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ABSTRACT Article History
Oligosaccharides (OS), carbohydrates composed of a small number of monosaccharide | Article # 25-736
units, have attracted growing interest due to their diverse biological activities and promising | Received: 18-Nov-25
health benefits. OS, naturally present in plants, milk, and diverse dietary sources, functions | Revised: 24-Jan-26

as a prebiotic by selectively promoting the growth of beneficial gut microbiota, thereby | Accepted: 24-Jan-26
supporting gastrointestinal health. In addition to their prebiotic effects, emerging evidence | Online First: 14-Feb-26
underscores their immunomodulatory, antioxidant, antimicrobial, and anti-inflammatory
activities. This review comprehensively examined the types of OS and their health benefits,
with particular emphasis on antioxidant, immunomodulatory, metabolic-regulating, and
prebiotic functions. OS, defined by a degree of polymerization of 3-10 (e.g., fructo- and
galacto-oligosaccharides), act primarily as selective substrates for Bifidobacteria spp. and
Lactobacilli spp., promoting gut-brain axis signaling, immunomodulation, and glycemic
control. Additionally, this review emphasizes current developments in personalized nutrition
and biotechnology that open avenues for their incorporation into nutraceuticals and
functional foods. Integrating OS with PS, either alone or in synergistic formulations with
probiotics and antioxidants, represents a powerful approach for managing and preventing
diseases. With continued scientific exploration, these natural carbohydrates will assume an
increasingly important role in human nutrition, offering novel strategies for disease
prevention and prospects in human health management.
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INTRODUCTION (Stylianopoulou, 2023), microorganisms, fungi, and
animals, performing diverse structural and functional roles

Carbohydrates represent a fundamental class of  (Fernandes & Coimbra, 2023). Carbohydrates are sugars,
biomolecules  that  occur naturally in  plants starches, or dietary fibers. As short-chain carbohydrates,
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oligosaccharides (OS) consist of 3 to 10 monosaccharide
units and have received growing scientific attention due to
their unique structural characteristics and wide-ranging
physiological functions. OS are increasingly recognized not
only as nutritional components but also as bioactive
compounds with significant health-promoting properties.
Beyond their nutritional role, the biological activity of OS is
mainly influenced by their structural properties (Wang et
al, 2024a). The growing recognition of the bioactive
properties of oligosaccharides has made them an
important area of research in recent years. According to
Fernandes and Coimbra (2023), negatively charged OS
with low molecular weight (MW), such as pectin,
carrageenan, and alginate fragments, exhibit the greatest
antioxidant activity. This function of low-MW OS is related
to the ease with which their terminal hydroxyl groups can
be reduced (Wang et al., 2024b).

One of the well-documented roles of oligosaccharides
is their prebiotic effect, wherein they selectively stimulate
the growth and activity of beneficial gut microbiota,
particularly Bifidobacterium (Magnoli et al., 2024; Nurhayati
et al, 2025) and Lactobacillus species. The gut microbiota
is essential for maintaining proper functioning of the gut-
brain axis, producing short-chain fatty acids (SCFAs) and
neuroactive substances such as gamma-aminobutyric acid
(GABA), enhancing neuroplasticity, and reducing
neurodegeneration (Oleskin & Shenderov, 2019; Palepu et
al, 2024). Modulation of the intestinal microbiome
improves gastrointestinal function, enhances nutrient
assimilation, and strengthens immunity. Fructans, mostly
found in plants, and glucans are among the most
important prebiotics (Aradjo-Rodrigues et al., 2024). B- and
a-glucans are sourced from plants and fungi, such as
mushrooms. Beyond their prebiotic activity, OS also exhibit
important biological activities, including anticancer,
antitumor, antidiabetic, and immunoregulatory activities.

These bioactive properties make OS promising
candidates for preventing and controlling chronic
conditions as nutraceuticals  for human health
management. However, their biological activities depend
on the molecular weight, monosaccharide composition,
presence of functional groups, chain length, and branching
structures (Wang et al, 2024a). Advancements in
biotechnology and food science have facilitated the
development and application of functional OS in
nutraceuticals, pharmaceuticals, and functional foods
(Bashir et al., 2025). As consumer interest in natural and
health-promoting dietary components continues to rise,
oligosaccharides are emerging as key candidates for
improving overall health and well-being.

This paper aims to provide a comprehensive review of
the different types of oligosaccharides, their bioactivities,
health benefits, and bioavailability. It also highlights future
perspectives of OS in human health management.

Types of Oligosaccharides

OS are typically extracted from natural sources or
produced through the physical, chemical, or biochemical
breakdown of polysaccharides. They can also be
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synthesized by enzymatic and/or chemical methods. It is
crucial to select the most appropriate preparation method
based on the specific application areas being targeted. OS
are derived from a wide range of natural sources, which
determine their chemical structure and bioactivity. Key
sources include fungi, algae, plants, and animals. The OS
structural diversity arises from the composition and linkage
pattern of monosaccharides. The chemical structure,
sources, and bioactivities of a few commercially important
OS have been illustrated in Fig. 1.

Maltooligosaccharides (MIOS) are among the simplest
OS, consisting of 3-10 glucose units derived from starch
components (Lang et al., 2025). As a result, MOS has all its
glucose units in a-(1-4) linkages, or an additional o-(1-6)
linkage in the case of isomaltooligosaccharides (iMIOS)
(Shinde & Vamkudoth, 2022). As starch fragments, MIOS
are hydrolysed into glucose units by intestinal brush-
border enzymes; however, they have been shown to persist
into the colon and to be utilised by gut microbiota, giving
them “prebiotic” status (Blahova et al, 2023). In addition,
several of its physicochemical properties, such as its low
sweetness, low osmolarity, moderate viscosity, non-
hygroscopicity, and ability to inhibit retrogradation, make
it well-suited for application in diverse food products.
MIOS are not abundant in nature, and extraction from
starch-laden sources proves non-productive. Instead, they
are obtained from hydrolysis, transglycosylation or
isomerisation by the glycoside hydrolase family of
enzymes isolated from bacteria or fungi (Shinde &
Vamkudoth, 2022).

Chitooligosaccharides (COS) are low-MW products
from the hydrolysis of chitin, a biopolymer of N-acetyl D-
glucosamine units, found in the cell walls of fungi and the
exoskeleton of arthropods, making it the second most
abundant polymer on earth (Km et al., 2025). Chitin is
highly insoluble in water and most organic solvents,
necessitating hydrolysis for broader application (Liu et al.,
2023b). Accordingly, chitinases of the glycosyl hydrolase
family are able to break down the B-(1-4) bonds within
the polymer, releasing acetylated glucosamine subunits
of various lengths (Minguet-Lobato et al., 2025). Of note
are COS of 2-6 wunits, which have shown anti-
inflammatory, antimicrobial, immune stimulation and
prebiotic properties among other bioactivities. Another
COS of similar biological relevance but less abundance is
lacto-N-triose I, which, along with other OS, is found in
human milk (Liu et al., 2023a). COS, unlike chitin, is soluble
in water and pH- and heat-stable, offering many food and
pharmaceutical applications.

Galactooligosaccharides (GOS) are also structurally
similar to human milk OS, having up to 9 galactose
subunits in various glycosidic bonds, including B-(1-2), B-
(1-3), B-(1-4) and B-(1-6), and having a terminal glucose or
galactose (Costa et al., 2025; Zhao et al, 2025). GOS is
naturally uncharged, which hinders its extraction and yields
low impure yields, thereby favoring enzymatic synthesis by
B-galactosidases via transgalactosylation reactions with
lactose as the primary substrate (Costa et al, 2025). B-
galactosidases can be classified into six families, most
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belonging to GH2, which are produced by bacteria and
yeasts such as Aspergillus oryzae and Kluyveromyces lactis
(Koirala et al., 2026; Zhao et al., 2025). GOS are also water-
soluble, moderately sweet, thermally stable at pH 7, and
possess moderate thickness, hence commonly used as
fillers for baked products (Koirala et al., 2026). GOS are
non-digestible and mostly serve as prebiotic soluble fiber
but may also enhance the absorption of certain minerals
such as iron (Giorgetti et al., 2022).

Fructooligosaccharides (FOS) can be obtained
naturally from many vegetables, including, Jerusalem
artichokes, garlic, onions, apple pomace, rice bran and
beetroot peels (Rahim et al., 2021). However, they may also
be synthesized by transfructosylation enzymes such as B-
fructofuranosidases and B-D-fructosyltransferases
obtained from fungi, acting on sucrose as substrate
(Amoedo et al.,, 2025). FOS may contain up to 20 fructosyl
units held in B-(1-2) glycosidic linkages (Huang et al.,
2025). FOS can reduce water activity of products,
prolonging storage quality, prevent ice recrystallisation
through hydrogen bond interaction with water and has
high water holding capacity due to its hygroscopicity (Liu
et al, 2025). The glucosidic linkages in FOS make them
undigestible by mammals, making them potent prebiotics
and glycosylation agents that improve the bioavailability of
other bioactive agents (Li et al., 2023).

Xylooligosaccharides (XOS) are produced from the
targeted degradation of xylan, a component polymer of
hemicellulose, which is the second most abundant
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Fig. 1: The chemical structure of
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polysaccharide (PS) after cellulose (Kati¢ et al, 2025).

Alternatively, they may be synthesized from arabinoxylans
using endo-xylanases in a cocktail of enzymes targeting
arabinose substitutions (Kim et al., 2026). XOS produced in
this manner will have 2-10 xylose units in B-(1-4) linkages,
with high water solubility and thermal stability. XOS also
serves as a prebiotic, with different beneficial
microorganism species preferring XOS of different
lengths. For example, Levilactobacillus brevis efficiently
utilizes xylobiose, while bifidobacteria prefer medium-
chain XOS (Zhang et al., 2025b). XOS is also water-soluble
and heat-stable. Chen et al. (2021) reported that XOS
possesses various biological activities, including
antioxidant, antimicrobial, anti-inflammatory, antitumor,
etc. Further, the authors stated that XOS reported a
reduction in disease condition in humans and improved
growth and disease resistance in animals (Chen et al,
2021). In their study, Xiong et al. (2024) investigated the
effect of XOS supplementation on the growth and
production performance, gut health, and intestinal
morphology in laying hens. The study indicated that XOS
supplementation improved intestinal morphology, gut
health, and production performance in laying hens. In
conclusion authors recommended supplementation of
200 mg/Kg in the diet of hens (Xiong et al, 2024).
Recently, Kim et al (2026) confirmed that mid-length XOS
support the gut health in broilers. The prebiotic effect of
XOS could alleviate aging-associated phenotype in a D-
galactose-induced aging mouse by reducing oxidative



stress, inflammatory markers, and supporting cognitive
function (Feng et al., 2025).

Fungi-derived OS, such as mannooligosaccharides
(MOS), which come from fungal cell wall mannans. These
are known for their immune-boosting and prebiotic effects
(Yoo et al, 2024). Another type is chitooligosaccharides
(COS), which are developed from the partial breakdown of
chitin and crustacean shells. COS shows antimicrobial,
antioxidant, and anti-inflammatory properties (Kong et al,,
2020). Moreover, mannan oligosaccharides (MQOS) from
yeast cell walls act as immune boosters and pathogen
blockers in both human and animal nutrition (Zhang et al.,
2025a). Algae-derived OS, like porphyrin OS from red
algae (Porphyra spp.), have shown antioxidant and anti-
tumor effects. Fucoidan OS from brown algae (Fucus
vesiculosus) is known for its blood-thinning and antiviral
effects (Jutur et al, 2016). Plant-derived OS are some of
the most common. They include raffinose, found in beans,
cabbage, and brussels sprouts, maltose, produced during
seed germination; and sucrose, which is abundant in
sugarcane and sugar beets. Fructooligosaccharides (FOS),
extracted from chicory root, wheat, and onions, act as
prebiotics that promote gut health.
Galactooligosaccharides (GOS) found in legumes and dairy
support beneficial gut bacteria (Rastall & Gibson, 2015).

