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Abstract

Barley (Hordeum vulgare L.) is a major cereal crop recognized for its abundant B-glucan content, a soluble dietary
fiber exhibiting significant nutritional and immunomodulatory properties. Structurally composed of mixed-linkage (1—3)
(1—4)-B-D-glucopyranosyl units, barley B-glucans possess unique physicochemical attributes underpinning their bio-
logical activity. Their biosynthesis is primarily governed by cellulose synthase-like (Csl) genes, notably HvCs/F6, while
environmental conditions, agronomic practices, and genetic diversity further modulate B-glucan accumulation. B-glucans
act as natural immunomodulators, engaging pattern recognition receptors such as Dectin-1, Toll-like receptor 2 (TLR2),
and CR3, thereby activating key innate and adaptive immune pathways, including the MyD88 and Syk cascades. This
results in enhanced macrophage, dendritic cell, activate natural killer (NK) cells, and T-cell functions, along with modula-
tion of inflammatory and oxidative stress responses. Barley B-glucans also exert antiviral, anti-inflammatory, antioxidant,
and metabolic regulatory effects, contributing to the management of chronic conditions including cardiovascular diseases,
diabetes, cancer, and inflammatory disorders. Recent advancements in pretreatment (germination, fermentation, ultrasonic-
assisted extraction), molecular breeding (QTL mapping, GWAS, MAS), and genome editing (CRISPR/Cas9 targeting Csl
genes) have accelerated efforts to optimize B-glucan yield and functionality. Emerging applications extend beyond nutri-
tion to biomedical materials and vaccine adjuvants, driven by B-glucan’s ability to induce trained immunity and enhance
vaccine responses. Nonetheless, structural heterogeneity and incomplete mechanistic insights pose challenges to clini-
cal translation. This review critically integrates molecular, immunological, and biotechnological perspectives on barley
B-glucans, emphasizing the need for multidisciplinary strategies to unlock their full therapeutic and functional potential
in advancing human health and sustainable food systems.
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Introduction

Barley is a significant cereal crop due to the presence of
beta-glucan, a substance that carries multiple health benefits
like cholesterol lowering and improved glycemic control
[1]. Beta-glucan, a soluble fiber, plays a crucial role in both
food and animal feed applications, as it significantly influ-
ences the quality of barley-based products [2]. Beta-glucan
is a soluble type of dietary fiber present mostly in barley
(Hordeum vulgare L.) and due to its health-promoting and
functional benefits, has received considerable attention.
Barley possesses a variable beta-glucan content of between
3.57% and 5.34% depending on variety as well as environ-
mental conditions [3].

Barley, particularly hull-less barley, is a rich source of
B-glucan, the content of which is determined genetically
as well as by the environment. Studies have established
that barley B-glucan content varies from 2.56% to 11.73%
due to genotype as well as environmental conditions [4].
Its molecular structure consists of linear chains of B-D-
glucopyranosyl residues linked by 1,3 as well as 1,4 gly-
cosidic bonds, which are responsible for its solubility as
well as for its viscoelasticity [5]. Extraction methods, such
as controlled pH and temperature water extraction, offer
beta-glucan a spectrum of molecular weights that affect the
functional characteristics such as water binding capacity
and emulsification [6]. Beta-glucan possesses antimicrobial
action against a spectrum of disease-causing microorgan-
isms and acts as a prebiotic for promoting the growth of
healthy bacteria within foods [7]. Generally, nutritional as
well as functional characteristics of barley beta-glucan have
rendered it a popular ingredient for application within foods
as well as health products.

Structure, composition, and factors influencing
Beta-glucan content

Structure of barley B-glucan is reported as having a mixed-
linkage (1—3)(1—4)-linked PB-d-glucan with markedly
diverse molecular weights, for example, 201,000 Da for
Qingke barley [8]. Thermal stability as well as barley variety
rheological traits determine physicochemical attributes of
B-glucan, some of which have non-Newtonian flow as well
as diverse binding capacity [9, 10]. It serves as a thickener,
a stabilizer, as well as a prebiotic with extensive application
as a foodstuff for promoting gut health as well as modula-
tion of starch digestibility [11]. The beta-glucan content of
barley is extremely variable as per genotype as well as agri-
cultural practice ranging from 3.18% to 7.7% under regular
conditions. Beta-glucan content of hulled barley accessions
varies between 3.18% as well as 4.51%, while naked bar-
ley can range up to 5.21% [12]. High beta-glucan as well
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as protein content genotypes, i.e., ‘Nudum 155’ as well as
‘Nudum 95, are suitable for food as well as feed purposes
[13, 14]. Besides, genetic basis for high beta-glucan con-
tent was determined with two Quantitative Trait Loci (QTL)
at chromosomes 1 H as well as 7 H, accounting for about
27.9% as well as 27.4% of the phenotype’s variance, respec-
tively [15].

Barley beta-glucan content is the result of an interaction
between environmental factors, genotype, and agricultural
practice. Climatic factors, particularly temperature and rain-
fall at specific phases of development, are significant; cooler
temperatures during tillering and higher kernel weights are
positively correlated with B-glucan content, and excessive
rain during the grain-filling stage is negatively correlated
with it [5]. Genotypic differences are involved as well,
with different cultivars of barley with different content of
B-glucan, which is environment- as well as year-dependent
[16]. Agronomic traits such as test weight, seed yield, as
well as percentage of plump kernels are connected with con-
tent of B-glucan, indicating that both genetic as well as envi-
ronmental interactions need to be addressed for maximizing
content of B-glucan of barley [17]. Further, farming sys-
tems influence the content of B-glucan, with no-treatment
and organic farms containing more than conventional farms
[18]. Quantitative trait loci (QTL) for B-glucan content have
been determined through research carried out using genet-
ics that have identified important genes participating in its
biosynthesis as well as metabolism that can be utilized for
breeding for barley improvement for diverse uses [4].

