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A review of the capacity of xylooligosaccharides to
modulate gut microbiota and promote health
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Xylooligosaccharides (XOS), derived from lignocellulosic biomass and algae, have emerged as promising
prebiotics due to their ability to selectively modulate gut microbiota and confer various health benefits.
XOS are composed of B-p-xylopyranose units linked by $-glycosidic bonds and are resistant to mamma-
lian digestion but fermentable by beneficial gut bacteria. Research results indicate that XOS enhance the
growth of probiotics, having a bifidogenic effect, which stimulates the production of short-chain fatty
acids (SCFAs), and suppress the proliferation of pathogens. In vitro and in vivo studies demonstrate their
potential to alleviate metabolic disorders, improve lipid profiles, reduce inflammation, and restore gut
homeostasis. Several studies in humans or animal models reveal positive outcomes on gut microbiota
diversity, immune function, and metabolic parameters in both healthy and diseased individuals, including
improvements in bowel health, obesity, and type 2 diabetes markers. Additionally, XOS exhibit promising
anti-inflammatory and anticancer properties, with evidence of their role in reducing tumour cell prolifer-
ation and enhancing oxidative stress resistance. Despite these promising findings, challenges remain in
cost-effective production and large-scale application. Advances in biotechnological methods and regu-
latory approvals are expected to drive the expansion of the XOS market, projected to grow significantly
over the next decade. This review highlights the potential of XOS as a functional dietary component with
applications in gut health and disease prevention, warranting further clinical studies to confirm their thera-
peutic efficacy in humans.

cholesterol and bile acid metabolism and the production of
short chain fatty acids (SCFAs)."? The correct functioning of

Gut microbiota is a community of microorganisms that
inhabit the gastrointestinal tract, covering a wide range of
fungi, virus, archaea and, especially, bacteria. This community
is notably condensed in the large intestine, where up to 10*° to
10"? microorganisms per gram can be found."?

Gut microbiota is a vital component of the gastrointestinal
environment due to its contribution to digestion and fermen-
tation of diet fibre, as well as its role in stimulating the devel-
opment of microvilli. This community is also implicated in the
stimulation and regulation of the immune system and in the
maintenance of metabolic homeostasis, as it contributes to
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gut microbiota can also protect its host against growth and
colonization of pathogens."

The establishment of this complex ecosystem starts right
after birth, the two first years of life being the most important.
The conformation of the infant microbiota will depend on the
type of delivery, health of the mother, drug use and diet
around these first two years.® In the case of adult gut micro-
biota, the composition is primarily affected by diet, but it can
also be affected by other factors (exercise, sleep patterns,
stress, etc.)."?

An imbalance in microbiota composition, also known as
dysbiosis, has been linked to a wide spectrum of diseases (type
2 diabetes, obesity, inflammatory bowel disease (IBD), non-
alcoholic fatty liver disease (NAFLD) and colorectal cancer)."

As commented before, the gut microbiota composition can
be influenced by diet; this is the reason why many dietary
approaches have been formulated. Amongst these, prebiotics
are a very desirable candidate due to their proven effect and
safety.”

The term prebiotic was introduced in 1995 by Gibson and
Roberfroid, and it has been subjected to many changes

This journal is © The Royal Society of Chemistry 2025
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through the years.'™ In 2017, the International Scientific
Association of Probiotics and Prebiotics (ISAPP) described the
term prebiotic as ‘a substrate that is selectively utilized by host
microbiota conferring a health benefit to the host’.»*”*°

In this regard, the concept of prebiotic can be used to
describe non-digestible carbohydrates of low degrees of
polymerization, from 2 to 20 anhydrosugar units (glycans,
oligosaccharides, polysaccharides, and polyols), as well as
some polyphenols and polyunsaturated fatty acids.>*7'° The
anhydrosugar moieties that conform these carbohydrates are
linked by p-glycosidic bonds, which usually cannot be hydro-
lysed by mammalian hydrolases but can be fermented by ben-
eficial microbiota.*®

The fermentation of these substrates can foster the growth
and maintenance of gut microbiota, promoting metabolic and
digestive activity and improving the absorption of nutrients,
the activity of the immune system and the intestinal integrity,
just as it inhibits the growth of pathogens.>”*'° These ben-
eficial effects stem from the production of different metab-
olites after fermentation, especially the production of SCFAs
(mainly acetic, propionic and butyric acids).>*”"°

Most used and studied prebiotics are galactooligosacchar-
ides (GOS), fructooligosaccharides (FOS), oligofructose and
inulin, which carry a long history of safe use."™® Apart from
the well-established prebiotics, there are many other candi-
dates with promising results, namely mannan-oligosacchar-
ides, soybean oligosaccharides, lactulose, pectin-oligosacchar-
ides, resistant starch, polydextrose and, particularly, xylooligo-
saccharides (XOS)."*°

XOS are non-digestible oligosaccharides composed of p-b-
xylopyranose ((-p-xylose) residues linked by p-(1 — 4) and p-(1
— 3) glycosidic bonds and sometimes branched with different
side groups. These carbohydrates have a molecular weight that
ranges between 300 and 2000 kDa and a degree of polymeriz-
ation (DP) <20 residues.””"* 78

XOS can be obtained from agro-industrial lignocellulosic
residues, which are abundant, inexpensive and renewable.
Another renewable source of XOS is algae residues, which
contain B-(1 — 3) glycosidic bonds, whose use can decrease
the production cost due to the lower recalcitrance of the
material in comparison with lignocellulosic biomass'*™>'77?
(Fig. 1).

These prebiotics have been used in the treatment of various
diseases such as IBD, constipation, colorectal cancer and
obesity.>*®%71% Due to this fact, their global market is expected
to grow at a compound annual growth rate (CAGR) of 7% from
2023 to 2033.%

In this review, we focus on summarising the current knowl-
edge about the beneficial effects of prebiotic XOS in the
improvement and prevention of some diseases. While prior
reviews tend to focus on the production, characterization and
prebiotic potential of XOS from different sources, this review
offers an integrated analysis across multiple health conditions
(obesity, type 2 diabetes mellitus, inflammatory bowel disease
(IBD), irritable bowel syndrome (IBS) and colorectal cancer),
connecting gut microbiota modulation to systemic outcomes

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 Internal structure of lignocellulosic biomass, raw material for
xylooligosaccharide (XOS) production, and representation of the hydro-
lysis of xylan and subsequent XOS breakage by probiotic strains to
consume xylose as a carbon source.

like metabolic and immune changes. Additionally, this review
addresses market trends and regulatory developments,
offering a broader perspective on XOS commercialization.

Prebiotic action of XOS in human
microbiota

The structure of XOS, their degree of polymerization (DP) and
the present linkages vary depending on the source and
method used for their production.>* These structural charac-
teristics have a direct relationship with the prebiotic effect of
XOS.ZS'ZG

Generally, XOS with DP 2-3 are metabolised faster by pro-
biotic bacteria than those with DP >4. Also, the substituents
that are present among the xylose monomers will determine
which probiotics are able to break XOS p(1 — 4) bonds, accord-
ing to the catalytic activity of the enzymes they possess. For
example, Bifidobacterium adolescentis can use both non-substi-
tuted XOS and arabinose-substituted XOS (AXOS) as a source
of carbon, while Lactobacillus brevis cannot ferment ramified
AX0S.%

Furthermore, depending on the complexity of some substi-
tuents, unsubstituted and arabinose-substituted XOS are
metabolized much faster than XOS substituted with acetyl or
methylglucuronic groups due to the complex structure that the
latter can form.>*

In vitro studies for prebiotic potential of XOS

Most in vitro studies for analysing the prebiotic potential of
XOS have focused on measuring the growth, SCFA production

Food Funct, 2025, 16, 4654-4672 | 4655
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and XOS consumption of Lactobacillus (Firmicutes) and
Bifidobacterium (Actinobacteria) strains, as many of them are
well-established probiotics. It has been seen that some
Bifidobacterium species that are present in the adult intestine
like Bifidobacterium longum subsp. longum, Bifidobacterium
adolescentis or Bifidobacterium animalis are able to assimilate
arabinoxylooligosaccharides, while Lactobacillus spp. and
Weissella confusa/cibaria are not.>’° For the utilization of
AXOS, these bacteria should have any type of xylosidases in
order to break the main chain of XOS. Besides these enzymes,
it has been seen that Bifidobacterium species that can metab-
olise AXOS produce enzymes called arabinofuranosidases,
which can remove arabinosyl substituents and are not present
in Lactobacillus and Weissella probiotics. These metabolic
differences lead to cross-feeding, an important mechanism
that occurs in the gut ecosystem which allows microbiota to
consume complex substrates as AXOS: in this context,
Bifidobacteria strains will produce arabinofuranosidases,
enabling them to use arabinose as a carbon source, whilst
other probiotics only capable of producing xylosidases can
consume the unsubstituted XOS released.?'