Table 1: Bioactive properties of oligosaccharides
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Similarly, animal-derived oligosaccharides primarily include
lactose and GOS, both of which are naturally present in
milk and are important for infant nutrition (van der Toorn
et al, 2023). Bacterial oligosaccharides, such as
fucosyllactose, are part of human milk oligosaccharides
(HMOs). They help with infant immunity and gut bacteria
balance (Tang et al., 2025). Overall, these various OS
provide multiple benefits that are important for the food,
pharmaceutical, and nutraceutical industries. Various
therapeutic effects of oligosaccharides on animals and
human health are depicted in Fig. 2.

Bioactivities of OS

The structural diversity and biological activities of OS
have attracted considerable attention in recent biomedical
research due to their therapeutic potential and natural
abundance, as shown in Table 1. Recent studies have
identified their functions in various physiological
processes, including antioxidant defense, antimicrobial
activity, metabolic regulation, and the promotion of
gastrointestinal health across different natural sources.
Their capacity to modulate various biological pathways is
noteworthy, as distinct structural characteristics, including
molecular weights and degrees of polymerization, affect
bioavailability and functional properties.

Source Activity Indicator

Dose References

Red Seaweed Antioxidant -SOD, 44%
-GSH-Px 21%
-MDA, AST,
ALT 22.6%
-DPPH**
-ABTS**
_«OH

-E. coli

Chitosan Antioxidant

Shrimp shell Antibacterial

Chitosan Antibacterial

-S. aureus ATCC 25923
-S. aureus ATCC 43300
-Staphylococcus aureus
-Bacillus subtilis
-Listeria onocytogenes

-Escherichia coli

400 mg/kg,  (Chen et al., 2006)

0.31Tmg/mL  (Xia et al., 2022)
0.39 mg/mL
0.73 mg/mL
0.1% (w/v) (Benhabiles et al.,

2012)

- (Xia et al., 2022)

-Pseudomonas aeruginosa

Chitosan Antibacterial -Escherichia coli

-Staphylococcus aureus
Prebiotic properties enhanced bacterial growth and lactic and acetic acid production 2 g/L

Pullulan oligosaccharides (POS)
and curdlan oligosaccharides (COS)

Ganoderma lucidum spore Prebiotic properties Lactobacillus

0.14 mg/mL (Yue et al., 2021)
(Xu et al.,, 2021)

1%, w/v (Yang et al.,, 2020)

Animals Health benefits of oligosaccharides
4 / Antioxidant \
Antimicrobial
Antitumor

Anti-inflammatory
Immune modulation effect
Growth performance
Intestinal integrity
Gut health

Support nutrient digestibilityj
- \ Prebiotic _J

Fig. 2: Various health benefits of
oligosaccharides. Source: The
figure adopted and modified from
Chen et al. (2021).



Antioxidant

OS, despite their shorter chain length, also show
considerable antioxidant potential, with studies revealing
their capacity to protect against oxidative stress-induced
cellular damage (An et al,, 2025). The antioxidant efficiency
of OS is similarly influenced by their structural
characteristics, with lower-molecular-weight fractions often
demonstrating superior cellular permeability and free-
radical-scavenging capabilities. Recent studies have
demonstrated the significant antioxidant potential of
marine-derived oligosaccharides, particularly highlighting
the efficacy of agar-oligosaccharides extracted from red
seaweed (Table 2). Chen et al. (2006) indicated that these
compounds showed remarkable antioxidant activities
across multiple organ systems in rat models,
demonstrating their ability to enhance key antioxidant
enzyme activities while reducing harmful oxidative
markers. The study revealed that at an optimal dosage of
400 mg/kg, these compounds achieved impressive results,
including a 44% reduction in liver malondialdehyde (MDA)
levels and a 21% reduction in heart MDA levels, while
simultaneously boosting superoxide dismutase (SOD) and
glutathione peroxidase (GSH-Px) activities to peak levels in
both liver tissue and serum, accompanied by a notable
22.16% decrease in serum ALT levels. Furthermore,
Perumal et al. (2024) demonstrated that oligosaccharides
from Sargassum sp. (SAR-OSC) possess exceptional
antioxidant capacity across multiple assays, achieving near-
complete inhibition in FRAP tests. Additionally, OS exhibit
synergistic effects when combined with other antioxidant
compounds, enhancing their potential for therapeutic
applications in oxidative stress-related conditions.

Antibacterial

OS, as shorter chain carbohydrates, demonstrate their
distinct antibacterial properties through mechanisms that
often complement those of polysaccharides. Extensive
research has demonstrated the significant antimicrobial
potential of these compounds against a broad spectrum of
pathogenic bacteria. Benhabiles et al. (2012) investigated
the antimicrobial efficacy of chito-oligosaccharides
extracted from shrimp shells, revealing substantial
inhibitory effects against both Gram-positive and Gram-
negative bacteria, including clinically significant pathogens
such as Escherichia coli ATCC 25922, Vibrio cholerae,

Table 2: Prebiotic effect of oligosaccharides
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Shigella dysenteriae, and Bacteroides fragilis. Further
advancing our understanding of these compounds, Yue et
al. (2021) conducted comprehensive in-vitro analyses of
novel chitosan oligosaccharide derivatives, specifically
examining their antibacterial activity against Escherichia
coli and Staphylococcus aureus. OS often demonstrate their
antibacterial effects by competitively inhibiting bacterial
adhesion to host cells, thereby preventing colonization and
subsequent infection (Reigada et al, 2020). The
antibacterial efficacy of OS is influenced by its structural
characteristics, including its degree of polymerization,
substitution pattern, and specific functional groups.

Anti-hypertensive

OS contribute to cardiovascular health through
distinct mechanisms that complement the actions of
polysaccharides.  These  short-chain  carbohydrates
demonstrate significant ability to modulate vascular
function and lipid metabolism, thereby contributing to
blood pressure regulation and overall cardiovascular
health (Rony et al., 2015). OS has shown particular promise
in reducing systolic and diastolic blood pressure while
simultaneously improving vascular elasticity and reducing
arterial  stiffness (Hill & Newburg, 2015). Their
cardiovascular benefits extend to cholesterol metabolism,
with studies showing significant reductions in total
cholesterol, triglycerides, and low-density lipoprotein
levels. Marine-derived OS have demonstrated remarkable
efficacy in improving endothelial function, a critical factor
in maintaining healthy blood pressure. These compounds
can enhance nitric oxide production and bioavailability,
promoting vasodilation and reducing peripheral resistance.

Anti-diabetic and Weight Loss

OS, with its shorter chain structure, offers unique
advantages in diabetes management and weight control
through distinct mechanisms. These simple carbohydrate
molecules play pivotal roles in activating insulin-
dependent cellular pathways, increasing the expression of

glucose transport proteins (especially GLUT4), and
enhancing the production of glucose-regulating
hormones, thereby improving glycemic regulation

(Chaiyasut & Sivamaruthi, 2017; Zhang et al, 2017).
Chaiyasut & Sivamaruthi (2017) investigated the
therapeutic potential of an extract of Hericium erinaceus,

Type of oligosaccharides  Source Molecular Beneficial microbe Health benefits Reference
structure
Fructo-oligosaccharide Fruits, Vegetables, Honey Fructose Bifidobacteria and Better digestive health, boosts immunity, (Zielinska et al,
Lactobacilli and controls bowel movement 2021)
Galacto-oligosaccharide  Human milk, Cow milk Galactose Bifidobacteria Balanced gut microbiota (Wang et al., 2021)
Arabino-oligosaccharide  Cell walls of cereals Arabinose Bifidobacteria, Lactobacilli Promotes innate immunity (Bhattacharya et
and Enterococci al., 2020)
Xylo-oligosaccharides fruits, Vegetables, milk, Xylose Bifidobacteria, Lactobacilli Antimicrobial,  Antioxidant,  growth- (Valladares-Diestra
honey, and bamboo shoots regulating et al, 2023)
Mannan- oligosaccharide Yeast cell-wall Mannose Akkermansia and Increases digestion, immunomodulatory, (Chen et al.,
Bacteroides and hypolipidemic 2024b)
Maltooliogosaccharide Corn, potato, rice, wheat, Glucose Bifidobacteria Improves  colon  health, prevents (Blahova et al,
tapioca starch constipation 2023)
Raffinose Legume, peas, lentils, soy, Glucose, Lactobacillus and Reduces constipation, CVDs risk, (Anggraeni, 2022)
seeds, roots Galactose, Bifidobacteria modulate gut microbiota

Fructose




which contains bioactive oligosaccharides, demonstrating its
dual efficacy in glycemic control and weight management.
The study revealed that supplementation with 20-100
mg/kg body weight of H. erinaceus extract resulted in
significant reductions in blood glucose levels while
promoting weight loss. OS contributes significantly to
weight management through beneficial modifications to
the intestinal microbial ecosystem, enhancing the growth
of beneficial bacteria that influence energy harvest and
metabolism. Their prebiotic effects promote the
production of short-chain fatty acids that can modulate
appetite, energy expenditure, and fat storage, offering a
unique pathway for weight management. This dual action
highlights the potential of OS as a comprehensive
therapeutic agent for managing both diabetes and obesity,
suggesting its value in developing integrated treatments
for metabolic disorders with minimal side effects.

Prebiotic

Prebiotics in human and animal diets have risen to
prominence since identifying microorganisms in/on hosts
as being beneficial to their health. The current definition of
prebiotics states that they are substrates that are
selectively utilized by microorganisms to confer health
benefits to their host (Singh et al., 2025; Kumalasari et al.,
2025). These will include microorganisms not only in the
intestinal tract, but also in the mouth and skin. As
substrates, prebiotics promote the growth of beneficial
microorganisms  (probiotics) and/or increase  the
production of useful metabolites, such as SCFAs, bile acids,
and peptidoglycan fragments (Li et al., 2022). OS and other
functional carbohydrates remain the leading prebiotic
compounds; however, some polyphenols have been shown
to exhibit prebiotic activity (Rodriguez-Daza et al., 2021). It
is also observed that different microbial species utilize
different substrates as prebiotics, sometimes even
preferring specific lengths of a particular OS and utilizing
them via different metabolic pathways (Zeng et al., 2023;
Zhang et al., 2025b). Utilization of prebiotics by beneficial
microorganisms is essential, as hosts house a diverse
community of microbes, some beneficial and some not,
which must be held in a tight balance for optimal health.
This includes phyla like actinobacteria, proteobacteria, and
verrucomicrobia as minor communities with firmicutes and
Bacteroidetes as the two major ones, whose ratio (F/B) can
indicate a balance or imbalance (dysbiosis) (Shariff et al.,
2024). An increased F/B ratio, in addition to low microbial
diversity, signifies dysbiosis, and this has been implicated
in several diseases, including colitis, irritable bowel
syndrome/disease, leaky gut syndrome, liver disease, and
colon and rectum cancers (Dahiya & Nigam, 2023).