Role of Beta-glucan as a natural Inmunomodulator

Beta-glucan from barley is a strong natural immunomodula-
tor with superior bioactivities, accelerating immune stimu-
lation. Barley B-glucan acts as a natural immunomodulator
through its role in promoting the activities of CAT and GPx,
decreasing MDA content, as well as significantly enhanc-
ing IgG and IgM content within immunosuppressed rats,
leading to restoration of overall immune response as well as
hematological tests, e.g., due to arsenic trioxide poisoning,
hence proving to have the ability to boost immunity. These
polysaccharides activate immune receptors like Dectin-1
and Toll-like receptor 2 (TLR2) to facilitate co-localization
for activation of immune signaling cascades, a critical infec-
tion resistance mechanism [19]. Barley p-glucans have also
been shown to activate innate as well as adaptive immune
functions and are hence functional food components for
triggering health as well as immunity in both humans as
well as animals [20, 21]. They are immune response media-
tors through dendritic maturation stimulation as well as
secretion of cytokines, hence impacting both innate as well
as adaptive immunity [22]. Beta-glucans boost the adaptive
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immune response through augmented antigen presentation
as well as activation of T cells, hence increased antibody
levels upon vaccination [23]. They are immune-modulating

Table 1 Selected products and applications of B-Glucan as a therapeu-

tic agent
Product Source  Form Thera- Health  Reference(s)
Name/Type peutic Focus
Potential
OatWell®  Oat Cereal Lowers Car- EFSA,
B-glucan ingredi- LDL diovas- 2010; Wood,
ent choles-  cular, 2007
terol, meta-
reduces  bolic
post- syn-
prandial drome
glucose
Barlivi™ Barley Con- Improves Dia- Tosh & Chu,
B-glucan cen- insulin  betes, 2015
trated  sensi- immune
extract  tivity, regula-
supports  tion
immune
balance
Nutra- Barley Func-  Promotes Diges- Keenan et
Barley™ B-glucan tional  gut tive al., 2007
fiber health, health,
reduces  lipid
choles-  metabo-
terol lism
Wellmune®  Yeast Supple- Enhances Immu- Talbott &
B-glucan ment/  innate nity, Talbott,
bever- immune respira- 2009
age response, tory
reduces  health
URT
infections
Imunoglu-  Fungal Syrup/  Stimu- Pedi- Jesenak et
kan P4AH®  B-glucan tablets lates atric al., 2013
immune immu-
defense, nity
reduces
infection
frequency
BetaHeart® Oat Powder Main-  Heart  EFSA, 2010
B-glucan supple- tains health

ment healthy

choles-

terol

levels
Barley- Barley = Whole Antioxi- Obesity, Topping et
Max™ B-glucan grain dant-rich, chronic al., 2003

flour supports  inflam-

weight  mation

manage-

ment
BetaVia™  Algal Immune Activates Immune Friedman

B-glucan supple- macro-  health, & Juneja,
ment phages,  viral 2010
improves defense
resis-
tance to
pathogens

agents with great strength, especially against viral diseases,
where they can stimulate antiviral action as well as provide
a protective action against the pathogen [23, 24]. Further-
more, beta-glucans have proved beneficial for the healing
and prevention of allergic diseases through the restoration
of the equilibrium of the TH1/TH2 lymphocyte response,
which is typically altered in such diseases [25]. Their role
in “trained immunity” implies that beta-glucans can regu-
late immune memory that may result in a positive impact
on injury healing as well as chronic disease healing [26].
Altogether, the multimodal immunomodulatory effects of
beta-glucans hint at their importance in therapeutic applica-
tions as well as health maintenance.

Source variability of f-Glucan

There are different sources of B-glucan that have unique
structural characteristics that result in different biological
activity or therapeutic potential. Cereal B-glucans, notably
from barley, contains mixed-linkage B-(1,3)(1,4)D-glucans
that have primarily been associated with benefits for meta-
bolic health, including glycemic control, cholesterol lower-
ing, and modulation of gut microbiota. B-glucans from yeast
and fungi have B-(1,3)(1,6) linkages that have been shown
to have stronger immunomodulatory effects via direct
stimulation of innate immune response signaling pathways,
such as activation of macrophages and natural killer (NK)
cells [27]. The structural differences pertain to solubility,
molecular weight, and interaction with specific receptors
that impact the clinical and functional benefit of B-glucan.
Understanding these source-driven structural variations is
relevant when considering the health benefits of B-glucan.
This review highlight the potential of barley B-glucan as
a natural immunomodulator, focusing on mechanisms of
action and relevant therapeutic implications in the promo-
tion of immune health. Table 1 highlights commercially
available products and formulations containing [-glucan
derived from various sources, including barley, oats, yeast,
fungi, and algae. These products demonstrate the diverse
therapeutic potential of B-glucan, ranging from cardio-
vascular and metabolic health to immune system support
and gut microbiota modulation. Notably, barley-derived
B-glucan shows promising multifunctional properties as a
natural immunomodulator, making it a strategic focus in
health food innovation and personalized nutrition.

Scope and objectives of the review
The review addresses Hordeum vulgare (barley) B-glucan
immunomodulatory activity and therapeutic application,

emphasizing the pivotal importance of thorough mechanis-
tic investigations as well as of translational studies. Barley
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B-Glucans are bioactive polysaccharides with documented
anti-inflammatory, anti-tumor, and immune-stimulating
effects through the regulation of innate as well as adaptive
immune mechanisms including dendritic maturation, mac-
rophage activation, as well as the elaboration of cytokines
[27]. Therapeutic significance is underscored through the
development and the use of B-glucan medicines, such as
those put to use for cancer. While promising results exist,
therapeutic utilization of B-glucans is thwarted by extensive
structural heterogeneity, source-dependent variation, and a
dearth of knowledge regarding the immunological action
involved [28, 29]. This review summarizes the current
understanding of the physicochemical properties, immuno-
logical interactions, and health-promoting activities of bar-
ley B-glucans, and identifies key areas for future research.
Special attention is focused on their possible future appli-
cation as immunotherapy against gastrointestinal cancer as
well as for the development of functional foods or nutra-
ceuticals. It combines current advancements with a view
of providing a scientific framework to impending multidis-
ciplinary studies for the improvement of the formulation
of B-glucan for immunomodulation as well as therapeutic
efficacy.

2, Biosynthesis and genetic regulation

Biosynthesis as well as genetic regulation of barley -glucan
are performed through complex interactions of multiple pro-
teins as well as genes. Comparative proteomics of hulless
barley cultivars have shown that proteins of differentially
expressed carbohydrate metabolism as well as B-glucan bio-
synthesis are quite different for cultivars with varying levels
of B-glucan [30, 31]. Biosynthetic mechanisms of barley
beta-glucan (BQG) are the outcome of a synergy of enzymatic
activities and proteins that facilitate its deposition within the
cereal grains. Central proteins involved with the biosynthe-
sis of BG are the cellulose synthase-like (Csl) genes, spe-
cifically CslF/H/J, which are responsible for polymerization
of BG in aleurone and endosperm tissue [32].

Biosynthesis pathways of B-Glucan in barley

Biosynthesis of (1—3)(1—4)-B-D-glucan occurs through-
out the plant, within vegetative as well as reproductive
(grain) tissue, but with tissue-specific regulation as well as
functional specialization (Fig. 1). These Csl family mem-
bers, namely the CslF, CslH, and CslJ subfamilies, code for
the Csl proteins that are responsible for synthesizing the
mixed-linkage B-glucans, with their associated glycosyl-
transferases polymerizing the UDP-glucose-derived glucose
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units into the B-(1—3) and B-(1—4) glycosidic linkages that
form the backbone of the B-glucan polymer [32].