On the other hand, there are also some in vitro studies that
evaluate the selectivity of XOS to favour probiotics growth and
prevent the proliferation of pathogens.>”>%3273*

In vitro tests have generally been performed in two ways:

The first one is growing individual bacterial species with
XOS as the only carbon source, and measuring the absorbance
at 600-650 nm and the pH usually for 24-48 hours, depending
on the strain. After fermentation, XOS consumption and pro-
duction of SCFAs are measured by high-performance liquid
chromatography with refractive index detection (HPLC-RID) or
high-performance anion-exchange chromatography/pulsed
amperometric detection (HPAEC-PAD).*>"”

The second approach consists of performing fermentations
with human faeces inoculum in the presence of the prebiotic
and afterwards studying changes in the microbiota compo-
sition and SCFA production and comparing those results to a
blank fermentation. The changes in faecal microbiota are then
analysed using different sequencing techniques and HPLC in
order to measure the changes in the SCFA profile.*™*°

In this section, a compilation of the most outstanding
results achieved with both types of assays*®*'™** over the last
ten years has been made.

Growth assays using XOS as the only carbon source with
individual strains. The bifidogenic effect of XOS is their most
important characteristic as prebiotics, as they are more selec-
tive than others. One probiotic species that has been widely
shown to grow well with XOS from different sources is
Bifidobacterium adolescentis.””***>™* This strain can use
unsubstituted X0S,>” AX0S$**?° and glucuronoxylooligosac-
charides (GXOS) with degrees of polymerization between 2 and
6,'® making it an important probiotic strain for cross feeding
in the intestine.

Mathew et a obtained XOS from wheat bran and
observed that B. adolescentis and L. brevis could use them as a
source of carbon, as an increase in OD 600 and a decrease in

l.27
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pH were observed. In contrast, the pathogenic bacteria E. coli
did not show any of these changes, indicating that it is not
able to grow in the presence of these prebiotics, thus showing
how selective XOS are.>” This selectivity has also been observed
for birch wood, rye wood, sugarcane bagasse and corn crop
XO0S, which do not allow the growth of E. coli.***** Other
pathogens such as Enterobacter aerogenes, Salmonella typhimur-
ium and Staphylococcus aureus also showed a reduction in their
growth when XOS were the only source of carbon.??3%48

Furthermore, to assess the bifidogenic effect of XOS, other
species of Bifidobacterium have been tested using commercial
corn cob XOS. In this case, it was concluded that B. animalis
subsp. lactis, B. bifidum and B. breve can grow using these
X0S.*® When compared with well-established prebiotics, corn
cob XOS were metabolised by B. longum subsp. infantis with
the same efficacy as inulin,*® whilst sugarcane bagasse XOS
promoted medium growth 1.5-fold greater than that of inulin
for both B. longum subsp. infantis and B. longum subsp.
longum.?® 1t has also been found that B. breve grows better in
the presence of commercial XOS than in the presence of fruc-
tooligosaccharides (FOS), reaching absorbances as high as
those obtained with glucose.* It should be noted that not all
tested Bifidobacteria species grow as efficiently as with XOS.
This is the case for B. longum strain BL 05 Danisco, which
grows better using FOS than with commercial X0S.**

Besides, XOS can enhance the growth of other probiotic
genera such as Bacteroides,*® Lactobacillus®®™>%3%3%18730 and
Weissella.?’?"** In the case of Bacteroides, corn cob XOS
promote their growth with the same efficiency as inulin.*> On
the other hand, some Lactobacillus are also able to use XOS
from different sources, achieving strong, moderate or low
absorbances depending on the strain and origin of X0S.2%484°
For example, L. acidophilus has been shown to achieve higher
growth levels with sugarcane XOS than those reached with
inulin.?®

Although XOS are most studied as prebiotics for gut bac-
teria, they have also been shown to contribute to the growth of
probiotic bacteria in the oral microbiota. This is the case of
Streptococcus salivarius, a bacterium that reduces halitosis and
the risk of pharyngitis, which has already been administered
as a symbiotic together with inulin in a clinical trial.>* This
strain has been shown to have a much greater ability to grow in
the presence of XOS than with inulin, so XOS could be a better
alternative to administer probiotics of the oral microbiota.**

Results from all these studies are summarised in Table 1.

Fermentations of human faeces to study XOS prebiotic
potential. Gut microbiota is excreted along with faeces, so its
samples are very useful for studying the effects of prebiotics
and probiotics in vitro, by performing anaerobic fermenta-
tions. Afterwards, the study of changes in gut microbiota is
usually carried out using 16S rRNA*’*° sequencing, the
shotgun metagenomic approach*’ or FISH.** Also, short-chain
fatty acid production and pH decrease are analysed to confirm
probiotic growth and their possible health benefits.>”** In this
sense, compared to the method of individual strain assays
described in the previous section, this one allows the obtain-

This journal is © The Royal Society of Chemistry 2025
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Highest absorbance increase of the three tested strains with 1% XOS as the carbon source.

Absorbance increases with 1% XOS as the carbon source.
Limited growth with 1% XOS as the only carbon source

Growth response using XOS as only source of carbon
Less growth stimulation with XOS compared to FOS
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ment of more global information about how prebiotics affect
the patient’s microbiome.

Like other well-known prebiotics (FOS, inulin, GOS and 2
fucosyllactose), commercial XOS have shown to produce a sig-
nificant increase in the Gut Microbiome Wellness Index
(GMWI) after faecal fermentation for 24 hours, indicating a
beneficial effect on gut microbiota wellness. The GMWI is a
quantitative tool to measure the impact of a substance on the
gut microbiota, taking into account the relative abundances of
50 microbial species found to be associated with human
health. The health-prevalent species B. adolescentis,
B. catenulatum and Sutterella wadsworthensis increased their
relative abundances after 24 h of fermentation of XOS (as well
as FOS, inulin and 2-fucosyllactose), while most of the
28 health-scarce species decreased or showed low abundances
after prebiotic fermentations.*’

Alvarez et al.’* carried out in vitro human faecal fermenta-
tions in the presence of barley straw XOS using FOS as a posi-
tive control. To determine SCFA production, HPLC was the
selected technique. After 24 h of fermentation, the concen-
tration of total SCFAs in the media was significantly higher
than those achieved with FOS. Acetate accounted for almost
70% of total SCFAs, while butyrate was the second most abun-
dant.>® Also, by performing faecal fermentations, Ho et al.,*
Chen et al.*® and Gautério et al.>® found that acetate was the
most abundant SCFA followed, in all cases, by propionate and
butyrate when using oil palm, corn cob, beechwood and rice
husk XOS as the carbon source. In the study of Victoria et al.,*®
the XOS-induced production of lactate and SCFAs was similar
to that obtained with lactulose, a confirmed prebiotic,® and to
that of XOS from barley straw tested by Alvarez et al.>*

Each SCFA has different properties that lead to benefits for
host’s health: acetate contributes to normal epithelial cell divi-
sion; butyrate is considered one of the most essential colon
metabolites, as it induces differentiation and apoptosis in host
cells, constitutes an energy source for colonocytes, and has anti-
inflammatory properties;>* and propionate has been related to
the reduction of lipogenesis and serum cholesterol level.>®

It is important to highlight that the profile of SCFAs pro-
duced after fermentation varies depending on the origin of
XOS and the donor of the faecal inoculum for performing the
fermentation, since each person’s microbiota is different, like
a fingerprint.