FOS are among the most extensively studied
prebiotics. FOS releases gases such as carbon dioxide,
methane and hydrogen, along with SCFAs, which lower the
colon's pH and suppress harmful bacteria (Costa et al,
2021b). A combination of low pH and increased colon
water content due to FOS fermentation also allows for
absorption of minerals such as calcium and magnesium by
colonic epithelial cells (Costa et al., 2021a; Tolmacheva et
al, 2024). In in-vitro fermentation of FOS, using fecal
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bacteria of healthy students, a suppression of Escherichia-
Shigella and Bacteroides, and an increase in Bifidobacteria
and Lactobacillus were observed (Fu et al., 2024). Ripple
effects of improved CO, production, and enhanced
pathways of carbon and pyruvic acid metabolism were also
observed due to increased growth of Lactobacillus. The
prebiotic activity of FOS has also been shown in mouse
models. A study induced non-alcoholic fatty liver disease
in mice, using either a high-fat, high-cholesterol diet or a
methionine and  choline-deficient  diet.  Whereon
supplementation with FOS attenuated hepatic steatosis,
which correlated with an increase in the beneficial
microbial phylum, Bacteroidetes, and species, Klebsiella
variicola, Lactobacillus gasseri, and Clostridium perfringens
(Huang et al., 2023). Another showed that FOS can increase
Lactobacillus in mice with neurodegenerative diseases, an
effect that correlated with reduced oxidative stress,
inflammation, and apoptosis (Liu et al., 2026). In human
infants, a combination of FOS and GOS suppressed
Klebsiella pneumoniae, increased the abundance of
Bifidobacterium and Actinobacteria, and accompanied an
increase in SCFA production (Yao et al., 2022). Despite its
enormous benefits to gut microbiota, FOS, may cause
bloating and abdominal stress on heavy consumption, and
may necessitate the use of other agents to slow down its
fermentation (Cheng et al., 2025).

MIOS at 2 % v/v in a culture medium for human fecal
bacteria also increased Bifidobacteria and SCFA
production, while suppressing pathogenic bacteria (Jang et
al, 2020). Isomaltooligosaccharides were similarly
fermented by infant faecal bacteria as GOS, which are
more familiar substrates due to their presence in human
milk (Logtenberg et al., 2021). iMIOS and GOS increased
the abundance of Bifidobacterium and enhanced the
production of lactate and acetate. A mixture of OS or other
dietary fiber components can also provide potent prebiotic
effects as was tested in tumor-induced mice (Butorac et al.,
2025). A prebiotic mixture including FOS, GOS, inulin, and
corn dextrin improved the abundance of Bifidobacterium
pseudolongum, the best indicator for ameliorated dysbiosis
in  oncomicrobiomes.  Although  Lactobacillus  and
Bifidobacterium have traditionally been observed for
symbiosis of the gut microbiota, new genera such as
Akkermansia, Christensensella, Propionibacterium, and
Faecalibacterium, are recently being monitored due to
their ability produce SCFAs and other relevant metabolites,
contributing to health, especially in certain diseased
conditions (Losada-Garcia et al., 2025). This also opens up
the possibility for studying less popular OS like
mannooligosaccharides (MOS), pullulan (POS), and curdlan
(COS) OS, respectively. For instance, after purging mice
with a cocktail of antibiotics, MOS was most potent in
improving the abundance of Akkermansia and Bacteroides,
while suppressing the pathogenic Proteus, among
counterparts like iMIOS, GOS, and resistant starch. Xu et al.
(2021) also showed that pullulan oligosaccharides (POS)
and curdlan oligosaccharides (COS) specifically enhanced
the growth of Lactobacillus and Bifidobacterium strains,
resulting in increased production of beneficial organic
acids, particularly lactic and acetic acids (Table 2).



These findings highlight the selective nature of OS in
promoting the growth of health-beneficial bacteria while
potentially inhibiting pathogenic  organisms.  The
fermentation of OS by probiotic bacteria produces
beneficial metabolites, including short-chain fatty acids
such as butyrate, acetate, and propionate, which serve as
energy sources for colonic epithelial cells and help
regulate various physiological processes. The degree of
polymerization of OS significantly influences their prebiotic
efficacy, with shorter chains often being more readily
fermentable by beneficial bacteria. These studies
collectively underscore the versatility and effectiveness of
OS as natural prebiotics, suggesting their potential
applications in functional foods and therapeutic
interventions to improve gut health and overall well-being.

Bioavailability of OS

Bioavailability of OS refers to the extent and rate at
which they are absorbed and utilized by the body after
ingestion (McClements & Xiao, 2017). Complex
carbohydrates, such as OS, have bioavailability that
depends on molecular structure, source, and digestive
processing (Ullah et al., 2019). In the mouth and upper
small intestine, human salivary and pancreatic a-amylases
initiate PS hydrolysis, but many linkages especially B-
glycosidic bonds, remain resistant, allowing large PS (>10°
Da) to transit largely intact to the colon (Li et al, 2019;
Ullah et al.,, 2019), whereas smaller OS may undergo partial
hydrolysis yet still rely heavily on gut bacteria for
conversion into absorbable metabolites (McClements &
Xiao, 2017). To enhance bioavailability, processing
methods such as heat treatment, extrusion, or enzymatic
debranching reduce molecular size and improve water
dispersibility, facilitating both host enzyme access and
microbial fermentation (Liu et al, 2021). In addition,
encapsulation  strategies, such as microemulsions,
liposomes, or nanocarriers, can further protect sensitive
carbohydrates from gastric acid and release them at
targeted intestinal sites (Jumazhanova et al., 2023).

OS, including raffinose, fructo-oligosaccharides (FOS),
and galacto-oligosaccharides (GOS), are small enough to
escape complete digestion yet too large for direct
transporter-mediated uptake. They primarily function as
prebiotics, selectively nourishing beneficial taxa (e.g.
Bifidobacterium and Lactobacillus) and promoting SCFA
production (Chen et al., 2024a; Jiang et al., 2025). Despite
their smaller size, OS remain resistant to host enzymes and
undergo colonic fermentation. Additionally, OS have been
employed as wall materials for probiotic and bioactive
encapsulation, improving viability and targeted delivery
(Jumazhanova et al, 2023). MIOS, GOS, FOS, and XOS
cannot be digested by gastrointestinal enzymes and
gastric acid due to their physicochemical characteristics
(Valladares-Diestra et al.,, 2023; Wang et al.,, 2024a; Atta et
al,, 2025; Ferrarotti & Costa, 2026).

Upon reaching the lower intestine, these OS are
fermented by probiotic bacteria, mainly Bifidobacterium
and Lactobacillus genera (Valladares-Diestra et al.,, 2023).
However, recent studies on COS permeability,
bioavailability and tissue distribution indicated that the
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COS degree of polymerization (DP) affects its
bioavailability, with lower DP associated with higher
bioavailability (Chen et al., 2022; Zhang et al., 2022). Chen
et al. (2022) examined the oral bioavailability and tissue
distribution of chitobiose (COS2) and chitotriose (COS3)
in Wistar rats. The results show that the bioavailability of
COS2 was 0.32% and COS3 was 0.52%. Furthermore,
COS2 and COS3 were widely distributed in rat tissues. In
another study, Zhang et al. (2022) investigated the impact
of different DP (COS 2-7) on permeability (Caco-2 cells)
and pharmacokinetics in rats. The study shows that
increasing DP reduced bioavailability. The low
bioavailability of COS was related to the low permeability
and structural variation in COS2-7. All these studies
suggested that MIOS, GOS, FOS, and XOS are not
digested by the upper or lower intestine but fermented
by gut bacteria to produce SCFA. While COS can be
distributed to the tissue based on its DP, lower-DP COS
has greater bioavailability than higher-DP COS.

Health Benefits of OS
Microbiome-nourishing Effect

Prebiotics are non-digestible OS that can help to
address gastrointestinal issues and are well recognized for
their numerous health benefits. OS cannot be broken
down by the human digestive tract. Instead, they are
fermented in the colon, where they encourage the growth
and activity of a health-promoting bacterial population.
Numerous preclinical and clinical studies have
demonstrated the positive impact of OS on Lactobacillus
growth via the metabolism of short-chain fatty acids (Bhola
& Bhadekar, 2024). OS can facilitate Lactobacilli adhesion
to the intestinal epithelium, thereby enhancing their
colonization and persistence in the gut (Jana et al., 2021).
Fructooligosaccharides (FOS) are a widely recognized class
of prebiotics that stimulate the growth of bifidobacteria in
the gut, promoting digestive health. Mao et al. (2018)
evaluated how different doses of FOS influence the
composition of gut microbiota in mice, with a particular
focus on Bifidobacterium levels. During the study, 7-week-
old male C57BL/6J mice were divided into a control group
(standard diet), a low-dose group (5% FOS diet), and a
high-dose group (25% FOS diet) for 4 weeks. The study
concluded that FOS supplementation, especially at higher
doses, selectively promotes the growth of B. pseudolongum
in the mouse gut. This highlights the prebiotic potential of
FOS in modulating gut microbiota composition.

Improved Gut Health

OS have been shown to play a crucial role in
modulating gut microbiota. OS supplementation presents
a promising strategy that supports a healthy gut
microbiota while inhibiting the growth of harmful bacteria
(Cheong et al., 2023). The fermentation of non-digestible
carbohydrates like OS by gut microbiota promotes the
production of functional metabolites such as SCFAs,
including butyric acid, lactic acid, and propionic acid.
SCFAs help lower the pH of the colon, which limits the
growth of harmful bacteria (Lordan et al., 2020). Multiple
studies have demonstrated the positive effect of short-



chain fructooligosaccharide supplementation in patients
with type 2 diabetes, with a significant reduction in serum
LDL cholesterol (Garcia et al., 2023). Park et al. (2022)
investigated the protective effects of Porphyra tenera (a
type of red algae) against cognitive and immune function
improvement in mice. The study included 6-week-old
male BALB mice fed with 50 and 200 mg/kg of body
weight for 12 weeks. The research highlighted that P.
tenera helped maintain gut microbiota balance and
intestinal barrier integrity by producing short-chain fatty
acids, which are crucial for overall health and may
influence cognitive function.

SCFAs from OS fermentation can be absorbed and
utilized by colon enterocytes for energy, promoting their
growth and differentiation (Schonfeld & Wojtczak, 2016).
In the context of improved gut health, this manifests as
increased mucus production, tightening of barrier or
junctional structures, and reduced inflammation (Fig. 3)
(Wasiewska et al., 2025). Acetate, propionate, and butyrate,
in a ratio of 3:1:1, make up the majority of SCFAs situated
in the gut and absorbed by enterocytes (Yue et al., 2022;
Chang et al, 2024). In addition to serving as energy
sources, SCFA act as signalling agents for energy
homeostasis by activating free fatty acid receptors (FFARs)
such as GPR40, GPR41, GPR43, and GPR120 (Kimura et al.,
2020). In such a manner, they influence the synthesis and
storage of fat in adipose tissue, improve barrier tissue, and
suppress pro-inflammatory responses (Sankarganesh et al,,
2025). Conversely, a reduction in OS in the gut may
deplete SCFA-producing bacterial taxa and promote
Proteobacteria (Kotlyarov, 2022). Consequently, while SCFA
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levels decrease, opportunistic taxa can begin to degrade
the mucus layer, utilizing its glycan components, such as
sialic acid, as a food source (Wongkuna et al, 2025). The
result is thinning of the dense outer mucus layer and a
possible penetration of the inner mucus layer by
microorganisms to reach the epithelial cells (Luis & Hansson,
2023). In addition, metabolites from these microbes are also
translocated across the epithelial barrier, causing
inflammation and redox imbalance (Chen et al.,, 2026).

