [66] or a commercial assay kit for detection
of fungal infection, which is based on the reaction of limu-
lus amoebocyte lysate (LAL) factor G with �-glucan and does
not require �-glucan derivatization [67]. The uptake mecha-
nism is still unclear, but fungal �-glucans are assumed to be
engulfed by the pinocytic function of microfold or membra-
nous (M) cells of the PP [68, 69]. M-cells are specialised ep-
ithelial cells for the uptake and transport of macromolecules
and antigens in follicle-associated epithelium (e.g. over the
PP) throughout the intestine [70, 71]. Rice et al. [66] found
that fungal and seaweed �-glucans were internalised by a
subset of intestinal epithelial cells that might be M-cells by
a dectin-1-independent mechanism. In addition, �-glucans
were detected in gut-associated lymphoid tissue (GALT) cells
from murine PP nodules after oral administration. The su-
pernatants from PP cells isolated from mice treated with the
fungal �-glucan Scleroglucan have been shown to activate
alveolar macrophages [72]. Additionally, treatment with Scle-
roglucan increased PP cells proliferative response to T- and
B-cell mitogens concanavalin A and LPS [68], indicating a
role of PP cells in mediating the immune-modulating activ-
ity of �-glucans. Due to the structural similarity of fungal
and cereal �-glucan, it is not unlikely that they share a com-

mon uptake mechanism, but this remains to be shown. The
nature of a possible interaction of �-glucans with M-cells
also remains to be revealed; if dectin-1 is not involved, there
may be other �-glucan-specific receptors present. The sur-
face of M-cells has binding sites for secretory IgA (sIgA) [73]
and immune complexes of IgA and antigens such as certain
immune-modulating pectic polysaccharides have been sug-
gested to incorporate to PP through this route and thereby
modulate the immune system [74]. However, immune com-
plexes of sIgA and cereal �-glucans have, to our knowledge,
not yet been identified. Alternatively, �-glucans may be taken
up via normal intestinal enterocytes. Absorptive enterocytes
are not specialised for the uptake and transport of antigens
and macromolecules, but they are highly abundant in the
GI-tract and have been demonstrated to transcytose soluble
protein antigens [75] and nanoparticles [76].

In addition to a possible uptake of �-glucans from the
intestine, �-glucans may also interact with different types of
cells during their passage through the GI-tract and thereby ex-
ert immune modulation. Oat �-glucan containing fecal water
has been shown to increase IL-8 secretion by different intesti-
nal epithelial cell lines under pro-inflammatory conditions
[61]. The interaction was dectin-1-independent as the ente-
rocyte cell lines were later shown to lack functional dectin-1
[77]. We have previously shown that commercial low Mw (40
kDa) barley �-glucan increased IL-8 secretion from intestinal
epithelial cell line HT-29 [78], while high Mw �-glucan ex-
tracted from Norwegian barley showed no effect on cytokine
secretion from Caco-2 or HT-29 [20]. However, it has been
shown that differentiated Caco-2 cells respond to the pres-
ence of apical stimuli like non-pathogenic bacteria only in
the presence of leukocytes [79]. Mice given oral oat �-glucan
showed increased activation of the transcription factor NF-�B
in both intestinal epithelial cells and leukocytes [80], which
of the two cell types was activated first remains unknown.
Apart from intestinal epithelial cells, there are two other cell
types that may get in direct contact with luminal �-glucan;
DCs, which may extend through the intestinal epithelium,
and intraepithelial lymphocytes. Intraepithelial lymphocytes
consist primarily of CD8 positive effector T-cells [81] with
smaller numbers of CD4 T-cells. Tsukada et al. [82] showed
an increased number of intraepithelial lymphocytes, espe-
cially ��T-cells, after oral administration of yeast �-glucan to
mice, while lymphocyte numbers in the liver remained un-
changed. The authors also report the production of INF-� in
the intestine after �-glucan administration. Whether the ob-
served effect was due to direct interaction of �-glucan with
the intraepithelial lymphocytes remains unclear.