Besides SCFA production, total bacteria and Bifidobacteria
counts are usually assessed as well in this kind of study. The
bifidogenic effect was confirmed via the FISH technique by
Alvarez et al®® for barley straw XOS, which increased
Bifidobacteria population in a similar level to FOS. This effect
was also confirmed with FISH by Ho et al,”® using XOS
obtained from oil palm, and Moniz et al., using corn straw
X0S.”” On the other hand, Pham et al.>® observed this increase
using 16S rRNA sequencing and qPCR after fermentation with
commercial corn cob XOS.

Broader changes in intestinal microbiota caused by XOS
were analysed by 16S rRNA sequencing by different authors.
For corn cob XOS, it was concluded that Actinobacteria and

This journal is © The Royal Society of Chemistry 2025
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Bacteroidetes phyla were enriched, while most Firmicutes
phylum members declined (except for Lactobacillus,
Megasphaera and Megamonas).””*® Moreover, a decrease in the
pathogenic Streptococcus species was observed after the faecal
fermentation of these X0S.*® In the case of oil palm XOS, it
was observed that hydrolysates reduced the abundance of
Proteobacteria, associated with gut diseases, methanogenic
archaea of the Methanobacteriaceae family and ammonia pro-
ducing bacteria such as Clostridium species.®® On the other
hand, probiotic Megamonas funiformis, an important producer
of SCFAs, increased.*®

As a conclusion, the prebiotic potential of XOS from many
different sources has been widely confirmed both in in vitro
cultures with individual strains and in fermentations of faeces.

In vivo human studies for prebiotic potential of XOS

There are not many studies in humans about the effects of
XOS consumption on gut microbiota, but the ones available
have obtained promising results. Human clinical trials asses-
sing the prebiotic potential of XOS collectively suggest positive
effects on gut microbiota composition and certain systemic
parameters, yet a synthesized and mechanistic interpretation
of these findings is still emerging.

Across two double-blind, randomized, placebo-controlled
studies on healthy persons who consumed commercial corn
cob X0S,*° the bifidogenic effect was consistently demon-
strated. Faecal samples were collected before the consumption
and several times after starting the consumption of XOS. Both
studies differ in the size of the cohort (32 versus 41), the dur-
ation of XOS supplementation (8 weeks versus 3 weeks) and
the daily dose of XOS tested (1.4 or 2.8 g day " versus 8 g
day ') but achieve the same conclusions with respect to the
selectivity of XOS for allowing Bifidobacteria spp. growth.”® The
study with the smaller cohort size measured stool pH vari-
ations and performed 16S sequencing of members of
Enterobacteriaceae, Bacteroides fragilis groups, Clostridium,
Bifidobacterium, and Lactobacillus and analysis of the SCFA
profile by gas liquid chromatography.>®

The Bifidobacterium counts for individuals with a high dose
were significantly higher than the values at the baseline at 4, 8
and 10 weeks, being 21% above the baseline in the high dose
group at 4 weeks and 17% at 8 weeks.

Also, the total anaerobic flora counts of the subjects after
high dose intervention were higher than the baseline at 4 and
8 weeks. Bacteroides fragilis also increased significantly at
lower and higher doses, while no significant difference was
found for Lactobacillus (member of the Firmicutes group) and
Clostridium. Furthermore, Enterobacteriaceae was significantly
lower at week 10 for the placebo group. These data show the
selectivity of XOS.>°

As commented previously, it has been observed in individ-
uals with obesity that their associated gut microbiota has
increased numbers of Lactobacillus and, consequently, an
increased Firmicutes/Bacteroidetes ratio. Because of that, and
in view of the results of this study, XOS supplementation
would be positive for persons with obesity.>

This journal is © The Royal Society of Chemistry 2025
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The study with the bigger cohort size®® also studied micro-
biota changes, but using fluorescence in situ hybridisation.
Also, variations in plasma lipid concentrations and determi-
nation of immune cell types and phenotypes were studied in
fresh blood samples and bowel habits and mood were reported
by the participants.®®

Besides the increase in Bifidobacteria, an increment in
bowel movements per day was also observed. Also, self-
reported vitality and happiness increased, and HDL concen-
trations were higher, lowering total cholesterol. Regarding the
immune system, XOS cause lower expression of CD16/56 on
natural killer T cells related to the activation of the immune
system. Furthermore, a lower use of analgesics during the XOS
supplementation period was observed.®

Another study by Yang et al.®' tested the effects of commer-
cial XOS in individuals with prediabetes and healthy ones, as
it has been suggested that gut microbiota is altered in type 2
diabetes mellitus (T2DM) patients. The study population was
composed of 16 healthy subjects and 14 with prediabetes.
During an 8-week period, both healthy subjects and subjects
with prediabetes were randomly assigned to take 2 g of com-
mercial XOS or placebo. A total of two faecal samples were col-
lected from each individual: at the baseline and at week 8 of
XOS consumption. 16S rRNA sequencing was conducted to
compare the gut microbial composition of healthy individuals
to the ones with prediabetes.*®

Before XOS consumption, several differences were observed:
the abundance of the Synergistota phylum, related to T2DM,
was higher in subjects with prediabetes. Besides, the abun-
dances of Allisonella, Cloacibacillus, Enterorhabdus, Howardella,
Megamonas, and Slackia were significantly higher, while
Adlercreutzia, Anaerococcus, Ethanoligenens, Gordonibacter,
Lactococcus, Parasutterella, and Tissierella were greatly reduced
in Pre-DM compared with healthy subjects.

The phylum Firmicutes showed a 20% increase in abun-
dance over 8 weeks in placebo groups of healthy subjects,
while XOS intervention significantly reversed this increase.
Also, XOS intervention inhibited the growth of infection-
related Streptococcus and Subdoligranulum. At the genus level,
the high abundance of Blautia, Anaerotruncus, Dialister, and
Oscillospira decreased after XOS intervention. XOS supplemen-
tation significantly decreased or reversed the abundance of
Howardella, Enterorhabdus, and Slackia observed in both
healthy subjects and subjects with prediabetes. All these four
genera tend to be more abundant in individuals with predia-
betes. Also, XOS intervention increased the abundance of
Blautia hydrogenotrophica, which was lower in subjects with
prediabetes.

On the other hand, insulin levels were studied and com-
pared in subjects with prediabetes after the consumption of
XOS and placebo and, as there was a tendency to reduce oral
glucose 2-hour insulin tolerance, it was not statistically
significant.

Overall, the study demonstrated that XOS supplementation
could modulate the gut microbiota composition in both
healthy individuals and individuals with prediabetes and may

Food Funct., 2025, 16, 4654-4672 | 4659
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have potential benefits in reversing changes in gut microbiota
associated with the development of diabetes.®*

A different in vivo experiment with humans® studied the
effects of rice porridge enriched with 1.2 g of XOS. The cohort
was divided into a placebo group of ten individuals and a test
group of the same size, which had to consume porridge every
day for 6 weeks. Changes in microbiota were analysed using
faecal samples from each subject at weeks 0, 1, 3, 4, 6, and 7,
seeding Bifidobacteria, Lactobacillus, Clostridium perfringens
and coliforms with selective media on the plate.