Immunity Booster

OS are well known as low-energy sweeteners that offer
a diverse array of functions, one of which is modulating the
immune response. Human milk oligosaccharides (HMOs)
are a diverse group of complex and indigestible sugars that
play a key role in the development of an infant's gut
microbiota and immune system. They have been shown to
exert antiviral, anti-bacterial, and anti-inflammatory effects
and reduce the risk of developing allergies, eczema, and
asthma in early childhood (Wicinski et al.,, 2020). Galacto-
oligosaccharides and fructo-oligosaccharides have also
demonstrated numerous benefits in promoting immune
system and microbiome development in infants. Numerous
studies have reported the immunomodulatory and
antioxidant properties of oligosaccharides, making them
valuable for the treatment of various diseases. Wen et al.
(2022) conducted a study to investigate the effect of
Chitosan oligosaccharides by administering it into C57/BL6
mice and revealed enhancement in intestinal mucosal
immunity in mice by promoting the secretion of secretory
immunoglobulin A (SIgA).
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Fig. 3: Oligosaccharides generate short-chain fatty acids in the gut, which can be utilized by colon enterocytes for energy production as well as enhance
mucin production, thereby increasing intestinal barrier functions. This results in a reduction of pathogen and LPS leakage into tissue and blood. SCFA: short-
chain fatty acid, IL-17: interleukin -17, TJ: tight junction, LPS: lipopolysaccharides, AMP: Antimicrobial peptide, JAMs: Junctional adhesion molecules, Zo-1:

Zonulin-1. Source: The figure adopted and modified from Stoeva et al. (2021).



SCFAs produced from OS fermentation are key to
sustaining immune function in the host (Fig. 4). While
most of the SCFAs produced would be utilised by
colonocytes, some still diffuse into the blood and are
transported to the liver to be used by hepatocytes, while
others go further to cross the blood-brain barrier
(Wasiewska et al., 2025). As a result, in colonocytes and
other cells of the body where SCFAs may reach,
immunoregulatory activities are enhanced through
inhibition of nuclear factor-kB, dephosphorylation of
phosphorylated mitogen-activated protein kinase, and
inhibition of histone deacetylase (Liu et al,, 2023a). In the
central  nervous system, SCFA, can influence
neuroplasticity, gene expression and immune response
(Dalile et al., 2019). As such, the fermentation of OS by gut
microbiota to produce SCFA initiates a two-way
communication via complex signalling systems among the
colonic environment and the vagus nerve, neuroendocrine
system, hypothalamus-pituitary-adrenal axis and the
immune system (Rodrigues de Paiva et al., 2025).

Future Prospects of OS in Human Nutrition
The importance of oligosaccharides (OS) in human
nutrition is being strengthened by ongoing research and

Intestinal lumen

& o @

' Oligosaccharides

& o @

Mucin layer

LLLL
| &

Int J Agri Biosci, 2026, XX(X): XXX-XXX.

developments, particularly in functional foods and
nutraceuticals. Due to the increasing demand for diet-
based therapies, their ability to address diseases and
enhance health is increasingly recognized. Future research
is focusing on several key areas:

i) Individualized Nutritional Interventions

The creation of customized nutrition plans is a key
area for OS going forward. This method adjusts the intake
of specific OS to each person's health profile, considering
their underlying medical conditions, gut microbiota
composition, and genetic predispositions (Vandeputte,
2020). For instance, those with gut dysbiosis, in which
abnormalities in the gut microbiota lead to metabolic
ilinesses, chronic inflammation, or digestive issues, may be
targeted with polysaccharides such as beta-glucans and
oligosaccharides such as FOS (Gibson et al,, 2017). OS may
also be utilized to treat metabolic disorders and enhance
immunological function, especially in those with weakened
immune systems. Healthcare professionals may be able to
suggest dietary therapies that boost immune function and
lower the risk of infections and autoimmune diseases by
choosing OS with particular immune-modulating qualities
(Vulevic et al., 2013).
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ii) Novel Technologies Applications

OS extraction, modification, and bioavailability could
all be improved with rapid advances in new technologies.
Enzymatic hydrolysis and nanotechnology are being
developed to enhance the effectiveness and accessibility of
OS across a range of products, including pharmaceuticals,
functional foods, and dietary supplements. Enhancing the
solubility can maximize their health advantages by
improving their absorption in the gastrointestinal tract
(McClements, 2020).

iii) Biotechnological Advantages

Researchers can create specific kinds of OS with
improved qualities, such as higher prebiotic activity or more
potent immune-modulating effects, by genetically altering
bacteria or fungi. This invention may lead to the
development of more economical and environmentally
friendly processes for producing OS, enabling their
extensive application in food and medicine (Ma et al,, 2022).

iv) Synergistic Effects with Other Nutrients

Another fascinating topic for further study is the
mixing of OS with other useful components, including
probiotics, prebiotics, and antioxidants. The health benefits
of each component alone may be enhanced by the
synergistic effects of certain mixtures. To promote the
growth of beneficial bacteria in the gut, probiotics (live
bacteria) that support gut health work in concert with
prebiotics, such as OS (synbiotics) (Markowiak & Slizewska,
2017; Rahmi et al., 2025). Additionally, to combat oxidative
stress and inflammation, research should focus on
combining OS with antioxidants. By adding these
substances to nutraceuticals or functional foods, the
overall health benefits might be increased, and a more
comprehensive strategy for illness prevention and health
promotion could be offered.

Conclusion

OS have emerged as multifunctional bioactive
compounds with profound implications for human health.
Their unique structural characteristics enable them to act
not only as prebiotics, but also as modulators of
antioxidant defense, immune responses and metabolic
regulation. Evidence from both experimental and clinical
studies highlights their ability to enhance gastrointestinal
health, improve immune function, and mitigate risks
associated with  chronic  diseases. Advances in
biotechnology are paving the way for improved
bioavailability, while research on synergistic formulations
combining probiotics, polysaccharides, and antioxidants
offers promising strategies for developing functional foods
and nutraceuticals. Continued scientific exploration and
technological innovation will further unlock their value,
positioning oligosaccharides as vital components in future
approaches for human health management.

DECLARATIONS

Funding: This review received no external funding.
Acknowledgement: This research work is supported by

Int J Agri Biosci, 2026, XX(X): XXX-XXX.

Mahidol University, Thailand. This research was supported
by the Deanship of Scientific Research (DSR) at King Faisal
University under project no [KFU260408].

Conflict of Interest: There are no conflicts to declare

Data Availability: Data available on request from the
authors.

Ethics Statement: The study does not involve any animals
or human experiments.

Author’s Contribution: Collins Fiifi Anyimadu: Data
curation, formal analysis, methodology, Writing-original
draft.

Rinku Sudarshan Agrawal: Data curation, formal analysis,
methodology, Writing-original draft.
Phanthipha Laosam: Data curation,
methodology, Writing-original draft.
Papungkorn Sangsawad: Validation, Writing-review &
editing.

Gitanjali S. Deokar: Data curation, methodology, Writing-
original draft.

Fahad Al-Asmari: Data curation, formal analysis, Writing-
original draft.

Li Li: Validation, Writing-review & editing.

Kasim Sakran Abass: Validation, Writing-review & editing
Narashans Alok Sagar: Resources, Software

Nattira On-nom: Conceptualization, Investigation,
Methodology, Supervision, visualization, Writing-review &
editing.

Nilesh Nirmal: Conceptualization, Funding acquisition,
Investigation, Project administration, Supervision,
Validation, Visualization, Writing-review & editing.

All authors agree to be accountable for their contributions
and approval of the manuscript.

formal analysis,

Generative Al Statement: The authors declare that no
Gen Al/DeepSeek was used in the writing/creation of this
manuscript.

Publisher’'s Note: All claims stated in this article are
exclusively those of the authors and do not necessarily
represent those of their affiliated organizations or those of
the publisher, the editors, and the reviewers. Any product
that may be evaluated/assessed in this article or claimed
by its manufacturer is not guaranteed or endorsed by the
publisher/editors.

REFERENCES

Amoedo, S.M., Gongalves, D.A., Teixeira, J.A., & Nobre, C. (2025). Sustainable
development of a carob-based food with antioxidant and prebiotic
functionality via in situ enzymatic and microbial fructo-
oligosaccharide production. Food Research International, 206, 116090.
https://doi.org/10.1016/j.foodres.2025.116090

An, J.-P., Wang, Y., Munger, S.D., & Tang, X. (2025). A review on natural
sweeteners, sweet taste modulators and bitter masking compounds:
structure-activity strategies for the discovery of novel taste molecules.
Critical Reviews in Food Science and Nutrition, 65(11), 2076-2099.
https://doi.org/10.1080/10408398.2024.2326012

Anggraeni, A.A. (2022). Mini-review: The potential of raffinose as a prebiotic.
IOP Conference Series: Earth and Environmental Science, 980(1),



https://doi.org/10.1016/j.foodres.2025.116090
https://doi.org/10.1080/10408398.2024.2326012

012033. https://doi.org/10.1088/1755-1315/980/1/012033

Aradjo-Rodrigues, H., Sousa, AS. Relvas, J.B., Tavaria, F.K, & Pintado, M.
(2024). An Overview on Mushroom Polysaccharides: Health-
promoting Properties, Prebiotic and Gut Microbiota Modulation
Effects and Structure-function Correlation. Carbohydrate Polymers,
333, 121978. https://doi.org/10.1016/j.carbpol.2024.121978

Atta, A, Sharif, S, Haroon, K., Rasheed, M., Menon, S.V., Balaji, J., Jain, B.,
Jameel, Q.Y., & Shah, M.A. (2025). A Comprehensive Review on Health
Benefits of Fructooligosaccharides. efFood, 6(1).
https://doi.org/10.1002/efd2.70041

Bashir, A, Munir, A, Hira, H., Akram, R., Ghafoor, A., Mustafa, A, Bisma, &
Jameel, M. (2025). Green guardians: plant-derived antioxidants and
their role in oxidative stress control. Agrobiological Records, 22, 114-
128. https://doi.org/10.47278/journal.abr/2025.054

Benhabiles, M.S., Salah, R, Lounici, H. Drouiche, N.,, Goosen, M.FA, &
Mameri, N. (2012). Antibacterial activity of chitin, chitosan and its
oligomers prepared from shrimp shell waste. Food Hydrocolloids,
29(1), 48-56. https://doi.org/10.1016/j.foodhyd.2012.02.013

Bhattacharya, A, Ruthes, A, Vilaplana, F., Karlsson, E.N., Adlecreutz, P, &
Stalbrand, H. (2020). Enzyme synergy for the production of
arabinoxylo-oligosaccharides from highly substituted arabinoxylan
and evaluation of their prebiotic potential. LWT, 737, 109762.
https://doi.org/10.1016/j.lwt.2020.109762

Bhola, J., & Bhadekar, R. (2024). Prebiotic effect of daily dietary polyphenols
and oligosaccharides on lactobacillus species. Bioactive Carbohydrates

and Dietary Fibre, 31, 100407.
https://doi.org/10.1016/j.bcdf.2024.100407

Bldhova, M. Stefuca, V. Hronska, H., & Rosenberg, M. (2023).
Maltooligosaccharides:  Properties, production and applications.