7 Structure-functional relationship

The use of different �-glucan preparations in various im-
munological test systems (Table 1) complicates attempts to
draw conclusions on structure-functional relationships of the
observed effects. �-glucan Mw and fine structure, such as
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Figure 1. The complexity of ce-
real �-glucan properties with re-
spect to their biological effect.

1→3 to 1→4 linkage ratio, cellulosic oligosaccharides length,
number and distribution, will together with amount and
nature of co-extracted compounds in a �-glucan preparation
influence solubility, aggregate formation and polymer con-
formation. In fungal �-glucans, fine structure, Mw, confor-
mation and solubility have been shown to influence biolog-
ical activity [7, 13, 83], and it is likely that these parameters
also affect the activity of cereal �-glucan, as illustrated in
Fig. 1. Cereal �-glucans with different Mw distributions have
been found active in different studies and test systems (see
Table 1). However, systematic investigations using the same
methods for Mw determination are mostly lacking making it
difficult to draw clear relationships between Mw and activity.
Cheung et al. [42] compared the effect of barley �-glucan with
different weight average Mw in a mouse model of tumour
treatment with mAbs, and found the highest activity for the
�-glucan preparation with the highest weight average Mw.
Two in vitro studies with monocytes and intestinal epithelial
cell lines using rye and barley �-glucan fractions of differ-
ent Mw revealed higher cytokine secretion in response to the
lower Mw fractions compared to higher Mw fractions [25,78].
It might be that cereal �-glucan activity is determined by
uptake in in vivo situations, possibly favouring high Mw frac-
tions, while the outcome of in vitro studies obviously skips
the uptake stage and is only related to receptor interaction
favouring lower Mw fractions. However, this is speculative
and has to be confirmed by future research.

8 Summary and future aspects

As outlined above, cereal �-glucans have been found active
in various in vitro and in vivo immunological tests (Table 1).
In mice models, cereal �-glucans have shown anti-cancer
activity in combination with mAb treatment or photodynamic
therapy [42–44, 46]; an effect whose mechanism has been
partly revealed. The suggested mechanism involves uptake of
cereal �-glucan by GI macrophages as fluorescence-marked
cereal �-glucan has been detected inside these cells [43]. How
cereal �-glucans reach the GI macrophages is, however, not
known. An uptake via intestinal M-cells in the PP or other
follicle-associated epithelium is a possible explanation, but
this remains to be shown experimentally.

Less is known about the mechanisms behind the anti-
infective effects cereal �-glucans have demonstrated in an-
imal models. In general, orally applied cereal �-glucans
showed stronger activity in immunosuppressed animals
versus healthy animals. While prophylactic treatment to
mice infected with the parasite Eimeria vermiformis seems
to stimulate adaptive immunity [26, 48, 49], cereal �-
glucan treatment in models of viral and bacterial infec-
tions seems to involve the activation of macrophages [
26, 52, 54]. Macrophage stimulation by �-glucan has also
been demonstrated in vitro leading to increased secretion
of the pro-inflammatory cytokines IL-1, IL-6 and TNF-� in
addition to increased phagocytosis [24–26, 35]. It has been
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suggested that macrophage stimulation by �-glucan is medi-
ated via dectin-1; however, this remains to be explored.

Despite the positive effect of cereal �-glucans in in vitro
test systems and animal models, there is still a long way to
go to identify possible mechanisms of action and structure-
functional relationships, and several challenges will have to
be overcome. One of these challenges is the purity of ce-
real �-glucan preparations. The presence of additional com-
pounds such as LPS, a powerful immunomodulator, or other
co-extracted compounds (such as arabinoxylans and polyphe-
nols) may influence the measured biological activity of �-
glucan preparations and, depending on the test system, lead
to false positive results. LPS contamination in polysaccharide
samples can be determined by several methods, which have
been summarised by Schepetkin and Quinn [84]. A different
approach to check �-glucan specificity in a test system is to
compare the effect of intact �-glucan with that of �-glucan
totally degraded by specific enzymes. If the activity remains
after enzyme degradation, �-glucan is obviously not respon-
sible for the measured effect.