Gene Activation and Transcriptional Regulation.

The Cs/ genes are expressed variably in a range of plant
tissues. HvCslF'6 is expressed universally and is the princi-
pal gene for biosynthesis of B-glucan in vegetative as well
as grain tissue. More specifically, HvCsIF3, HvCsIF9, and
HvCslHI are expressed preferentially in vegetative parts
such as expanding stems and young leaves, suggesting a
role for cell wall biosynthesis early in growth [1, 16].

Translation and Enzyme Targeting.

Following transcription, Cs/ mRNAs are translated into
membrane-bound synthase proteins destined for targeting
to the Golgi apparatus and plasma membrane for the most
part, where polymer assembly is performed. Proper target-
ing and insertion within these membranes are of importance
for enzymatic activity [33, 34].

Polymer Synthesis and Linkage Formation.

The elongation of the B-glucan chain through the sequen-
tial addition of B-(1—4) and B-(1—3) glycosidic linkages
is mediated by the Csl enzymes. Solubility, viscosity, and
bioactivity of the resultant B-glucan polymer are established
by the ratio and arrangement of these linkages [2, 34].

Subcellular Transport and Deposition.

The newly synthesized B-glucan is transported and
deposited in the primary cell wall, where it takes part in wall
structure, water status, and mechanical properties. B-glucan
plays a structural role in vegetative tissues, controlling cell
growth and mechanical strength, but in seeds it plays a role
in the storage of energy and dietary fiber [5, 8, 27].

Developmental and Environmental Regulation.

Both developmental signals and environmental signals
such as light, temperature, drought, as well as infection
with pathogens, regulate B-glucan synthesis actively. For
instance, deposition of B-glucan can be strengthened within
vegetative tissues to reinforce the cell wall under biotic
stress [6, 8, 26].

Tissue-Specific Functions.

In leaves and stems, B-glucans are linked with cell wall
firmness and are more transient, with a tendency to be
restructured as tissues mature. They occur less often in roots
but may be linked with symbiosis interactions or tolerance
of physical stress. Beta-glucan is a rich source of nutritional
as well as pharmaceutical importance as a source of dietary
fibre in seeds [4, 7].

The biosynthesis of barley B-glucan is regulated both
temporally and spatially through a complex network of
enzymes, with multiple active genes present within the
plant. While seeds are of first importance due to nutritional
content, vegetative PB-glucans have crucial physiological
functions as well as structural functions, so biosynthesis
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Fig. 1 Schematic representation of f-glucan biosynthesis in barley,
encompassing six interconnected stages: (1) genetic regulation by
HvCsl genes; (2) protein translation and targeting to the plasma mem-
brane; (3) synthesis of p-(1—4) and p-(1—3) linkages; (4) deposition
of p-glucan in the primary cell wall, contributing to cell expansion and
structural integrity, (5) modulation by developmental and environmen-

of the entire-plant B-glucan is of significance for barley
growth, defense, and flexibility.

Key gene families involved in Beta-glucan synthesis
in barley

The primary gene families involved in barley (Hordeum
vulgare) beta-glucan biosynthesis are predominantly
represented by the Cellulose synthase-like (Csl) gene
superfamily with CslF and CsIH subfamilies (Table 2).
Interestingly, HvCslF6 was found to be a central enzyme
for (1,3;1,4)-B-glucan biosynthesis because mutations of
the gene imposed a complete loss of polysaccharide from
the grain, whereas other relatives HvCslF9 did not affect
the content of B-glucan but had impacts on the other com-
ponents of the cell wall [15]. The most differentiated core
gene is HvCslF6 with high expression levels in vegetative
tissues as well as reproductive tissues with a direct correla-
tion with endosperm development due to B-glucan accumu-
lation Functional validation through TILLING mutants as
well as transgenic mutants established that HvCsIF6 down-
regulation leads to near-total depletion of B-glucan depo-
sition, positioning it at a pivotal position. The other CslFs

tal cues such as light, temperature, pathogen attack, and drought; and
(6) functional diversification across various tissues, including leaves,
stems, roots, and seeds. Figure prepared using Microsoft PowerPoint
(Office 365, updated 2023), Canva (Version 2024.1), and Adobe Pho-
toshop (Adobe Creative Cloud, 2024 release)

in CslF, HvCsIF3, HvCslF9, and HvCslF4 are expressed
most highly in elongating vegetative tissues of stems and
leaves, suggesting ancillary functions for primary cell wall
biosynthesis and tissue-specific regulation. The HvCsIH
subfamily, specifically HvCsIHI, is a backup enzyme for
B-glucan construction with generally lesser efficacy com-
pared to CslF6. Products of the enzyme are both targeted to
the plasma membrane as well as the Golgi apparatus, where
the polymers of the B-glucan are positioned together by the
formation of B-(1—4) as well as f-(1—3) bonds. Moreover,
the barley genome houses a very extensive set of genes, 116
BAHD family acyltransferases, whose indirect effects are
potentially involved in the metabolism of polysaccharides
as well as cell wall composition whereas direct functions
within the assembly of B-glucans are less obvious [35].
Additionally, the XTH gene family, with a minimum of 42
members, can contribute to the modification of the compo-
nents of the cell wall, hence indirectly causing the synthesis
of B-glucan [36]. Comparative genomics and promoter stud-
ies have also recently uncovered evolutionary divergence
and functional divergence in the Csl gene family, provid-
ing the potential for precise manipulation via the applica-
tion of CRISPR/Cas9 and gene editing for the alteration of

@ Springer
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Table 2 Key gene families Gene/Family Main Function Tissue-Specific ~ Notes/Impact on f-Glucan
involved in B-Glucan synthesis in Expression Synthesis
barley and their function HvCslF6 Primary Reproductive Essential for B-glucan accu-
enzyme for tissues (grain), mulation; loss-of-function
(1,3;1,4)-p-glucan  vegetative tissues mutants show near-complete
biosynthesis (leaves, stems) B-glucan absence
HvCslF3 Contributes to cell ~ Young leaves and Minor role in B-glucan con-
wall biosynthesis ~ elongating stems tent; involved in vegetative
growth
HvCslF9 Modulates cell wall Vegetative Little direct impact on
components tissues B-glucan content, but influ-
ences cell wall structure
HvCslF4 Auxiliary role in Elongating stems Possible supportive func-
polysaccharide and leaves tion in primary cell wall
biosynthesis modification
HvCslH1 Supplementary Reproductive Complementary role to
B-glucan synthesis  tissues HvCslF6; less impact
overall
BAHD Acyltransferases Polysaccharide Various tissues  Indirect influence on cell
metabolism wall structure; impact on
modulation B-glucan under investigation
XTH (Xyloglucan Cell wall Broad expression May modify or impact
endotransglycosylase/hydrolase)  remodeling B-glucan via remodeling of

CslF Family (General)

CslH Family (General)

Promoter Regions (Csl genes)

polysaccharide networks

(1,3;1,4)-B-glucan  Diverse tissues  Evolutionary specialization;

synthesis targets for bioengineering
B-glucan traits
Cell wall polysac- Mainly Less dominant compared to

charide synthesis  reproductive CslF; complementary role in
B-glucan biosynthesis
Regulation of gene

expression

Tissue-specific
regulation

Important for transcriptional
control and trait optimiza-
tion via genetic editing

B-glucan content for nutritional, industrial, and therapeutic
uses. Collectively, the gene families have a multifaceted
role in the control of barley content with Csl.