Molecules, 28(7), 3281. https://www.mdpi.com/1420-3049/28/7/3281

Butorac, K., Zucko, J., Bani¢, M., Culjak, N., Pavunc, A.L, Novak, J., Jeri¢, 1.,
Balog, T. Kralj M., Penava, L, Ceilinger, M., Suskovi¢, J., & Kos, B.
(2025). Shaping the gut microbiota of tumour-induced mice with an
innovative mixture of dietary fibres designed for food for oncological
medical purpose. Journal of Future Foods.
https://doi.org/10.1016/j.jfutfo.2025.03.012

Chaiyasut, C., & Sivamaruthi, B.S. (2017). Anti-hyperglycemic property of
Hericium erinaceus — A mini review. Asian Pacific Journal of Tropical
Biomedicine, 7(11), 1036-1040.
https://doi.org/10.1016/j.apjtb.2017.09.024

Chang, K.C., Nagarajan, N., & Gan, Y.-H. (2024). Short-chain fatty acids of
various lengths differentially inhibit Klebsiella pneumoniae and
Enterobacteriaceae  species.  mSphere,  9(2), e00781-00723.
https://doi.org/doi:10.1128/msphere.00781-23

Chen, H. Yan, X, Zhu, P, & Lin, J. (2006). Antioxidant activity and
hepatoprotective potential of agaro-oligosaccharides in vitro and in
vivo. Nutrition Journal, 5(1), 31. https://doi.org/10.1186/1475-2891-5-31

Chen, Y., Xie, Y., Ajuwon, K.M., Zhong, R, Li, T., Chen, L, Zhang, H., Beckers,
Y., & Everaert, N. (2021). Xylo-Oligosaccharides, Preparation and
Application to Human and Animal Health: A Review. Frontiers in
Nutrition, 8, 731930. https://doi.org/10.3389/fnut.2021.731930

Chen, M., Jin, J., Ji, X,, Chang, K, Li, J., & Zhao, L. (2022). Pharmacokinetics,
bioavailability and tissue distribution of chitobiose and chitotriose in
rats. Bioresources and Bioprocessing, 9(1), 13.
https://doi.org/10.1186/s40643-022-00500-y

Chen, C., Su, Y, Li, S, Man, C, Jiang, Y., Qu, B, Yang, X., & Guo, L. (2024a).
Advances in oligosaccharides and polysaccharides with different
structures as wall materials for probiotics delivery: A review.
International Journal of Biological Macromolecules, 277, 134468.
https://doi.org/10.1016/j.ijbiomac.2024.134468

Chen, J., Yin, J,, Xie, H., Lu, W., Wang, H., Zhao, J., & Zhu, J. (2024b). Mannan-
oligosaccharides promote gut microecological recovery after
antibiotic  disturbance. Food & Function, 15(7), 3810-3823.
https://doi.org/10.1039/d4f000332b

Chen, T, Mo, S, Shen, M., Du, W,, Yu, Q, Chen, Y, & Xie, J. (2026).
Therapeutic potential of Ficus pumila L. in chronic obstructive
pulmonary disease through modulation of the gut microbiota-SCFA-
lung signaling pathway. Food Research International, 224, 117952.
https://doi.org/10.1016/j.foodres.2025.117952

Cheng, B. Feng, H. Chen, T, Jia, F, L, C, & Zhang, X. (2025).
Epigallocatechin  gallate (EGCG) slows fructooligosaccharides
fermentation via inulinase suppression and promotes beneficial gut
bacteria in vitro. Food Bioscience, 68, 106436.
https://doi.org/10.1016/j.fbio.2025.106436

Cheong, K.-L., Chen, S., Teng, B., Veeraperumal, S., Zhong, S., & Tan, K.
(2023). Oligosaccharides as potential regulators of gut microbiota and
intestinal health in post-COVID-19 management. Pharmaceuticals,
16(6), 860. https://doi.org/10.3390/ph16060860

11

Int J Agri Biosci, 2026, XX(X): XXX-XXX.

Costa, G.T., Vasconcelos, Q.D.J.S., Abreu, G.C., Albuquerque, A.O., Vilar, J.L,
& Aragdo, G.F. (2021a). Systematic review of the ingestion of
fructooligosaccharides on the absorption of minerals and trace

elements versus control groups. Clinical Nutrition ESPEN, 41, 68-76.

https://doi.org/10.1016/j.clnesp.2020.11.007

G.T., Vasconcelos, QDJS, & Aragdo, G.F. (2021b).

Fructooligosaccharides  on inflammation,  immunomodulation,

oxidative stress, and gut immune response: a systematic review.
Nutrition Reviews, 80(4), 709-722.
https://doi.org/10.1093/nutrit/nuab115

Costa, M.A,, Schmitz, C,, Camargo de Lima, J., Lehn, D.N,, & Volken de
Souza, C.F. (2025). Recent perspectives on the biosynthesis of galacto-
oligosaccharides: A systematic review and meta-analysis. Food
Chemistry, 497, 147072.
https://doi.org/10.1016/j.foodchem.2025.147072

Dahiya, D., & Nigam, P.S. (2023). Antibiotic-Therapy-Induced Gut Dysbiosis
Affecting Gut Microbiota—Brain Axis and Cognition: Restoration by
Intake of Probiotics and Synbiotics. International Journal of Molecular
Sciences, 24(4), 3074. https://www.mdpi.com/1422-0067/24/4/3074

Dalile, B., Van Oudenhove, L., Vervliet, B., & Verbeke, K. (2019). The role of
short-chain fatty acids in microbiota—gut-brain  communication.
Nature Reviews Gastroenterology & Hepatology, 16(8), 461-478.

Feng, Y. Xiao, Y. Li, X, Guo, M., Huang, L., Lu, W., Zhao, J., & Chen, W.
(2025). Prebiotic roles and anti-aging effects of xylo-oligosaccharide:
Keystone responsive bacteria and their metabolic interactions. Food
Research International, 116673.
https://doi.org/10.1016/j.foodres.2025.116673

Fernandes, P.AR., & Coimbra, M.A. (2023). The antioxidant activity of
polysaccharides: = A structure-function relationship  overview.
Carbohydrate Polymers, 374, 120965.
https://doi.org/10.1016/j.carbpol.2023.120965

Ferrarotti, S.A., & Costa, H. (2026). Chapter 4 - Maltooligosaccharides. In C.
Vera, C. Guerrero, & A. lllanes (Eds.), Enzymatic Production of
Oligosaccharides (pp. 63-88). Academic Press.
https://doi.org/10.1016/B978-0-443-23730-0.00016-8

Fu, H., Chen, Z, Teng, W., Du, Z, Zhang, Y., Ye, X, Yu, Z,, Zhang, Y., & Pi, X.
(2024). Effects of fructooligosaccharides and Saccharomyces boulardii
on the compositional structure and metabolism of gut microbiota in
students. Microbiological Research, 285, 127741.
https://doi.org/10.1016/j.micres.2024.127741

Garcia, G., Martinez, D., Soto, J,, Rodriguez, L, & Nuez, M. (2023). Short-
chain fructooligosaccharides improve gut microbiota composition in
patients with type 2 diabetes. A randomized, open-label, controlled
pilot clinical trial. Journal of Biotechnology and Biomedicine, 06(02).
https://doi.org/10.26502/jbb.2642-91280087

Gibson, G.R., Hutkins, R, Sanders, M.E., Prescott, S.L., Reimer, R.A,, Salminen,
S.J., Scott, K., Stanton, C., Swanson, K.S., Cani, P.D., Verbeke, K., & Reid,
G. (2017). Expert consensus document: The International Scientific
Association for Probiotics and Prebiotics (ISAPP) consensus statement
on the definition and scope of prebiotics. Nature Reviews
Gastroenterology & Hepatology, 14(8), 491-502.
https://doi.org/10.1038/nrgastro.2017.75

Giorgetti, A, Husmann, F.M.D., Zeder, C., Herter-Aeberli, ., & Zimmermann,
M.B. (2022). Prebiotic ~Galacto-Oligosaccharides and Fructo-
Oligosaccharides, but Not Acacia Gum, Increase Iron Absorption from
a Single High-Dose Ferrous Fumarate Supplement in Iron-Depleted
Women. The Journal of  Nutrition, 152(4), 1015-1021.
https://doi.org/10.1093/jn/nxac003

Hill, D.R, & Newburg, D.S. (2015). Clinical applications of bioactive milk
components. Nutrition Reviews, 73(7), 463-476.
https://doi.org/10.1093/nutrit/nuv009

Huang, C., Xia, J., Xu, J., Mei, X, Cheng, H., Chen, S., Si, J., Ye, X,, & Chen, J.
(2025). Fructo-oligosaccharides and water-soluble carbohydrates in
different species and parts (rhizome, root, leaf, stem, fruit) of
Polygonatum Mill. Food Bioscience, 68, 106207.
https://doi.org/10.1016/j.fbio.2025.106207

Huang, X, Chen, Q, Fan, Y. Yang, R, Gong, G., Yan, C,, Song, Y., Zhang, B.,
Xi, S., Huang, Y., & Xu, H. (2023). Fructooligosaccharides attenuate
non-alcoholic fatty liver disease by remodeling gut microbiota and
association with lipid metabolism. Biomedicine & Pharmacotherapy,
159, 114300. https://doi.org/10.1016/j.biopha.2023.114300

Jana, UK, Kango, N. & Pletschke, B. (2021). Hemicellulose-derived
oligosaccharides: Emerging prebiotics in disease alleviation [Review].
Frontiers in Nutrition, Volume 8 - 2021.
https://doi.org/10.3389/fnut.2021.670817

Jang, EY., Hong, K.-B., Chang, Y.B. Shin, J, Jung, EY. Jo, K, & Suh, H.J.
(2020). In Vitro Prebiotic Effects of Malto-Oligosaccharides Containing
Water-Soluble Dietary Fiber. Molecules, 25(21), 5201.