Animal studies have shown activity of orally applied ce-
real �-glucans [40–44, 46, 50–52, 80], indicating uptake or in-
teraction with cells of the GI-tract. Labelling techniques that
introduce little or no change to the �-glucan structure will be
important tools to clarify the question of cereal �-glucan up-
take from the GI-tract. In vitro models using intestinal ep-
ithelial cell lines have been used to investigate possible in-
teractions of cereal �-glucans with cells of the GI-tract. Only
low Mw cereal �-glucan increased cytokine secretion [78],
however, the presence of leukocytes maybe required for a
reaction to apical stimuli by differentiated Caco-2 cells [79].
Co-culture studies with leukocytes aiming at identifying in-
volved �-glucan receptors may help to clarify the question of
cereal �-glucan interaction with intestinal epithelial cells.

Apart from their immune-modulating properties, cereal �-
glucans have been suggested to reduce serum cholesterol and
postprandial blood glucose levels [85–89]. While the reduction
in serum cholesterol by cereal �-glucans is considered well
documented [8, 90], their long-term effect on blood glucose
levels remains inconclusive [90]. These metabolic effects are
believed to relate to reduced or delayed nutrient (e.g. glucose)
uptake and bile acid reabsorption because of increased vis-
cosity in the small intestine following intake of high Mw and
sufficient amounts of cereal �-glucan [91,92]. A daily intake of
at least 3 g �-glucan is recommended for LDL-cholesterol low-
ering activity in both normocholesterolemic and hypercholes-
terolemic subjects [8], a dosage which according to the trials is
well tolerated. Clinical trials on either athletes or hypercholes-
terolemic individuals, ingesting up to 6 g oat �-glucan daily
did not change immune parameters [56–58]. It might be that
additional immune parameters need to be tested for in hu-
man trials. It is also possible that higher doses are required for
effect, and the high Mw and the solubility of the preparations
tested might have been unfavourable. Potentially cereal �-
glucans only show immunomodulation in immunocompro-
mised individuals, as they seem to display stronger immune-

modulating effects in immunocompromised animals than
immunocompetent animals [48, 49, 52, 53, 55]. However, it
is also possible that oat �-glucan does not interact with the
human immune system after oral administration. Clearly,
further human studies are needed to explore these questions.
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glucan-binding lectin site of mouse CR3 (CD11b/CD18) and
its function in generationg a primed state of the receptor that
mediates cytotoxic activation in response to iC3b-opsonized
target cells. J. Immunol. 1999, 162, 2281–2290.

[32] Thornton, B. P., Vetvicka, V., Pitman, M., Goldman, R. C., Ross,
G. D., Analysis of the sugar specificity and molecular location
of the �-glucan-binding lectin site of complement receptor
Type 3 (CD11b/CD18). J. Immunol. 1996, 156, 1235–1246.

[33] Palma, A. S., Feizi, T., Zhang, Y., Stoll, M. S. et al., Ligands for
the �-glucan receptor, Dectin-1, assigned using “designer”
microarrays of oligosaccharide probes (neoglycolipids) gen-
erated from glucan polysaccharides. J. Biol. Chem. 2006,
281, 5771–5779.

[34] Tada, R., Adachi, Y., Ishibashi, K.-I., Tsubaki, K. et al., Binding
capacity of a barley �-glucan to the �-glucan recognition
molecule Dectin-1. J. Agric. Food Chem. 2008, 56, 1442–1450.

[35] Tada, R., Ikeda, F., Aoki, K., Yoshikawa, M. et al., Barley-
derived beta-D-glucan induces immunostimulation via a
dectin-1-mediated pathway. Immunol. Lett. 2009, 123, 144–
148.