Genetic variability and breeding for high Beta-
Glucan content

Plant breeding and biotech are the key drivers in increas-
ing the content of beta-glucan in barley, a cereal of high
genetic diversity with desirable traits. Recent studies have
determined key genetic loci and candidate genes for the
synthesis of beta-glucan, which facilitate precision breeding
programs. For example, genome-wide association studies
(GWAS) identified robust marker-trait associations, pointing
to genes HORVU6Hr1G088380 at the center of beta-glucan
accumulation [2, 37]. Several studies have identified the
main loci associated with increased barley beta-glucan con-
tent. Two Quantitative Trait Loci (QTL) on chromosomes
1 H and 7 H were found to contribute a combined percent-
age of around 55.3% to the variation of beta-glucan content,
with HvCsIF9 and Horvu PLANET 7H01G069300 being
candidate genes associated with these loci [12]. Further-
more, a genome-wide association study (GWAS) detected
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14 stable marker-trait associations (MTAs) for beta-glucan
content [2]. Besides that, a wild barley study detected 13
QTL on all seven chromosomes targeting genes involved
in carbohydrate metabolism as well as cell wall modifica-
tion, for example, callose synthase [4]. Quantitative trait
loci (QTL) of large effect for increasing the content of
B-glucan in barley were identified on chromosomes 2 H, 3
H, 4 H, and 7 H, which are of great importance for under-
standing and manipulating -glucan development in barley
grains [32, 38]. These results together provide a strong plat-
form for barley breeding for increased beta-glucan content.
Among the primary genetic loci for creating increased beta-
glucan content of barley are a gene cluster located on chro-
mosome 2 H, for instance, HvCslF3, HvCslF4, HvCsIF8,
HvCslF10, HvCslF12, and HvCslH1, revealed through QTL
and GWAS mapping [15]. With the inclusion of molecular
techniques such as RNA-seq and SNP evaluation, breeding
schemes are more specific with the improvement of barley
cultivars for functional foods with regard for the require-
ments of malt manufacture [4, 39]. This holistic approach is
centered around biotechnology as a means of barley simpli-
fication for health purposes.
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Immunomodulatory mechanisms

Barley p-glucan possesses strong immune-modulating
mechanisms through immune receptor binding as well as
immune response induction. Barley B-glucan activates Toll-
like receptor 2 (TLR2) as well as Dectin-1, leading to co
localization of the receptors as well as immune signaling,
which is of great significance for the control of infection
such as Leishmania donovani [19]. Aside from the above,
barley B-glucan was also found to improve hematological
parameters as well as the rate of immunoglobulins (IgG and
IgM) in immunosuppressed models, reflecting its effect for
bolstering overall immunity. Low molecular weight barley
B-glucan was, in another instance, found to strongly activate
dendritic cell maturation associated with their enhanced
function to stimulate adaptive immune responses (Fig. 2).

Boosted Innate and
Adaptive Immunity

Immune Response
Enhancement

B-Glucans enhance immune
responses by modulating
cytokine production.

B-Glucans aid infection
control by boosting immune
defenses.

Fig. 2 Unveiling the Immunomodulatory Power of Barley B-Glucans.
This figure illustrates the six primary mechanisms by which B-Glucans
enhance immune function: Boosted Innate and Adaptive Immunity
(comprehensive defense); Immunomodulatory Properties (regulation
against viral infections); Immune Response Enhancement (modulat-
ing cytokine production); Trained Immunity (inducing innate immune

Interaction with pattern recognition receptors
(PRRs)

Beta-glucans, especially from barley, are known to pos-
sess strong immunomodulatory effects through their action
against pattern recognition receptors (PRRs) for example,
Dectin-1, as well as Toll-like receptors (TLRs). These
polysaccharides preferentially bind to Dectin-1, caus-
ing co-localization of the receptor with TLR2, stimulating
downstream signaling pathways such as MyD88 and Syk,
resulting in enhanced inflammatory responses as well as
immune protection against Leishmania donovani and other
microorganisms [19, 40]. When bound, Dectin-1 stimulates
downstream signaling molecules, such as MyD88 and Syk,
that are involved in the induction of inflammation as well
as immune cell activation [41]. B-glucans stimulate mul-
tiple immune cells, such as macrophages as well as den-
dritic cells, to trigger internalization of these ligands as well
as subsequent immune responses [42]. This multistep pro-
cess unearths the therapeutic benefits of barley B-glucans as

Immunomodulatory
Properties

B-Glucans exhibit
immunomodulatory
properties against viral
infections.

Trained Immunity

B-Glucans induce trained
immunity for enhanced viral
protection.

Vaccine Adjuvants

B-Glucans improve vaccine
efficacy as immune
adjuvants.

memory for enhanced viral protection); Infection Control (boosting
immune defenses); and functioning as Vaccine Adjuvants (improving
vaccine efficacy).Figure prepared using Microsoft PowerPoint (Office
365, updated 2023), Canva (Version 2024.1), and Adobe Photoshop
(Adobe Creative Cloud, 2024 release)
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immunostimulant agents for uses against infections as well
as potentially for cancer. Beta-glucans activate autophagy
cascades through NOX-2, triggering the generation of reac-
tive oxygen species crucial for immune activation [43, 44].
They also play a role in B cell differentiation and cytokine
secretion, modulating adaptive immunity via Dectin-1 acti-
vation [40]. They also induce type I interferon responses
via Dectin-1 activation by B-glucans, inducing antiviral
immunity and suggesting a general immunomodulatory
function [45]Also, B-glucan binding to Dectin-1 was shown
to induce pro-inflammatory cytokine secretion from a num-
ber of immune cells, including bovine monocytes, thereby
establishing its immunopotentiating potential for general
use [46—48].