Key findings of this study included significant increases in
faecal counts of Lactobacillus spp. and Bifidobacterium spp.
compared to the placebo group. Also, the XOS group exhibited
decreased levels of Clostridium perfringens, a harmful patho-
gen. This decrease could be due to the production of SCFAs
that decrease gut pH, creating an unfavourable environment
for such bacteria.®®

On the other hand, total anaerobic bacterial counts
remained unchanged, unlike in the case of the Finegold et al.
study,> indicating that enriched porridge selectively promoted
beneficial bacteria without disrupting overall microbial
balance. This difference can be associated with the porridge
composition as porridge is a prebiotic food by itself because of
its fibre content.

Finally, both groups showed variable coliform counts, likely
influenced by dietary factors outside the study’s control.
Overall, the study supports the incorporation of XOS into func-
tional foods to improve gut health and calls for further
research on its broader applications.®>

Although these studies collectively demonstrate consistent
microbial benefits, they are limited by small cohort sizes,
short durations, and variability in XOS sources and dosages.
Furthermore, the outcomes beyond microbiota composition—
such as improvements in metabolic, inflammatory, or gastroin-
testinal symptoms—often can be influenced by many factors
other than prebiotics or are subjective measures and lack
mechanistic clarity. On the other hand, no other in vivo
studies of XOS efficacy in clinical populations have been found
beyond the one conducted in individuals with prediabetes.

In conclusion, in vivo human studies offer a promising but
still incomplete picture of XOS as a functional prebiotic. To
advance in this field, future trials should employ larger, strati-
fied populations, integrate multi-omic analyses, and target
well-defined clinical endpoints, particularly in metabolically
compromised or gastrointestinally vulnerable groups.

XOS and obesity

Obesity is a disease characterized by an excessive accumulation
of fat that has its origin in a positive energy imbalance, and
which has been associated with many comorbidities, from
cardiovascular diseases to type 2 diabetes and non-alcoholic
fatty liver disease (NAFLD).**"%

Obesity has reached epidemic proportions in the last
decade, triplicating the number of patients from 1975 until
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the present. The World Health Organization (WHO) estimated
in 2017 that obesity was linked to approximately 4 million
deaths per year.®*7®

The aetiology of obesity is complex, as it entails several
factors (diet, physical activity, genetics, socioeconomic factors,
etc.) with varying levels of involvement, the most prominent
contributors being poor dietary patterns and physical
inactivity. 54

In this context, many authors have investigated the link
between diet and a sedentary lifestyle in relation to the homeo-
stasis of the intestinal microenvironment. It has been found
that patients with obesity suffer from low degree inflammation
and poor glycolipid metabolism, which have been linked to
gut microbiota dysbiosis.®>%7%®

In healthy individuals, the gut is mainly colonized by a
higher proportion of Bacteroidetes than Firmicutes, as well as a
balanced proportion of Actinobacteria and Proteobacteria. In
contrast, in patients with obesity, there is a shift in the main
phyla, Firmicutes being the most prominent with respect to the
decreased counts of Bacteroidetes. Moreover, there is a spike in
Proteobacteria relative abundance compared to the decrease of
Actinobacteria counts® (Fig. 2).

It has been suggested that this disequilibrium affects gut
barrier permeability, leading to the development of a leaky
gut.®>”® Furthermore, the higher Proteobacteria counts lead to
an increased release of lipopolysaccharides (LPS) which, in the
context of a leaky gut, can enter systemic circulation. This fact
could be linked to the low-grade inflammation mentioned
before®*’° (Fig. 2).

In addition, this shift in the composition of gut microbiota
has been related to changes in its own functionality, which
could explain the impairment of glycolipid metabolism in
individuals with obesity.””> Some researchers have proposed
the regulation of patient’s gut microbiota through a diet-based
strategy using dietary supplements such as prebiotics.*®%7>73

Taking that into account, it is imperative to search for pre-
biotics that promote only the growth of those phyla whose
counts are lower in patients with obesity (Actinobacteria and
Bacteroidetes). In this regard, XOS have been shown to possess
the potential to increase the counts of important
Actinobacteria genera, such as Bifidobacterium, without influen-
cing Firmicutes counts,®”%%7374

Effect of XOS on obesity

Research has primarily focused on the effect of XOS on
different physiological characteristics associated with obesity.
In this regard, a series of experiments based on the induction
of obesity via a high-fat diet (HFD)®”"°®7378 or others’>®® with
the same effect have been performed using different rodent
models (male C57BL/6] mice, male Sprague Dawley rats and
male Wistar rats). Additionally, although to a lesser extent,
some studies have also been carried out in humans and
in vitro.5+%°

Different in vivo studies on rodent models have found that
XOS supplementation is associated with body weight reduction
when compared to obesity-induced controls.®”7?77%8283 Thig

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Difference between healthy gut microbiota and obesity-related dysbiosis.

tendency is sometimes coupled with a decrease in total, epidi-
dymal, perirenal or mesenteric fat.®”””>77%%"83 Combinations
of XOS with other prebiotics, such as FOS, have been shown to
promote both effects, whilst the combination of XOS with pro-
biotics only induced weight reduction.’®*"

It should be noted that experiment duration is a variable
that can affect the impact of the obtained results. This can be
observed when comparing results from studies such as Li Y.
et al. (3 week duration)®® and Fei et al.”® (15 week duration).
Both studies were carried out by inducing obesity via a HFD in
male Sprague Dawley rats and studying the XOS supplemen-
tation effect. Li Y. et al.°®”> found that, even though there was
a significant reduction in body weight, epididymal and perire-
nal fat percentages did not change significantly, while in the
Fei et al.”® study, a consistent reduction of body weight, perire-
nal fat and epididymal fat could be observed. These results
could indicate the need to centre efforts on experiments of
longer duration to determine the extent of the effects of these
prebiotics with time.

On human individuals with a BMI > 30, McFarlin et al.%°
studied the combined effect of XOS, Bacillus subtilis HU58 and
Bacillus coagulans SC-208 supplementation. In this experiment,
researchers found that supplementation with the symbiotic
induced a significant 35% reduction in the visceral adipose
tissue.

Besides weight gain, glucose metabolism markers tend to
be altered in patients with obesity. The studies on animal
models with diet induced obesity have shown that XOS sup-
plementation, alone or in combination with other prebiotics
or probiotics, is able to significantly reduce insulin blood
levels. Moreover, they also tend to improve glucose metabolism
as shown by the significant reduction in the results of the Oral
Glucose Tolerance Test (OGTT) and Homeostatic Model
Assessment for Insulin Resistance (HOMA-IR).%77376778:81-83

This journal is © The Royal Society of Chemistry 2025

What is more, there are some studies that have found a signifi-
cant reduction in glucose blood levels when XOS are included
in animal models fed with a HFD.®”%?

Besides blood biomarkers, some researchers have focused
their studies on the effect of XOS supplementation on gene
expression and phosphorylation of proteins related to glucose
metabolism. In this regard, Li T. et al.®" found that supplemen-
tation with hawthorn leathers combined with 75% FOS and
25% XOS in male C57BL/6] mice fed with a HFD improved the
expression of PI3Kr1, Akt1 and mTOR. Khat-udomkiri et al®?
also found that HFD-fed male Wistar rats supplemented with
XOS showed an improvement in protein expression of GLUT4
and phosphorylation of pAkt*™”® and pAmpk™™72 in soleus
muscle. The aforementioned proteins and genes have been
demonstrated to take part in metabolic routes associated with
insulin signalling and glucose metabolism. These results are
important as these pathways are downregulated in obesity and
type 2 diabetes.?""%3

Lipid levels in blood samples are also important biomarkers
for the study of obesity, along with the levels of some hormones
implicated in lipid metabolism. In obese animal models, sup-
plementation with XOS seems to favour the decrease of chole-
sterol levels as well as low-density lipoprotein cholesterol
(LDL-C) levels in blood samples when compared to obesity-
induced animals without supplementation.®®7*76778,80,81,83

In contrast, triglyceride levels in blood appear to be a point
of contention: some studies show no significant effect,”>”%7®
while others exhibit a significant reduction.®®”*8%88% An ana-
logous situation happens with high-density lipoprotein chole-
sterol (HDL-C), as only the assays performed by Li T. et al®
and Khat-udomkiri et al®® seemed to find a significant
increase in HDL-C blood levels.