[36] Direnzo, L., Yefenof, E., Klein, E., The function of hu-
man NK cells is enhanced by beta-glucan a ligang of CR3
(CD11B/CD18). Eur. J. Immunol. 1991, 21, 1755–1758.

[37] Vetvicka, V., Thornton, B. P., Ross, G. D., Soluble beta-glucan
polysaccharide binding to the lectin site of neutrophil or nat-
ural killer cell complement receptor type 3 (CD11b/CD18)
generates a primed state of the receptor capable of mediat-
ing cytotoxicity of iC3b-opsonized target cells. J. Clin. Invest.
1996, 98, 50–61.

[38] Lowe, E. P., Wei, D., Rice, P. J., Li, C. F. et al., Human vas-
cular endothelial cells express pattern recognition receptors
for fungal glucans which stimulates nuclear factor kappa B
activation and interleukin 8 production. Am. Surg. 2002, 68,
508–517.

[39] Hahn, P. Y., Evans, S. E., Kottom, T. J., Standing, J. E. et al.,
Pneumocystis carinii cell wall beta-glucan induces release of
macrophage inflammatory protein-2 from alveolar epithelial
cells via a lactosylceramide-mediated mechanism. J. Biol.
Chem. 2003, 278, 2043–2050.

[40] Murphy, E. A., Davis, J. M., Brown, A. S., Carmichael, M. D.
et al., Effects of moderate exercise and oat beta-glucan on
lung tumor metastases and macrophage antitumor cytotox-
icity. J. Appl. Physiol. 2004, 97, 955–959.

[41] Cheung, N. K. V., Modak, S., Oral (1 -> 3),(1 -> 4)-beta-
D-glucan synergizes with antiganglioside GD2 monoclonal

C© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.mnf-journal.com



546 A. Rieder and A. B. Samuelsen Mol. Nutr. Food Res. 2012, 56, 536–547

antibody 3F8 in the therapy of neuroblastoma. Clin. Cancer
Res. 2002, 8, 1217–1223.

[42] Cheung, N. K. V., Modak, S., Vickers, A., Knuckles, B.,
Orally administered beta-glucans enhance anti-tumor ef-
fects of monoclonal antibodies. Cancer Immunol. Im-
munother. 2002, 51, 557–564.

[43] Hong, F., Yan, J., Baran, J. T., Allendorf, D. J. et al., Mecha-
nism by which orally administered beta-1,3-glucans enhance
the tumoricidal activity of antitumor monoclonal antibod-
ies in murine tumor models. J. Immunol. 2004, 173, 797–
806.

[44] Modak, S., Koehne, G., Vickers, A., O’Reilly, R. J. et al., Rit-
uximab therapy of lymphoma is enhanced by orally admin-
istered (1 -> 3),(l -> 4)-D-beta-glucan. Leuk. Res. 2005, 29,
679–683.

[45] Xia, Y., Vetvicka, V., Yan, J., Hanikyrova, M. et al., The beta-
glucan-binding lectin site of mouse CR3 (CD11b/CD18) and
its function in generating a primed state of the receptor that
mediates cytotoxic activation in response to iC3b-opsonized
target cells. J. Immunol. 1999, 162, 2281–2290.

[46] Akramiene, D., Grazeliene, G., Didziapetriene, J., Kevelaitis,
E., Treatment of Lewis lung carcinoma by photodynamic
therapy and glucan from barley. Med. Lith. 2009, 45, 480–
485.

[47] Cecic, I., Serrano, K., Gyongyossy-Issa, M., Korbelik, M.,
Characteristics of complement activation in mice bearing
Lewis lung carcinomas treated by photodynamic therapy.
Cancer Lett. 2005, 225, 215–223.