Costa,



https://doi.org/10.1088/1755-1315/980/1/012033
https://doi.org/10.1016/j.carbpol.2024.121978
https://doi.org/10.1002/efd2.70041
https://doi.org/10.47278/journal.abr/2025.054
https://doi.org/10.1016/j.foodhyd.2012.02.013
https://doi.org/10.1016/j.lwt.2020.109762
https://doi.org/10.1016/j.bcdf.2024.100407
https://www.mdpi.com/1420-3049/28/7/3281
https://doi.org/10.1016/j.jfutfo.2025.03.012
https://doi.org/10.1016/j.apjtb.2017.09.024
https://doi.org/doi:10.1128/msphere.00781-23
https://doi.org/10.1186/1475-2891-5-31
https://doi.org/10.3389/fnut.2021.731930
https://doi.org/10.1186/s40643-022-00500-y
https://doi.org/10.1016/j.ijbiomac.2024.134468
https://doi.org/10.1039/d4fo00332b
https://doi.org/10.1016/j.foodres.2025.117952
https://doi.org/10.1016/j.fbio.2025.106436
https://doi.org/10.3390/ph16060860
https://doi.org/10.1016/j.clnesp.2020.11.007
https://doi.org/10.1093/nutrit/nuab115
https://doi.org/10.1016/j.foodchem.2025.147072
https://www.mdpi.com/1422-0067/24/4/3074
https://doi.org/10.1016/j.foodres.2025.116673
https://doi.org/10.1016/j.carbpol.2023.120965
https://doi.org/10.1016/B978-0-443-23730-0.00016-8
https://doi.org/10.1016/j.micres.2024.127741
https://doi.org/10.26502/jbb.2642-91280087
https://doi.org/10.1038/nrgastro.2017.75
https://doi.org/10.1093/jn/nxac003
https://doi.org/10.1093/nutrit/nuv009
https://doi.org/10.1016/j.fbio.2025.106207
https://doi.org/10.1016/j.biopha.2023.114300
https://doi.org/10.3389/fnut.2021.670817

https://www.mdpi.com/1420-3049/25/21/5201

Jiang, N., Li, M., Guo, G., Mu, Y., Xia, X, Xu, Z, & Xiang, X. (2025). Flaxseed
oligosaccharides-derived conjugates for chlorogenic acid delivery
with enhanced stability, antioxidant activity, and bioavailability.
Journal of Food Science, 90(4), e70165. https://doi.org/10.1111/1750-
3841.70165

Jumazhanova, M., Kakimova, Z., Zharykbasov, Y., Kassymov, S., Zhumadilova,
G., Muratbayev, A, Tashybayeva, M., & Suychinov, A. (2023). Effect of
the encapsulation process on the viability of probiotics in a simulated
gastrointestinal tract model medium. Processes, 17(9), 2757.
https://www.mdpi.com/2227-9717/11/9/2757

Jutur, P.P., Nesamma, A.A, & Shaikh, K.M. (2016). Algae-derived marine
oligosaccharides and their biological applications [Mini Review].
Frontiers in Marine  Science, Volume 3 - 2016.
https://doi.org/10.3389/fmars.2016.00083

Kati¢, K, Banjanac, K., Veljkovi¢, M., Simovi¢, M., Milosevi¢, M., Nemeg, S.,
Marinkovi¢, A, & Bezbradica, D. (2025). Biotransformation of xylan
isolated from sunflower meal into xylo-oligosaccharides using endo-
xylanase immobilized on oxidized nanocellulose. Molecular Catalysis,
585, 115340. https://doi.org/10.1016/j.mcat.2025.115340

Kim, E., Wallace, A, Choct, M., Fickler, A, Hall, L., & Sharma, N.K. (2026). In
vitro enzymatic hydrolysis for xylo-oligosaccharide release from
wheat-, maize-, maize and wheat distillers dried grains with solubles-
and sorghum-based broiler diets. Poultry Science, 105(2), 106236.
https://doi.org/10.1016/j.ps}.2025.106236

Kimura, I, Ichimura, A, Ohue-Kitano, R, & lgarashi, M. (2020). Free Fatty
Acid Receptors in Health and Disease. Physiological Reviews, 100(1),
171-210. https://doi.org/10.1152/physrev.00041.2018

Km, R., Govindula, A, Selvaraj, S., Mudgal, J., & Raval, R. (2025). Enzymatic
Chito-oligosaccharides from Alcaligenes faecalis: A potential therapy
for neuroinflammation and associated behavioural changes.
Carbohydrate Polymer Technologies and Applications, 10, 100719.
https://doi.org/10.1016/j.carpta.2025.100719

Koirala, P., Dahal, A, Sagar, N.A,, Al-Asmari, F., Sangsawad, P., Bekhit, A.E.-D.
A., Malav, O.P,, On-nom, N, & Nirmal, N. (2026). Chito-, fructo-,
galacto-, and xylo-oligosaccharides as an emerging natural
preservative: Trends in the food industry. Food Chemistry, 498,
1473009. https://doi.org/10.1016/j.foodchem.2025.147309

Kotlyarov, S. (2022). Role of Short-Chain Fatty Acids Produced by Gut
Microbiota in Innate Lung Immunity and Pathogenesis of the
Heterogeneous Course of Chronic Obstructive Pulmonary Disease.
International ~ Journal of Molecular Sciences, 23(9), 4768.
https://www.mdpi.com/1422-0067/23/9/4768

Kumalasari, C., Asmara, LY., Nayan, N., & Adriani, L. (2025). Characteristics of
Bacillus subtilis and Bacillus licheniformis consortium as probiotics for
late-phase laying hens. International Journal of Agriculture and
Biosciences, 14(2), 238-243.
https://doi.org/10.47278/journal.ijab/2024.218

Lang, W., Watanabe, T., Lee, C.,, Fukushima, S., Li, F., Yamamoto, T., Tajima,
K., Tagami, T., Borsali, R, Takahashi, K., Satoh, T., & Isono, T. (2025).
Self-assembly of malto-oligosaccharide-block-solanesol in aqueous
solutions: Investigating morphology and sugar-based physiological
compatibility. Carbohydrate Polymers, 352, 123207.
https://doi.org/10.1016/j.carbpol.2024.123207

Li, L, Yao, H, Li, X,, Zhang, Q., Wu, X,, Wong, T., Zheng, H., Fung, H., Yang, B.,
Ma, D., Leung, C,, Zhang, G., Bian, Z,, Lu, A, & Han, Q. (2019). Destiny
of Dendrobium officinale polysaccharide after oral administration:
Indigestible and nonabsorbing, ends in modulating gut microbiota.
Journal of Agricultural and Food Chemistry, 67(21), 5968-5977.
https://doi.org/10.1021/acs jafc.9b01489

Li, C, Liang, Y., & Qiao, Y. (2022). Messengers From the Gut: Gut Microbiota-
Derived Metabolites on Host Regulation. Frontiers in Microbiology, 13.
https://doi.org/10.3389/fmicb.2022.863407

Li, W,, Zhang, W., Fan, X, Xu, H., Yuan, H., Wang, Y., Yang, R, Tian, H., Wu, Y.,
& Yang, H. (2023). Fructo-oligosaccharide enhanced bioavailability of
polyglycosylated anthocyanins from red radish via regulating gut
microbiota in mice. Food Chemistry: X, 19, 100765.
https://doi.org/10.1016/j.fochx.2023.100765

Liu, Y., Wu, Q., Wu, X,, Algharib, S. A, Gong, F., Hu, J., Luo, W., Zhou, M,, Pan,
Y. Yan, Y., & Wang, Y. (2021). Structure, preparation, modification, and
bioactivities of B-glucan and mannan from yeast cell wall: A review.
International Journal of Biological Macromolecules, 173, 445-456.
https://doi.org/10.1016/j.ijbiomac.2021.01.125

Liu, X.-F, Shao, J.-H., Liao, Y.-T., Wang, L.-N., Jia, Y., Dong, P.-J., Liu, Z.-Z., He,
D.-D., Li, C., & Zhang, X. (2023a). Regulation of short-chain fatty acids
in the immune system [Mini Review]. Frontiers in Immunology, Volume
14 - 2023. https://doi.org/10.3389/fimmu.2023.1186892

Liu, Y., Qin, Z,, Wang, C,, & Jiang, Z. (2023b). N-acetyl-d-glucosamine-based

12

Int J Agri Biosci, 2026, XX(X): XXX-XXX.

oligosaccharides from chitin: Enzymatic production, characterization
and biological activities. Carbohydrate Polymers, 315, 121019.
https://doi.org/10.1016/j.carbpol.2023.121019

Liu, Y., Liu, K., Zhang, T., Jiang, P., Qi, L., Fu, B.,, & Shang, S. (2025). Inhibition
of physicochemical and structural alterations of gluten proteins by
fructo-oligosaccharides on frozen mixed cereal dough. Food
Chemistry, 491, 145279.
https://doi.org/10.1016/j.foodchem.2025.145279

Liu, J., He, X, Li, Y., Xia, H., Wang, Y., Zhang, M., Li, S., Ma, Z, Li, J., Huang, M.,
Ye, X, Ma, H., & Li, X. (2026). Fructooligosaccharides from steamed
Polygonatum kingianum var. Grandifolium improves cognitive
impairment in mice and involves changes in the gut microbiota and
MAPK pathway. Bioorganic Chemistry, 170, 109467.
https://doi.org/10.1016/j.bioorg.2026.109467

Logtenberg, M.J., Akkerman, R., Hobé, R.G., Donners, KM.H., Van Leeuwen,
S.S., Hermes, G.D.A, De Haan, BJ, Faas, M.M, Buwalda, P.L,
Zoetendal, E.G., De Vos, P., & Schols, H.A. (2021). Structure-Specific
Fermentation of Galacto-Oligosaccharides, Isomalto-Oligosaccharides
and Isomalto/Malto-Polysaccharides by Infant Fecal Microbiota and
Impact on Dendritic Cell Cytokine Responses. Molecular Nutrition &
Food Research, 65(16), 2001077.
https://doi.org/10.1002/mnfr.202001077

Lordan, C., Thapa, D., Ross, R.P., & Cotter, P.D. (2020). Potential for enriching
next-generation health-promoting gut bacteria through prebiotics
and other dietary components. Gut Microbes, 11(1), 1-20.
https://doi.org/10.1080/19490976.2019.1613124

Losada-Garcia, N., Simovi¢, M., Corovi¢, M., Milivojevi¢, A, Nikacevi¢, N.,
Mateo, C., Bezbradica, D., & Palomo, J.M. (2025). Developing and
improving enzyme-driven technologies to synthesise emerging
prebiotics. Green Chemistry, 27(29), 8777-8803.
https://doi.org/10.1039/d5gc01723h

Luis, AS.,, & Hansson, G.C. (2023). Intestinal mucus and their glycans: A
habitat for thriving microbiota. Cell Host & Microbe, 31(7), 1087-1100.
https://doi.org/10.1016/j.chom.2023.05.026

Ma, J., Lyu, Y. Liu, X, Jia, X, Cui, F, Wu, X, Deng, S., & Yue, C. (2022).
Engineered  probiotics.  Microbial ~Cell  Factories, 21(1), 72.
https://doi.org/10.1186/512934-022-01799-0

Magnoli, A.P., Parada, J., Luna Maraa, J., Corti, M., Escobar, F.M., FernAjndez,
C., Coniglio, M.V., Ortiz, M.E., Wittouck, P., Watson, S., Cristofolini, LA,
& Cavaglieri, L. (2024). Impact of probiotic Saccharomyces cerevisiae
var. boulardii RCO09 alone and in combination with a phytase in
broiler chickens fed with antibiotic-free diets. Agrobiological Records,
16, 1-10. https://doi.org/10.47278/journal.abr/2024.006

Mao, B., Gu, J., Li, D., Cui, S., Zhao, J., Zhang, H., & Chen, W. (2018). Effects of
different doses of fructooligosaccharides (FOS) on the composition of
mice fecal microbiota, especially the Bifidobacterium composition.
Nutrients, 10(8), 1105.