Long et al.”*> and Khat-udomkiri et al.®* also found that XOS
supplementation induces a reduction in leptin levels, a

Food Funct, 2025, 16, 4654-4672 | 4661
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mediator involved in metabolic homeostasis regulation. Its
levels are proportional to fat mass, so a decrease is indicative
of fat loss.”?

Several researchers also found that XOS supplementation
affected the expression of lipolytic and lipogenic genes. In this
sense, XOS seem to improve the expression of Lipe, PPARa,
AMPK and CPT-1 genes. Lipe, PPARa and CPT-1 are genes
involved in the process of lipolysis, while the AMPK gene has
been known to inhibit lipogenesis.”***

On the other hand, XOS have also been shown to reduce
mRNA expression of PPARy, FASN and C/EBPa genes. These
genes are known to be involved in adipogenesis and fatty acid
synthesis, which in combination with the increased levels of
lipolytic genes show the promising capability of XOS to
improve lipid metabolism in obesity models.”>”*81:8

Taken together, the different outcomes of XOS supplemen-
tation in relation to glucose and lipid metabolism, as well as
their effects on weight reduction, reflect the potential of XOS
as a tool to tackle obesity consequences.

In addition to blood and metabolic biomarkers, gut micro-
biota dysbiosis appears to play a key role in the development
and deterioration of obesity as well as other metabolic
disorders.

Researchers have found that XOS supplementation
increased the counts of different families and genera from the
Bacteroidia class (Prevotellaceae family and Bacteroides and
Parabacteroides genera), Lachnospiraceae family (Roseburia,
Blautia and Anaerostipes genera) and specially Bifidobacterium
and Lactobacillus genera.®’®%7>7>8278% Thege bacteria are
known to produce SCFAs needed for the normal function of
the gut and to produce different metabolites that are essential
for the correct functioning of host metabolism.”?7>82784

Furthermore, XOS supplementation appears to reduce the
counts of different deleterious and pathogenic taxa such as
the Oscillospiracea family (Ruminococcus, Oscillospira and
Oscillobacter genera), Clostridiaceae family and
Desulfovibrionaceae family (Bilophila genus).*®7>7>7°

Some of the reported effects of gut dysbiosis associated
with obesity are the loss of gut barrier integrity and the devel-
opment of local and systemic low-grade inflammation. In this
regard, Fei et al.”® studied the effect of XOS supplementation
on male Sprague Dawley rats fed with a HFD and observed a
decrease in colonic crypt damage when compared to the HFD
control. The same tendency, although not statistically signifi-
cant, was observed in the Lensu et al®® and Khat-udomkiri
et al.®® studies with different animal models. Moreover, Li F.
et al”* found that XOS supplementation to HFD-fed male
C57BL/6] mice induced an increase in the expression of
different tight junction genes (occludin, claudin-1 and ZO-1).
Taken together, these results seem to suggest that XOS sup-
plementation could improve gut barrier integrity, reducing the
damage produced by a leaky gut.

Additionally, animal model studies have also found that
XOS are able to significantly reduce blood LPS levels®®”>77%83
as well as the expression of some inflammatory cytokines
locally (Tumour Necrosis Factor o, TNFa; and Interleukin-6,
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IL-6) and systemically (Monocyte Chemoattractant Protein 1,
MCP1; TNFo; IL-1p; IL-6; interferon vy, IFN-y; Nitric Oxide
Synthase 2, NOS2; etc.).”>’*7>7781 McFarlin et al.®® have also
observed that XOS are involved in the downregulation of
inflammatory biomarker expression (IL-18; Chemokine
Ligands 4, CCL4; Cluster of Differentiation 80, CD80, etc.) in
human individuals suffering from obesity.*® Taken together,
these results seem to suggest that XOS supplementation could
improve gut barrier integrity, reducing the damage produced
by a leaky gut and inflammation induced by LPS filtration.

In conclusion, XOS supplementation demonstrates promis-
ing effects in alleviating various obesity-related physiological
alterations. Rodent studies have consistently shown reductions
in body weight and fat mass, and improvements in glucose
metabolism, lipid profiles, and inflammatory markers.
Additionally, XOS appear to positively influence gut microbiota
composition, increasing beneficial bacteria numbers and
improving gut barrier integrity. While some variability exists in
the results, particularly concerning the duration of supplemen-
tation, the collective evidence suggests that XOS may offer a
beneficial strategy for managing obesity and its associated
metabolic disturbances. However, further studies, particularly
in humans, are needed to optimise its therapeutic potential.

XOS and bowel diseases

IBD covers two major diseases, Crohn’s disease (CD) and
ulcerative colitis (UC), which severely affect the gastrointestinal
tract, resulting in chronic symptoms and flares.®® CD produces
intense inflammation located most commonly in the colon
and ileum, while UC is characterized by colonic inflammation
and mucosal damage. Some symptoms are similar in both con-
ditions: abdominal pain and diarrhoea, as well as hematoche-
zia, fever and weight loss, but there are also several differences:
strictures (fibrotic and stenotic), fissure, fistulas and perianal
disease are common in CD but absent in UC, while pseudopo-
lyps and shortened colon only appear in patients suffering
from UC.*

Systematic analysis of the Global Burden of Diseases,
Injuries and Risk Factors Study (GBD) dataset revealed that
there were 4.9 million cases of IBD globally in 2019, implying
high costs and burden for health systems because of the high
prevalence of these diseases.”

Current treatments for these pathologies include anti-
biotics, corticosteroids, amino salicylates and immunomodu-
latory drugs, which have serious long-term side effects such as
infections, malignant tumours, thrombosis,®® hypertension,
headache and nausea.®® Because of these side effects, there is
a necessity for safer strategies for treating IBD.

One of the new approaches for treatment is through dietary
interventions, e.g. using prebiotics and probiotics as prophy-
lactics to prevent and ameliorate symptoms.*’ UC and CD
patients exhibit pathological changes in the gut, including
changes in the gut microbiota. These changes imply a
reduction in the proportion of beneficial bacteria and an

This journal is © The Royal Society of Chemistry 2025
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increase in harmful bacteria, which lead to a decrease in the
production of SCFAs. Besides, a decrease in mucus secretion
and loss of integrity of the epithelial barrier takes place in UC
patients, with decreased expression of tight junction proteins.
This fact increases intestinal mucosal permeability, making it
more likely for bacteria in the gut to invade the mucus layer
and contact intestinal mucosal cells, stimulating the recruit-
ment of immune cells and release of proinflammatory
cytokines.”

Although there are not many studies dealing with the effect
of XOS on inflammatory bowel syndrome (IBS), some of them
have obtained very interesting results that should be con-
sidered for the use of XOS as a supplement to improve the
symptoms of these diseases.