Modulation of innate and adaptive immunity

Innate immunity is a rapid, generally nonspecific, immedi-
ate defense, while adaptive immunity is a slow, more spe-
cific, and targeted defense mechanism which improves with
repeated exposures to the same pathogen (Table 3). Both
the innate and acquired branches of the immune system
as a whole form a complete immune mechanism against
infections [19]. Beta-glucans, specifically barley-derived

Table 3 Immunological mechanisms targeted by Barley-Derived
B-Glucans in innate and adaptive systems

Aspect Innate Immunity

Modulation Modulation
Key Immune  Macrophages (M1/M2 T-cells (CD4+,
Cells Activated polarization), Natural Killer CDS8+activation)
(NK) cells
Dectin-1, Toll-like receptor Dectin-1 interaction,
2 (TLR2) enhanced antigen
presentation

Adaptive Immunity

Receptors
Involved

Mechanism of Induction of innate immune Augmentation of

Action memory; enhanced antigen-specific
phagocytosis and cytokine  responses and mem-
production ory T-cell generation

Phenotypic Macrophage differentiation Increased T-cell

Changes (MO — M1/M2 states) proliferation and

activation

Impact on Improved pathogen clear-  Enhanced long-term

Infections ance (e.g., Leishmania) immunity after infec-

tions or vaccinations
Activation of tumor-
specific adaptive
immune responses
Enhanced antibody
pathways, boosting vaccine production and cel-
responses lular immunity

Role in Tumor NK cell activation and
Immunity tumor cytotoxicity

Use as Vaccine Priming of innate immune
Adjuvants
Cancer immunother-

Therapeutic Wound healing, anti-

Applications  inflammatory treatments apy, modulation of
autoimmune diseases

Clinical Immunonutrition, infection Chronic disease

Implications control strategies prevention and

management
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beta-glucans, are significant regulators of innate as well
as acquired immunity because they can activate important
immune cells such as macrophages, natural killer (NK)
cells, as well as T-cells. It is noted from research that barley
B-glucan can stimulate macrophage differentiation of MO to
M1 phenotype as well as enhance their pro-inflammatory
response along with activation of NK cells, which are cru-
cial for antitumor immunity [49]. Additionally, B-glucans
interact with Toll-like receptor 2 (TLR2) as well as with
the receptor Dectin-1 to facilitate co-localization that trig-
gers immune signaling pathways, thereby augmenting the
immune response against infections such as Leishmania
[19]. Additionally, B-glucans have been found to create
innate immune memory, capable of regulating macrophage
activation by different environmental stimuli, potentially
making it more effective against infection [50]. Over-
all, the immunomodulating activity of B-glucans suggests
their application as nutritional supplements for immune
response improvement in humans as well as animals [20,
23]. Barley beta-glucans are polysaccharides with strong
immune-stimulating effects, particularly through macro-
phage stimulation, activation of natural killer (NK) cells, as
well as T-cell activation. It is suggested through studies that
activation of macrophages creates innate immune memory
with reprogramming of the function reducing inflamma-
tion but enhancing immunity to infection and tumors [51,
52]. Specifically, barley B-glucans polarize macrophages to
the M2 phenotype responsible for tissue repair as well as
anti-inflammatory response, promoting healing of wounds
in immunosuppressed models [53, 54]. Overall, barley
B-glucans are potent immunostimulant compounds that
activate both innate and adaptive immune mechanisms
[20]. Even more recent studies have addressed the use of
barley-derived B-glucans as adjuvants for immune stimula-
tion by vaccines due to their ability to provoke humoral as
well as cellular immunity. The therapeutic applications of
B-glucans have immense potential for their clinical uses in
immune-mediated diseases, autoimmunity, cancer immuno-
therapy, as well as chronic inflammatory diseases [55-57].
Thus, barley B-glucans have a pivotal role as a component
of the plant’s defense chemical arsenal as well as a benefi-
cial adjuvant to augment immune function in man through
their strictly regulated modulation of innate as well as adap-
tive immunity.

Anti-Inflammatory and antioxidant effects

Beta-glucan of barley possesses strong anti-inflammatory
and antioxidant effects through modulation of cytokine lev-
els and alleviation of oxidative stress. Evidence indicates
barley B-glucan plays a therapeutic action against inflam-
mation of the airway by down-regulating pro-inflammatory
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cytokines as well as oxidative stress markers such as malo-
ndialdehyde (MDA) and up-regulating antioxidant enzymes
such as glutathione peroxidase and catalase [58]. Barley is
rich in bioactive phytochemicals including flavonoids and
phenolic acids, which are accountable for its antioxidant
activity [59, 60]. Barley’s anti-inflammatory constituents
involve NF-kB and JNK pathway inhibition as well as pro-
inflammatory mediators, particularly with fermentation,
enhancing their effectiveness [61, 62]. Moreover, highland
barley B-glucan was also shown to ease ulcerative colitis
symptoms in mice, indicating its application for gastroin-
testinal health through control of inflammatory reaction and
improvement of intestinal barrier [63, 64]. Additionally,
barley B-glucan inhibited the generation of nitric oxide as
well as the expression of inducible nitric oxide synthase
and cyclooxygenase-2 in macrophages, again demonstrat-
ing its anti-inflammatory action [53, 65]. Moreover, barley
B-glucan fermentation increases its anti-inflammatory activ-
ity, consistent with high levels of beneficial metabolites pro-
moting gut health [63]. All of these findings are testaments
to the therapeutic potential of barley-derived B-glucans for
inflammation modulation as well as disease associated with
oxidative stress [23, 66].

Enzyme
Enhancement

Oxidative
Stress
Reduction

Cytokine
Modulation

Fig.3 This figure illustrates the six primary health benefits of B-glucan:
Enzyme Enhancement, Anti-Inflammatory Effects, Antioxidant Prop-
erties, Gut Health Improvement, Cytokine Modulation, and Oxidative
Stress Reduction, highlighting its multifaceted positive impact on

Therapeutic potential and clinical
applications

Beta-glucan from barley holds immense therapeutic value
for a wide range of clinical uses, the most obvious of which
are its metabolic and immunological uses (Fig. 3). Its role
in regulating lipid as well as glucose metabolism makes it a
promising drug candidate for the management of metabolic
syndrome and non-alcoholic fatty liver disease (NAFLD),
where research documents its ability to boost expenditure of
energy as well as normalize bile acid metabolism to avert fat
deposition in mice [64, 67]. Additionally, its immunomod-
ulatory effects have been highlighted in cancer therapies,
where B-glucan has been shown to be efficient as an adju-
vant in the treatment of gastrointestinal tumors, improving
the quality of life of patients and minimizing chemother-
apy side effects [45]. Additionally, barley -glucan had the
potential to enhance immune effects in immunosuppressed
models, making it a potential functional food ingredient for
enhancing immunity. Cumulatively, the findings demon-
strate the diversity of mechanisms through which barley-
derived B-glucan can be involved in controlling disease and
health [27, 68].