[48] Yun, C. H., Estrada, A., Van Kessel, A., Gajadhar, A. et al.,
Immunomodulatory effects of oat beta-glucan administered
intragastrically or parenterally on mice infected with Eimeria
vermiformis. Microbiol. Immunol. 1998, 42, 457–465.

[49] Yun, C. H., Estrada, A., VanKessel, A., Gajadhar, A. A. et al.,
Beta-(1->3, 1->4) oat glucan enhances resistance to Eime-
ria vermiformis infection in immunosuppressed mice. Int. J.
Parasit. 1997, 27, 329–337.

[50] Davis, J. M., Murphy, E. A., Brown, A. S., Carmichael, M.
D. et al., Effects of moderate exercise and oat beta-glucan
on innate immune function and susceptibility to respiratory
infection. Am. J. Physiol.-Regul. Integr. Comp. Physiol. 2004,
286, R366–R372.

[51] Davis, J. M., Murphy, E. A., Brown, A. S., Carmichael, M.
D. et al., Effects of oat beta-glucan on innate immunity and
infection after exercise stress. Med. Sci. Sports Exerc. 2004,
36, 1321–1327.

[52] Murphy, E. A., Davis, J. M., Brown, A. S., Carmichael, M.
D. et al., Benefits of oat beta-glucan on respiratory infection
following exercise stress: role of lung macrophages. Am.
J. Physiol.-Regul. Integr. Comp. Physiol. 2008, 294, R1593–
R1599.

[53] Murphy, E. A., Davis, J. M., Carmichael, M. D., Mayer, E.
P. et al., 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.

[54] Murphy, E. A., Davis, J. M., Brown, A. S., Carmichael, M. D.
et al., Oat beta-glucan effects on neutrophil respiratory burst

activity following exercise. Med. Sci. Sports Exerc. 2007, 39,
639–644.

[55] Estrada, A., van Kessel, A., Laarveld, B., Effect of adminis-
tration of oat beta-glucan on immune parameters of healthy
and immunosuppressed beef steers. Can. J. Vet. Res.-Rev.
Can. Rech. Vet. 1999, 63, 261–268.

[56] Nieman, D. C., Henson, D. A., McMahon, M., Wrieden, J. L.
et al., Beta-glucan, immune function, and upper respiratory
tract infections in athletes. Med. Sci. Sports Exerc. 2008, 40,
1463–1471.

[57] Theuwissen, E., Plat, J., Mensink, R. P., Consumption of
oat beta-glucan with or without plant stanols did not in-
fluence inflammatory markers in hypercholesterolemic sub-
jects. Mol. Nutr. Food Res. 2009, 53, 370–376.

[58] Queenan, K. M., Stewart, M. L., Smith, K. N., Thomas, W.
et al., Concentrated oat beta-glucan, a fermentable fibre,
lowers serum cholesterol in hypercholesterolemic adults in
a randomized controlled trial. Nutr. J. 2007, 6, 6.

[59] Johansen, H. N., Knudsen, K. E. B., Wood, P. J., Fulcher, R.
G., Physico-chemical properties and the degradation of oat
bran polysaccharides in the gut of pigs. J. Sci. Food Agric.
1997, 73, 81–92.

[60] Johansen, H. N., Wood, P. J., Knudsen, K. E. B.,
Molecular-weight changes in the (1-]3)(1-]4)-beta-D-glucan
of oats incurred by the digestive processes in the upper
gastrointestinal-tract of pigs. J. Agric. Food Chem. 1993, 41,
2347–2352.

[61] Ramakers, J. D., Volman, J. J., Biorklund, M., Onning, G.
et al., Fecal water from ileostomic patients consuming oat
beta-glucan enhances immune responses in enterocytes.
Mol. Nutr. Food Res. 2007, 51, 211–220.

[62] Sundberg, B., Wood, P., Lia, A., Andersson, H. et al., Mixed-
linked beta-glucan from breads of different cereals is partly
degraded in the human ileostomy model. Am. J. Clin. Nutr.
1996, 64, 878–885.