Pham VT et al.®' carried out in vitro faecal fermentations
using samples from three healthy donors to study the effect of
a hydrolysate from corn cob xylan composed of a 70% XOS.
After incubating a co-culture of Caco-2 and HT29-MTX-E12 epi-
thelial cells with the supernatant from 24 h fermentation, an
increase in the tightness of the gut barrier was observed, as
transepithelial electrical resistance (TEER) increased compared
to the control. Furthermore, mucus-secreting goblet cells
(HT29-MTX-E12) in monoculture were incubated with the 24 h
fermentation supernatant from XOS diluted 40 times and
stained with Alcian Blue to evaluate the influence of XOS on
mucus production. In this case, mucus production was signifi-
cantly increased after treating cells with the supernatant from
24 h XOS fermentation for two of the three donors.”*

Zongwei Li, Zhengpeng Li et al.°® also evaluated the prebio-
tic effect of commercial XOS with faecal fermentations. In this
case, the donors were five patients with UC in clinical remis-
sion diagnosed by colonoscopy and five healthy volunteers.
Faeces were fermented for 48 h and diluted in YCFA medium
in the presence and absence of XOS. Afterwards, 16S rRNA
sequencing was performed to evaluate gut microbiota compo-
sition. Differences in the gut microbiota between healthy vol-
unteers and UC patients in clinical remission were detected, as
expected. Moreover, in UC patients, 16S rRNA sequencing
results showed that XOS fermentation promoted the growth of
some probiotic bacterial groups such as Roseburia,
Bifidobacterium and Lactobacillus, which is beneficial for the
recovery of intestinal diseases. These results suggest that XOS
can relieve dysbiosis in the faecal microbiota of UC patients in
clinical remission and thus represent a potential prebiotic
material for maintaining remission. Despite the very positive
results of this study, the sample size is small, and the results
might need to be confirmed in vivo, by performing clinical
tests. It is also important to highlight that during relapses, it
has been seen that some prebiotics might not have any ben-
eficial effect on UC patients.®

In the light of this background and moving to an in vivo
approach, Chen MMed, Z. et al.®® studied the influence of XOS
on mucus bacteria penetration early in the occurrence of
colitis in interleukin-10 gene-deficient mice (1110™"), which is
a classical model for IBD. The study was performed using
male wild-type (WT) mice and 11107~ mice. The latter ones

This journal is © The Royal Society of Chemistry 2025

View Article Online

Review

were divided into two groups of 6-8 individuals; a group that
received corncob XOS of 95% purity (1.0 g kg™* day ') for 4
weeks and a control which did not (IL-10-KO).

Histologically, it was proven that XOS ameliorate 11107/~
mice inflammation. 1110™"~ developed obvious bowel inflam-
mation with some accumulation of immune cells in the
mucosa and damaged intestinal structure, while 1110~ mice
treated with XOS had significant mild colonic inflammation
with a small amount of inflammatory cell infiltration and
glandular lesions in the intestine.

Also, in order to measure the neutrophil leukocyte infiltra-
tion and accumulation in the colon of mice, myeloperoxidase
(MPO) was used as a marker and its concentration was evalu-
ated using an ELISA assay kit. As expected, 1110~ mice had a
higher MPO concentration than WT mice, and it was signifi-
cantly reduced after XOS treatment. Other markers of inflam-
mation analysed by qPCR gave results in line with those of
MPO, as the levels of TNF-a, IL-1f, IFN-y, and IL-17A were
lower in mice of the XOS group when compared with those in
the IL-10-KO group. On the other hand, the IL-6 blood level,
erythrocyte sedimentation rate and C-reactive protein were
increased in 1110~~ mice four weeks after the start of the study,
while the increase was not obvious in the XOS-fed group.

The research also found that the XOS intervention reduced
the penetration of bacteria into the mucus layer. In IL10-KO
mice, there is direct contact between epithelial cells and bac-
teria but in the XOS group, bacterial penetration was signifi-
cantly reduced after XOS treatment, and the healthy structure
was partially restored. Furthermore, IL-10-KO mice showed
reduced mucus-filled theca area of goblet cells, which is sig-
nificantly increased in 1110™'~ mice treated with XOS.

Finally, Chen MMed, Z. et al.®® studied the levels of the
autophagy markers LC3, as a high ratio of LC3-I and LC3-II is
an indicator of autophagy induction, and p62, whose
expression increase indicates autophagy blocking. LC3-II/I was
decreased and p62 was increased in IL-10-KO mice and the
levels were restored to the near WT level with XOS, which
might be associated with the ameliorated goblet mucus
secretion seen before.®®

In conclusion, XOS intervention ameliorated spontaneous
colitis in 1110~ mice at an early stage of colitis development,
making them an interesting potential complement for IBD
patients, but research in human IBD patients is needed to
confirm those beneficial effects.

Taken together, in vitro assays suggest that XOS supplemen-
tation promotes the rebalance of UC associated gut microbiota
dysbiosis, as well as the tendency of these prebiotics to amelio-
rate gut barrier and mucus production in cell line models. On
the other hand, in vivo assays on spontaneous colitis animal
models seem to corroborate these findings, as XOS had the
capacity to improve gut barrier by reducing tissue lesions and
augmenting mucus production. In this regard, the betterment
of gut barrier function helps in decreasing immune cell infil-
tration and therefore, it can reduce inflammation.

Overall, these results point to XOS supplementation as a
potential tool to alleviate and promote the improvement of
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IBD associated symptomatology. However, it should be noted
that there are few studies regarding this topic which, given its
complexity, requires further study to validate these results.

As it has been established, no studies have been found in
which XOS have been tested in vivo in humans suffering from
inflammatory bowel disease, but in healthy individuals it has
been seen that XOS supplementation increased faecal bifido-
bacterial content, while there were no significant changes in
the count of other genus investigated. In Fig. 3, all benefits
from XOS consumption by inflammatory bowel disease
patients are summarised.

In addition to the effect of XOS on improving IBD, it is
important to also mention the use of XOS in other intestinal
conditions such as irritable bowel and gut dysbiosis.

Our gut microbiota changes throughout life, and as we
get older, it is common to see a significant reduction in
Bifidobacteria and an increase in harmful bacteria such as
Enterobacteriaceae and Clostridium perfringens. This imbalance
leads to symptoms such as constipation, which is very
common in the elderly.

For this reason, the effects of consuming 4 g of XOS per day
for 3 weeks in subjects over 65 years of age were studied. From
the analysis of the patients’ faeces after supplementation with
XOS and comparisons with control patients, it was concluded
that XOS increases the amount of Bifidobacteria in the intes-
tine and also the amount of water in the faeces, which may
improve the symptoms that occur in old age.”?

At present, prebiotics containing XOS are already commer-
cialized in Europe, such as Gelsectan®, which has been shown
to have benefits for patients with irritable bowel prone to diar-
rhoea, normalizing stool consistency in 87% of patients after
28 days of XOS supplementation. The subjects who partici-
pated in the study also self-assessed the changes in the level of
abdominal pain and swelling, which were also reduced, but

Inflammatory bowel disease
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shortened colon in
e uc
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fistulas and perianal
disease in CD

I Increase in harmful bacteria | | Reduction in beneficial bacteria
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of integrity of the epithelial barrier in UC
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these data should not be considered as they are totally subjec-
tive. It is also important to note that the beneficial effects of
these prebiotics disappear quickly once supplementation is
stopped (reduction from 87% to 23% in 28 days), which may
indicate that other excipients of the supplement (pea protein
and xyloglucan) and not XOS could be those that produce the
improvement in the consistency of the stools by the protective
layer that forms in the intestine.”* It would be advisable to
conduct clinical studies in patients with irritable bowel supple-
menting them with XOS only.

XOS and cancer

Cancer is a global health problem that has affected over
20 million people worldwide, as per a study conducted in 2022
by the World Health Organization (WHO).”® Incidence of
cancer increases significantly after 60 years of age. This group
of population has 75% of the total cancer patients.’®

Some prebiotics have been shown to reduce or prevent the
growth of some tumours due to their ability to maintain a
healthy microbiome. They have also been shown to increase
the effectiveness of some treatments or reduce their side
effects.”