Anti-
Inflammatory
Effects

Antioxidant

Properties

Gut Health
Improvement

human health. Figure prepared using Microsoft PowerPoint (Office
365, updated 2023), Canva (Version 2024.1), and Adobe Photoshop
(Adobe Creative Cloud, 2024 release)
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Prevention and management of chronic diseases

Beta-glucan, particularly barley-derived beta-glucan is of
huge promise for the control of chronic diseases including
cancer, diabetes, as well as cardiovascular disease. Research
indicates that low-molecular-weight B-glucan is capable of
inducing apoptosis of cancer cells of the colon, inhibiting
tumor growth, as well as enhancing therapeutic efficacy
against cancer [68, 69]. B-Glucans’ capacity to form a gel-
like substance retards gastric emptying and reduces post-
prandial peaks of glucose by enhancing insulin sensitivity
and glycemic control. Mechanistically, it acts on the expres-
sion of the glucose transporters (GLUT) and modulates
incretin hormones such as GLP-1, leading to enhanced glu-
cose homeostasis. B-glucan enhances insulin sensitivity and
lowers the level of blood glucose by enhancing the viscosity
of the dietary fiber so that gastric emptying is slowed [70].
More importantly, the impacts on the cardiovascular realm
are significant; B-glucan lowers total and LDL cholesterol
and elevates HDL cholesterol, lowering the cardiovascular

Table 4 Applications of Barley-Derived B-Glucans in autoimmune and
inflammatory disorders

Disorder/Condition =~ Mechanism of Key Notes/
Action Outcomes Implications
Ulcerative Colitis Modulation of Reduced Mouse
o) inflammatory  disease model stud-
cytokines activity, ies show
improved symptom
gut health alleviation
Crohn’s Disease Regulation Inflam- Potential
(CD) of immune mation therapeutic
responses reduction candidate
Cryopyrin-Associ- Inhibition Decreased  Targets
ated Periodic Syn- of NLRP3 IL-1B innate
dromes (CAPS) inflammasome secretion immune
activation pathways
Inflammatory Bowel Immunomodu- Symptom Veterinary
Disease (IBD) in lation in gut management applications
Animals mucosa in dogs and expanding
cats
General Autoimmune Induction of  Improved Broad anti-
Disorders innate immune immune inflamma-
memory regulation  tory benefits
Intestinal Enhancement  Strength- Critical for
Inflammation of autophagy  ened gut immune
and ROS immune homeostasis
production defenses
Ulcerative Colitis Cytokine Reduced Specific
(Highland Barley balance intestinal effect of
B-Glucan) modulation inflammation highland bar-
ley varieties
Chronic Inflamma- Activation of  Controlled  Promising
tory Disorders immune recep- immune for clinical
tor pathways  responses translation
General Inflamma- Anti- Alleviation ~ Supports use
tory Disorders inflammatory  of chronic  in functional
cytokine symptoms  foods or
modulation supplements
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risks of heart disease [71]. Overall, the addition of barley
B-glucan as a food ingredient not only contributes positively
towards metabolic health but also represents a holistic solu-
tion for the management of chronic disease through its anti-
oxidant potential and modulation of the profiles of lipids
and blood glucose [72].

Role in infection control and vaccine adjuvants

Barley beta-glucans contribute towards infection defense
as adjuvants for vaccines by promoting immunity and pre-
venting infection. Barley -glucans are reported to promote
immunity by elevating immunoglobulin levels and regulat-
ing the production of cytokines, and may prove particularly
useful in immunocompromised subjects (Fig. 3). They have
also proven to improve innate and adaptive immunity and
improve the effectiveness of influenza A virus vaccines
[73]. B-glucans have also been reported to cause “trained
immunity,” meaning that innate immune cells are more
responsive on repeated exposure and offer a protective
advantage for viral disease [74, 75]. Studies demonstrated
that the effectiveness of vaccines is enhanced by B-glucans
due to increased antibody titers within vaccinated models
upon pre-exposure of B-glucans [24, 76]. Aside from this,
B-glucans possess immunomodulatory effects that enhance
innate and adaptive immunity and are thus effective against
viral diseases like COVID-19 [77]. Barley B-glucans have
also proven effective at elevating the functionality of immu-
nity in immunosuppressed models and barley can be utilized
as a food ingredient for common immunity [23, 78]. The
use of barley-derived B-glucans thus holds great promise for
significantly improving resistance to infection.

Applications in autoimmune and inflammatory
disorders

Barley beta-glucan can be used as a treatment for autoim-
mune and inflammatory diseases particularly inflammatory
bowel disease (IBD) such as ulcerative colitis (UC) and
Crohn’s disease (CD) as demonstrated by Table 4. B-Glucan
of barley was also reported to mitigate symptoms of UC in
mice models by decreasing disease activity indices, improv-
ing the health of the intestine, and by modulating the inflam-
matory cytokine levels [61, 79]. B-glucan was revealed to
cause innate immune memory within macrophages by
decreasing the activation of the NLRP3 inflammasome and
the production of IL-1P, and this finds application in con-
ditions such as cryopyrin-associated periodic syndromes
(CAPS) [51]. Additionally, its usage includes veterinary
medicine where B-glucans have also displayed immuno-
modulatory activity towards the treatment of inflammatory
bowel disease in dogs and cats, a sign of its wider utility as a
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therapeutic agent that crosses species [80]. Generally speak-
ing, B-glucan is a potential clinical therapy for the manage-
ment of various inflammatory and autoimmune diseases due
to its broad variety of mechanisms. Subsequently, highland
barley B-glucan was demonstrated to improve the symptoms
of ulcerative colitis in mice by enhancing the health of the
intestine, restraining inflammation, and balancing the cyto-
kines [61, 81]. Additionally, B-glucans engage the immune
receptors and provoke pathways that initiate autophagy
and production of reactive oxygen species necessary for
enhanced immune responses [82]. Overall, the evidence
suggests the therapeutic utility of B-glucans treatment of
inflammatory disease conditions as well as enhancement of
the immune system [83].