Markowiak, P., & Slizewska, K. (2017). Effects of probiotics, prebiotics, and
synbiotics on human health. Nutrients, 9(9), 1021.
https://www.mdpi.com/2072-6643/9/9/1021

McClements, D.. (2020). Advances in nanoparticle and microparticle
delivery systems for increasing the dispersibility, stability, and
bioactivity of phytochemicals. Biotechnology Advances, 38, 107287.
https://doi.org/10.1016/j.biotechadv.2018.08.004

McClements, D.J., & Xiao, H. (2017). Designing food structure and
composition to enhance nutraceutical bioactivity to support cancer
inhibition.  Seminars  in  Cancer  Biology, 46, 215-226.
https://doi.org/10.1016/j.semcancer.2017.06.003

Minguet-Lobato, M., Fernandez-Garcia, A, Jiménez-Ortega, E., Cervantes, F.
V., Sanchez-Pozo, P., Plou, F.J., Sanz-Aparicio, J., & Fernandez-Lobato,
M. (2025). Structural-mechanistic insights and performance
engineering of chitinase MpChit35 for tailored chito-oligosaccharide
production. International Journal of Biological Macromolecules, 322,
146538. https://doi.org/10.1016/j.ijbiomac.2025.14653

Nurhayati, Wirawati, C.U., & Putri, D.D. (2025). The effect of using a
fermented mixture of palm kernel cake and cassava byproduct
combined with turmeric in feed on broiler carcass performance.
International  Journal of Veterinary Science, 14(2), 243-250.
https://doi.org/10.47278/journal.ijvs/2024.231

Oleskin, A.V., & Shenderov, B.A. (2019). Probiotics and Psychobiotics: the
Role of Microbial Neurochemicals. Probiotics and Antimicrobial

Proteins, 11(4), 1071-1085. https://doi.org/10.1007/s12602-019-
09583-0
Palepu, M.SK., Bhalerao, H.A, Sonti, R, & Dandekar, M.P. (2024).

Faecalibacterium prausnitzii, FOS and GOS loaded synbiotic reverses
treatment-resistant depression in rats: Restoration of gut-brain
crosstalk.  European Journal of Pharmacology, 983, 176960.
https://doi.org/10.1016/j.ejphar.2024.176960



https://www.mdpi.com/1420-3049/25/21/5201
https://doi.org/10.1111/1750-3841.70165
https://doi.org/10.1111/1750-3841.70165
https://www.mdpi.com/2227-9717/11/9/2757
https://doi.org/10.3389/fmars.2016.00083
https://doi.org/10.1016/j.mcat.2025.115340
https://doi.org/10.1016/j.psj.2025.106236
https://doi.org/10.1152/physrev.00041.2018
https://doi.org/10.1016/j.carpta.2025.100719
https://doi.org/10.1016/j.foodchem.2025.147309
https://www.mdpi.com/1422-0067/23/9/4768
https://doi.org/10.47278/journal.ijab/2024.218
https://doi.org/10.1016/j.carbpol.2024.123207
https://doi.org/10.1021/acs.jafc.9b01489
https://doi.org/10.3389/fmicb.2022.863407
https://doi.org/10.1016/j.fochx.2023.100765
https://doi.org/10.1016/j.ijbiomac.2021.01.125
https://doi.org/10.3389/fimmu.2023.1186892
https://doi.org/10.1016/j.carbpol.2023.121019
https://doi.org/10.1016/j.foodchem.2025.145279
https://doi.org/10.1016/j.bioorg.2026.109467
https://doi.org/10.1002/mnfr.202001077
https://doi.org/10.1080/19490976.2019.1613124
https://doi.org/10.1039/d5gc01723h
https://doi.org/10.1016/j.chom.2023.05.026
https://doi.org/10.1186/s12934-022-01799-0
https://doi.org/10.47278/journal.abr/2024.006
https://www.mdpi.com/2072-6643/9/9/1021
https://doi.org/10.1016/j.biotechadv.2018.08.004
https://doi.org/10.1016/j.semcancer.2017.06.003
https://doi.org/10.1016/j.ijbiomac.2025.14653
https://doi.org/10.47278/journal.ijvs/2024.231
https://doi.org/10.1007/s12602-019-09583-0
https://doi.org/10.1007/s12602-019-09583-0
https://doi.org/10.1016/j.ejphar.2024.176960

Park, S.K, Kang, J.Y., Kim, JM,, Kim, MJ., Lee, H.L, Moon, J.H., Jeong, H.R,
Kim, H.-J., Chung, M.-Y., & Heo, H.J. (2022). Porphyra tenera protects
against PM2.5-induced cognitive dysfunction with the regulation of
gut function. Marine Drugs, 20(7), 439. https://www.mdpi.com/1660-
3397/20/7/439

Perumal, P.K, Huang, C.-Y., Singhania, R.R., Patel, AK, Haldar, D., Chen, C.-
W., & Dong, C.-D. (2024). In vitro evaluation of antioxidant potential
of polysaccharides and oligosaccharides extracted from three
different seaweeds. Journal of Food Science and Technology, 61(8),
1481-1491. https://doi.org/10.1007/s13197-023-05914-w

Rahim, M.A, Saeed, F., Khalid, W., Hussain, M., & Anjum, F.M. (2021).
Functional and nutraceutical properties of fructo-oligosaccharides
derivatives: a review. International Journal of Food Properties, 24(1),
1588-1602. https://doi.org/10.1080/10942912.2021.1986520

Rahmi, Salam, N.I, Relatami, AN.R., Anshar, AR., Akmal, Syaichudin, M.,
Suwoyo, H.S., Mundayana, Y., Nisaa, K, Yani, F.I., & Muzalina, E. (2025).
Effects of Synbiotic Supplementation on Growth Performance,
Hematological Parameters and Gut Health in Nile Tilapia (Oreochromis
niloticus). International Journal of Veterinary Science, 14(3), 470-477.
https://doi.org/10.47278/journal.ijvs/2024.273

Rastall, R.A., & Gibson, G.R. (2015). Recent developments in prebiotics to
selectively impact beneficial microbes and promote intestinal health.
Current Opinion in Biotechnology, 32, 42-46.
https://doi.org/10.1016/j.copbio.2014.11.002

Reigada, |, Pérez-Tanoira, R, Patel, J.Z, Savijoki, K, Yli-Kauhaluoma, J.,
Kinnari, T.J., & Fallarero, A. (2020). Strategies to prevent biofilm
infections on biomaterials: Effect of novel naturally-derived biofilm
inhibitors on a competitive colonization model of titanium by
Staphylococcus aureus and SaOS-2 Cells. Microorganisms, 8(3), 345.
https://www.mdpi.com/2076-2607/8/3/345

Rodrigues de Paiva, I.H. Duarte-Silva, E, & Alves Peixoto, C. (2025).
Remember the gut: The emerging role of microbial SCFAs in cognitive
health. Food Bioscience, 74, 107838.
https://doi.org/10.1016/j.fbio.2025.107838

Rodriguez-Daza, M.C., Pulido-Mateos, E.C., Lupien-Meilleur, J., Guyonnet, D.,
Desjardins, Y., & Roy, D. (2021). Polyphenol-Mediated Gut Microbiota
Modulation: Toward Prebiotics and Further. Frontiers in Nutrition, 8.
https://doi.org/10.3389/fnut.2021.689456

Rony, KA, Ajith, T.A, & Janardhanan, KK. (2015). Hypoglycemic and
hypolipidemic effects of the cracked-cap medicinal mushroom
Phellinus rimosus (higher basidiomycetes) in streptozotocin-induced
diabetic rats. 17(6), 521-531.
https://doi.org/10.1615/Int/MedMushrooms.v17.i6.30

Sankarganesh, P., Bhunia, A., Ganesh Kumar, A,, Babu, A.S., Gopukumar, S.T.,
& Lokesh, E. (2025). Short-chain fatty acids (SCFAs) in gut health:
Implications for drug metabolism and therapeutics. Medicine in
Microecology, 25, 100139.
https://doi.org/10.1016/j.medmic.2025.100139

Schoénfeld, P., & Wojtczak, L. (2016). Short- and medium-chain fatty acids in
energy metabolism: the cellular perspective. Journal of Lipid Research,
57(6), 943-954. https://doi.org/10.1194/jIr.R067629

Shariff, S., Kwan Su Huey, A., Parag Soni, N., Yahia, A, Hammoud, D., Nazir,
A., Uwishema, O., & Wojtara, M. (2024). Unlocking the gut-heart axis:
exploring the role of gut microbiota in cardiovascular health and
disease. Annals of Medicine and Surgery, 86(5), 2752-2758.
https://doi.org/10.1097/ms9.0000000000001744

Shinde, V.K, & Vamkudoth, KR. (2022). Maltooligosaccharide forming
amylases and their applications in food and pharma industry. Journal
of Food Science and  Technology, 59(10), 3733-3744.
https://doi.org/10.1007/s13197-021-05262-7

Singh, P., Gupta, S.K, Kundu, A, Grover, M., & Saha, S. (2025). Role of
fructooligosaccharides in promoting beneficial gut bacteria: A
Prebiotic perspective. Food Bioscience, 63, 105726.
https://doi.org/10.1016/j.fbi0.2024.105726

Stoeva, M. K. Garcia-So, J,, Justice, N., Myers, J,, Tyagi, S., Nemchek, M.,
McMurdie, P. J.,, Kolterman, O. Eid, J. (2021). Butyrate-producing
human gut symbiont, Clostridium butyricum, and its role in health and
disease. Gut Microbes, 13(1).
https://doi.org/10.1080/19490976.2021.1907272

Stylianopoulou, C. (2023). Carbohydrates: Chemistry and classification. In B.
Caballero (Ed.), Encyclopedia of Human Nutrition (Fourth Edition) (pp.
114-125).  Academic  Press.  https://doi.org/10.1016/B978-0-12-
821848-8.00172-4

Tang, J.,, Shen, C, Yao, D., Yu, J, Liu, Y., Tu, M., Zhang, H., Xu, X, Lai, O.-M., &
Cheong, L.-Z. (2025). Differences in mature human milk metabolic
profiles based on delivery mode and parity. The Journal of Nutritional
Biochemistry, 144, 109967.
https://doi.org/10.1016/j.jnutbio.2025.109967

Int J Agri Biosci, 2026, XX(X): XXX-XXX.

Tolmacheva, T.A,, Gasparyan, S.V., & Nugmanov, AKK. (2024). Marketing
research of the confectionery sugar products market and
improvement of the technology of prebiotic fillings from non-
traditional raw materials. International Journal of Agriculture and
Biosciences 13(4), 784-790.
https://doi.org/10.47278/journal.ijab/2024.205

Ullah, S., Khalil, A.A.,, Shaukat, F., & Song, Y. (2019). Sources, extraction and
biomedical properties of polysaccharides. Foods, 8(8), 304.
https://www.mdpi.com/2304-8158/8/8/304

Valladares-Diestra, K.K., de Souza Vandenberghe, L.P., Vieira, S., Goyzueta-
Mamani, L.D., de Mattos, P.B.G., Manzoki, M.C., Soccol, V.T., & Soccol,
C.R. (2023). The Potential of Xylooligosaccharides as Prebiotics and
Their Sustainable Production from Agro-Industrial by-Products. Foods,
12(14), 2681. https://www.mdpi.com/2304-8158/12/14/2681

van der Toorn, M.V., Chatziioannou, A.C,, Pellis, L., Haandrikman, A, van der
Zee, L, & Dijkhuizen, L. (2023). Biological relevance of goat milk
oligosaccharides to infant health. Journal of Agricultural and Food
Chemistry, 71(38), 13935-13949.
https://doi.org/10.1021/acs jafc.3c02194

Vandeputte, D. (2020). Personalized nutrition through the gut microbiota:
Current insights and future perspectives. Nutrition Reviews,
78(Supplement_3), 66-74. https://doi.org/10.1093/nutrit/nuaa098