Gut microbiota affects immune response by the production
of certain metabolites. Depending on its microbial compo-
sition, innate and adaptive immunity can be regulated at
various levels. Therefore, considering that prebiotics improve
the composition of gut microbiota, they can also improve the
host’s immune system that responds against emerging
tumours. In order to block cancer development, both innate
and adaptive immunity are essential to prevent tumour cell
metabolism and to enhance T-cells, which are the main target

Currently: antibiotics,
immunomodulators,
corticosteroids and
aminosalicylates with serious long-
term side effects

@ Dietary intervention with

@ prebiotics and probiotics
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Fig. 3 Summary of symptoms caused by inflammatory bowel diseases and positive effects of dietary intervention with XOS observed in vitro and

in vivo.
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in cancer treatment. In particular, CD8+ T-cells are very impor-
tant in reducing cancer growth.®

In conclusion, balancing the gut microbiota with the help
of prebiotics can be useful as a treatment enhancer.”®

Focusing on the anti-tumour properties of XOS, several
in vitro and in vivo (in rats with induced colon tumours)
approaches have been conducted, and their conclusions are
promising. In vitro, XOS have shown to reduce the growth of
several tumor cell lines, and, in vivo, XOS supplementation in
rats reduced the level of lipid peroxidation and increased the
activities of glutathione-S-transferase and catalase in the
colonic mucosa and liver. These facts may have contributed to
the inhibition of colon carcinogenesis."® Despite these results,
further research is necessary to understand the anti-tumour
effects of XOS and to apply them as nutraceuticals for cancer
patients.®”®

In the study by Ghosh et al,*® XOS produced from sugar-
cane bagasse that included xylobiose, xylotriose and xylote-
traose were incubated with two types of colon cancer cell lines
to test their antiproliferative activity. A colorimetric assay with
3-(4,5-dimethylthiazolyl-2)-2,5-diphenyltetrazolium  bromide
(MTT) was chosen to carry the test. The results showed that
XOS at a concentration of 300 pg mL ™" inhibited the prolifer-
ation of colon cancer cell lines HT-29 and Caco-2 by 90% and
75%, respectively, after 48 h of incubation. These results
suggest that XOS have high anti-proliferation activity against
colon cancer cells.*®

Batsalova et al.®” also evaluated the cytotoxic effect of XOS
against different human tumour cell lines in vitro. In this case,
commercially available corn XOS were used. The main oligo-
saccharide in these XOS was xylohexaose. This paper estab-
lishes more complete conclusions about the cytotoxic capacity
of XOS than the one mentioned before, as the researchers
compared the cytotoxic effect in several tumour cell lines with
that achieved in a normal human fibroblast cell line.

The assayed human cell lines were MRC-5 lung fibroblasts
derived from normal tissue, A549 lung adenocarcinoma, HT-29
colon adenocarcinoma, and U-937 histiocytic lymphoma.
Again, the MTT assay was selected to study the cell viability in
the presence of XOS, but also the neutral red (NR) uptake test
was used. The MTT assay allows the study of the metabolic
activity and the NR assay evaluates the lysosomal functionality.

The results obtained indicate the antitumor potential of the
commercial corn XOS as cytotoxic effects in tumour cell lines
were stronger than those in MRC-5 fibroblasts. XOS cytotoxic
effects are time- and concentration-dependent. Moreover,
tumour cell inhibition was higher in NR assays than in the
MTT assay, suggesting a lysosome-specific mechanism of cyto-
toxicity. Half-maximal inhibitory concentrations (ICs,) for NR
assays were between 52 and 150 pg mL™" in tumour cell lines,
while the value was 367.3 ug mL™" for MRC-5 cells. These
values confirmed the selective tumour cytotoxic effect of the
tested XOS.

Furthermore, this report revealed a possible mode of antitu-
mour action of XOS by altering the cellular redox state,
affecting glutathione homeostasis:

This journal is © The Royal Society of Chemistry 2025
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The reduced form of the tripeptide glutathione (GSH) is an
important antioxidant in all cell types and, during oxidative
stress, GSH is converted to an oxidized form called GSSG. As a
result, the glutathione levels and the GSH/GSSG ratio are indi-
cators of cell health.

In this study, the influence of commercially available XOS
on the redox state of the cell was tested by measuring the GSH
levels and GSH/GSSG ratio in A549, HT-29, MRC-5 and U-937
cell lines cultured with 200 pg mL ™" XOS for 24 hours.

Tumour cells treated with XOS had reduced levels of GSH
compared with those cultured without the prebiotics, whilst
MRC-5 cells showed no difference in the GSH concentration.
Moreover, all tumour cell lines had a reduced GSH/GSSG ratio,
but MRC-5 had a higher value. Those results indicate that,
when treated with XOS, tumour cells have a low capacity to
convert oxidized glutathione to its reduced form (Fig. 4).
Elevated oxidative stress is a property of tumour cells, so a low
capacity for glutathione reduction could produce an imbalance
in the redox homeostasis and lead to bad cell function,
affecting the survival and development of tumour cells, which
have an elevated level of oxidative stress due to their high
metabolic rate.””

Aachary et al.®® studied the effect of corncob XOS in vivo,
using male Wistar rats with procarcinogenic lesions induced
by the compound 1,2-dimethylhydrazine (DMH). XOS were intro-
duced in their diet for 45 days at 5% and 10% (w/w) in order to
observe the possible beneficial effects produced by them.

DMH produced aberrant crypt foci in the colon and XOS
supplementation reduced their incidence and multiplicity. A
strong correlation between aberrant crypt foci formation and
colon carcinogenesis has previously been confirmed, so the
results of this study suggest that diet supplementation with
XOS may affect the initial state of colon carcinogenesis.
Dietary XOS supplementation restored normalcy in the colonic
epithelial cells, which suggests that XOS mediated the repara-
tion of preneoplastic lesions. It has been proven before that
the administration of Bifidobacteria and Lactobacillus acidophi-
lus decreases aberrant crypt foci formation so the most prob-
able mechanism of action of XOS to produce the same effects
as those of probiotics is acting as prebiotics. In fact, the
dietary XOS supplementation at 5% and 10% (w/w) increased
the population of Bifidobacteria in the rats’ gut, while DMH
treatments markedly reduced it and increased the population
of C. perfringens and E. coli pathogens.

On the other hand, XOS restored the level of lipid per-
oxides, which were decreased in the colon after DMH treat-
ment. Glutathione S-transferase and catalase activities were
also decreased in the colon due to DMH administration. Both
results indicate an increase in oxidative stress after DMH
induced lesions. With XOS supplementation, the enzymatic
activities mentioned before were increased in the colonic
mucosa of rats. It is important to highlight that cancer cells
usually proliferate faster when the lipid peroxidation level is
low, so it is a very significant result that XOS improve lipid per-
oxidation levels near normal values in DMH treated rats

(Fig. 4).
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Fig. 4 Xylooligosaccharides (XOS) effects to modulate the redox state in tumour cell-lines and pre-cancerous lesions in mice. GSH is the reduced
form of tripeptide glutathione, whereas GSSG is the oxidized form; GST is the glutathione S-transferase enzyme which catalyses this redox reaction
and DMH is 1,2-dimethylhydrazine, a compound that produces procarcinogenic lesions.