Strategies to enhance Beta-Glucan content

Enhancement of the beta-glucan content of barley also
occurs through pretreatment, extraction, and utilization of
improved breeding protocols. Germination and fermenta-
tion have also been shown to significantly enhance the beta-
glucan level of barley such that germinated barley contains
up to 5.66% beta-glucans as well as enhanced antioxidant
capacity [9, 84]. Furthermore, ultrasonic-assisted extraction
(UAE) optimizes the recovery of soluble dietary fibers up to
the maximum of 5.21% beta-glucans under specific condi-
tions, enabling environmentally-friendly food consumption
habits [85]. Targeting the breeding of specific quantitative
trait loci (QTL) for beta-glucan content will also facilitate
the development of barley cultivars with higher beta-glucan
content, such as the wild barley germplasm [4, 86]. All these
strategies reflect the potential of the beta-glucan content of
barley towards its value addition for health as well as for its
functionality as a food ingredient [1].

Conventional and molecular breeding approaches

Conventional as well as molecular breeding strategies aim-
ing towards enhancing beta-glucan content of barley have
garnered interest due to the medicinal value of the com-
pound as well as the range of end uses [87]. Marker-assisted
selection (MAS) was the lead methodology as a prime
strategy involving identified loci and candidate genes for
beta-glucan production such as HORVU6Hr1G088380 and
HvCslF9 that were implicated by genome-wide association
studies (GWAS) and quantitative trait loci (QTL) [2]A num-
ber of quantitative trait loci (QTL) have been linked with
BG content in recent studies, with significant QTL located
on chromosomes 1 H,3 H,4 H, 5H, 6 H, and 7 H, which can
be utilized in breeding programs to enhance BG content in
both hull-less and conventional barley types. Recent studies

have identified quantitative trait loci (QTL) associated with
beta-glucan content, allowing the possibility of undertaking
breeding programs to enhance this trait [12, 88]. That is, two
QTL located on chromosomes 1 H and 7 H were correlated
with significant phenotypic variation of beta-glucan content
and confirmed the genetic ability to develop barley cultivars
idiotypically of beta-glucan content for specific uses, such
as functional foods or malting. These QTL will enable back-
crossing for increased B-glucan content utilizing specific
alleles of Glacier AC38 and CDC Fibar [4, 89]. Genome-
wide association analysis identified a number of consistent
marker-phenotype associations between B-glucan content
and identified 14 significant markers and candidate genes of
which the cellulose synthase-like gene HvCslF6 was highly
implicated for B-glucan production [90, 91]. Recent stud-
ies pinpoint 13 QTL for the B-glucan content of wild barley
and recognize B-glucan synthases and hydrolases as marker
genes for marker-assisted selection purposes, enabling clas-
sical and molecular backcrossing for the improvement of
B-glucan content [4, 92]. Additionally, new methods of
breeding like hybridization of waxy and non-waxy barley
have also demonstrated promise towards the production of
progeny having considerably higher BG content beyond the
thresholds of the traditional methods of breeding. The inte-
gration of next-generation genomic tools like SNP mark-
ers and machine learning enables the detection of positive
alleles that strengthen the efficiency of the breed program
[67, 93]. Furthermore, the contrasting requirements of low
B-glucan content for malting and high B-glucan content for
food applications highlight the need for a balanced integra-
tion of these traits through targeted breeding strategies [1,
94]. Overall, the usage of traditional breeding methods sup-
plemented by advanced molecular tools holds great promise
of developing barley lines of enhanced beta-glucan quality
for health and industrial needs [39].

Biotechnological interventions

Biotechnology methods of barley beta-glucan enhancement
primarily include the manipulation of the cellulose synthase-
like (Csl) gene family as well as more specifically HvCsIF6
that plays a key role in the beta-glucan biosynthesis. Over-
expression of HvCslF6 was reported as causing beta-glucan
levels of over 80% improvement over the controls, demon-
strated by transgenic barley [95]. Applications of biotech-
nologies involving CRISPR and gene editing tools have
shown significant promise for enhancing beta-glucan bio-
synthesis of barley (Hordeum vulgare). The use of CRISPR/
Cas9 has facilitated certain mutations of (1,3;1,4)-B-glucan
synthases genes and affirmed HvCslF6 as a crucial factor
for B-glucan level of the grains, proposing intricate inter-
actions between beta-glucan level and grain morphology
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where certain of the knock-out lines have varying effects on
beta-glucan level [15]. Additionally, the advancements of
molecular breeding have made possible the development of
barley cultivars having higher beta-glucan content that finds
application for health as well as industrially [1, 57]. Studies
demonstrate the application of CRISPR/Cas9 genome edit-
ing for the production of barley lines harboring novel alleles
of the Waxy gene that contribute towards increased B-glucan
content (35.40% higher than the wild type), making the pos-
sibility of increased beta-glucan production among barley a
reality [95, 96]. Quantitative trait loci (QTL) analysis also
identified additional genes such as hydrolases that are asso-
ciated with beta-glucan content as well as new targets like
Patatin and Nudix hydrolase that would also facilitate barley
beta-glucan content manipulation [4]. The use of this type
of gene editing technology not just improves the nutritional
quality of barley but also satisfies the dual market demand
of producing lower beta-glucan levels for brewing purposes
and higher levels for health-oriented food uses. Overall,
these innovations represent a quantum leap towards a sus-
tainable agriculture and enhanced food security.

Recent advances and future perspectives

Recent breakthrough on the use of beta glucan in barley
acknowledges its vast health benefits and prospects for
the creation of new food technology. Beta glucans present
mainly in barley have the ability to decrease LDL choles-
terol and manage the level of blood sugar, which are benefi-
cial for the health of the heart [1, 97]. Research has centered
on the molecular and biochemical aspects of the beta glu-
cans, allowing for selection for increased beta glucan con-
tent in barley varieties, especially hulless barley, for food
uses [67, 89]. Furthermore, beta glucans also have some
physicochemical characteristics such as viscosity and gela-
tion ability that make them suitable for a number of applica-
tions including intelligent packaging and hydrogel [57, 98,
99]. These developments not only enrich barley foods on the
health front but also open up opportunities for delivery sys-
tems of biomedicine and environmentally friendly materials
for packaging [45, 100] as mentioned in Table 5.

Insights from preclinical and clinical studies

A variety of preclinical investigations have provided
convincing evidence of barley B-glucan’s strong immu-
nomodulatory, anti-inflammatory, hypoglycemic, and
hypocholesterolemic effects in a broad array of in vitro and
animal experiments [101, 102]. Experiments have identi-
fied B-glucan’s interaction with a number of pattern recog-
nition receptors like Dectin-1 and complement receptor 3
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(CR3) as being responsible for orchestrating stimulation of
the innate immunity, phagocytosis induction, and modula-
tion of the production of cytokines. Modulation of the gut
microbiota by induction of health-promoting genera such
as Bifidobacterium and Lactobacillus are also implicated in
the beneficial effects of B-glucans [103]. These have been
supported by clinical trials, albeit smaller and less numer-
ous. Supplementation of the diet with barley B-glucans
leads to improved lipid profiles, improved glycemic control,
decreased markers of inflammation, and improved vaccina-
tion responses in human subjects [104—106]. But variability
of the source of B-glucan, molecular profile, and dosing reg-
imens among the studies highlights the need for standard-
ized clinical regimens as a prerequisite for the ability to reap
its full therapeutic potential.