[63] Hughes, S. A., Shewry, P. R., Gibson, G. R., McCleary, B. V.
et al., In vitro fermentation of oat and barley derived beta-
glucans by human faecal microbiota. FEMS Microbiol. Ecol.
2008, 64, 482–493.

[64] Crittenden, R., Karppinen, S., Ojanen, S., Tenkanen, M. et al.,
in vitro fermentation of cereal dietary fibre carbohydrates by
probiotic and intestinal bacteria. J. Sci. Food Agric. 2002, 82,
781–789.

[65] Mitsou, E. K., Panopoulou, N., Turunen, K., Spiliotis, V.
et al., Prebiotic potential of barley derived beta-glucan at
low intake levels: a randomised, double-blinded, placebo-
controlled clinical study. Food Res. Int. 2010, 43, 1086–1092.

[66] Rice, P. J., Adams, E. L., Ozment-Skelton, T., Gonzalez, A. J.
et al., Oral delivery and gastrointestinal absorption of solu-
ble glucans stimulate increased resistance to infectious chal-
lenge. J. Pharmacol. Exp. Ther. 2005, 314, 1079–1086.

[67] Sandvik, A., Wang, Y. Y., Morton, H. C., Aasen, A. O. et al., Oral
and systemic administration of beta-glucan protects against
lipopolysaccharide-induced shock and organ injury in rats.
Clin. Exp. Immunol. 2007, 148, 168–177.

[68] Hashimoto, K., Suzuki, I., Yadomae, T., Oral administration of
SSG, a beta-glucan obtained from sclerotinia-sclerotiorum,

C© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.mnf-journal.com



Mol. Nutr. Food Res. 2012, 56, 536–547 547

affects the function of Peyers patch cells. Int. J. Immunophar-
macol. 1991, 13, 437–442.

[69] Suzuki, I., Tanaka, H., Kinoshita, A., Oikawa, S. et al., Effect
of orally-administered beta-glucan on macrophage function
in mice. Int. J. Immunopharmacol. 1990, 12, 675–684.

[70] Gebert, A., Rothkotter, H. J., Pabst, R., M cells in Peyer’s
patches of the intestine. Int. Rev. Cytol. 1996, 167, 91–159.

[71] Neutra, M. R., Kraehenbuhl, J. P., in: Mestecky, J., Lamm,
M. E., McGhee, J. R., Bienenstock, J. et al. (Eds.), Mucosal
Immunology, Elsevier, New York 2005, pp. 111–130.

[72] Sakurai, T., Hashimoto, K., Suzuki, I., Ohno, N. et al., En-
hancement of murine alveolar macrophage functions by
orally-administered beta-glucan. Int. J. Immunopharmacol.
1992, 14, 821–830.

[73] Kato, T., Owen, R. L., in: Ogra, P. L., Strober, W., Mestecky, J.,
Lamm, M. E. et al. (Eds.), Handbook of Mucosal Immunology,
Academic Press, San Diego, CA 1994, pp. 11–26.

[74] Yamada, H., Kiyohara, H., in: Boons, G.-J., Lee, Y. C., Suzuki,
A., Taniguchi, N. et al. (Eds.), Cell Glycobiology and Develop-
ment Health and Disease in Glycomedicine, Elsevier, Oxford
2007, pp. 664–693.

[75] Mayer, L., Blumberg, R. S., in: Mestecky, J., Lamm, M. E.,
McGhee, J. R., Bienenstock, J. et al. (Eds.), Mucosal Im-
munology, Elsevier, New York 2005, pp. 435–450.

[76] Florence, A. T., The oral absorption of micro- and nanopar-
ticulates: neither exceptional nor unusual. Pharm. Res. 1997,
14, 259–266.

[77] Volman, J. J., Mensink, R. P., Buurman, W. A., Onning, G.
et al., The absence of functional dectin-1 on enterocytes may
serve to prevent intestinal damage. Eur. J. Gastroenterol.
Hepatol. 2010, 22, 88–94.