In conclusion, in this work a protective effect against the
formation of aberrant crypt foci and metabolic abnormalities
has been observed when the diet of the rats is supplemented
with XOS, suggesting an anticarcinogenic effect of the
prebiotics.”®

Prospects for the XOS market

Awareness about prebiotics has gained popularity in recent
years, stimulating scientific as well as industrial interest.
Economic forecasts predict that the size of the prebiotic
market is expected to grow from US$ 6676 million in 2023 at a
CAGR (compound annual growth rate) of 6.3% to reach a value
of US$ 10 902 million in 2033.>> Among the emerging prebio-
tics, XOS are starting to stand out because of their good
physicochemical properties and the low dose needed to exhibit
health benefits. Because of this, a report from Future Market
Insights Inc. has projected that the XOS global market will
expand with a CAGR of 7% and their valuation will increase
from US$ 74 million in 2023 to US$ 144.5 million by 2033.%

At a global level, the most common use of XOS is in the
feed industry (49.6%), followed by health and medical pro-
ducts (25.4%), food and beverage (23.2%), and other appli-
cations (1.8%). In 2023, China was the leading country in the
production of xylooligosaccharides. The principal companies
are Shandong Longlive Bio-Technology Co., Ltd, Kangwei
Biologic Co., Ltd, Yibin Yatai Biotechnology Co., Ltd, and
Henan Yuanlong Biological Technology, all located in China,
occupying more than 60% of global production.®®

4666 | Food Funct, 2025, 16, 4654-4672

Although FOS, GOS and inulin are currently the most well-
established prebiotics, with the most significant global partici-
pation in the market,' the XOS market is poised to increase
significantly in the next few years because of their good charac-
teristics. For example, XOS exhibit pH (from 2.5 to 8) and
temperature stability (up to 100 °C) in a higher range com-
pared to today’s most popular prebiotics. Moreover, XOS are
more resistant to digestion and have good organoleptic pro-
perties. Besides these excellent properties, the reported ben-
eficial effects on health may also be involved in their future
success in the prebiotics market: prevention of diabetes,
reduction of inflammation, antioxidant capacity, prevention of

colon cancer'® and strengthening the immune system are

several of the bioactivities found in X0S."

Despite all the advantages of XOS to be used as prebiotics,
there are also some challenges that need to be overcome in
order to gain market share. One of the biggest handicaps is
the high cost of their production'®" as enzymatic methods are
commonly utilized to obtain XOS and the required chemical
pretreatments and enzymes are expensive. The choice of these
methods, despite their elevated cost, lies in their high yields
and specificity in generating the prebiotics, as well as the use of
milder conditions when compared with methods like autohydro-
lysis. The latter methodology has been discarded at the indus-
trial level due to the production of undesired by-products, with
the associated necessity of subsequent expensive purification
steps to make the product suitable for consumption.'*****

To minimise the costs of production, the strategy in recent
years has been to use lignocellulosic residues from industry as
a raw material to produce XOS, since lignocellulosic biomass

This journal is © The Royal Society of Chemistry 2025
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(LCB) is the most abundant agricultural residue available in
the world and is sold at low prices.'® Many of these wastes
would otherwise be discarded, so besides lowering the cost of
prebiotics production, this is also a good way to revalorise
them. In the near future, the prebiotic industry will be ready to
decrease the price of XOS even more, turning the obtention
processes more efficient with the elimination of the pretreat-
ment phase by the use of integrated strategies like direct fer-
mentation'®’ in which a microorganism has the capacity to
extract xylan and hydrolyse it.

The beneficial effects of XOS have been observed at lower
doses (1-4 grams per day) compared to other prebiotics such
as FOS, GOS and inulin and this fact could be decisive in
order to offset production costs. Furthermore, the lower dose
required for clinical efficacy gives advantages in terms of
product formulation and format.">

Given the current state of XOS in the market, one factor
that will be key to achieving the expected growth of XOS in the
coming years is the approval of newly obtained XOS by
regional regulatory authorities. For this to happen, investment
in R&D is essential to prove that XOS are safe as food ingredi-
ents and also have beneficial health effects in humans and/or
animals. In this way, there will be a greater demand for XOS,
and their commercial value will increase.'%*

In Europe, the latest development that has been made at
the level of approval of XOS for food consumption by EFSA
occurred in 2018 with Regulation (EU) 2015/2283.'%° By this
regulation, corn cob-derived and suitably purified XOS
obtained by Longlive Europe Food Division Ltd were desig-
nated as safe for food consumption at levels set according to
the food to which they are added (Regulation 2020/916).""
Thus, they are permitted for use in food but are in no case
guaranteed to have beneficial effects on health (unlike some
types of inulins that have already obtained EFSA approval for
prebiotic health claims).'**

Conclusion

XOS represent a promising prebiotic, demonstrating the
capacity to selectively modulate gut microbiota, support meta-
bolic and digestive health, and even contribute to disease pre-
vention. Their ability to selectively modulate gut microbiota
exerting a bifidogenic effect has been observed in vitro and
in vivo, enhancing the production of short-chain fatty acids,
and improving gut barrier integrity. Besides the prebiotic
effect, some studies have demonstrated that XOS can have
some other capacities.

In the context of obesity, XOS supplementation in animal
models has demonstrated reductions in body weight and fat
mass, along with improvements in glucose and lipid metabolism,
and inflammatory markers. Despite these promising results, only
one study in humans with obesity has been carried out, where
XOS were supplied along with the probiotic Bacillus coagulans.

For colon cancer, XOS exhibit antiproliferative effects
against tumour cell lines such as HT-29 and Caco-2 in vitro.

This journal is © The Royal Society of Chemistry 2025
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These effects are mediated by mechanisms like redox homeo-
stasis disruption, as XOS lower glutathione levels in cancer
cells, inducing oxidative stress. In animal models, XOS reduce
aberrant crypt foci, an early marker of colon carcinogenesis,
and restore antioxidant enzyme activity, further supporting
their role in cancer prevention.

For both anti-obesity and anti-carcinogenic effects, there is
a need to perform more studies in humans to confirm what
has been observed in vitro and in animal models. To do that, it
would be necessary to approve the use of XOS from origins
other than corn cob, which are the only ones allowed for
human consumption at the moment.

For inflammatory bowel disease (IBD), XOS have shown sig-
nificant benefits in both in vitro and in vivo studies. They
improve the gut barrier function by increasing tight junction
protein expression and mucus production, while reducing bac-
terial penetration into the epithelial layer. In animal models of
colitis, XOS supplementation attenuated inflammation, redu-
cing pro-inflammatory cytokine levels. These findings suggest
XOS may be effective in managing IBD symptoms and main-
taining remission, though further clinical trials are needed.

Looking forward, the potential applications of XOS are
broad and continually expanding, driven by innovations in bio-
technology, the growing demand for functional foods, and the
pursuit of nutraceutical interventions for chronic conditions.

One promising direction for the use of XOS is personalized
nutrition. With the growing understanding of the human
microbiome and interindividual variability in gut microbial
composition, XOS could be tailored to target specific micro-
biota profiles and improve conditions such as metabolic syn-
drome, inflammatory diseases, or age-related dysbiosis more
effectively.®%%3

Food and beverage innovation is another important field.
Due to their stability across pH and temperature ranges and
their sweet, low-calorie nature, XOS are increasingly explored
as functional ingredients in health-oriented products. Their
efficacy at low doses (1-4 g day~ ') compared to other prebiotics
like inulin or FOS makes them attractive for widespread incor-
poration into consumer products.'®*

The combination of XOS with probiotics (symbiotics) also
represents an underexploited opportunity. Given their ability
to selectively enhance the growth of beneficial strains like
Bifidobacterium, Lactobacillus and Weissella spp., XOS could be
paired with targeted probiotics to improve and prevent gut
dysbiosis.?”

The animal feed industry constitutes another area of devel-
opment as XOS can improve the gut’s commensal bacteria
balance. A balanced microbiota is a crucial part of an animal’s
digestive system and is involved in metabolic processes such
as cholesterol absorption, blood pressure management, and
glucose metabolism. The increasing demand for natural ingre-
dients in animal feed, along with the expansion of the live-
stock sector, opens this part of the market to prebiotics in
general and XOS in particular.*

Additionally, XOS are gaining attention in the cosmeceuti-
cal sector for their potential to support the skin microbiome,
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antioxidant capacity and the capacity to retain water. Although
research in this area is still scarce, the prebiotic concept is
being extended beyond the gut, and XOS could become valu-
able in skin health products.*

Given their broad functionality and low effective dosage,
XOS are well positioned to gain greater market share. Their
future success will depend on ongoing research, further clini-
cal validation, and harmonization of regulatory approvals for
novel sources and formulations, especially within regions like
Europe and North America.>*%”
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