Future directions for functional foods and
therapeutics

The future of barley B-glucan involves the precise appli-
cation as a functional food and therapeutic intervention
for immunonutrition and chronic disease care. Innovative
biotechnology platforms, including nanodelivery systems,
bioencapsulation, and precision fermentation, offer oppor-
tunities to optimize site-directed delivery and enhance the
bioavailability of B-glucan [107, 108]. A combination of
omics-based technologies like metabolomics, proteomics,
and microbiome profiling will, in the future, allow indi-
vidualized design of B-glucan interventions according to
individuals’ metabolic and immunological profiles. Regula-
tory approval of B-glucan health claims by the regulatory
bodies of major markets also paves the path for the inno-
vation of B-glucan-fortified breakfast cereals, drinks, and
medical nutrition foods for the targeted populations at high-
est risk [109, 110]. Future work should target engineering
of B-glucan having defined molecular characteristics for
defined therapeutic purposes, for example, stimulation of
anti-tumoral immunity, modulation of carbohydrate diges-
tion, or lowering of cardiovascular disease [108]. Overall,
these advances put barley B-glucan at the forefront of next-
generation of functional foods and nutraceuticals addressing
global health challenges.

Conclusion

Barley B-glucan is a complex bioactive molecule of con-
siderable health significance due to its immunomodula-
tory, anti-inflammatory, and metabolic regulation activity.
Its unique (1—3)(1—4)-B-D-glucan structure that results
through the collective action of the CslF and CslH gene
families forms the groundwork of its activity. Genomic tools
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Table 5 Past, Current, and future
directions for f-Glucan research

Era Research Focus Areas  Key Scientific Identified Limitations  Future Research
Advances and Challenges Directions and
Opportunities
Past - Discovery and - Characterization of - Limited understand- - Advanced bio-
(Before  structural elucidation of B-(1—3) and B-(1—4) ing of molecular mech- chemical profiling
2000s)  B-glucans from barley  linkages unique to anisms of action (e.g., NMR, mass
cereal B-glucans spectrometry)
- Early investigations - Establishment of - Lack of distinction - Source-specific
into dietary fiber roles ~ B-glucan as a func- between B-glucans functional com-
tional fiber in human  from different sources  parisons (barley
nutrition (e.g., yeast vs. barley)  vs. oat vs. fungal
B-glucans)
- Initial studies on - Basic health claims - Poor extraction and - Development of
cholesterol-lowering related to lipid regula- purification methods optimized, stan-
effects tion recognized leading to inconsistent  dardized extraction
bioactivity techniques
Current - Exploration of - Clinical trials - Significant hetero- - Standardiza-
(2000—  immunomodulatory, showing reductions geneity in B-glucan tion of B-glucan
2025) anti-inflammatory, and  in LDL-cholesterol, preparations (molecu-  products (purity,
anti-cancer activities glycemic control, lar weight, solubility) — molecular weight
immune enhancement profiles)
- Clinical validation - B-glucan identified - Variability in clinical - Large-scale,
of metabolic ben- as a potential vaccine  outcomes multi-ethnic clini-
efits (anti-diabetic, adjuvant cal trials
cardioprotective)
- Mechanistic studies - Advances in food - Lack of consensus - Integrating
on immune signaling processing tech- on optimal dosing and  f-glucans into
pathways (e.g., dec- nologies preserving formulations medical nutrition
tin-1, CR3) B-glucan bioactivity therapy protocols
- Gut microbiota modu- - - Regulatory chal- - Investigating
lation and prebiotic lenges for health structure-activity
effects claims in some relationships in
countries immunemodulation
Future - Personalized nutrition - Development of - Regulatory approval - Systems biology-
(Post- and precision medicine B-glucan-loaded for novel delivery guided B-glucan
2025 and applications nanoparticles for tar-  systems research
beyond) geted immunotherapy
- Nanotechnology - Artificial modulation - Long-term safety and - Development of

and bioengineering
approaches for targeted
delivery

- Synthetic biology for
enhanced production of
B-glucans with tailored
structures

- Integration with
multi-omics technolo-
gies (genomics, metab-
olomics, microbiomics)
- Therapeutic interven-
tions for oncology,
metabolic, infectious,
and autoimmune
diseases

of B-glucan biosynthe-
sis pathways in barley
for enhanced yield and
bioactivity

- Exploration of
f-glucan—gut microbi-
ome—immune axis

- Use in combina-
tion therapies (e.g.,
immuno-oncology
drugs, vaccines)

efficacy data required

- Bioavailability
optimization remains a
challenge

- Potential vari-
ability in patient
response (genetic and
microbiota-driven)

designer B-glucans
for disease-specific
applications

- Expansion

into veterinary

and aquaculture
immunotherapies

- Functional food
innovations target-
ing specific disease
risks (e.g., func-
tional cereals for
cancer survivors)

like QTL mapping, GWAS, and CRISPR/Cas9 genome edit-
ing have facilitated the development of barley lines with
enhanced B-glucan levels and new opportunities are devel-
oping for the development of functional foods. Agronomic
as well as environmental factors also determine B-glucan

composition and point towards the need for genotype-by-
environment strategies. Mechanistically, barley B-glucan
engages innate immune receptors such as Dectin-1 and
TLR2, initiating signal transduction pathways that reinforce
macrophage, dendritic cell, NK cell, and T-cell responses

@ Springer



1012 Page 14 of 17

Molecular Biology Reports (2025) 52:1012

while also triggering trained immunity and modulation of
inflammatory and oxidative stress pathways. These intricate
applications confirm its therapeutic significance in infec-
tious disease, cancer immunotherapy, autoimmune disease,
as well as chronic metabolic disease such as diabetes and
cardiovascular disease. However, the challenges of molecu-
lar heterogeneity, standardization of the extract, as well as
partial mechanistic elucidation at present hold back its clini-
cal actualization. Future directions should dwell on optimiz-
ing the methods of extraction, structural elucidation from a
bioactivity point of view, and rigorous clinical evaluation
with a view towards the production of standardized thera-
peutic regimes. The use of novel biotechnology tools and
omics-based personalized modalities holds promise towards
personalizing B-glucan interventions for health needs. Bar-
ley B-glucan represents the intersection of sustainable agri-
culture, nutrition science and immunotherapy as a frontier
platform for the next generation of functional foods and bio-
therapeutics upon which the health resilience of the world
can be built.
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