[78] Rieder, A., Grimmer, S., Kolset, S. O., Michaelsen, T. E. et al.,
Cereal beta-glucan preparations of different weight average
molecular weights induce variable cytokine secretion in hu-
man intestinal epithelial cell lines. Food Chem. 2011, 128,
1037–1043.

[79] Haller, D., Bode, C., Hammes, W. P., Pfeifer, A. M. A. et al.,
Non-pathogenic bacteria elicit a differential cytokine re-
sponse by intestinal epithelial cell/leucocyte co-cultures. Gut
2000, 47, 79–87.

[80] Volman, J. J., Mensink, R. P., Ramakers, J. D., de Winther,
M. P. et al., Dietary (1 -> 3), (1 -> 4)-beta-D-glucans from oat
activate nuclear factor-kappa B in intestinal leukocytes and
enterocytes from mice. Nutr. Res. 2010, 30, 40–48.

[81] Murphy, K., Travers, P., Walter, P., Janeway`s Immunobiol-
ogy, Garland Sciences, Taylor & Francis Group, LLC, New
York and London 2008.

[82] Tsukada, C., Yokoyama, H., Miyaji, C., Ishimoto, Y. et al.,
Immunopotentiation of intraepithelial lymphocytes in the in-
testine by oral administrations of beta-glucan. Cell Immunol.
2003, 221, 1–5.

[83] Leung, M. Y. K., Liu, C., Koon, J. C. M., Fung, K. P., Polysac-
charide biological response modifiers. Immunol. Lett. 2006,
105, 101–114.

[84] Schepetkin, I. A., Quinn, M. T., Botanical polysaccharides:
macrophage immunomodulation and therapeutic potential.
Int. Immunopharmacol. 2006, 6, 317–333.

[85] AbuMweis, S. S., Jew, S., Ames, N. P., Beta-glucan from bar-
ley and its lipid-lowering capacity: a meta-analysis of ran-
domized, controlled trials. Eur. J. Clin. Nutr. 2010, 64, 1472–
1480.

[86] Behall, K. M., Scholfield, D. J., Hallfrisch, J. G., Barley beta-
glucan reduces plasma glucose and insulin responses com-
pared with resistant starch in men. Nutr. Res. 2006, 26, 644–
650.

[87] Hallfrisch, J., Scholfield, D. J., Behall, K. M., Physiological
responses of men and women to barley and oat extracts
(Nu-trimX). II. Comparison of glucose and insulin responses.
Cereal Chem. 2003, 80, 80–83.

[88] Wolever, T. M. S., Tosh, S. M., Gibbs, A. L., Brand-Miller, J.
et al., Physicochemical properties of oat beta-glucan influ-
ence its ability to reduce serum LDL cholesterol in humans:
a randomized clinical trial. Am. J. Clin. Nutr. 2010, 92, 723–
732.

[89] Wood, P. J., Braaten, J. T., Scott, F. W., Riedel, K. D. et al., Effect
of dose and modification of viscous properties of oat gum on
plamsa-glucose and insulin following an oral glucose-load.
Br. J. Nutr. 1994, 72, 731–743.

[90] Tiwari, U., Cummins, E., Meta-analysis of the effect of beta-
glucan intake on blood cholesterol and glucose levels. Nu-
trition 2011, 27, 1008–1016.

[91] Gemen, R., de Vries, J. F., Slavin, J. L., Relationship between
molecular structure of cereal dietary fiber and health effects:
focus on glucose/insulin response and gut health. Nutr. Rev.
2011, 69, 22–33.

[92] Gunness, P., Gidley, M. J., Mechanisms underlying the
cholesterol-lowering properties of soluble dietary fibre
polysaccharides. Food Funct. 2010, 1, 149–155.

C© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.mnf-journal.com