Vulevic, J., Juric, A, Tzortzis, G., & Gibson, G.R. (2013). A mixture of trans-
galactooligosaccharides reduces markers of metabolic syndrome and
modulates the fecal microbiota and immune function of overweight
adults. The Journal of Nutrition, 143(3), 324-331.
https://doi.org/10.3945/jn.112.166132

Wang, W., Liu, F, Xu, C, Liu, Z, Ma, J.,, Gu, L, Jiang, Z, & Hou, J. (2021).
Lactobacillus plantarum 69-2 combined with galacto-oligosaccharides
alleviates d-galactose-induced aging by regulating the AMPK/SIRT1
signaling pathway and gut microbiota in mice. Journal of Agricultural
and Food Chemistry, 69(9), 2745-2757.
https://doi.org/10.1021/acs jafc.0c06730

Wang, K, Duan, F, Sun, T, Zhang, Y., & Lu L (2024a).
Galactooligosaccharides: Synthesis, metabolism, bioactivities and food
applications. Critical Reviews in Food Science and Nutrition, 64(18),
6160-6176. https://doi.org/10.1080/10408398.2022.2164244

Wang, Y., Guo, X., Huang, C, Shi, C.,, & Xiang, X. (2024b). Biomedical potency
and mechanisms of marine polysaccharides and oligosaccharides: A
review. International Journal of Biological Macromolecules, 265,
131007. https://doi.org/10.1016/j.ijbiomac.2024.131007

Wasiewska, LA, Uhlig, F.,, Barry, F., Teixeira, S., Clarke, G., & Schellekens, H.
(2025). Advancements in sensors for rapid detection of short-chain
fatty acids (SCFAs): Applications and limitations in gut health and the
microbiota-gut-brain axis. TrAC Trends in Analytical Chemistry, 184,
118118. https://doi.org/10.1016/j.trac.2024.118118

Wen, J., Niy, X,, Chen, S., Chen, Z, Wu, S., Wang, X,, Yong, Y., Liu, X, Yu, Z,
Ma, X, Abd El-Aty, AM., & Ju, X. (2022). Chitosan oligosaccharide
improves the mucosal immunity of small intestine through activating
SIgA  production in mice: Proteomic analysis. International
Immunopharmacology, 109, 108826.
https://doi.org/10.1016/j.intimp.2022.108826

Wicinski, M., Sawicka, E., Gebalski, J., Kubiak, K., & Malinowski, B. (2020).
Human milk oligosaccharides: health benefits, potential applications
in infant formulas, and pharmacology. Nutrients, 12(1), 266.
https://www.mdpi.com/2072-6643/12/1/266

Wongkuna, S., Prasoodanan P.K.V. Holmberg, S.M., Bjgrnshave, A, &
Schroeder, B.O. (2025). Milk-derived casein glycomacropeptide
improves colonic mucus function under Western-style diet feeding in
a sialylation-dependent manner. Food Research International, 221,
117206. https://doi.org/10.1016/j.foodres.2025.117206

Xia, W., Wei, X.-Y, Xie, Y.-Y, & Zhou, T. (2022). A novel chitosan
oligosaccharide derivative: Synthesis, antioxidant and antibacterial
properties. Carbohydrate Polymers, 291, 119608.
https://doi.org/10.1016/j.carbpol.2022.119608

Xiong, S., Zhang, K., Wang, J.,, Bai, S., Zeng, Q. Liu, Y., Peng, H., Xuan, Y., Mu,
Y., Tang, X, & Ding, X. (2024) Effects of xylo-oligosaccharide
supplementation on the production performance, intestinal
morphology, cecal short-chain fatty acid levels, and gut microbiota of
laying hens. Poultry Science, 103 (12), 104371.
https://doi.org/10.1016/).ps}.2024.104371

Xu, J, Wang, R, Zhang, H., Wu, J, Zhu, L, & Zhan, X. (2021). In vitro
assessment of prebiotic properties of oligosaccharides derived from
four microbial polysaccharides. Lwt, 147, 111544.
https://doi.org/10.1016/j.Iwt.2021.111544

Yang, K, Zhang, Y., Cai, M., Guan, R, Neng, J., Pi, X,, & Sun, P. (2020). In vitro
prebiotic activities of oligosaccharides from the by-products in
Ganoderma lucidum spore polysaccharide extraction. RSC advances,



https://www.mdpi.com/1660-3397/20/7/439
https://www.mdpi.com/1660-3397/20/7/439
https://doi.org/10.1007/s13197-023-05914-w
https://doi.org/10.1080/10942912.2021.1986520
https://doi.org/10.47278/journal.ijvs/2024.273
https://doi.org/10.1016/j.copbio.2014.11.002
https://www.mdpi.com/2076-2607/8/3/345
https://doi.org/10.1016/j.fbio.2025.107838
https://doi.org/10.3389/fnut.2021.689456
https://doi.org/10.1615/IntJMedMushrooms.v17.i6.30
https://doi.org/10.1016/j.medmic.2025.100139
https://doi.org/10.1194/jlr.R067629
https://doi.org/10.1097/ms9.0000000000001744
https://doi.org/10.1007/s13197-021-05262-7
https://doi.org/10.1016/j.fbio.2024.105726
https://doi.org/10.1080/19490976.2021.1907272
https://doi.org/10.1016/B978-0-12-821848-8.00172-4
https://doi.org/10.1016/B978-0-12-821848-8.00172-4
https://doi.org/10.1016/j.jnutbio.2025.109967
https://doi.org/10.47278/journal.ijab/2024.205
https://www.mdpi.com/2304-8158/8/8/304
https://www.mdpi.com/2304-8158/12/14/2681
https://doi.org/10.1021/acs.jafc.3c02194
https://doi.org/10.1093/nutrit/nuaa098
https://doi.org/10.3945/jn.112.166132
https://doi.org/10.1021/acs.jafc.0c06730
https://doi.org/10.1080/10408398.2022.2164244
https://doi.org/10.1016/j.ijbiomac.2024.131007
https://doi.org/10.1016/j.trac.2024.118118
https://doi.org/10.1016/j.intimp.2022.108826
https://www.mdpi.com/2072-6643/12/1/266
https://doi.org/10.1016/j.foodres.2025.117206
https://doi.org/10.1016/j.carbpol.2022.119608
https://doi.org/10.1016/j.psj.2024.104371
https://doi.org/10.1016/j.lwt.2021.111544

10(25), 14794-14802. https://doi.org/10.1039/c9ra10798¢

Yao, D., Wu, M., Dong, Y., Ma, L, Wang, X., Xu, L, Yu, Q, & Zheng, X. (2022).
In vitro fermentation of fructooligosaccharide and
galactooligosaccharide and their effects on gut microbiota and SCFAs
in infants.  Journal of Functional Foods, 99, 105329.
https://doi.org/10.1016/}.jff.2022.105329

Yoo, S., Jung, S.-C., Kwak, K., & Kim, J.-S. (2024). The role of prebiotics in
modulating gut microbiota: Implications for human health.
International ~ Journal of Molecular Sciences, 25(9), 4834.
https://www.mdpi.com/1422-0067/25/9/4834

Yue, L, Wang, M., Khan, .M., Niazi, S., Wang, B., Ma, X, Wang, Z., & Xia, W.
(2021). Preparation and characterization of chitosan oligosaccharide
derivatives containing cinnamyl moieties with enhanced antibacterial
activities. Lwt, 147, 111663. https://doi.org/10.1016/j.Iwt.2021.111663

Yue, X, Wen, S., Long-kun, D., Man, Y., Chang, S., Min, Z,, Shuang-yu, L., Xin,
Q, Jie, M., & Liang, W. (2022). Three important short-chain fatty acids
(SCFAs) attenuate the inflammatory response induced by 5-FU and
maintain the integrity of intestinal mucosal tight junction. BMC
Immunology, 23(1), 19. https://doi.org/10.1186/s12865-022-00495-3

Zeng, M., Van Pijkeren, J.P., & Pan, X. (2023). Gluco-oligosaccharides as
potential prebiotics: Synthesis, purification, structural characterization,
and evaluation of prebiotic effect. Comprehensive Reviews in Food
Science and Food Safety, 22(4), 2611-2651.
https://doi.org/10.1111/1541-4337.13156

Zhang, J., Zhao, X, Zhao, L.Q, Zhao, J, Qi, Z, & Wang, L-A. (2017). A
primary study of the antioxidant, hypoglycemic, hypolipidemic, and
antitumor activities of ethanol extract of brown slimecap mushroom,

Int J Agri Biosci, 2026, XX(X): XXX-XXX.

Chroogomphus  rutilus (Agaricomycetes). 79(10), 905-913.
https://doi.org/10.1615/Int/MedMushrooms.2017024564

Zhang, P., Zhang, M., Dong, K., Zhang, Y., Yang, S., Wang, Y., Jiang, T,, Yu, M.,
& Lv, Z. (2022). Evaluation of Chito-Oligosaccharide (COS) in Vitro and
in Vivo: Permeability Characterization in Caco-2 Cells Monolayer and
Pharmacokinetics Properties in Rats. Journal of Ocean University of
China, 21(3), 782-788. https://doi.org/10.1007/s11802-022-5088-x

Zhang, Q. Li, L, Ma, Z, He, W., Huang, E,, Meng, L, Li, L, Tong, T., Yang, H.,
Liu, Y., & Liu, H. (2025a). Effects of mannan oligosaccharides on
growth, antioxidant and immune performance, and mTOR signaling
pathway in Juvenile Tilapia (Oreochromis niloticus). Animals, 15(16),
2459. https://www.mdpi.com/2076-2615/15/16/2459

Zhang, X.-R,, Cui, S.-S,, Yin, L.-F, Gong, G.-Z, Yang, J.-X., Chen, Y., & Zhu, Y.-
T. (2025b). Xylo-oligosaccharide utilization by Weissella kandleri
YT103: Transcriptomic analysis and intestinal barrier protection. Food
Research International, 221, 117350.
https://doi.org/10.1016/j.foodres.2025.117350

Zhao, J,, Cao, Y., Miao, Y., Guo, H., Wang, Z, Liang, X, Guan, X., Sun, R,
Zhang, X, Nie, C., & Liu, R. (2025). Structure, Enzymatic Production,
Biological  Activities, and Food Applications of Galacto-
oligosaccharides: A Review. The Journal of Nutrition, 155(12), 4113-
4122. https://doi.org/10.1016/j.tjnut.2025.10.005

Zielinska, D., Marciniak-Lukasiak, K., Karbowiak, M., & Lukasiak, P. (2021).
Effects of fructose and oligofructose addition on milk fermentation
using novel Lactobacillus cultures to obtain high-quality yogurt-like
products. Molecules, 26(19), 5730. https://www.mdpi.com/1420-
3049/26/19/5730



https://doi.org/10.1039/c9ra10798c
https://doi.org/10.1016/j.jff.2022.105329
https://www.mdpi.com/1422-0067/25/9/4834
https://doi.org/10.1016/j.lwt.2021.111663
https://doi.org/10.1186/s12865-022-00495-3
https://doi.org/10.1111/1541-4337.13156
https://doi.org/10.1615/IntJMedMushrooms.2017024564
https://doi.org/10.1007/s11802-022-5088-x
https://www.mdpi.com/2076-2615/15/16/2459
https://doi.org/10.1016/j.foodres.2025.117350
https://doi.org/10.1016/j.tjnut.2025.10.005
https://www.mdpi.com/1420-3049/26/19/5730
https://www.mdpi.com/1420-3049/26/19/5730

